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Abstract

The two ultra-large large-scale structure (uLSS) discoveries of the Giant Arc (GA)
and the Big Ring (BR) are presented in this thesis. The GA (~ 1 Gpc) and BR
(~ 400 Mpc) both exceed the often-cited Yadav et al. (2010) scale of homogeneity
(Rp, ~ 370 Mpc), and add to an accumulating set of large-scale structure (LSS)
discoveries that potentially challenge the Cosmological Principle (CP), on which the
standard model of cosmology (ACDM) is founded. In cosmological terms, the GA
and BR are very close; they are separated by only ~ 12° on the sky and are both in
the same redshift slice at z ~ 0.8.

The observational properties of the GA and BR are presented, and they are
assessed statistically using methods based on: (i) Single-Linkage Hierarchical Clus-
tering; (ii) the Convex Hull of Member Spheres — GA: 4.530, and BR: (3.65+1.13)0;
(iii) the Minimal Spanning Tree — BR: (4.10+0.45)0; (iv) the Cuzick-Edwards test
— GA: 3.000, and BR: 2.00; (v) power spectrum analysis — GA: 4.80; (vi) and the
FilFinder algorithm. Each of these methods has distinctive attributes and powers,
and it is advised to consider the evidence from the ensemble. The approaches to
mitigating any post-hoc aspects of analysing significance after discovery is discussed.
The CHMS-overdensity and the MST-overdensity of the GA is dp/p ~ 0.9 £ 0.6
and dp/p ~ 1.3 £ 0.3, respectively. The alpha-hull overdensity of the BR(-all) is
op/p ~ 0.75.

The discoveries were made using the novel method of mapping intervening Mg I1

absorbers in the spectra of background quasars. This method allows for the detection
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of low-luminosity, distant matter which might otherwise go unseen with standard
methods. The quasar spectra are obtained from the Sloan Digital Sky Survey (SDSS)
and the Mg II catalogues are provided by independent authors.

Currently, the huge sizes and intriguing, circular-type morphologies of the GA
and BR are not easily explained within ACDM. In addition, there have been hints
of a second arc to the north of the GA and BR that appears to be an extension of
the GA. If this is indeed the case, the GA might be extending into a Giant Ring
(GR) which would then encompass the BR. The implications that these structures
might have for cosmology could be important; but what they are telling us is not
yet clear. Perhaps these uLLSS discoveries may even be hinting at a direction of
new physics within the standard model, or alternative theories in cosmology such

as cosmic strings, pre-inflationary particles, or Conformal Cyclic Cosmology.
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Chapter 1

Introduction

To begin at the beginning... or on second thought, to begin at the present. It is
commonly accepted that the standard cosmological model, the ACDM model, is
the closest approximation to our observable Universe. Since we are advantageously
living through an era of precision cosmology, we have, and continue to, accumulate
observational data that allow precise (notably, independent of accurate) comparison
with theory.

The two main themes of this thesis are the large-scale structure (LSS) of the
Universe and the Cosmological Principle (CP) — later in this chapter there is an
overview and discussion on both of these subjects. The CP provides cosmologists
with a simpler view of the Universe; it assumes that on large scales the matter in
the Universe is homogeneous and isotropic. Throughout the last century, this as-
sumption has held, but the observational support for it has wavered, opinions of
cosmologists may have even become somewhat polarised, and a likely root cause
for this is the vague description and ill-established understanding of CP (e.g., what
are ‘large scales’?). Additionally, observational cosmology, like any observational
science, is not without its complications; regardless of the advantages of modern
technology, there can always be calibration errors or systematic oversights that ulti-

mately lead to inaccurate conclusions. So, we are at a stage in cosmology where we
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are presented with both observational results that continue to support the ACDM
model, and observational results that appear to challenge the ACDM model, either
by challenging the assumptions of the CP or by being anomalous to predictions
made by the standard model. For any science, I think it is sensible to push the
boundaries of theory with observation, and even take the approach of ‘prod until
it hurts’ to search for weaknesses. It is known that the ACDM model is just an
approximation of our Universe, and to find the weaknesses of this model — where
the ideas and theories are not yet complete — we must intuitively follow the subtle
clues and hints presented by observations. In doing so, we continue to improve our
understanding, and our theories, of the Universe.

In this thesis I present the observational analysis of two ultra-large large-scale
structure (ul.SS) discoveries that potentially challenge the CP: the Giant Arc (GA)
and the Big Ring (BR). Being individual candidate structures, they do not possess
the calibre to overturn cosmology as we know it, but as constituents of a growing
list of LSSs (and uLSSs) that potentially challenge the CP, they do merit further
investigation and the possibility that they are hinting towards new physics beyond
the standard model. These ideas will be explored, particularly, the possibility that
such ulLSSs could arise from the presence of cosmic strings — topological defects
formed in the early Universe. Admittedly, there does exist a large pool of alternative
ideas in cosmology, some more fanciful than others, so we have been selective and
cautious in our speculative suggestions regarding the origin of the two uLSSs (the
GA and BR) presented here. We briefly consider an origin of the BR in Baryon
Acoustic Oscillations (BAOs), and we passingly mention two alternative theories of
cosmology: Conformal Cyclic Cosmology (CCC) and Modified Newtonian Dynamics
(MOND). However, the speculations and suggestions are just that, and the bulk of
this thesis is to present the observational results and analysis. (Indeed, a whole PhD

could be spent investigating the validity, theoretical groundwork, and observational
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predictions of any one of those alternative ideas!) Nonetheless, I have included a
brief discussion on cosmic strings and other ideas at the end of Chapter 6.

The reader will find there is emphasis on the observational anomalies found in
cosmology and the implications they might have for the standard model of cosmol-
ogy. The many successes of the ACDM model are well documented in the literature,
and thus they will be left to stand as they are. But, it must not go unnoticed that
there are other avenues in cosmology, such as alternative theories and new physics
that extend the standard model, that may provide explanations to the observational
anomalies, and in this sense it might be fruitful to consider them more seriously.

The results presented in this thesis are focused primarily on the analysis of
LSS using the method of intervening Mg II absorbers in the spectra of distant
quasars, i.e., mapping faint, intervening matter at intermediate redshifts. The Mg I1
method of analysing LSS is a somewhat novel method in cosmology, which was first
presented in this way in my MSc thesis (Lopez, 2019); the method will be reiterated
in chapter 3.

Finally, a sizeable portion of the work presented in this thesis has already been
published in scientific journals (appended to the back), but additional analysis has
in places been included for depth and clarity; the reader may compare the work here
with the appended papers.

The rest of this chapter has been written to introduce the two key topics that
will feature throughout the rest of this thesis: large-scale structure studies and the
Cosmological Principle. General cosmology knowledge is assumed, so the purpose
of the following introductory sections is to provide a current status review of the

notable topics.
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1.1 Large-Scale Structure of the Universe

Large-scale structure (LSS) studies in cosmology map and analyse matter in the
Universe on the largest scales. In this section, I discuss the current state of LSS
studies including the relevant background, the motivations, and a summary of the
largest LSSs in the literature.

LSS studies are motivated by the need for observational data to confirm the pre-
dictions of the Standard Cosmological Model (ACDM). In particular, from studying
the LSS of matter on the very largest scales, one can learn about the growth of cos-
mic structure (Huterer, 2023) and about the Universe’s dynamical history (Chow-
Martinez et al., 2014), thus allowing comparison with ACDM. Furthermore, LSS
studies can test the assumption of large-scale homogeneity, a fundamental aspect of
the Cosmological Principle (CP; see the next section for a review), and hence of the
theoretical framework in cosmology.

Before advancing further, I would like to address the term ‘structure’ in the con-
text relevant to this work. In cosmology, the largest scale of coherent, ubiquitous
structure is seen in the cosmic web. The cosmic web, a term coined by Bond et al.
(1996), is the intricate network of filaments, walls, and sheets that are made up of
gas, galaxies, and dark matter, which surround low-density regions, such as voids.
The typical scale of the cosmic web is on the order of tens to hundreds of megaparsecs
(van de Weygaert et al., 2016) and has been observed in many galaxy redshift sur-
veys, e.g., the Two-degree Field Galaxy Redshift Survey (2dFGRS, Colless, 2004),
the Sloan Digital Sky Survey (SDSS, Einasto et al., 2016), and the Two Micron
All Sky Survey (2MASS, Huchra et al., 2012). Additionally, the cosmic web is re-
produced in advanced cosmological simulations, such as the FLAMINGO project
(Schaye et al., 2023). In these simulations the cosmic web is prevalent on huge,
megaparsec scales (see Figure 1.1). The cosmic web is seeded by small quantum

fluctuations and early-Universe processes; the high-density peaks and low-density
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Figure 1.1: Figure taken from Schaye et al. (2023). This figure shows the intricate network
of interconnected filaments, walls, and voids known as the cosmic web, as traced by the
cold dark matter (CDM) using the FLAMINGO cosmological simulation. The figure shows
a single snapshot of the CDM in a 20 Mpc thick box at z = 0.
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voids become almost ‘fixed” due to rapid expansion of the Universe during inflation
(Einasto et al., 2016). These peaks and voids grow with the expansion, and matter
accumulates along the high-density walls and filaments. On these huge scales (~ 10*
— 102 Mpc) we can see this ‘structure’, but note that here, the matter is not expected
to be virialised; that is, cosmological structures are not expected to be gravitation-
ally bound. So the term ‘structure’ in cosmology is referring to the geometrical
patterns that can be observed in the matter distribution which can be assessed with
a variety of statistical techniques. In cosmology, individual LSSs or even superclus-
ters are generally established algorithmically and defined as a structure, but they
are certainly not expected to be gravitationally bound.

Beyond the scales of the cosmic web (2 10? Mpc) LSSs have been observed,
and it is of interest for cosmology to understand them. In particular, in the CP
we expect to observe a homogeneous Universe above some large scale; i.e., the
scale of homogeneity (Rp). Yadav et al. (2010) gave ~ 370 Mpc as an ideal or
upper limit to the scale of homogeneity in concordance cosmology, beyond which
departures from homogeneity should not be evident. As Yadav et al. state, above
this scale it should not be possible to distinguish a given point distribution from a
homogeneous distribution. We can therefore take ~ 370 Mpc as an indication of the
size (and, incidentally, separation also) beyond which LSS becomes cosmologically
interesting. Table 1.1 lists numerically (by present-epoch size) the largest LSSs
discovered to date. Of particular interest for cosmology are the ultra-large large-
scale structures (uLSS) ' with sizes > 370 Mpc. Many of the sizes quoted in this
table will be somewhat uncertain, usually because of uncertainty in the boundaries,
but sometimes because of uncertainty in what is being quoted in the papers (e.g.
cosmological model and parameters, cosmological epoch).

It is not yet agreed whether the growing list of LSS discoveries poses a problem

'We have introduced the new term ‘ultra-large LSS’ (uLSS) to denote those structures that
exceed the Yadav estimated ~ 370 Mpc upper limit to the scale of homogeneity (Yadav et al.,
2010).
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Name Mean z Size (Mpc) References
HCB Great Wall ~2 2000-3000 Horvéth et al. (2014);
Horvath et al. (2020)*
Giant GRB Ring 0.82 1720 Baldzs et al. (2015)
Correlated LQG orientations ~ 1.0-1.8 1600 Friday et al. (2022)
U1.27, Huge-LQG 1.27 1240 Clowes et al. (2013)2
Giant Arc 0.802 1000 Lopez et al. (2022)
Coherent quasar polarisation® 1-2 1000 Hutsemékers (1998);

Hutsemékers & Lamy (2001);
Hutsemékers et al. (2005)

U1.11 1.11 780 Clowes et al. (2012)

U1.28, CCLQG 1.28 630 Clowes & Campusano (1991);
Clowes et al. (2012)

Sloan Great Wall 0.073 450 Gott et al. (2005)

South Pole Wall 0.04 420 Pomarede et al. (2020)

King Ghidorah Supercluster 0.55 400 Shimakawa et al. (2023)

Big Ring 0.802 400 Lopez et al. (2024)

Blazar LSS ~ 0.35 350 Marcha & Browne (2021)

Local void < 0.07 300 Keenan et al. (2013);
Whitbourn & Shanks (2016)

BOSS Great Wall (BGW) 0.47 250 Lietzen et al. (2016)

Great Wall 0.029 240 Geller & Huchra (1989)

Saraswati supercluster 0.28 200 Bagchi et al. (2017)

Further references.

1 See also: Christian (2020)

2 See also: Nadathur (2013); Marinello et al. (2016); Hutsemékers et al. (2014)
3 See also: Marcha & Browne (2021)

Table 1.1: Some of the largest LSSs reported in the literature. The columns are: the name
of the LSS; the mean redshift; the reported size in Mpc (present epoch); and references.
This table has been adapted from Table 1 in Lopez et al. (2022).
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for the ACDM model or CP. For the ACDM model, Poisson statistics and more
complex mock catalogues have been used to draw comparisons of observations with
theoretical expectations. For the CP, the question of whether the uLLSSs are posing
a challenge is down to our particular interpretation of what the CP really means
(discussed in the next section).

With regards to the above, on testing the ACDM model with Poisson statistics
and mock catalogues, consider the following examples. In a study from Park et al.
(2012), the authors looked at SDSS-like mock samples of galaxies using the Horizon
Run 2 N-body cosmological simulation and found that structures comparable to the
Sloan Great Wall (SGW) are easily reproduced. However, the authors also point
out that the comparable structures were always amongst the six largest and richest
structures in their 200 mocks. The results indicate that uLLSSs may be consistent
with ACDM predictions provided they are the most-extreme, rare cases. On the
contrary, N-body cosmological simulations were found to be lacking in the power-
law behaviour that is observed in the probability distribution of supercluster size
(De Marzo et al., 2021; Chow-Martinez et al., 2014), and thus there is scepticism
on whether the N-body cosmology simulations can accurately represent the largest-
scale features of the Universe. In another example, work done by Nadathur (2013)
showed that structures comparable to the Huge Large Quasar Group (Huge-LQG)
were easily reproduced in a simple Poisson point distribution. Then, counter to this
argument, Marinello et al. (2016) showed that while structures comparable to the
Huge-LQG are reproducible using Horizon Run 2 N-body cosmological simulations,
a structure as large as the Huge-LQG would be expected to be the largest structure
in a survey sample five times their investigated sample — in this case, the authors
looked at an SDSS-like footprint in the redshift range 1.2 < z < 1.6. These exam-
ples showcase the complications of LSS studies, and the opposing (polar) views on

whether uLLSSs are compatible with the ACDM model.
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It is worth noting however, that LSS studies and uLLSS discoveries are of more
interest for cosmology than simply the statistical probability of their existence and
the compatibility of that with ACDM. Since LSSs are not expected to have reached
virialisation, they may carry important information about the primordial initial con-
ditions, which makes them worth studying (De Marzo et al., 2021; Chow-Martinez
et al., 2014; Oort, 1983). The most interesting of all is their formation, and whether
such ultra-large LSS are seeded in the initial conditions, or whether they require

more exotic solutions for their existence, such as cosmic strings (e.g., Peebles, 2023).

1.2 A Review of the Cosmological Principle

A fundamental aspect of the ACDM standard cosmological model is the cosmolog-
ical principle (CP). The CP is an assumption that states that on ‘large scales’ our
Universe looks both homogeneous and isotropic. In reality, it was not (and is still
not) known if this was true, but in assuming it to be true (thought to be a reasonable
assumption at the time) the equations of general relativity then become much sim-
pler to solve analytically. The equations of general relativity are the foundation of
the standard cosmological model; if the CP is disproved, what does this then mean
for cosmology? Fortunately, it is quite possible that there is a simple solution to
this. One interpretation of the CP (see below) states that there should be similarity
everywhere. Since the term ‘large scales’ is never explicitly defined, this gives us the
freedom to adapt the definition based on what is observed. That is, where we find
deviations from homogeneity in the matter distribution (and isotropy, but here we
are interested in only the homogeneity in particular) then clearly homogeneity must
emerge beyond this scale; the expectation of what is a plausible scale of homogeneity
seems to have increased by at least a factor of ten over the years.

Consider the following three interpretations of the CP, and specifically what is

meant by homogeneity. (i) There exists some large scale, known as the scale of
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homogeneity on which the Universe can be smoothed and the distribution of matter
would then be well represented by a stationary random process, e.g., Peebles (1993);
Yadav et al. (2010); Aluri et al. (2023). This is what I would consider the ‘classical’
definition of the CP as it is prevalent in the earliest works and discussions. (ii)
The power spectrum suggests that there can always be some large scale at which
statistically-significant deviations might be found in the matter distribution, but
such deviations on large scales should be rare, e.g., Park et al. (2012); Chow-Martinez
et al. (2014). (iii) There should be similarity everywhere (maximally symmetric).
Any observed large-scale structuring indicates that the scale of homogeneity, if it
exists, must then be larger than these scales. The occurrence of a particular LSS,
even the largest known, does not imply that the probability of finding a comparable
LSS elsewhere is any different. Notice that points (ii) and (iii) could be contradictory,
given that point (ii) suggests that the largest structures should be rare, and point
(iii) suggests that the largest structures need not be a problem for the CP if their
probabilities are homogeneous and isotropic. (How would we know that?) A useful
overview of the various interpretations of the CP can be found in Schwarz (2010).
The different interpretations of homogeneity in the CP has led to opposing views
on whether the observed matter supports a homogeneous Universe. Large-survey
analysis has frequently supported a homogeneous Universe, e.g., in luminous red
galaxies and in quasars (Andrade et al., 2022; Gongalves et al., 2021, 2018). Yet,
the ulLSS discoveries listed in Table 1.1 might indicate that homogeneity is not
supported from the classical understanding of the CP (see point (i) above). So in
this sense, the accumulating set of uLLSSs appear to challenge the CP. (Note that the
word ‘challenge’ is not synonymous with ‘contradict’, but it does imply something
to be investigated further.) In practice, it will be more important to settle on a
universal definition of the CP before any real conclusions can be made regarding the

homogeneity of the observed matter distribution. But, as stated earlier, the study
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of the LSS of the Universe, and uLLSSs in particular, will provide hints towards our

current theories of the Universe and thus are worthy of further investigation.

1.3 Cosmological Parameters

Throughout this thesis the concordance model is adopted for cosmological calcula-
tions, with Qrg = 1, Qa0 = 0.27, Qpo = 0.73, and Hy = 70 kms~*Mpc~—t. All sizes

given are proper sizes at the present epoch.
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Chapter 2

The Physics and Astrophysics of
Mg 11 Absorbers

Singly-ionised magnesium (Mg II) exists in the roughly spherical, low-ionised, gaseous
haloes hosting galaxies and clusters. The Mg II absorption doublet, with rest wave-
lengths of 2796 A and 2803 A, present in the spectra of distant quasars, is detectable
in optical wavelengths for a broad range of redshifts (0.4 < z < 1.7). Together,
these two properties make the Mg II doublet a useful and reliable tracer of the
low-luminosity circumgalactic medium that traces galaxies and galaxy clusters.
The Mg II haloes are generally quite patchy and extended. Figure 2.1 is taken

from Huang et al. (2021a) and shows 15 randomly-selected galaxy-quasar pairs from
the Sloan Digital Sky Survey (SDSS) that have spectroscopic Mg II counterparts.
The figure aims to demonstrate how the azimuthal angle of the galaxy-quasar orien-
tation might affect the Mg II equivalent widths. (In Section 2.2 I review the topic of
Mg IT absorbers and their physical environment.) Here it provides a useful example
of the typical projected distances for galaxy-quasar pairs from the on-sky perspec-
tive. Similarly, Figure 2.2 from Guha et al. (2024) shows a selection of (DESI)
Dark Energy Camera Legacy Survey (DECalLs) quasar field r-band images hosting

ultra-strong Mg II absorbers. Again, the figure provides additional examples of
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Figure 2.1: Figure taken from Huang et al. (2021a) showing 15 randomly-selected galaxy-
quasar pairs in the SDSS DR6 catalogue. Each panel contains the Mg II host-galaxy in
the centre, the associated quasar which appears as a blue source (in some cases, labelled
with a blue arrow for clarity), and labels of: the galaxy redshift (z), the ellipticity of the
galaxy (e), the projected distance (d), and the Mg II rest equivalent width (W).

the typical projected distances of galaxy-quasar pairs from the on-sky perspective.
(Note, in ten of the small subfigures there was no optically-identified galaxy pair
within the search parameters of that quasar field.)

In this chapter I will cover the background physics of the Mg IT absorption dou-

blet and then the astrophysical and cosmological applications of the Mg IT absorbers.

2.1 The Physics of the Mg II Absorption Doublet

Absorption lines in the spectra of quasars tell us about the intervening matter along
the sight-line of the quasar. The shape, profile, intensity and wavelength of the
absorption lines tell us about the properties of the intervening matter. In the context
of this work, we are interested in only the Mg IT absorption doublet in particular.

The electronic configuration of MgII is the same as neutral sodium: 1s522522p°®3s!.
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Figure 2.2: Figure taken from Guha et al. (2024) showing a selection of (DESI) Dark
Energy Camera Legacy Survey (DECaLs) quasar field r-band images hosting ultra-strong
Mg II. Each panel contains: the background quasar in the centre of the field, marked with
a red star shape; the identified host-halo galaxy marked with a red plus sign; a dashed
circle representing an impact parameter of 50 kpc at the redshift of the absorber; and the
slit orientation for the spectroscopic observations of the host-galaxies (using the Southern
African Large Telescope; SALT) marked with straight, red, dashed lines.
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When the Mg IT gas absorbs light at a specific frequency, the unpaired outer electron
in the 3s orbital can be excited to the 3p orbital. Due to magnetic interaction
between the orbital angular momentum L and the spin angular momentum S of the
electron, the 3p orbital is split into two states. The total angular momentum of the
fine-split 3p states can be calculated J=1L+ g, where L = 1 in the 3p state and

The two fine-split states in the 3p orbital have total angular momentum

= NI

(denoted 3p1 ) and J = 3 (denoted 3ps ). The electron transition occurs
between the 3s orbital and both of the fine-split 3p states resulting in the doublet
feature of the Mg IT absorption doublet. The statistical weight corresponding to the
3p orbital states are calculated g = 2J + 1, meaning: the 3p 1 state, corresponding
to the 2803 A line, has a statistical weight of ¢ = 2 and the Sp% state, corresponding
to the 2796 A line, has a statistical weight of g = 4. Since the statistical weight of
the 2796 A line is twice as large as the statistical weight of the 2803 A line, their
line strengths will also follow the same ratio of 2 : 1. Of course, in practice, when
measuring the line strengths of the Mg IT absorption doublet, one will more often
find that the line-strength ratios of the Mg II doublet are much closer to unity due
to saturation; the intrinsic line-strength ratio can only be observed if the absorption

lines are optically thin.

2.2 The Physical Environment of Mg II Absorbers

Mg IT absorbers (and other sharp, metal absorption lines generally) have been stud-
ied in depth for their astrophysical and cosmological applications; for some of the
pioneering work see Bergeron (1988); Steidel & Sargent (1992); Churchill et al.
(2005); Kacprzak et al. (2005, 2008); Barnes et al. (2014). However, the precise
physical nature of the Mg II absorbers still remains unclear. It is thought that the
characteristics of the Mg II absorbers (e.g., strength, velocity dispersion, covering

fraction) could be affected by, or correlated to, the specific host-halo environment
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of the Mg II gas. Potential contributing factors to the Mg II absorption-line prop-
erties could be: the impact parameter, inclination and position angle; the galaxy
morphology; if the host environment is an isolated galaxy, group or cluster; host halo
radius; star-formation rate (SFR) and if the galaxy is star-forming or quiescent; and
stellar/galaxy mass and luminosity. Analysing and understanding the connection
between the Mg II gas and its host-halo environment will help to constrain the
theories of the general evolution and dynamics of galaxies.

In early works, it was thought that Mg IT gas could be characterised by a simple
spherical halo extending up to ~ 40 kpc from the galaxy centre. However, this view
rapidly changed with observational follow-up of the associated Mg II absorbing
galaxies (Churchill et al., 2000a,b, 2005; Kacprzak et al., 2005). In some cases the
follow-up observations revealed examples of strong Mg II absorbers associated with
galaxies well beyond the expected absorber halo radius (D > 40 kpc), suggesting
that the Mg II haloes are highly extended. Churchill et al. (2005) confirmed that
the Mg II systems are patchier and more complex than previously thought. The
complexity of the Mg II gas distribution is largely responsible for the difficulty
in determining the contributing factors of the Mg Il-line profiles. In Churchill
et al. (2000b), the authors performed 114 tests for correlations between the galaxy
properties and the Mg IT absorption line characteristics; seven of these tests showed
tentative significant correlation. However, in most of these tests, the results were
found to be heavily skewed by the inclusion or removal of the damped Lyman-
alpha (DLA) systems, which are generally not drawn from a homogeneous set. The
authors did find that the strongest correlation was that of the Mg I1 gas kinematics
versus the position of the spectrum on a diagram of the Mg II rest equivalent width
(EWrgr1) versus the C IV rest equivalent width (EW¢yy ). That is, the position of
a Mg II doublet feature on a EW 417 vs EW¢py diagram will be closely correlated

with the kinematic complexity of the Mg IT doublet (see Figure 2.3).
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Figure 2.3: Figure taken from Churchill et al. (2000b) showing the Mg IT gas kinematics
on a diagram of Mg II (rest) equivalent width (EW) versus C IV EW. The different classes
of absorbers appear to occur in specific loci on the diagram represented by the outlines.
This figure demonstrates that the kinematic ‘complexity’ of the Mg II absorption profiles
can be categorised into 5 different classes: Single/Weak, C IV-deficient, Classic, Double,
and DLA /HI-rich. Each class of absorber can be defined in terms of where it falls in the
Mg IT EW versus the C IV EW diagram. In general, the kinematic complexity appears
to be the greatest when the C IV EW is large.
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It is worth noting that in the Mg II literature one will often find examples and
counter-examples of correlations between the MgllI-line profile and MglII host-halo
environment. For example, in Lanzetta & Bowen (1990) the authors found a signif-
icant anti-correlation between the EW of the Mg II line and the impact parameter.
This led to the generally-accepted simplified spherical view of the host halo of a
galaxy (see Figure 3 from Churchill et al., 2005, for an adaptation). It was not
immediately realised that the damped Lyman-alpha (DLA) systems were in fact
dominating this correlation. Similarly, weak Mg II absorbers were thought to be
associated with a particular class of galaxies such as low-surface brightness galaxies
or dwarf galaxies (Churchill et al., 1999). Then, in Churchill et al. (2005) the au-
thors utilised high-quality images taken from the Hubble Space Telescope (HST) of
absorption-selected galaxies with confirmed spectroscopic redshifts, combined with
the associated Mg I1 absorption spectra, and concluded that the weak Mg IT ab-
sorbers do not in fact select a particular class of galaxies. Instead, the authors found
normal galaxies directly associated with the weak Mg II absorbers. Their work also
showed that the weak Mg II systems were detected over a wide range of impact
parameters (0 < D < 80 h~'kpc) reinforcing that (i) the strength of the absorber
is not simply anti-correlated to the impact parameter and (ii) Mg II environments
are far more complex and patchy than previously thought. Finally, however, later
works showed that the relationship between Mg IT EW and impact parameter might
again hold, but for specifically isolated star-forming galaxies (not groups or clusters)
(Huang et al., 2021b). This to and fro of the general consensus in Mg IT studies
highlights the complexity in understanding the Mg II environments. It is important,
but extremely complicated, to disentangle the Mg II absorption-line properties and
the contributing environmental factors.

At present, many efforts continue to be made to understand the connection be-

tween the Mg IT absorption-line characteristics and the host-halo environment. The
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cool (T ~ 10* K) gas around galaxies and galaxy clusters, known as the circumgalac-
tic medium (CGM), can be studied for understanding the formation and evolution
of galaxies. For example, the cool gas can trace the intricate gas outflows and show
where gas is accreting onto the galaxy. The extremely complex nature of the Mg 11
haloes is the primary challenge to understanding the Mg II / host-halo link.

In the current Mg II literature, one will find discussions relating to: the impact
parameter; isolated vs non-isolated galaxies (and quiescent or star-forming); and
host-halo radius, mass and luminosity. Studies have frequently shown that the
strength of the Mg IT absorber is anti-correlated with impact parameter, as discussed
above and also in more recent studies (Cherrey et al., 2024; Huang et al., 2021a).
However, a recent study from Guha et al. (2024) found that the host-galaxies of ultra-
strong Mg IT absorbers did not show any anti-correlation of the Mg II EW against
impact parameter. The authors suggest that the strong anti-correlation usually seen
is a consequence of sample bias. However, the authors did find that normalising the
impact parameter to the virial radius reduced the scatter in their results, which
was also found in Churchill et al. (2013); consequently, an anti-correlation was seen
between the Mg IT EW and the normalised impact parameter.

In agreement with Guha et al. (2024) concerning possible sample bias, Huang
et al. (2021a) found that the anti-correlation of the Mg IT EW and impact parameter
was seen in only isolated, star-forming (EWpg, > 5 A) galaxies, but no trends were
found in the isolated, quiescent galaxies, and non-isolated galaxies (see Figure 2.4).
Additionally, the authors found that the Mg IT EWs (in isolated, star-forming galax-
ies) are dependent on the host-halo radius, galaxy luminosity and stellar mass.

In another study, Cherrey et al. (2024) study the Mg II counterparts of galaxy
groups and conclude that the Mg IT gas must trace primarily the outflows of individ-

ual star-forming galaxies rather than indicating simply the abundance of low-ionised
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Figure 2.4: Figure taken from Huang et al. (2021a) showing the strong anti-correlation of
the Mg IT equivalent width (EW) versus the impact parameter (top row) and normalised
impact parameter (bottom row) for their isolated galaxy sample. The left-hand side panels
are the full isolated galaxy sample. The star-forming galaxies (EW g, > 5 A) are shown
in blue squares and the quiescent galaxies are shown in red circles. Galaxies with detected
Mg II absorbers are shown in solid symbols with error bars representing measurement
uncertainties. Galaxies without detected Mg II are displayed as 20 upper limits (points
with downward arrows) and shown in a lighter colour. The orange solid lines represent the
best-fit power-law models. The dark and light shaded bands represent the 68% and 95%
confidence intervals from the Markov chain Monte Carlo realisations. The best-fit intrinsic
scatter is marked in the lower left corner. At the top of each panel, the authors show
the best-fit results of the 4 non-parametric mean covering fractions from the maximum
likelihood analysis. The horizontal bars mark the full range of projected distance within
each bin and vertical error bars represent the 68% confidence interval. See the full paper
for more details. It can be clearly seen that the strong anti-correlation is a result of the
star-forming galaxies, seen in the middle panels. In the right-hand side panels, showing
the isolated, quiescent galaxies, no trend can be seen for the EWs.
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gas, since the Mg IT EWs were not found to be typically stronger in groups. In agree-
ment with this, Lee et al. (2021) investigated the rate of Mg II absorption in and
around clusters of galaxies. They found that, although the detection rate per quasar
is higher inside the clusters, the rate is in fact quite low when considering the num-
ber of galaxies in the clusters — that is, the absorber-to-galaxy ratio is lower inside
clusters, presumably because the environment within clusters modifies the galaxy
haloes. A review of the Mg II literature shows that there is still no clear consensus
on the connection between host-halo environment and Mg II-line properties, which
is in large due to the highly-complex nature of the Mg II gas distribution.

For the purpose of the work presented in this thesis, we are concerned with
only tracing galaxies and the gas associated with their environments on large scales,
which can readily be interpreted from the Mg II absorbers. But, conceivably, un-
derstanding the precise physical nature of the Mg II systems should then lead to a
better understanding of the physical environments, or properties, of the LSSs traced
by Mg II. Therefore, the reader will find in Chapters 4 and 5 some preliminary in-
vestigations of the Mg II EW distributions in the small fields containing the Giant
Arc and the Big Ring.
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Data and Method

The work presented in this thesis makes use of the method of intervening Mg 11
absorbers in the spectra of quasars to trace faint matter at intermediate redshifts,
e.g., Lopez (2019); Lopez et al. (2022, 2024). The Mg II method relies on both
the spectroscopic measurement of luminous, high redshift quasars from the Sloan
Digital Sky Survey (SDSS) (Schneider et al., 2010; Paris et al., 2017; Lyke et al.,
2020), and the precise, spectroscopic redshifts of the intervening Mg IT absorption
doublets present in the quasar spectra, documented by independent authors (Zhu
& Ménard, 2013; Anand et al., 2021). The intervening Mg IT absorption doublet
indicates the presence of galaxies and galaxy clusters (Bergeron, 1988; Churchill
et al., 2005; Steidel, 1995). Together, with the quasars and Mg II absorbers, we
have the information of the on-sky position of intervening matter (the same RA-Dec
coordinate as the corresponding quasar position), and the redshift of the intervening
matter (obtained from the measured wavelength of the Mg IT doublet), so in mapping
the 3D distribution of the Mg II absorption features in the spectra of quasars, we
can infer the LSS of intermediate-to-high redshift, faint matter.

In this Chapter I discuss the data sources of the Sloan Digital Sky Survey (SDSS)
quasars, the corresponding Mg I1 catalogues, and how those data are presented in

the Mg II images that are used for LSS analysis. A brief overview of each of the
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statistical methods that are used in the analysis of the Giant Arc (Chapter 4) and
Big Ring (Chapter 5) is introduced at the end of this Chapter.

3.1 The SDSS Quasar Catalogues

The Sloan Digital Sky Survey is currently in its fifth edition, SDSS-V. Each edition
of the SDSS is complete with a final quasar catalogue; they are as follows.

DR7QSO (Schneider et al., 2010) compiles all of the quasar observations from
(primarily) the Legacy survey of the SDSS-I (2000-2005) and SDSS-II (2005-2008).
Additional quasars were obtained on a series of ‘special plates’ from two other sur-
veys: the Extensions of the Legacy target selection algorithms along the Fall equa-
torial region, and the Sloan Extension for Galactic Understanding and Explorations
(SEGUE). There are a total of 105, 783 quasars in this catalogue (see Figure 3.1).

DR12Q) (Paris et al., 2017) compiles all the quasar observations from the Baryon
Oscillation Spectroscopic Survey (BOSS) of the SDSS-IIT (2008-2014) for which
there are a total of 297,301 quasars (see Figure 3.2). Of these, 272,026 were new
and unique discoveries since the beginning of SDSS-IIT and 25,416 were re-observed
from the SDSS-I/II (with 80,367 of the 105,783 DR7QSO quasars not included in
this DR12Q catalogue).

Finally, DR16Q (Lyke et al., 2020) compiles all of the known quasars from
Legacy, BOSS and the extended Baryon Oscillation Spectroscopic Survey (eBOSS)
of the SDSS-IV (2014-2020) to create the largest catalogue of known quasars (see
Figure 3.3). There are a total of 750,414 quasars in this final catalogue, of which
225,082 were appearing for the first time in an SDSS data release. (Note, other
intermediate quasar catalogues that will not be discussed here are DR9Q, DR10Q
and DR14Q).)

In figures 3.1 to 3.3 the large-scale inhomogeneities in the RA-Dec positions of the

quasars can be seen which originate primarily from inhomogeneous survey sampling.
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Figure 3.1: The RA-Dec positions of 105,783 SDSS DR7QSO quasars from the Legacy
survey of SDSS-I/II.
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Figure 3.2: The RA-Dec positions of 297,301 SDSS DR12Q quasars from BOSS of SDSS-
I11.
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Figure 3.3: The RA-Dec positions of 750,414 SDSS DR16Q quasars from Legacy, BOSS
and eBOSS of SDSS-1V.

There will also be small-scale inhomogeneities which could be intrinsic to the data
or from survey bias. In particular, in Figure 3.3 of the DR16Q quasars there are very
hard borders above and below the high-density band in the north of the main (centre)
sampled area. Since the background quasars are used as probes for the intervening
matter, and we are assessing the large-scale structure of intervening faint matter
with the Mg IT absorbers, it is important that the quasar inhomogeneities are taken
into account. Additionally, where there are fewer quasars as background probes we
are limited to detecting the intervening matter there (at that sky coordinate). In
reality, dealing with the data is very tricky and complicated, but these limitations
need not be a restriction on investigating LSS.

Between SDSS-1/IT and SDSS-III, the spectrographs used for taking quasar
observations were upgraded. The old SDSS-I/IT used two spectrographs, each with
a blue and red channel, split with a dichroic filter at ~ 6000A. Each spectrograph
had 320 fibres with fibre entrance aperture sizes of 3”. The SDSS-III (and later) used
the two BOSS spectrographs which were rebuilt from the older spectrographs. The

two BOSS spectrographs also have a red and blue channel, with a splitting around
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6000 A. The spectrographs were improved with an increased number of 500 fibres
per spectrograph and with smaller fibre entrance apertures of 2”. The wavelength
coverage increased from (3800-9200) A on the old spectrographs to (360010, 500) A
on the newer BOSS spectrographs, each with a spectral resolution of A/A\ = 2000.

In the next section I discuss the Mg II catalogues that are derived from the

above quasar catalogues.

3.2 The Mg II catalogues

There are two independent authors that created the Mg II catalogues that we use:
Zhu & Ménard (2013) whose Mg II catalogues are derived from the DR7QSO and
DR12Q quasars, and Anand et al. (2021) whose Mg II catalogues are derived from
the DR16Q quasars.

Previously, we were using the Zhu & Ménard (2013) Mg IT catalogues (Z&M
hereafter), and it was with these data that the discovery and analysis of the Giant
Arc (GA; Chapter 4) was made and presented. Note that, although Z&M’s 2013
paper only refers to the DR7QSO quasars, they applied their absorption pipeline
to the later DR12Q) quasars, which was then made publicly available. Eventually,
the SDSS DR16Q quasar database became available, and the second independent
authors Anand et al. (2021) provided a corresponding Mg II catalogue (Anand21
hereafter). We then switched from the older Z&M data to the newer Anand21 data;
the discovery and analysis of the Big Ring (BR; Chapter 5) was made and presented
with these newer data.

The GA and BR are contained within the same small field, at the exact same red-
shift. Since the GA was found in the Z&M (older) catalogue, we would expect to see
the GA again in the Anand21 (newer) catalogue. Yet, the GA appeared markedly
different when using the newer Anand21 data (see Figure 3.4). Intuitively, this

might be placed on the huge increase in quasar observations from DR7QSO/DR12Q
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Figure 3.4: Top panels: the Giant Arc (GA) field in the Z&M data (left), the Anand21
data (middle) and the Anand21 data with the signal-to-noise (SN) cuts of 4,2, 4 applied
to the A\ 2796, 2803 lines and the quasar continuum, respectively (right). ¢ magnitude
cuts were made in the initial read-in stage of the data such that 10.0 < ipgrig < 20.5,
10.0 < ippri2 < 20.2 and 10.0 < ipr7 < 19.1 (see below). The SN that are applied to the
Anand data help to reduce the noise in the field, given the much greater number density
of quasars and absorbers in the field (see Chapter 5). Bottom panels: the corresponding
background quasars (probes) in the GA field for each of the three datasets in the top
panels. The GA in the original data was visually very obvious, but in the new data it
appears markedly different. One reason for the visual difference between the datasets is
due to the increase in the number density of absorbers and quasars in the new Anand21
data. By reducing the Anand21 data with SN cuts, the GA on the right-hand side begins
to resemble the original GA. Importantly, despite the visual impression, the GA is still
detected as the most significant, and largest (by membership) candidate structures in the
Single-Linkage Hierarchical Clustering and Convex Hull of Member Spheres algorithms —
see Section 5.3.1 and Figure 5.7. Note, the Big Ring (BR) is just north of this figure.
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to DR16Q), and thus associated Mg II absorbers. However, we spotted that a sub-
stantial fraction of Z&M absorbers in the GA were not identified by Anand21, even

! confirmed each of the GA absorber members were real,

though visual inspection
positive detections.

I have taken two practical approaches to comparing the two Mg II catalogues
from the independent authors: (i) investigating the general properties of the cata-
logues and (ii) investigating a small field and comparing the final selection of quasars
and absorbers in both catalogues.

For the Z&M data, we constructed our Mg IT absorber database from the publicly
available catalogues®. We have used their DR7 and DR12 ‘Trimmed’ catalogues (not
the ‘Expanded’ versions). DR7 and DR12 indicate that the sources of the quasars
that have been used as background probes are from data releases 7 and 12 of the
SDSS. Further details on the detection of the absorbers and the construction of the
catalogues is described in Zhu & Ménard (2013) and the catalogue website. We
paired the Z&M absorber catalogues on RA, Dec to the ‘cleaned’ quasar databases
DR7QSO (Schneider et al., 2010) and DR12Q (Paris et al., 2017). Thus the ab-
sorbers can all be associated subsequently with either DR7QSO or DR12Q. We re-
moved entries for repeat spectra within the Z&M DR12(Q) absorber catalogue, thus
avoiding duplication of absorbers. There were no entries for repeat spectra within
the Z&M DR7(QSO) absorber catalogue. When a particular absorber (RA, Dec,
z) appeared in both the Z&M DR7(QSO) and DR12(Q) catalogues, we removed
the DR7(QSO) entry, thus giving preference to DR12(Q) parameters. The final
database has 63,876 Mg II absorbers. We also produced a corresponding database

of probes from the Z&M ‘Quasars searched’ catalogues, similarly restricting them to

IFor each of the GA absorber members, we checked each of the corresponding quasar spectra
and searched for the Mg IT absorption doublet (rest wavelengths A\ 2796, 2803 A) at the reported
redshifts. We found positive detections for each of the Mg II absorbers in the GA with the correct
wavelengths and wavelength ratios.

2https: //www.guangtunbenzhu.com /jhu-sdss-metal-absorber-catalog

28



CHAPTER 3

3500 Anand21 Mgll
3000 "Z&M DR12 Mgll
"z&M DR7 Mgll

2500
2000

1500
1000
500

o

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5 22.0 22.5

i (magnitude)

Figure 3.5: The ¢ magnitude distribution of the background probes (quasars) of the
Anand21, Z&M-DR7, and Z&M-DR12 Mg II catalogues. When applying our preliminary
cuts to the raw catalogues shown here, we choose to make 7 magnitude cuts according to
where the number counts begin to drop off in these histograms.

those that appear in either DR7QSO or DR12Q). This database has 123, 351 member
quasars. Next, we standardise the tables in our process of reading in the catalogues,
and apply some preliminary cuts. For the absorbers corresponding to DR7, we apply
an ¢ magnitude limit to the quasar continuum of 10 < ¢ < 19.1, and for the absorbers
corresponding to DR12, we apply an ¢ magnitude limit to the quasar continuum of
10 < i < 20.2; this ensures a roughly uniform sample selection (see Figure 3.5). For
the ‘Quasars searched’ (combined) catalogue that we produced, we then applied an
¢ magnitude limit of 10 < ¢ < 20.2 to match the criteria of the DR12-associated
absorbers. There are totals of 56, 535 Mg IT absorbers and 117, 300 quasars (probes)
in our version of the combined, standardised (processed) Z&M Mg II catalogues and
corresponding quasar databases.

For the Anand21 data, we constructed our Mg II absorber database from the

3. The Anand21 Mg II catalogue corresponds to the

publicly available catalogues
SDSS DR16Q quasars which contains a total of 750,414 unique quasar observations,

of which 225,082 are new observations. For constructing the corresponding Mg 11

3https: //wwwmpa.mpa-garching. mpg.de/SDSS/MglI/
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catalogue, Anand21 downloaded all of the spectra for objects classified as quasars,
for which there were 983,317 objects. For further details of the detection of the
absorbers and the construction of the catalogues see Anand et al. (2021) and the
catalogue website. We downloaded the SDSS QSO-based Mg IT catalogue, for which
there are 159,524 Mg II absorbers. In addition, we downloaded all of the SDSS
DR16Q quasars (object database; for which there are 750,414 quasars). Then, we
paired the Anand21 database with the SDSS DR16Q quasars, restricting to one
spectrum per quasar. Thus, all the spectra will correspond to those in the DR16Q
listing. As before, we standardised the catalogue tables in our process of reading in
the Mg IT and quasar data and apply ¢« magnitude cuts of 10 < i < 20.5 to both the
Mg IT absorbers and quasars to select a roughly uniform sample. A short summary
of the standardised Anand21 and Z&M catalogues is presented in Table 3.1.

With our processed versions of Mg II catalogues from both authors, I compare
the following general properties: RA-Dec area of quasar positions and density of
quasars; redshift distribution; ¢ magnitude of the background probes; S/N of the
probe (quasar) continuum; the EW of the A2796 line (W, 279¢); and the error in the
EW of the A\2796 line (see figures 3.8 — 3.12). I discuss each of the figures below.

Figure 3.6 shows the Anand21 Mg IT RA-Dec positions. As would be expected,
the absorber density mirrors that of the DR16Q quasars in Figure 3.3: in particular,
the dense region of Mg II absorbers to the north of the main (centre) sampled area
is still apparent even with the ¢ magnitude cuts, suggesting the overdensity is largely
a result of survey-sample bias (simply re-observing that particular area much more
than elsewhere). By contrast, the RA-Dec positions of the Mg II absorbers in the
Z2&M catalogue in Figure 3.7 appears much more uniform after the ¢ magnitude cuts
compared with the DR7QSO and DR12Q quasars in figures 3.1 and 3.2.

The redshift distributions in the Anand21 and Z&M catalogues in Figure 3.8

follow the same general shape with a steep rise in absorbers from 0.4 < z < 1.0, and
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Z&M
Anand21

combined

# Mg II absorbers 98, 747 (159, 534) 56, 545 (63, 876)

# probes 356, 350 (750, 414) 117, 300 (123, 351)
abs / area (deg™?) ~I11 ~6
# unique probes 239, 621 571

Table 3.1: The numbers of Mg II absorbers and searched quasars in the processed
Anand21 and Z&M combined catalogues. Note, these values are after we applied our
own basic criteria to the raw catalogues (see the main text), but I have included the raw
numbers in parentheses. The rows from top to bottom are: the number of Mg II absorbers
in the catalogues; the number of searched quasars (probes) in the corresponding cleaned
quasar database; the number density of absorbers, assuming an approximate footprint
area of 9400 square degrees from SDSS; and the number of probes that are unique to
those authors’ catalogue.

80 ) Anand21

Dec (deg)

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
RA (deg)

Figure 3.6: RA-Dec positions of the Mg IT absorbers in the Anand21 catalogue. Notice
the high-density region to the north of the main (centre) sampled area compared with the
low-density region to the south of the sampled area, as was seen in the DR16Q quasars
in Figure 3.3. The blue square outlines the approximate area of the Giant Arc/Big Ring
field of view for future reference.
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©Z&M
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Figure 3.7: RA-Dec positions of the Mg IT absorbers in the Z&M catalogue. The ¢ mag-
nitude cuts that we made to the quasars in this catalogue have made a close-to uniform
selection, but large-scale density artefacts can still be seen, e.g., roughly centre of the main
(centre) sampled area.
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Figure 3.8: The redshift distribution of the A2796 line in the Anand21 and Z&M cata-
logues.

32



CHAPTER 3

2500 | ' ' ' ' ' ' ' ' ' ' ' ' ' ] Anand21
: n Z&M

2000 |

1500 |

1000 |

500 |

15.0 15,5 16.0 16.5 17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
i (magnitude)

Figure 3.9: The i magnitude distribution of the background quasars (probes) in the
Anand21 and Z&M catalogues. Note, the sharp, end cut-offs in both catalogues show
where we have applied our ¢ magnitude cuts which were applied based on the decline in
coverage seen in Figure 3.5.
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Figure 3.10: The continuum signal-to-noise (S/N) distribution of the background quasars
(probes) in the Anand21 and Z&M catalogues.

33



CHAPTER 3

7000 f
Anand21

6000 | 110 Z&M

5000 |
4000 | i
3000
2000
1000 ¢

o 1 2 3 4 5 6 7 8 9
EW(A2796)

Figure 3.11: The rest equivalent width (EW) distribution of the A2796 line in the Anand21
and Z&M catalogues.
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Figure 3.12: The error in the rest equivalent width (EW) distribution of the A2796 line
in the Anand21 and Z&M catalogues.
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Anand21 Z&M
Min Maz Mean | Min Maz Mean
Zgso 0.428  4.656 1.871 | 0415 4.653  2.029
Z9796 0.360  2.277 1.172 1 0.3539 2.678 1.332
1 15.252  20.5 19.409 | 15.259 20.2 18.798
S/Neont. 1.350  75.662 10.094 | 3.369  76.258 14.444
W 2706 0.048  7.645 1.366 | ~0 9.104 1.166

Table 3.2: A comparison of the catalogues. The row names, from the top to bottom, are:
quasar (probe) redshift; Mg IT A2796 redshift; ¢ magnitude of the quasars; signal-to-noise

(S/N) of the quasar continuum; and rest equivalent width (W.2796) of the A2796 line.

a gradual drop-off from around z ~ 1.4. Briefly, it is worth noting here the redshift
ranges over which the independent authors applied their line-detection algorithms.
Around a quasar’s C IV emission line there tends to be a high covering fraction of
C IV, so absorption doublets detected near the C IV emission line are more likely
to be C IV doublets and not Mg II doublets. Due to the similar wavelength ratios
of the C IV doublet and Mg II doublet, it can be tricky to discern the two doublets.
Consequently, the Z&M authors begin their search window Az = 0.02 redward of
the C IV emission line to avoid false positives and similarly, the Anand21 authors
begin their search window Az = 0.018 redward of the C IV emission line. For
the Z&M catalogue, the authors chose to include quasar-associated absorbers, so
they extend their search window Az = 0.04 redshifted from the quasar’s Mg II
emission line. Conversely, Anand21 choose to detect only the intervening Mg 11T
absorbers, not the quasar-associated absorbers too, so they end their search window
to Az = 0.03 blueward of the Mg IT emission line. Sharp drops in coverage can be
seen in the Anand21 catalogue which are due to masking the various sky lines such

as O I X 5577 (corresponding to absorbers at z ~ 1.0), O I A 6300 (corresponding to
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absorbers at z ~ 1.25) and the high-pressure sodium bump at A 5900 (corresponding
to absorbers at z ~ 1.1). The Z&M raw catalogues also mask the same sky lines, but
the additional magnitude cuts (discussed above) help to create a more homogeneous
catalogue.

The ¢ magnitude distribution of the background quasars is seen again in Fig-
ure 3.9 but this time showing our processed versions of the Z&M combined catalogue
(DR7 and DR12) and the Anand21 catalogue. The sharp cut-offs in both catalogues
show where we have applied our ¢ magnitude cuts which were applied based on the
decline in coverage seen in Figure 3.5.

The continuum signal-to-noise (S/N) distribution is seen in Figure 3.10. The
Z&M S/N distribution peaks at around ~ 5 which is slightly higher compared with
the Anand21 S/N distribution; this is as expected since Anand21 probe to fainter
quasar magnitudes. Otherwise, the two distributions have similar shapes.

The rest equivalent width (EW) distribution and the corresponding errors are
seen in Figures 3.11 and 3.12. Here, in both figures, the two distributions are quite
clearly offset. The EW in the Z&M catalogue peaks at W, < 1.0, whereas the Anand
catalogue EW distribution peaks at W, > 1.0, indicating that the Z&M catalogue
probes to lower EWs than Anand21. The errors in the Z&M catalogue are lower
than those in Anand21, which is expected given that Anand21 have access to more
lower-luminosity quasars from SDSS DR16Q. A summary of the above catalogue
properties is presented in Table 3.2.

Although Anand21 use the Z&M approach as a starting point for their own Mg I1
absorption detection pipeline, their final catalogue is visually quite different. Here we
investigate where some of these differences might originate. For the large majority
of the work presented in this thesis, we have been interested in only the small field
containing the Giant Arc and the Big Ring. For this reason we perform the small

sample comparison between the Mg I1 catalogues documented by Anand21 and Z&M
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using the BR/GA field. The following text describes how we performed our small
sample comparison. Note, without access to the independent authors’ absorption
detection pipelines, it may not become definitively clear why the catalogues differ;
our goal here is simply to highlight some commonalities and differences between the
catalogues.

The sample comparison field is centred approximately on RA, Dec coordinates
(215,45) deg, covering an area of ~ 1200 deg?, in the redshift interval z ~ 0.804-0.06.
When running the Mg II scripts with each database, no additional limits or cuts to
the data were made (e.g., magnitude (i) limits, signal-to-noise (S/N) cut-offs etc.).
However, the input data do have our ¢ limits applied to the quasars and Mg II
absorbers corresponding to each SDSS data release such that: 10.0 < ipgrig < 20.5,
10.0 <ipgrie < 20.2 and 10.0 <ipgry < 19.1.

There are three important data files produced from the Mg II scripts:
1. MGII_4: Mg II absorbers in the FOV.

2. MGII_2: Background quasars, from the Mg II catalogues, in the FOV with

redshifts greater than the far edge of the Mg II slice.

3. PRBS_2_B: Background quasars, from the SDSS quasar catalogues that were
initially searched for Mg 11 absorbers, in the FOV, again with redshifts greater
than the far edge of the Mg II slice.

Using Topcat (Taylor, 2005), the data files were paired in various combinations for
analysis. Ultimately, there are three questions we sought to answer: (i) how many
unmatching absorbers are there (those found by one author but not the other); (ii)
how many of these absorbers that were missed were simply due to missing quasars
(from DR7/DR12 to DR16 there were ~ 860,000 new quasar observations); (iii)
how many of the unmatched absorbers are either real or false positives. The results

of the first two questions are presented in table 3.3, but the third question would
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require individual inspection of the 154 quasar spectra containing unique absorbers
(i.e., the spectra in rows ID 13 and 14 of table 3.3). Note, the number of objects
present in the MGII_2 data files, and combinations thereof, have been left out of
table 3.3 for conciseness. A summary of the results are as follows.

Using the Anand21 catalogue, we begin with 25, 315 probes in the field of view
(FOV) which belong to the ‘quasars searched” database (PRBS_2_b) — these are the
quasars that were originally searched for Mg I1. Of those 25,315 in the FOV there
are 8017 (~ 32%) within the FOV with detected Mg II in these spectra (MGII_2;
not necessarily at the specific redshift we are here investigating). Using the Z&M
catalogue, we begin with 7294 probes in the FOV which were searched for Mg I1. Of
those 7294 probes there are 4314 (~ 59%) with detected Mg II absorption in their
spectra.

Of the searched quasars (PRBS_2_b), Anand21 and Z&M matched on 7257
quasars in common, meaning 37 of the searched quasars from the DR7QSO / DR12Q)
catalogues were not included in the newer DR16Q) catalogue. Since the DR16Q cat-
alogue is constructed from a superset of all of the quasars observed by SDSS we
can assume that the small percentage of quasars that have not been included in
the DR16Q catalogue have been excluded for not having good or standard quasar
spectra. For the Mg II absorbers, there were 852 Mg 11 absorbers out of 25,315
checked quasars (~ 3.4%) in the Anand21 database (for the FOV), and 359 Mg II
absorbers out of 7294 checked quasars (~ 4.9%) in the Z&M database (again, for
the FOV). From the Mg IT absorbers, there were 255 Mg II absorbers in common
between the Anand21 and Z&M databases; so there were 597 unique Mg II ab-
sorbers in the Anand21 database and 104 unique absorbers in the Z&M database.
However, of the 597 Mg II absorbers that were unique to the Anand21 database,
530 of these absorbers were detected in quasars that were not present in the Z&M

quasar (PRBS_2_b) database.

38



CHAPTER 3

ID Topcat pairing Description Number
1 PRBS_-2.b (Anand21) 25 315
2 PRBS_2b (Z&M) 7294
3 PRBS_2.b (both) Searched quasars from quasars available 7257
to both authors.
4 PRBS_2_b (Anand21 not Z&M) Searched quasars from quasars only 18 058
available to Anand21
5  PRBS_2Db (Z&M not Anand21) Searched quasars from quasars only 37
available to Z&M.
6  MGII4 (Anand21) 852
705 with i <20.2 234 with i <19.1
7 MGIIL4 (Z&M) 359
8  MGIIA4 (both) Mg IT absorbers found by both authors. 255
9 MGII 4 (Anand21 not Z&M) Mg IT absorbers only found by Anand21. 597 (30 of which are multiples per
probe here occurring in 15 spectra)
10 MGII 4 (Z&M not Anand21) Mg II absorbers only found by Z&M. 104 (2 of which are in the same
spectrum)
11  MGII4 (Anand21 not Z&M) Mg IT absorbers found by Anand21 that 530
and PRBS_2_b (Anand21 not Z&M) were from quasars not available to Z&M.
12 MGII 4 (Z&M not Anand21) Mg IT absorbers found by Z&M that 1
and PRBS_2_b (Z&M not Anand21) were from quasars not available to Anand21.
13 MGII4 (Anand21 not Z&M) Mg II absorbers found by Anand21 but not by 52
and PRBS_2_b (both) Z&M even though the quasars were searched by
both.
14 MGII 4 (Z&M not Anand21) Mg II absorbers found by Z&M but not by 102 (2 of which are paired in the

and PRBS_2_b (both)

Anand21 even though the quasars were searched

by both.

same spectrum)

Table 3.3: Table showing the number of objects in the quasar and Mg II absorber data
files in a sample field in the older Z&M database versus the newer Anand21 database.
The column ‘Topcat pairing’ refers to the ‘match selection’ function in Topcat to pair the
tables in various ways, and the ‘Description’ column describes the output file. The column
‘Number’ simply gives the total number of objects in that data file.
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The last two rows in table 3.3 are the Mg II absorbers of particular interest.
These are the Mg II absorbers detected by only one author, from the subset of
corresponding probes that were searched by both authors. Visual inspection of
each of these quasar spectra would be onerous. However, based on the catalogue
comparisons from earlier we might suggest that one of the reasons that Z&M found
so many additional Mg IT absorbers that Anand21 missed was that Z&M probed to
much lower equivalent widths (see Figure 3.11). Similarly, it might be that, generally,
Anand21 remove a higher fraction of spurious absorbers at the cost of losing real
absorbers, whereas Z&M might be providing a catalogue with higher completion at
the cost of including some spurious absorbers. Furthermore, in Chapter 5, we discuss
how in the catalogues of Z&M, the Giant Arc (GA) appears markedly different
than in the catalogues of Anand21. After we visually-inspect the Mg II absorbers
belonging to the GA (all of which are real detections) that were missed by the
Anand21 catalogues, we find a potential trend for the missed absorbers to have
generally complex, broad or weak profiles. This justifies the interpretation of the

more conservative Anand21 catalogue versus the more liberal Z&M catalogue.

3.3 Constructing the Mg II Images

The Mg II density images seen throughout this thesis (and in the corresponding
published papers) are intended to give a useful impression of the connectivity of
the absorbers (see Figure 3.13). The images are constructed by smoothing the 2D
distributions of the Mg II absorbers and the background probes (quasars) with a
Gaussian kernel, with the same smoothing scale for both. In a process of ‘flat-
fielding’, the absorber image is then divided by the normalised probe image to
correct for non-uniformities in the distribution of the probes on that smoothing

scale. The grey contours in the Mg I density images increase by a factor of two.

40



CHAPTER 3

o
o
o
o
[sV)
o
o
<
o n
o ~—
[§V)
Q k7]
g g
|
o
o
o
o
C\Il.
0
o
o
< 7
|
o

600

Figure 3.13: The tangent-plane distribution of Mg IT absorbers from the Mg II cata-
logues of Zhu & Ménard (2013) centred in the redshift interval z = 0.802 £ 0.060. The
grey contours, increasing by a factor of two, represent the density distribution of the ab-
sorbers which have been smoothed using a Gaussian kernel of o = 11 Mpc, and flat-fielded
with respect to the distribution of background probes. The dark blue dots represent the
background probes (quasars). The axes are labelled in Mpc, scaled to the present epoch.
East is towards the right and north is towards the top. The Giant Arc (discussed next in
Chapter 4) can be seen running west-east in the centre of the figure, spanning ~ 1 Gpc.

We use tangent-plane coordinates, scaled, using the central redshift, to present-
epoch proper coordinates in Mpc. All of the figures that are presented in this thesis,
and the corresponding published papers, are orientated with east towards the right

and north towards the top.

3.3.1 A Note on Redshift Errors

The use of Mg II absorbers for analysing LSS has the particular advantage of provid-
ing very precise redshifts. A disadvantage of course, which can require very careful

handling, is that one must take the background probes — the quasars — where they
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are given by the catalogues. The catalogues now have suitably dense coverage on
the sky, but generally they are affected by variations in selection criteria.

At zus ~ 0.8, the parameter in the Anand21 catalogues for the redshift error
(z_aBs ERR) indicates a median error of o,, ~ 4.2 x 107°. (The emission-redshift
error for a quasar catalogue might be about two orders of magnitude larger at
~ 0.004.) This 0,,,, corresponds to a velocity difference of ~ 7kms™!. A comparison
of repeated observations in the basic Anand21 database suggests that a practical
estimate of the redshift error at z,s ~ 0.8 is a little larger at o,, ~ 1.7 x 1074,
corresponding to a velocity difference of ~ 28 kms™?.

When considering the finer details of the morphology of individual LSSs, any
blurring will then be due to peculiar velocities, for which plausible values might be
~ 400 kms™*!, corresponding to 0zpee ~ 0.0024 at z ~ 0.8, or ~ 7 Mpc in proper
distance for the present epoch. We therefore expect that any blurring effects should

be minor.

3.4 Statistical Tests

In the following chapters I present the observational and statistical analysis of the
two ulLSS discoveries: the Giant Arc (GA; Chapter 4) and the Big Ring (BR; Chap-
ter 5). The discoveries were made visually, so the statistical analysis was unavoidably
post-hoc. Nevertheless, the statistical assessments provide quantitative descriptions
of the uLLSSs, and in the context of the rest of the field.

In this final section, I briefly introduce two of the statistical tests that are ap-
plied to both the GA and BR, they are: the Single-Linkage Hierarchical Clustering
algorithm combined with the Convex Hull of Member Spheres, and the Cuzick and
Edwards test. The purpose of this section is to act as a preliminary introduction to
the statistical tests, so that later on the reader might find themselves more familiar

with the statistical techniques being applied to the data. In any case, an overview
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of the statistical tests mentioned here will be reiterated in the relevant chapters,
and other statistical tests that are not mentioned here (such as the Power Spectrum

Analysis or FilFinder) are also introduced in their relevant chapters.

3.4.1 Minimal Spanning Tree

Minimal Spanning Tree (MST) methods are useful statistical tools for identifying
candidate large-scale structures (LSSs). (In Section 1.1, I discussed the definition
of ‘structure’ for the context of this thesis.) Our specific application of the MST-
type method is the Single-Linkage Hierarchical Clustering (SLHC) and the Convex
Hull of Member Spheres (CHMS) algorithms which we apply in 3D (RA, Dec and
z) to the Mg II points (a full description of the methods can be found in Clowes
et al., 2013). Note that the SLHC method should only be applied to data with
no intrinsic spatial variations, which is not the case for the Mg II absorbers given
the spatial variations in the background probes. However, with careful selections
(e.g. avoiding obvious artefacts arising in the background quasars), and bearing in
mind the caveats of the complicated data, approximations can be made and the
complications need not be a restriction to investigating the L.SS. The SLHC detects
candidate LSSs, and the CHMS assesses the likelihood of the convex hull volume
arising from random Poisson expectations.

The SLHC requires first generating a Minimal Spanning Tree (MST). A linkage
scale is specified (based on the field density of points considered), and the MST is
then separated at lengths exceeding the linkage scale. A minimum membership of
candidate member points is specified (typically, N > 10), and groups below this
threshold are discarded. With the remaining set of candidate structures, above
some minimum membership and below some specified linkage scale, we then apply
the CHMS to the candidate structures.

The CHMS draws a unique volume around the candidate structure (a group of
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points), and each member point is extended by a cloud of points with radius equal to
half the mean MST separation for that group. The unique volume is compared with
the convex hulls of randomly distributed points in a cube with an equal number of
points to the candidate structure and a field density equal to that of the control field.
The CHMS measures the likelihood that the candidate structure volume is drawn
from a random distribution; thus, the CHMS provides a statistical assessment of the
reality of a candidate structure (without this assessment, we cannot know whether
the candidate structure is just a feature of patterns in noise; see Lopez & Clowes,
2025).

The CHMS, due to its method of calculation, is best applied to small, clumpy
structures, where the volume is a fair representation of the clustering of points. How-
ever, for structures with strong curvature, such as arcs or rings, the CHMS method
will likely overestimate the volume of the candidate structure by incorporating the
empty volumes encompassed by the curved structures.

We include a second method for calculating the significance of candidate struc-
tures from Pilipenko (2007) which we find is more appropriate for dealing with
curved, filamentary candidate structures. The Pilipenko method is based on the
MST edge lengths cubed, so we refer to this method as MST-significance or MST-
overdensity. The MST-significance is calculated by comparing the occurrence of
MST edge-lengths in randomly distributed points — with an equal number of points
as the candidate structure, and at a field density equal to that of the control density
— that are shorter than the MST edge-lengths in the candidate structure. The
Pilipenko MST calculations are best applied to filamentary structures with strong

curvature, where the CHMS volume would be overestimated.
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3.4.2 Cuzick-Edwards Test

The Mg II data that we are working with for LSS analysis is complicated; the
absorbers rely on the availability of background probes, which themselves are subject
to survey bias and intrinsic inhomogeneities. Presumably, the inhomogeneities of
the quasars, on both small and large scales, contribute in some complicated way
to the inhomogeneities of the Mg II absorbers. For the majority of our statistical
analyses, we are dependent on making approximations for the quasars so that we
can continue to make statistical assessments of the Mg II absorbers.

The Cuzick-Edwards (CE) test (Cuzick & Edwards, 1990) is a 2D case-control
k nearest-neighbour statistical test that is designed for assessing the field clustering
of spatial data with respect to inhomogeneities in the source data; the nature of our
problem is exactly this.

The CE test was originally designed to assess the geographical clustering of med-
ical diseases within a population. The population density for any given geographical
region will be different, so to assess the clustering of individuals with a particular
medical illness, you must first account for the ‘control’ size of that particular region.
In this example, the individuals with the medical illness are labelled with a ‘case’
value and the individuals without the medical illness are labelled with a ‘control’
value (i.e., case-control). For our data, we can label the Mg IT absorbers with a case
value, and the background quasars with a control value.

The CE test output provides the p-values for the chosen k values of nearest
neighbours; the k£ value is in essence providing a ‘scale’ of clustering, but as this is
dependent on the ratio of cases to controls (see Section 4.3.3), it is not providing a
physical scale of clustering (instead we use the Power Spectrum Analysis for this,

see Section 4.3.4).
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A Giant Arc on the Sky

In this chapter I present the Giant Arc (GA): an ultra-large LSS (uLSS) at z ~ 0.8
found in the Mg II catalogues of Zhu & Ménard (2013). The GA spans ~ 1 Gpc
(proper size, present epoch), and appears to be intriguingly symmetrical on the sky.
It is one of the largest of a steadily accumulating set of uLL.SSs that may (cautiously)
challenge the Cosmological Principle (CP), upon which the ‘standard model” of
cosmology is founded. The original discovery of the GA was presented for the first
time in my MSc thesis (Lopez, 2019), but the statistical and observational analysis
of the GA was presented in Lopez et al. (2022), which can be found appended to the
back of this thesis. The published work in the paper is presented in this chapter,
but has been adapted for the thesis. For reference, the discovery of the GA, as in

Lopez (2019), is briefly summarised below.

4.1 Discovery of the Giant Arc

During my MSc by Research at the University of Lancashire (formerly, Central
Lancashire), I began testing the Mg IT method for analysing cosmological LSS. T
chose six known examples of high redshift structures to assess whether intervening

MglI absorbers can highlight the L.SS. The candidates were chosen based on various
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criteria as follows. (i) Redshift — Mg II can be observed in SDSS quasar spectra
for redshifts 0.3 < z < 2.2, but in particular, redshifts z > 0.6 were more desirable
since we were primarily interested in the higher redshift regions; (ii) data availability;
(iii) quality and availability of images; (iv) additional information, e.g., follow-up
analysis; (v) qualitative assessment on interesting additional features that may make
the structure worth investigating. The results were: in five of the six target fields,
there were detections of dense regions of Mg II absorbers which were believed to be
in association with the target structures, while the sixth target remained less clear
due to low completeness.

One of the test fields investigated that fit the criteria above was a small field
containing a Sunyaev-Zeldovich (SZ) cluster candidate PSZ2 G069.39+68.05 (Bu-
renin et al., 2018, subsequently B18 when referring to this specific SZ candidate) at
z = 0.763. The SZ cluster candidates are identified through the SZ effect (hence
their name). The SZ effect is a result of inverse Compton scattering, whereby the
hot electrons of the intergalactic gas around galactic clusters transfer their energy to
background cosmic microwave background (CMB) photons, resulting in a detectable
temperature increase against the background CMB (Sunyaev & Zeldovich, 1972).
The SZ cluster candidate we investigated (B18) was one of the detected sources
from the second Planck catalogue of Sunyaev-Zeldovich sources (Planck Collabora-
tion et al., 2016a, PSZ2); Burenin et al. (2018) then provided optical identifications
and spectroscopic redshifts of the cluster counterparts for some of the SZ sources.

For the analysis of B18 (and the 5 other targets selected for analysis in Lopez,
2019) we plotted the Mg II present in the target field. Curiously, for B18, the Mg I1
maps indicated a very large LSS extending on the sky, as a long, dense, thin band of
Mg IT absorbers, roughly symmetrically to both sides of the cluster. In Lopez (2019)
the central redshift and the redshift interval of the GA were estimated by stepping

through thin redshift slices and visually inspecting the density and connectivity of
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the Mg II absorbers. We have since refined a little the estimates of the central
redshift and the redshift interval — see Section 4.3.1 for the details. In Figure 3.13
the GA can be seen stretching ~ 1 Gpc (proper distance, present epoch) horizontally
across the centre of the field. Visually, the GA appears densely concentrated and

with the distinctive shape of a giant arc.

4.2 Observational properties of the Giant Arc

We investigate the observational properties of the GA, in a visual manner, including;:
rest-frame equivalent width (EW) distribution (W, 2796); signal-to-noise ratio (S/N)
of the A2796 line; S/N of the continuum of the spectra; the i magnitude (i) of
the probes (background quasars); and the redshift distribution of the A2796 line
(22706). As mentioned in the earlier chapters of this thesis, it is thought that the
EW distribution, or other line-profile properties, could be related to the host-halo
galactic properties (morphology, luminosity, impact parameter, galaxy inclination
etc.), but these aspects are still not fully understood. While it may not yet be clear
what the EW distribution within the GA indicates, future studies of the Mg II-
absorber / host-halo connection could lead to an understanding of the origins of the
GA and its environment.

The values of the EW are often classed as ‘strong’ or ‘weak’, although there
seems to be no agreement on what defines ‘strong’ and ‘weak’. For example, in the
literature one might find strong EW variously defined as W, 2796 > 0.3 A, Wi.2796 >
0.6A, and W,.9706 > 1.0A — see for example Churchill et al. (2005), Dutta et al.
(2017), Evans et al. (2013) and Williger et al. (2002). We shall follow the example
set by Zhu & Ménard (2013) and use the definitions of strong and weak EWs as
W 2796 > 0.6 A and Wi 9796 < 0.6 A respectively.

We divide the W, 2796 EWSs into four bins with boundaries at (0.0,0.3,0.6, 1.0,
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10.0) A. (The boundaries were chosen to reflect the above diversity of what corre-
sponds to ‘strong’ in the literature.) The on-sky spatial coordinates of the absorbers
in the GA and its immediate field are then plotted, with colour-coding according to
the four EW bins — see Figure 4.1. The shade of the blue dots in the figure repre-
sents the EW bin, with the lightest shade representing the first bin 0.0 < W} 2796 <
0.3 A, and the darkest shade representing the last bin 1.0 < W, 2796 < 10.0 A

Similarly, with the same set of four blue shades, we show the ¢ magnitude of the
probes, the S/N of the A\2796 line, and the S/N of the continuum (Figure 4.1). The
boundaries of the bins are as follows: (i) ¢ magnitude of the background quasars —
16.0,17.8,18.7,19.6,21.0; (ii) S/N of the A2796 line — 0, 3,6, 12,37; and (iii) S/N
of the continuum — 0, 8, 16, 24, 47. The colour-coding again represents the smallest
values by the lightest shade of blue, and the largest values by the darkest shade.
Note, that for i, the lightest shade thus represents the brightest probes.

The EW of the A\2796 line should correlate with the S/N of the A2796 line; the
top-left and bottom-left panel in Figure 4.1 show that this is indeed the case. The
brightness (i) of the background quasar should correlate with the S/N of the quasar
continuum; the top-right and bottom-right panel in Figure 4.1 show that this is
indeed the case. Note that brighter quasars, having a higher continuum S/N, can
detect absorbers to a lower threshold EW.

An asymmetry is apparent in the distribution of Mg II EWs within the GA:
the EWs tend to be stronger on the LHS (lower RA), and in the centre of the
GA, than on the RHS (higher RA). Conversely, there is a tendency for the RHS
to have brighter probes and higher continuum S/N, so, on the RHS, the threshold
EW for detection should tend to be lower and certainly able to detect stronger
absorbers, should they be present. These two observations can be confirmed by
simply counting the frequency of the two darkest-coloured points (or of the two

lightest-coloured points) for points belonging to the visually-identified GA (points
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Figure 4.1: The on-sky spatial coordinates of the quasars containing Mg II ab-
sorbers in the GA and its immediate field, with colour-coding according to: (top-
left) the equivalent width (EW) of the A2796 line; (top-right) the ¢ magnitude of
the background quasar; (bottom-left) the signal-to-noise (S/N) ratio of the A2796
line; (bottom-right) and the S/N ratio of the quasar continuum. See the main text
for the bin divisions. The red, dashed line in the top-left panel indicates what we
visually identified as the GA. The black, dashed line in the top-left panel divides
the visually-identified GA into a left- and right-hand side.
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inside the red, dashed line in the top-left panel of Figure 4.1), and comparing the
results (normalised to the number of absorbers) either side of the z = 0 vertical
line (see the black, dashed line in the top-left panel of Figure 4.1). To demonstrate,
there are 52 absorbers in the visually-identified GA; 30 on the LHS and 22 on the
RHS. For the EWs in the GA on the LHS, there are 24 out of 30 absorbers (80%)
which are of the two darkest blue shades corresponding to strong EWs, whereas
on the RHS there are 14 out of 22 absorbers (64%) which are of the darkest blue
shades. Similarly, for the ¢ magnitudes of the corresponding background quasars
(top-right panel in Figure 4.1), there are 16 out of 30 absorbers (53%) in the LHS of
the visually-identified GA which are of the two lightest blue shades corresponding
to the brightest quasars, whereas on the RHS there are 14 out of 22 absorbers (64%)
which are of the two lightest blue shades. The collected observations are consistent
with the reality of the observed asymmetry of stronger absorbers on the LHS.

There have been many attempts to understand the relationship between Mg 11
EWs (and other line properties) and the host-halo galactic properties (morphology,
luminosity, impact parameter, galaxy inclination etc.), but currently there is no
clear consensus. Conceivably, the asymmetry in the EW distribution could arise
from the details of the geometry of the GA and the orientations or morphologies of
the galaxies within it. Future sky surveys and targeted observations seem likely to
be necessary for progress on these details.

We note that there appears to be a preference for the strongest (W, 2796) Mg 11
absorbers in the GA to clump together into groups of a few. See the dark blue
points in the top-left panel of Figure 4.1, and note in particular those on the LHS
of the GA (lower RA), the centre of the GA, and the group just above the tip of the
RHS (higher RA) of the GA. As the GA is denser than the rest of the field, we can
speculate that the occurrence of the strongest EWs in proximity is not accidental

but is connected with the origin and environment of the GA.
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Recall that the SZ cluster B18, z = 0.763 (Burenin et al., 2018), is at the centre
of the GA. (It is what led to the discovery of the GA.) At the centre of the GA is a
small, circular ‘hole’, and surrounding this hole is a group of the stronger absorbers.
SZ clusters create a highly-ionised environment, but Mg II absorption occurs in
low-ionised regions. Possibly, a region of high ionisation can account for the hole,
but an origin, in environment, of the enveloping group of stronger absorbers is not
then obvious.

The investigation of small (Az = 0.030), overlapping (by 50 per cent) redshift
slices reveals a noticeable difference between the left- and right-hand sides of the
GA. For example, the LHS (lower RA) of the GA appears concentrated in the small
redshift slice located farthest away (z = 0.832+0.030), whereas the RHS (higher RA)
of the GA appears spread diffusely through the larger redshift slice. Interestingly,
the LHS of the GA has both a narrower redshift distribution and a preference for
stronger Mg 11 EWs.

Finally, the investigation of the redshift distribution suggests that, if the GA is
represented as a segment of a cylindrical shell, then the LHS would be tilted away
along the line of sight. That is, if the GA can indeed be represented as a segment
of a cylindrical shell, then it is not precisely orthogonal to the line-of-sight but is

rotated with respect to a north-south axis.

4.3 Connectivity and statistical properties

The GA was discovered visually, from a Mg II density image (e.g. Figure 3.13).
Albeit after the event, we now discuss its connectivity and statistical properties.
The Mg II absorbers can, of course, be found only where there are background
quasars to act as probes, and those probes may themselves be subject to spatial
variations arising from large-scale structure and, in particular, from artefacts in the

surveys.

52



CHAPTER 4

We apply three different statistical methods for assessing the GA, as follows.

(i) SLHC / CHMS — see Clowes et al. (2012). This method depends first
on constructing the 3D Minimal Spanning Tree (MST), and then separating it at
some specified linkage scale. At this stage it is equivalent to the Single-Linkage
Hierarchical Clustering (SLHC) algorithm. The statistical significance of a candidate
structure is then assessed using its volume obtained as the volume of the ‘Convex
Hull of Member Spheres’ (CHMS). Note the important feature that this method
assesses the significance of individual candidate structures.

(ii) The Cuzick-Edwards (CE) test — see Cuzick & Edwards (1990). It is a 2D
‘case-control” method that is designed to correct the incidence of cases for spatial
variations in the controls (the underlying population). It depends on the number
of cases that occur within the k nearest neighbours. The CE test can detect the
presence of clustering in the field, while correcting for variations in the background,
and can assess its statistical significance. It cannot, however, assess the physical
scale of the clustering.

(iii) 2D Power Spectrum Analysis (2D PSA) — see Webster (1976a). It is a
powerful Fourier method for detecting clustering in the field. It can be effective
even for detecting weak clustering. The 2D PSA can detect the scale of clustering
and assess the statistical significance of the clustering at that scale.

Each of these tests has distinctive attributes, and the reader should judge the
evidence provided by the ensemble. Only the SLHC / CHMS method assesses the
significance of individual candidate structures, whereas the CE test and the 2D PSA
address the clustering in the field. We shall describe below the ‘polygon approach’,
in which we assess the contribution that the GA makes to the results from the
CE test and the 2D PSA for the field. Only the CE test can correct for spatial
variations in the underlying population. However, we shall describe below, again

using the polygon approach, that the 2D PSA has more power to discriminate than
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the CE test.

Finally, we emphasise again, that given the nature of the discovery the statis-
tical analysis is necessarily performed post-hoc. The reader will find that we have
used techniques to compare the field containing the GA with other, unrelated fields
(within the same Mg II dataset). This of course has its limitations due to the non-
uniformity of the background quasars (probes) and potential survey artefacts. We
have also compared with randomised simulations, in which we attempt to preserve

these subtleties of the Mg II data.

4.3.1 SLHC / CHMS (Minimal Spanning Tree)

The Minimal Spanning Tree (MST) is a widely-used algorithm for assessing large-
scale structure in astronomy and cosmology. When the MST is separated at some
specified linkage scale it is equivalent to the algorithm for Single-Linkage Hierar-
chical Clustering (SLHC). An approach to assessing the statistical significance of
the agglomerations found in this way was introduced by Clowes et al. (2012): the
Convex Hull of Member Spheres (CHMS) method. It was further used by Clowes
et al. (2013) in the analysis of the Huge-LQG, the Huge Large Quasar Group that
they discovered.

Here, we apply the sequence of SLHC and CHMS to the Mg II absorbers in
the GA field. By specifying a linkage scale and a minimum membership, the SLHC
identifies the 3D agglomerations or groups within the coordinates of the absorbers.
Within each identified group the CHMS constructs a sphere around each member
point with a radius of half the mean linkage separation for that group. A volume for
the group is then computed as the volume of the convex hull of its member spheres
(and note that the convex hull is a unique construction). An expected density of
absorbers is determined from a control field and the observed redshift interval of a

group. (Here, the control field is specified as the same field that is being assessed.)

54



CHAPTER 4

The observed number of member points within a group are then scattered randomly
within a cube at the expected density, and their CHMS volume is calculated; this is
done 1000 times. The significance of the group is calculated by the rate of occurrence
of randomly-generated CHMS volumes that are smaller than the observed volume.
See Clowes et al. (2012) for full details of the CHMS method.

In principle, this SLHC / MST approach should be applied only to surveys
that have no intrinsic spatial variations. The background quasars — the probes
of the Mg II absorbers — are drawn from a merger of the SDSS DR7QSO and
DR12Q databases. While a reasonably spatially-uniform subset can be extracted
from DR7QSO, DR12Q is much more strongly affected by spatial artefacts arising
from deeper areas. Thus the distribution of the background quasars can conceivably
affect the distribution of the Mg II absorbers in some, possibly complicated, way.
However, if the distribution of the background quasars appears to be reasonably
homogeneous in the area of interest, then we can assume that the distribution of
Mg II absorbers is predominantly a product of the LSS and not the availability of
background quasars. Of course, the distribution of background quasars can still have
some effects — such as occasional gaps in connectivity — on the Mg II absorbers
even in such reasonably homogeneous regions.

Figure 4.2 shows the kernel-smoothed distribution (¢ = 11 Mpc, present epoch)
of the background probes (quasars) in the area of the GA for z > 0.862. It is clear
that there are denser areas, less dense areas, and even empty patches, across the
whole image, indicating the spatial non-uniformity of the background probes. There
is a particularly dense band in approximately the northern third, which arises from
a deeper area of the DR12Q) survey. However, there are evidently no artefacts that
correspond to the dimensions and orientation of the GA.

We are now taking the GA to be predominantly concentrated in the redshift in-
terval 0.802+0.060, so 0.742 — 0.862. Its (present-epoch) depth is then ~ 340 Mpc.
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Figure 4.2: Left panel: the tangent-plane distribution of background probes (quasars)
in the GA field with redshifts z > 0.862, represented by the dark blue points. The blue
contours, increasing by a factor of two, represent the density distribution of the quasars
which have been smoothed using a Gaussian kernel of o = 11 Mpc. It is clear that there are
denser areas, less dense areas, and even empty patches, across the whole image, indicating
the spatial non-uniformity of the background probes. There is a particularly dense band
in approximately the northern third. However, there are evidently no severe artefacts that
correspond to the dimensions and orientation of the GA (inside the red, dashed line). Right
panel: the corresponding tangent-plane distribution of Mg II absorbers in the redshift
interval z = 0.802 4 0.060. The grey contours, increasing by a factor of two, represent the
density distribution of the absorbers which have been smoothed using a Gaussian kernel
of ¢ = 11 Mpec, and flat-fielded with respect to the distribution of background probes.
The small dots represent the background probes (quasars). The Giant Arc can be seen
running west-east in the centre of this figure, spanning ~ 1 Gpc, and corresponds to the
added red, dashed line in the left panel. In both figures the axes are labelled in Mpc,
scaled to the present epoch. East is towards the right and north is towards the top.
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This redshift interval appears to be the optimum, following a heuristic process of
stepping through a range of redshift intervals and determining the membership and
significance of the GA through the SLHC / CHMS method. Redshift intervals of
thickness Az = £0.050 between 0.760 < z < 0.810 were tested, using various linkage
scales, and a clear peak signal for the GA was seen around the redshift z = 0.810
using a linkage scale of 95 Mpc. (See Section 4.3.2 for the details of choosing the
optimum linkage scale.) Further, finer-scale, testing revealed the greatest number
of connected GA members to be more precisely located at z = 0.802, again for
the linkage scale of 95 Mpc. The significance of the GA (via the SLHC / CHMS
algorithms) in the redshift slice z = 0.802 4 0.050 is 4.150. Widening the redshift
interval to z = 0.802 £ 0.060 gives a slightly higher significance of 4.300, and the
number of member Mg II absorbers is then increased from 42 to 44.

A second, smaller, agglomeration made up of 11 (10) absorber members at z =
0.802 £+ 0.060 (z = 0.802 £ 0.050), although not formally significant, i.e., 2.04c
(1.750), is clearly also part of what we identified visually as the Giant Arc — see
the red points in Figure 4.4 (note that the points in parentheses are not shown).
Conceivably, just one further background probe would be sufficient to yield one
further absorber that would then connect both agglomerations as one significant
unit. We have emphasised the limitations of the SLHC / CHMS method for this
dataset, and we might here be seeing their consequences.

As noted above, the estimation of the CHMS significance requires a control field
from which the expected average density is calculated. For the CHMS significances
given above, we used the same field as that containing the GA. This was a deliberate
choice, given the spatial variations of the wider survey. Clearly, the GA must then
represent a small fraction of the total area and number of absorbers (~ 7 per cent
of the absorbers are from the GA).

Even so, the distribution of background probes (quasars) in the field of the GA is
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not uniform — notably the denser band in the northern third. The non-uniformities
could affect the CHMS calculations of significance, either by overestimating or un-
derestimating, depending on whether the probes are generally under-populated or
over-populated in the control field. A second estimate of the significance can be
calculated from the CHMS method by increasing the field-of-view (FOV) contain-
ing the GA, and using it as a new control field. Figure 4.3 shows the background
probes in the field containing the GA with the western and southern boundaries ex-
tended. Note that the eastern and northern boundaries were not extended because
of proximity to the edge of the survey area.

Using the larger FOV in the redshift interval z = 0.802 + 0.060, the CHMS
method calculates a significance of 4.53¢ for the principal agglomeration of the GA.
As noted previously, the GA is split into two agglomerations by the SLHC algorithm,
shown in Figure 4.4. For this entire, larger, FOV, there are 35 agglomerations in
total, with the principal agglomeration of the GA being the largest and most sig-
nificant, and the only agglomeration with a significance > 3.50. Figure 4.4 shows
the GA as identified by the SLHC / CHMS method, with the principal agglomer-
ation represented by the black points; the red points indicate the smaller, separate
agglomeration of much lower significance, but visually it can clearly be seen as part
of the GA.

The SLHC / CHMS algorithm is next applied to three lower redshift slices —
z = 0.682 £ 0.060, z = 0.562 £ 0.060, and z = 0.442 4+ 0.060 — in the same (larger)
FOV as the GA (see Figure 4.3). Using lower redshift slices and the same FOV
means that we can conveniently compare the Mg I1 absorbers arising from the same
probes as those in the GA field by restricting the probes to z > 0.862. We can also
apply the SLHC / CHMS method to the same three lower redshift slices without
this redshift restriction on the probes. Recall, however, that the probes may show

density artefacts with a large FOV. The SLHC / CHMS method can be problematic
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Figure 4.3: The tangent-plane distribution of background probes (quasars), in the same
region of sky as the GA for redshifts z > 0.862, represented by the dark blue points. The
field-of-view has here been increased by extending the western and southern boundaries.
The blue contours, increasing by a factor of two, represent the density distribution of the
quasars which have been smoothed using a Gaussian kernel of o = 11 Mpc. Red, dashed
ellipses have been added to indicate the approximate areas of particularly overdense regions
of background probes (quasars), which is based on having high density contours (greater
than level 3) and spanning more than ~ 100> Mpc? The axes are labelled in Mpc, scaled
to the present epoch. East is towards the right and north is towards the top.
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Figure 4.4: The GA connected via the SLHC algorithm. There are 44 black points which
indicate the principal agglomeration of the Giant Arc — the largest, and most significant
agglomeration in the field —, which comprises the majority of the GA. There are 11 red
points which indicate the secondary agglomeration of the GA, which, although by itself
not statistically significant, is clearly part of the GA. The axes are labelled RA and Dec
where east is towards the right and north is towards the top.
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for the Mg II analysis because of these artefacts. Therefore, superficially significant
structures that correspond to particularly dense patches of probes! are likely to be
discarded. The results are summarised in Table 4.1.

As can be seen in Table 4.1 there are significant (~ 30) structures. At a more
cautious limit of 40, however, there were only two candidate structures which did
not reside in an artefact (in redshift slices z = 0.682 and z = 0.562). We shall in due
course investigate them further, starting with optimisation of the redshift intervals.

Finally, we introduce a random-simulation aspect to the SLHC / CHMS analysis.
We have carried out 1000 random simulations as follows. (i) We consider the large,
extended area that corresponds to Figure 4.3. (ii) We consider only the probes at
higher redshift than the redshift slice of the GA — that is, we continue (as with the
slices of redshift lower than that of the GA) to use only the probes appropriate to
the GA, so that density artefacts in the probes remain identical. (iii) We reassign at
random Mg IT absorbers of any redshift to the probes, while not splitting occurrences
of multiple absorbers per line of sight. (Note that splitting absorbers would have
the undesirable effect of changing the total number of probes with absorbers.) (iv)
We then analyse the random-simulated data as for the actual GA slice, selecting
absorber redshifts for the redshift slice.

Within the simulations, we looked for “structures” that had properties compa-
rable to, or more extreme than, the observed properties of the GA (precisely, of
GA-main — see below). The properties considered were the set of: number of ab-
sorber members; SLHC / CHMS significance; and overdensity. In all cases (roughly
one occurrence per two simulations), we found that these “comparable structures”

were in the regions of the visually-obvious density artefacts (i.e., the red, dashed

!The red, dashed ellipses in Figure 4.3 outline the regions of particularly dense patches of
background probes (quasars). They were selected based on having high density contours (exceeding
level 3 on the contour grade-scale on the right-hand side of the figure) and covering an area larger
than ~ 1002 Mpc?
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Table 4.1: Results from applying the SLHC / CHMS algorithm to three lower redshift
slices in the same (larger) FOV as the GA (see Figure 4.3). The columns are: the red-
shift interval of the Mg II absorbers (z); the redshift of the background probes (quasars;
Zprobes); the number of structures found by the SLHC algorithm (IV); the number of struc-
tures exceeding 3o significance (N3 o4 ); the number of structures exceeding 4o significance
(Ny.00); the number of structures exceeding 3o significance after removing those that re-
side in artefacts of the probes (N,eq). Note that the three lower redshift slices have two
sets of probes with different redshifts: one for the probes corresponding to those in the
GA field, and one for the probes corresponding to the redshift slice.

z Zprobes N N3.00’ N4.0cr Nreal

2=0.802+0.060 z>0862 35 4 1 (GA) 2 (incl. GA)
2=0.682+0.060 z>0862 31 3 1 3

2>0742 34 6 2 4
2=0.562+0.060 z>0862 17 6 3 2

2>0622 19 7 4 3
2=0442+0.060 z>0862 9 1 0 0

2>0502 12 2 0 0

Notes.

(1) For each redshift slice the overall density of absorbers in the field varies, so we modify
the linkage scale according to the relation s = (pg/p)'/® x 95 Mpc, where s is the linkage
scale, pg is the density for the GA field and p is the density for the new field concerned.
(2) The number of structures reduces in each successively lower redshift slice, because (i)
the number of Mg II absorbers reduces as the lower-wavelength limit of detectability is
approached (~ 4000A), and (ii) the size of objects in the field appear larger at smaller
redshifts.
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ellipses in Figure 4.3), and never in the region occupied by the real GA. The oc-
currence of the “comparable structures” in the density artefacts is as expected: for
those artefacts, the linkage scale and the control density would clearly not be ap-
propriate. We can infer that the probability of the real GA (precisely, GA-main)
occurring as a random event is < 0.001.

The SLHC algorithm easily identifies the GA, with 44 connected Mg IT absorbers,
and the CHMS method estimates a significance of ~ 4.50 using the central redshift
z = 0.802. In every redshift interval investigated, the GA appears in two parts: (i)
the principal agglomeration, which is large in both physical size and membership,
and statistically very significant; and (ii) the secondary agglomeration, small in size
and membership, and by itself statistically not significant. As mentioned earlier,
the Mg IT absorbers depend on the availability of background probes (quasars), and
without those, Mg IT would not be detected. Thus an artefact in the distribution of
probes — i.e. a gap, perhaps of just one missing probe — could lead to an artefact
of apparent splitting into two agglomerations.

We have seen previously, in Section 4.2, that there is a noticeable difference
between the LHS and RHS of the GA with regards to redshift distribution. In-
vestigating small (Az = 0.030), overlapping (by 50 per cent) redshift slices has
highlighted the sub-structure of the GA along the redshift axis. We find that the
larger agglomeration of the GA is distributed more evenly and widely along the
redshift axis, while the smaller agglomeration is concentrated in a narrower redshift
slice. It becomes clear from the central redshift slice and below (z < 0.802) that
there are no Mg II absorbers available that can connect the small agglomeration to

the large agglomeration.
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4.3.2 Selecting a Linkage Scale

The linkage scale that is set in the SLHC / CHMS method determines both the
number of agglomerations and their memberships. It was set at 95 Mpc for the GA.
This setting was partly guided by the linkage scale that was known to be effective
for the Clowes-Campusano LQG (Clowes & Campusano, 1991, hereafter CCLQG),
and which, when used subsequently, led to the discovery of the Huge-LQG (Clowes
et al., 2012, 2013). Clearly, the linkage scale must be adjusted for field density. In
this case, starting from the linkage scale that was effective for LQGs (i.e. for LSS in
quasars), and scaling with density, we calculate a linkage scale of 85 Mpc for Mg I1
absorbers in the GA field. From here we followed the heuristic process described in
Section 4.3.1 to identify an optimum linkage scale of 95 Mpc for the Mg I1 absorbers.

One must remember that Mg II absorbers are distinctly different from quasars
and therefore cannot be treated in quite the same way. For example, the linkage scale
that works for quasars will not necessarily work for the Mg II absorbers since the
latter is a case of inhomogeneities (the absorbers) superimposed on inhomogeneities
(the quasars and survey artefacts). Future work will address the development of
a clustering analysis that is specifically addressed to the requirements of Mg II
absorbers.

It is in the nature of discoveries that there will be a post-hoc aspect to the
analysis. What turned out to be effective for the CCLQG led to the discovery of
the Huge-LQG: an initial discovery, followed by a heuristic process, followed by an
entirely objective a-priori new discovery. It is in this spirit that we present the
discovery of the GA: one for which the techniques and parameters used to assess
and characterise it can subsequently be applied to the whole Mg II catalogue.

For completeness, we can briefly mention what results from instead setting dif-
ferent linkage scales for the adopted redshift slice. In five runs, using linkage scales

of 85 Mpc, 90 Mpc, 95 Mpc, 100 Mpc, and 105 Mpc, there are totals of 4, 25, 35,
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43, and 3 agglomerations found respectively, with the GA always being the most
significant in all except the 105 Mpc run. The middle three runs split the GA into
two parts: one large and significant, and one smaller and less significant. For the
following comments, we concentrate only on the large, significant agglomeration of
the GA identified in the middle three runs — (90, 95 and 100) Mpc — which makes
up the majority of what we visually identified as the GA. (1) It has a significance
greater than 3.8 in all of the three runs. (2) It is the only agglomeration that has
a significance greater than 3.50 in each run, with only up to a maximum of three
additional agglomerations above 30 (all others being below a 3o threshold). (3) In
both the 90 Mpc and 95 Mpc runs, it is the largest agglomeration by membership,
and is the second largest by membership in the 100 Mpc run. Lastly, we mention
what arises from setting the linkage scale to 85 Mpc and 105 Mpc. With these link-
age scales we begin to approach the lower and upper limits that the SLHC / MST
method can perform with (productively). There are only 4 and 3 candidate struc-
tures identified by the SLHC algorithm with the linkage scales set to 85 Mpc and
105 Mpc, respectively. Example candidates for each linkage scale, respectively, have
memberships of 20 and 133 with significances of 3.60 and 0.8c, respectively. This
demonstrates that increasing or decreasing the linkage scale much further would
yield nothing of consequence: either no structures, or one large structure containing
almost everything. It is worth noting that, although the 85 Mpc linkage scale is
the minimum at which structures can be found in the Mg II data at this redshift /
density, the GA is still mostly detected, still the largest agglomeration in the field,
and the only structure detected with a significance over 30 — see Figure 4.5

Note that for future work, involving the remainder of the Mg II database, we
can adopt this scale of 95 Mpc as a standard, with scaling according to the density

of absorbers (i.e., s = (po/p)'/3s0) in the volumes of interest.
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Figure 4.5: The four structures found via the SLHC / CHMS method using a reduced
linkage scale of 85 Mpc. The black dashed rectangle corresponds to Figure 4.4 for com-
parison. The GA is still mostly detected in what appears to be two parts. The largest
agglomeration, containing 20 Mg IT absorber members represented by the red points in the
figure, makes up the majority of what we visually identify as the GA. The second largest
agglomeration, containing 14 Mg II absorber members represented by the blue points in
the figure, is also part of what we visually identified as the GA and can be seen as an
extension of the red points. The axes are labelled RA and Dec where east is towards the
right and north is towards the top.
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4.3.3 Cuzick-Edwards test

Strictly, the SLHC / MST approach should be applied only to surveys that have
no intrinsic spatial variations. The Cuzick-Edwards test (Cuzick & Edwards, 1990)
is a statistical test for two-dimensional spatial data that was designed to manage
spatial variations in the source data; we apply it here.

The Cuzick-Edwards test (hereafter CE test) has been used mainly in medical
research to assess the clustering patterns of diseases within unevenly populated
geographical regions. The essential character of our problem is the same. It adopts
a ‘case-control’ approach to a k nearest-neighbour (NN) analysis. Several papers
have compared the properties of the CE test amongst various spatial clustering
analyses and assert that the CE test is powerful and sensitive in estimating clustering
significance within a point dataset — see, for example, Song & Kulldorff (2003),
Meliker et al. (2009) and Hinrichsen et al. (2009). In Song & Kulldorff (2003) the
authors note that the CE test is used more appropriately if the level of clustering is
known beforehand. Inevitably, for our problem, the statistical properties of the GA
are tested after the event of discovery (i.e. the level of clustering is known).

We used the CE test that is coded in the application gnn.test in the R package
smMAacpPoD (French, 2020). The probes (i.e. the background quasars) are labelled as
‘controls’ and the Mg IT absorbers in the redshift interval are labelled as ‘cases’. The
gnn.test then uses a NN algorithm to find the ¢ (or k) NNs of any case to another
case.

For a control-case dataset containing ¢ points, z; is the location of each point.
Therefore, the subscript ¢ is the identifier of any particular point (regardless of
whether it is a case or control) and the superscript k refers to the k nearest neigh-

bours. The test statistic is then calculated

T, = i S;d?
=1
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where:

1if z; is a case

0 if z; is a control,

1 if the NN to z; is a case

0 if the NN to z; is a control.

The p-value from gnn.test is calculated from simulations under the random-
labelling hypothesis (French, 2020) for nsim = 2000 simulations.

The choice of maximum ¢ (k) value that is adopted for the test will depend on
the control-case ratio, as can be seen from the test statistic calculation. There are
~ 20 times as many probes (controls) as Mg II absorbers (cases) in the redshift
interval of the GA. Cuzick & Edwards (1990) examine the power of the CE test
with varying control-case ratios and find that a control-case ratio of between 4 and
6 is optimum (see their Figure 5). Therefore, we choose to use a control-case ratio
of ~ 5:1. To achieve this we randomly select 25 per cent of the probes, for each of
100 runs of gnn.test. (Randomly-selected controls that duplicate the coordinates of
the cases in a given run are removed.) The 100 runs also allow us to assess how
robust are the estimates of significance for the Mg II absorbers.

We use a set of ¢ (k) values: 1, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52,
56, 60, and 64. We start by applying the gnn.test to the basic GA field. Then, to
assess the (presumed) dominance of the GA itself we apply the test to a succession
of smaller fields (smaller in the north-south direction), all centred on the GA. In
Figure 4.6 the median p-value over 100 runs of 2000 random simulations is shown
plotted against the chosen ¢ values, with the corresponding flat-fielded Mg IT images
shown in the top panels.

The process of zooming into the GA allows the GA to become the dominating
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Figure 4.6: Top panels: density distribution of the flat-fielded Mg II absorbers
represented by the grey contours (increasing by a factor of two) which have been
smoothed using a Gaussian kernel of 0 = 11 Mpc and flatfielded with respect to the
background probes (quasars). Small dots represent the background probes (quasars).
From left to right, the GA field of view has been reduced in the north-south direction
to ‘zoom’ in on the GA. (Left) GA field as usual. (Middle) First ‘zoom’ of the GA
field. (Right) Second ‘zoom’ of the GA field.
Bottom panels: the median p-values over 100 runs of 2000 simulations as a function
of chosen ¢ (k) value in the GA field corresponding to the Mg II images in the top
panels. The values along the x axis are: 1, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40,
44, 48, 52, 56, 60, and 64. The blue, horizontal line is set to p = 0.05. (Left) The
p-value is at a minimum of 0.0072 when ¢ is 40. (Middle) First ‘zoom’ on the GA
field. The p-value is at a minimum of 0.0107 when ¢ is 36. (Right) Second ‘zoom’
on the GA field. The p-value is at a minimum of 0.0027 when ¢ is 40.
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feature in the field, which, as a result, increases the significance of clustering (i.e.
smaller p-value). In the first (standard) Mg II field (top-left panel of Figure 4.6),
the corresponding CE result (bottom-left panel of Figure 4.6) has a minimum p-
value of 0.0072 at ¢ = 40, which (assuming a normal distribution) is equivalent to
a significance of ~ 2.680. Whereas in the third Mg II field (second zoom; top-right
panel of Figure 4.6), the corresponding CE result (bottom-right panel of Figure 4.6)
has a minimum p-value of 0.0027 at a ¢ = 40, which is equivalent to a significance
of 3.000. In this way we can judge that the GA is the dominant, contributing factor
to the significant level of clustering in the field.

The heuristic process of ‘zooming’ into the GA was next applied to three other
fields at lower redshift slices (z: 0.682, 0.562, 0.442) centred on the sky coordinates of
the GA. The background probes are kept the same in the three new fields as those in
the GA field, allowing a direct comparison of clustering in just the Mg II absorbers
(as in Section 4.3.1). Figure 4.7 shows the results of the CE test for the three lower
redshift fields, paired next to the corresponding Mg II field as before, using the
smallest field size (i.e. the second ‘zoom’). The p-value profiles as a function of ¢-
value in each of the lower redshift fields appear more scattered and varied compared
with the GA results.

The key difference between the p-value profiles for the GA field and the p-value
profiles for three lower redshift fields is that there is no sign of any significant results
(p-value < 0.05) in any of the three lower redshift fields for any of the chosen g-
values. The background probes were the same in all four fields (GA field and the
three lower redshift fields) indicating that the Mg II absorbers are responsible for
the different p-value profiles. From this we can assert that the GA field is markedly
distinct, with significant clustering attributable to the GA.

As a further test of the dominance of the GA in the CE statistics we have ap-

plied our ‘polygon-approach’. Visually, we draw a polygon around what we identify
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Figure 4.7: Top panels: density distribution of the flat-fielded Mg II absorbers
represented by the grey contours (increasing by a factor of two) which have been
smoothed using a Gaussian kernel of 0 = 11 Mpc and flatfielded with respect to the
background probes (quasars). The background probes (quasars), represented by the
small dots, have been restricted to be the same selection that arise in the standard
GA field, i.e., 240 > 0.862. In each figure, the field is centred on the GA field (as
in the top-right panel of Figure 4.6), but at different central redshifts. Note, the
tangent-plane y axis is not precisely accurate, but the precision is inconsequential:
we are here concerned only with the CE test results, thus the Mg II images are
simply providing some context. (Left) Mg II absorbers in the redshift interval
z = 0.682+0.060. (Middle) Mg IT absorbers in the redshift interval z = 0.56240.060.
(Right) Mg IT absorbers in the redshift interval z = 0.446 £ 0.060.

Bottom panels: the median p-values over 100 runs of 2000 simulations as a function
of chosen ¢ (k) value corresponding to the Mg II images in the top panels. The
values along the z axis are: 1, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52,
56, 60, and 64. The blue, horizontal line is set to p = 0.05. Evidently, there is no
significant clustering detected in these fields.
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visually as the member absorbers of the GA. We leave the absorbers in the poly-
gon untouched but reassign (i.e. shuffle) at random the y-coordinates of absorbers
outside the polygon, while avoiding the area within the polygon. We apply this
process to the data corresponding to the top-right panel in Figure 4.6. In this way
we can compare the CE statistics arising from the original data with those in which
the GA points inside the polygon are unchanged but those outside the GA polygon
are randomised. We find that the range of p-values for the original data (p-values
~ 0.002-0.003) is very similar to that of the GA + randomised data (p-values ~
0.001-0.003), suggesting that the GA is indeed the dominant source of the clustering

signal.

4.3.4 Power Spectrum Analysis

Power Spectrum Analysis (PSA) — see mainly Webster (1976a), but also Webster
(1976b) and Webster (1982) — is a powerful Fourier method for assessing the pres-
ence and significance of clustering in rectangular (2D PSA) or cuboidal fields (3D
PSA). PSA was designed to be effective for the detection of clustering that may
be weak and escape detection by other methods; it is, however, not a case-control
method. A brief summary of the theory of PSA may be found in section 5 of Clowes
(1986).

We apply 2D PSA to the same rectangular field, illustrated in the top-right panel
of Figure 4.6, that was used for the CE analysis above. Figure 4.8 shows the plot
of the intermediate PSA statistic " against 1/A. The (six) high points towards
the left of the plot allow a clustering scale of \. ~ 270 Mpc to be identified. The
final PSA statistic @) for this scale \. corresponds to a detection of clustering at a
significance of 4.80.

We have applied the polygon-approach here also. As in the discussion above for

the CE method, we leave the GA absorbers in the polygon untouched but reassign
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Figure 4.8: The plot shows the PSA statistic @’ plotted against 1/\, with A in Mpec, for
the 2D PSA. The bin size is 6.7 x 107*Mpc~! and the error bars are +o. The horizontal
line @ = 1 indicates the expectation value in the case of no clustering. The (six) high
points towards the left of the plot allow a clustering scale of A, ~ 270 Mpc to be identified.
The final PSA statistic @ for this scale . corresponds to a detection of clustering at a
significance of 4.8¢.
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(i.e. shuffle) at random the y-coordinates of absorbers outside the polygon, while
avoiding the area within the polygon. In this way we can establish that the sig-
nificance from the 2D PSA of the GA absorbers alone — i.e. with other absorbers
randomised — has a mean value ~ 3.50 (with a range 3.0-4.40) for the original
scale A, ~ 270 Mpc. In fact, the value of \. for the polygon-approach varies too,
with the mean significance at the actual values of A, being ~ 3.80.

From this polygon-approach, it appears likely that, while the GA is the dominant
contributor to the PSA result, a smaller contribution from other absorbers in the
field is detected too. This outcome might be expected, given the power of the PSA
method. The failure to detect a contribution from the other absorbers with the CE
method could be because the CE method is intrinsically less sensitive, or because
its case-control correction has successfully eliminated artefacts from the background
probes (the controls).

The polygon-approach can also be used to assess the relative power of the 2D
PSA and the CE test. For example, we reduced the number of GA absorbers in
the polygon from 52 to 42 by random selection (with the points outside the polygon
being randomised as usual but unchanged in total number). In that case, the GA
is generally not detected by the CE test, at a significance level of 0.01 (2.30), but
is generally still detected by the PSA, at > 2.70. The power of a statistical test to
discriminate is an important factor, and an uninteresting p-value does not necessarily
mean nothing interesting in the data. Webster (1976a) demonstrates that the PSA
has more power to detect clustering than a simple nearest-neighbour test. The CE
test uses multiple neighbours, and so can be expected to have more power than a
nearest-neighbour test, but, as our tests with the polygon-approach suggest, still has
less power than the PSA. Of course, the CE test has the useful feature of case-control

comparisons, whereas the PSA does not.
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4.4 Overdensity

The SLHC / CHMS method splits the GA into two agglomerations - one large,
statistically significant portion which makes up the majority of what we visually
identified as the GA, and one smaller, statistically not significant portion which
makes up the remainder of what we visually identified as part of the GA. We will
refer to these agglomerations as GA-main and GA-sub, respectively, for simplicity.
The overdensity of the GA can be calculated using the CHMS approach as described
carlier (Section 4.3.1). However, in the case of a strongly curved structure such
as the GA (and GA-main), the MST-based method of Pilipenko (2007) can have
some advantages. We shall refer to these two methods as CHMS-overdensity and
MST-overdensity, respectively. The MST-overdensity does not consider the physical
volume of the structure being assessed. Instead, it calculates the overdensity based
on the MST edge-lengths: § = (I3)/(I?) — 1 where [ is the MST edge-length for the
structure and [y is that for a control field. Given the curvature of GA-main, the
CHMS-volume and CHMS-overdensity refer to a volume that encloses both GA-
main and some empty, unrelated space around it, particularly above the GA where
there is positive curvature enveloping empty space. Therefore, the CHMS method
is likely to overestimate the volume and underestimate the overdensity. In contrast,
the MST-overdensity, which is an internal measure that considers only the points
belonging to the group, and no additional space arising from curvature, is likely to
be a better estimate of the overdensity. Conversely, GA-sub is a globular shape, so
it is possible to construct a unique volume enclosing the space surrounding only the
absorbers attached to GA-sub and not additional empty space. Therefore, we would
expect the CHMS-overdensity calculation for GA-sub to be a fair estimate.
GA-main has a CHMS-significance of 4.50, while GA-sub has a much smaller
CHMS-significance of 2.30. By splitting the usual control field (using the larger

field-of-view, see Figure 4.3) into eight portions — four quarter segments and four
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half segments — we repeatedly calculate the significance and the overdensities of
GA-main and GA-sub using different control fields. An uncertainty can then be
estimated for the significance and overdensities for both portions of the GA. Our
results are as follows: (1) GA-main, containing 44 Mg II absorbers, has a CHMS-
significance of (4.5 + 0.6)0; a CHMS-overdensity of dpcmas/pecams = 0.9 £ 0.6;
and an MST-overdensity of dpysr/pmsr = 1.3 £0.3; (2) GA-sub, containing 11
Mg IT absorbers, has a CHMS-significance of (2.1 4+ 0.9)o; a CHMS-overdensity of
dpcams/peums = 1.5 £ 0.3; and an MST-overdensity of dp/p = 1.3 £0.3. As
expected, the CHMS-overdensity is lower than the MST-overdensity for GA-main,
indicating that the CHMS unique volume encapsulating GA-main is likely to be an
overestimate because of the curvature of the arc. In contrast, for GA-sub, which
has a globular-shape, the CHMS-overdensity and the MST-overdensity have similar
values, as expected when there is no marked curvature. In addition, the CHMS-
overdensity has a much larger error than the MST-overdensity which suggests giving
preference to the latter. Notice here that both GA-main and GA-sub have the same
MST-overdensity, which supports their belonging to the same structure.

A final method of calculating the number overdensity is to simply draw a rectan-
gle around the visually-selected Mg IT absorbers in the GA and compare the number
of absorbers per unit area in the rectangle to the number of absorbers in the whole
field. The method will underestimate the GA overdensity for three reasons: (i) the
GA contributes to the density of the whole field, although only by a small fraction;
(ii) the rectangular shape around the GA overestimates the area encompassing the
GA as the GA is curved, therefore having a large portion of ‘empty’ space (with
non-GA absorber members); (iii) this method encompasses the whole GA from vi-
sual inspection, rather than separating it into two agglomerations like the CHMS
method, thus reducing the overall density in the GA rectangle. Using this method

we calculate an overdensity of dp/p ~ 0.93.
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In addition to the number overdensity, we can estimate the mass excess by as-
suming J,, = 9d,,, where ¢,, is the MST-overdensity and 9,, is the mass overdensity.
We use here the MST-overdensity, rather than the CHMS-overdensity. We are here
taking the critical density of the Universe to be 9.2 x 1072 kg m ™3, as calculated us-
ing the cosmological parameters used throughout this thesis, and the matter-energy
density parameter to be ;0 = 0.27. The mass excesses for GA-main and GA-sub
are then 1.8 x 108 M, and 3.4 x 10'7 M, respectively. Note that the mass excess of

GA-main + GA-sub is comparable to that of the Huge-LQG (Clowes et al., 2013).

4.5 Comparisons with Other Data

Independent corroboration of a very large LSS by an independent tracer can provide
compelling support. In the case of the Huge-LQG (Clowes et al., 2013), a ~ Gpc
structure of quasars, independent corroboration was provided by Mg II absorbers.
Here, we can invert this approach and look for corroboration of the GA, a ~ Gpc
structure of Mg IT absorbers, in quasars. We use the SDSS DR16Q database (Lyke
et al., 2020). In addition, we look at the databases of DESI galaxy clusters from
Zou et al. (2021).

We are concerned at this stage with simple visual inspection, and will leave the
subtleties of correcting for possible artefacts in the DR16Q) quasars and the DESI
clusters to future work. Our approach here will be simply to superimpose contours
for the spatial distribution of the quasars (in blue) and the clusters (in green) onto
the Mg IT density images (grey, as previously).

We begin with the quasars, selected for the same redshift interval as the GA.
We show two cases, one for quasars with ¢ < 20.0 (Figure 4.9) and one for : < 19.5
(Figure 4.10). We anticipate that we should then be restricting to ‘traditional” high-
luminosity quasars. In both cases, it is immediately clear that the quasars follow the

same general trajectory as the GA. The quasars are entirely unrelated to the probes
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of the GA, and so we have in these plots quite striking independent corroboration
of the GA. Furthermore, the tendency of the Mg II absorbers in general and the
quasars to share common paths and voids is apparent, especially so in Figure 4.10.

Note that there is a density boundary in the distribution of the DR16Q quasars:
in roughly the lower third of the plots the density of the quasars is lower than above.
This artefact, however, is well separated from the GA and does not affect our visual
assessment.

We continue with the DESI clusters, again selected for the same redshift interval
as the GA — Figure 4.11. Note that the redshifts for the DESI clusters are photo-
metric, with redshift errors ~ 0.024 at z ~ 0.9 (Zou et al., 2021). (In contrast, we
might expect the redshift errors for the quasars to be ~ 0.003.)

There is no compelling association of the DESI clusters and the GA, although
there is perhaps a hint on the RHS. Possibly the substantial errors in the photometric
redshifts are a factor in diluting any correspondence that might exist. An interesting
feature in Figure 4.11 is, however, the ‘cluster of clusters’ in the centre of the GA,
largely coinciding with the central small gap in the Mg II absorbers of the GA.
It could be a large supercluster, with the SZ cluster B18 as one of its member
clusters. We previously mentioned, in Section 4.2, that there appears to be a set of
strong Mg II absorbers enveloping a circular hole in the centre of the GA. It seems
likely that these enveloping strong absorbers and the central hole are related to this
putative supercluster.

The median richness limit for the DESI clusters is 22.5 (Zou et al., 2021). Fig-
ure 4.12 shows the relationship between the Mg II absorbers and DESI clusters
with richness R < 22.5. It suggests that there could be some association of the
low-richness clusters with the Mg II absorbers, both for the GA and in general.

Finally, we compare the DESI clusters with the DR16Q quasars — Figure 4.13.

As with the Mg IT absorbers and DESI clusters, there appears to be no compelling
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Figure 4.9: Density distribution of the flat-fielded Mg IT absorbers in the redshift slice
z = 0.802 £ 0.060 represented by the grey contours which have been smoothed using a
Gaussian kernel of ¢ = 11 Mpc and increase by a factor of two. Blue contours represent the
DR16Q quasars with ¢ < 20.0, in the same redshift slice as the Mg II absorbers, smoothed
using a Gaussian kernel of ¢ = 11 Mpc and increasing by a factor of two. The GA can be
seen stretching across ~ 1 Gpc in the centre of the figure (at tangent-plane y-coordinate
~ 0 Mpc). Visually, many of the blue contours seem to follow the same general trajectory
as the grey contours, e.g., along the GA and along the filament above the GA located
around (250, 450) Mpc.
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Figure 4.10: Density distribution of the flat-fielded Mg IT absorbers in the redshift slice
z = 0.802 £ 0.060 represented by the grey contours which have been smoothed using a
Gaussian kernel of ¢ = 11 Mpc and increase by a factor of two. Blue contours represent the
DR16Q quasars, with ¢ < 19.5, in the same redshift slice as the Mg I1 absorbers, smoothed
using a Gaussian kernel of ¢ = 11 Mpc and increasing by a factor of two. The GA can be
seen stretching across ~ 1 Gpc in the centre of the figure (at tangent-plane y-coordinate
~ 0 Mpc). Visually, the blue contours seem to follow the same general trajectory as the
grey contours, as before — notably, the blue contours along the GA and the small filament
above the GA located around (250, 450) Mpc — even with the reduced number of quasars
from the larger magnitude cut.

80



CHAPTER 4

North
N BT R 5 &N (3] oS 1 L7
- t® »
/ "{1 Ol % X N2 86 ,.f"':%

v"@ e = ‘ 'Q?‘
S o ° PR T NS e &
o) @ § ., @ © L o) < /0"
o @ = o \.,’ o." @ .‘»Q ® 2% Q)
81 e NG E g SRy
0 oy .o @© To & Q.—@.‘%-’- . el
) : o@ﬁ s@@ (\ f’);'” s =Y e
o ;"C{@‘s@ ’.a‘ Bo % 6 @pg (&
O By o & Vequ, TV,
ATt A when P o 2%
g L.. ;)/ $ 5% © >SS oy ’/ ©® © @3\"\ E
= O o e o@ﬁg‘.’o o i
A e Q § &
8L Casen gk . 0% e e
B 0w T8 R° T Y,
o MORg© « 00" et

o O " ) © ey 5, "2
?I) L .o !J(@ QQ ‘.0 S é\ b’§g o": ’.ﬁ
Y P St O U g
X~ ; N Y ] 6)
ool T N T2
~500 0 500
Mpc

Figure 4.11: Density distribution of the flat-fielded Mg IT absorbers in the redshift slice
z = 0.802 £ 0.060 represented by the grey contours which have been smoothed using a
Gaussian kernel of o = 11 Mpc and increase by a factor of two. Green contours represent
the DESI clusters, of all richnesses, in the same redshift slice as the Mg II absorbers,
smoothed using a Gaussian kernel of ¢ = 11 Mpc and increasing by a factor of two. The
GA can be seen stretching across ~ 1 Gpc in the centre of the figure (at tangent-plane
y-coordinate ~ 0 Mpc). There are no immediately compelling connections between the

DESI clusters and the Mg I1 absorbers in this figure.
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Figure 4.12: Density distribution of the flat-fielded Mg II absorbers in the redshift slice
z = 0.802 £ 0.060 represented by the grey contours which have been smoothed using a
Gaussian kernel of ¢ = 11 Mpc and increase by a factor of two. Green contours represent
the DESI clusters, with the richness limit R < 22.5, in the same redshift slice as the Mg I1
absorbers, smoothed using a Gaussian kernel of ¢ = 11 Mpc and increasing by a factor
of two. The GA can be seen stretching across ~ 1 Gpc in the centre of the figure (at
tangent-plane y-coordinate ~ 0 Mpc). There are a few occurrences of the green contours
following the grey contours, e.g., the RHS tip of the GA is traced by a strong filament of

DESI clusters.
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Figure 4.13: Density distribution of the DESI clusters, of all richnesses, in the redshift
slice z = 0.802 £ 0.060 represented by the green contours which have been smoothed using
a Gaussian kernel of ¢ = 11 Mpc and increase by a factor of two. Blue contours represent
the DR16Q quasars, with the magnitude limit ¢ < 20.0, in the same redshift slice as the
DESI clusters, smoothed using a Gaussian kernel of ¢ = 11 Mpc and increasing by a factor
of two. There are no compelling connections between the DR16Q quasars and the DESI
clusters.

association. However, again, the lowest-richness clusters suggest some association
— Figure 4.14.

From the independent corroboration above, we suggest that the GA, and the
Mg IT absorbers in general, are associated with luminous quasars but not strongly
with DESI clusters. However, there is potentially an association of the Mg II ab-
sorbers and the quasars with the low richness clusters. More statistical details of

the relationship between Mg I1 absorbers, quasars and clusters will be investigated

in our future work.
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East

Figure 4.14: Density distribution of the DESI clusters in the redshift slice z = 0.802+0.060
represented by the green contours, increasing by a factor of two, which have been smoothed
using a Gaussian kernel of ¢ = 11 Mpc and limited to show only those clusters with a
richness R < 22.5. Blue contours represent the DR16Q quasars, with the magnitude limit
1 < 20, in the same redshift slice as the DESI clusters, smoothed using a Gaussian kernel
of 0 = 11 Mpc and increasing by a factor of two. There are a few occurrences of the blue
contours following the green contours indicating that there might be some association of
DR16Q quasars with low richness clusters.
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4.6 Discussion and Conclusions

In this chapter I have presented the discovery of the Giant Arc (GA); the work
pertaining to this discovery was carried out during the first two years of my (part-
time) PhD. The work was first presented at the # 238th American Astronomical
Meeting (AAS; online) in June 2021 and later it was written-up, peer-reviewed and
published in the Monthly Notices of the Royal Astronomical Society (Lopez et al.,
2022), which can be found appended to the back of this thesis.

The GA is a ~ Gpc ulLSS at z ~ 0.8, mapped by Mg II absorption systems
in the spectra of background quasars. The GA forms a large crescent shape on
the sky that appears almost symmetrical. However, deeper analysis reveals some
asymmetries in the GA, in the redshift and equivalent width (EW) distributions.
The GA spans ~ 1 Gpc on the sky and has a redshift depth of ~ 340 Mpc (both
proper sizes, present epoch). Visually, we determine the GA as a single unit, but
using a Minimal Spanning Tree (MST) type algorithm (Section 4.3.1) it splits into
two portions: a large portion (GA-main) and a small portion (GA-sub). We pro-
posed in Section 4.3.1 that the two portions of the GA could in fact be connected
in reality, since potentially one more background probe could lead to one more
Mg IT absorber that would connect the two portions. On its own, GA-main is a
statistically-significant clustering of Mg I1 absorbers, with a membership of 44 Mg I1
absorbers, an MST-overdensity of 1.3 & 0.3, and a mass excess of 1.8 x 10¥M. In
these respects, the GA is comparable to the Huge-LQG (Clowes et al., 2013).

Three different statistical tests were applied to the GA to assess the significance
of connectivity and clustering. The results of each are summarised here. (i) The
SLHC / CHMS method calculates the significance of clustering between points of
close proximity by comparing the volumes of the CHMS for each structure to the
CHMS of structures in randomly distributed points in a cube. GA-main, containing

44 Mg 1T absorbers, has a significance of (4.5+0.6)c. GA-sub, containing 11 Mg II
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absorbers, has a significance of (2.1 £ 0.9)c. Both GA-main and GA-sub have the
same MST-overdensity of dp/p = 1.3 £0.3. This fact could indicate, as we suspect,
that both agglomerations are connected in reality. (ii) The CE test is a case-control
k nearest-neighbour algorithm that assesses the p-value of clustering in the field
within an unevenly distributed population. A process of ‘zooming’ into the GA
field allows the GA to become increasingly dominant. In this way, we detect a p-
value of 0.0027 from the field seen in top-right panel of Figure 4.6, equivalent to a
significance of 3.00. Applying this process of ‘zooming’ to lower redshift slices at
the same sky coordinates of the GA, we do not detect any significant clustering.
We then use our polygon approach that randomises points outside the GA while
keeping the visually selected absorbers contained within the GA the same. The CE
test detects a similar p-value of clustering with the polygon approach, indicating
that the GA is the true, dominating feature causing significant clustering. (iii) The
PSA is a Fourier method of detecting clustering in the field on a physical scale. We
apply the 2D PSA to the ‘zoomed” GA field, top-right panel of Figure 4.6, and find
significant clustering at A\, ~ 270 Mpc with a significance of 4.80. As with the CE
test, we use our polygon approach and detect similar significant clustering scales.
However, a small contribution from other absorbers in the field is also detected. We
do expect this given the power of the PSA test, and it is clear that the GA is still
the dominant contributor to the PSA result.

Clearly, the analysis of the GA is after the event of its discovery. We have ap-
plied several different approaches to mitigating any post-hoc aspects of analysing
the statistical significance of the GA after discovery. We have performed techniques
that aim to assess the GA unbiassedly, such as the polygon approach, varying red-
shift slices, zooming into the GA field, and randomised simulations. In the future
we can apply the same techniques used for the GA field to the whole of the Mg I

dataset. In addition, the Mg II dataset is quite complex, with features that need
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careful attention: for example, the inhomogeneities of the Mg II absorbers are su-
perimposed on the inhomogeneities of the quasars (background probes) and of the
survey. Finally, there are different Mg 11 databases available from different authors,
each using different detection processes. We intend eventually to produce our own
databases of Mg II detections that can be used consistently with past and future
quasar-survey data releases.

The GA is now amongst several other very large LSS discoveries with sizes that
exceed the theoretical upper-limit (~ 370 Mpc) scale of homogeneity of Yadav et al.
(2010). Potentially, there are other such significant structures in the rest of the Mg 1T
database. We discuss that there are challenges in fairly characterising the popula-
tion of structures due to the inhomogeneities in the background probes (quasars).
However, the challenges can be managed with suitable care, allowing for the Mg I1
method of studying LSS to be fully exploited.

In standard cosmology we expect to find evidence for a homogeneous and isotropic
Universe on large scales. However, the accumulated set of LSSs (and ul.SSs) now
seems sufficient to constitute a prima facie challenge to the assumption of the Cos-
mological Principle (CP). A single anomaly, such as the GA on its own, could be
expected in the standard cosmological model. For example, Marinello et al. (2016)
find that the Huge-LQG (Clowes et al., 2013), a structure comparable in size to
the GA, is, by itself (there are others), compatible with the standard cosmological
model. However, Marinello et al. (2016) state that this is on the condition that
only one structure as large as the Huge-LQG is found in a field ~ 5 times the sam-
ple survey, in this case, the DR7QSO quasar database for 1.2 < z < 1.6. Note
that the GA is found in the combined footprint from DR7QSO and DR12Q (the
combined footprint being almost the same area as the individual footprints), in a
narrow redshift interval, so its challenge to the CP seems likely to be exacerbated.

Of course, the GA is now the fourth largest LSS, so there are, at minimum, four
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LSSs comparable to the size of the Huge-LQG, plus several other LSSs exceeding
the Yadav-estimated scale of homogeneity (Rj ~ 370 Mpc). We suggest that there
is a need to explore other avenues within cosmology that could explain multiple,
very large LSSs and ulLSSs.

We bring attention to the Sloan Great Wall (SGW) (Gott et al., 2005), which is
a large, wall-like filament in the relatively local Universe. The SGW is ~ 450 Mpc
in its longest dimension, which is ~ 0.5 times the length of the GA. One can note
some of the similarities between the SGW and the GA, such as the general shape
and comoving size — they are both long, filamentary and curved walls made up
of galaxies and galaxy clusters (for the GA, the galaxies and galaxy clusters are
implied by the Mg IT absorbers) —, and so perhaps also envision a LSS such as the
GA as a precursor to the SGW. The GA is at a redshift of ~ 0.8 which means we
are seeing it when the Universe was only half its present age. Perhaps the SGW,
at an earlier epoch, initially looked more like the GA. At this point, these ideas are
speculative only; simulations (possibly even with alternative cosmological models)
could conceivably elucidate any such potential connections between structures like

the GA and the SGW.
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A Big Ring on the Sky

In this chapter I present the Big Ring (BR); the second ultra-large large-scale struc-
ture (uLSS) found in the Mg II catalogues (here from Anand et al., 2021). The BR
is a striking circular, annulus-like, structure of diameter ~ 400 Mpc (proper size,
present epoch). In cosmological terms the BR is close to the previously-discussed GA
— at the same redshift z ~ 0.8 and with a separation on the sky of only ~ 12°. Two
extraordinary uLSSs in such close configuration raises the possibility that together
they form an even more extraordinary cosmological system; this will be discussed
in more detail in Chapter 6. The discovery and analysis of the BR is presented in
Lopez et al. (2024), which can be found appended to the back of this thesis. The
published work in the paper is presented in this chapter, but has been adapted for

the thesis.

5.1 Discovery of the Big Ring

During the discovery of the Giant Arc (GA; Lopez et al., 2022, hereafter Lopez22),
the SDSS Data Release 16 quasar database (DR16Q) became available (Lyke et al.,
2020). Then, independent authors created the most up-to-date Mg II database from
the DR16Q) quasars (Anand et al., 2021, hereafter Anand21). Following the discovery
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of the GA — made using the older Mg II database from Zhu & Ménard (2013)
(hereafter Z&M), with the corresponding DR7QSO and DR12Q quasar catalogues
from Schneider et al. (2010) and Paris et al. (2017), respectively — we are now
in a position to continue LSS investigations with the new DR16Q database and
corresponding DR16Q Mg IT database. We have found an interesting ring shape in
the Mg II absorbers, indicating a LSS of galaxies and galaxy clusters, that spans a
diameter of ~ 400 Mpc scaled to the present epoch. Incidentally, the estimated size
of the BR is close to that which could be expected in a detection of an individual
Baryon Acoustic Oscillation (BAO), r ~ 150 Mpc (Tully et al., 2023; Einasto et al.,
2016; Planck Collaboration et al., 2016b; Anderson et al., 2014; Eisenstein et al.,
2005), but we later suggest that the BR is unlikely to have its origins in BAOs. The
BR shape and size are both hard to understand in our current theoretical framework.
Additionally, the BR is in the same redshift slice as the GA and to the north of the
GA by ~ 12°, which raises further questions about their origin both together and
independently.

For the work that led to the original discovery of the GA, using the Z&M
database, we had looked at only a few small areas of sky and redshift slices (Lopez,
2019), essentially to test the viability of the Mg II approach itself. Following the
discovery of the GA, and now using the Anand21 database, we have so far concen-
trated on the GA field and redshift slice because we immediately made the further
discovery of the BR there; the only exceptions to this statement are (i) the use of
adjacent redshift slices to test that the BR was not arising from artefacts and to
test for extensions of the BR into adjacent redshift slices, and (ii) the use of neigh-
bouring fields at the same redshift as the GA/BR field for comparing the spatial
clustering results of the Cuzick and Edwards test (see section 5.3.4). Consequently,
a ‘look-elsewhere’ effect on the statistical assessments should not be a factor. In

future, of course, we intend to explore both databases in their entireties.
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The Mg II data we use here are complicated and quite difficult to manage.
The advantage here is the precise Mg II redshifts, with the concomitant possibility
of discovering intriguing structures such as the Big Ring and the Giant Arc. In
future, the Mg IT approach to LSS should be enhanced by DESI spectra (Napolitano
et al., 2023), taken with the KPNO 4m telescope, allowing detection of Mg II to
lower equivalent widths, and hence allowing the exploration of finer detail in the
morphology of structures. In the following sections the BR is assessed both regarding
its reality and statistical significance with respect to the assumed, homogeneous
large-scale distribution of matter.

In Figure 5.1, we are seeing the BR, which is the visually overdense ring shape
of Mg II absorbers centred at approximately x = 0 Mpc and y = 240 Mpc. (The
large ‘void’ to the south-west of the BR is also particularly striking.) In this figure,
as usual, the grey contours, increasing by a factor of two, represent the density
distribution of Mg IT absorbers in the specified redshift slice and field-of-view (FOV).
The Mg IT contours have been smoothed using a Gaussian kernel of ¢ = 11 Mpc,
and flat-fielded with respect to the distribution of background probes (quasars). The
smoothing gives a useful impression of the connectivity. The background probes
(quasars) are represented by the small, blue points. The axes are labelled in Mpc,
scaled to the present epoch. East is towards the right and north is towards the top.
From Figure 5.1 we can estimate the BR diameter is ~ 300 — 400 Mpc, which would

make its circumference comparable to the extent of the GA.

5.2 Initial checks of the data

First, we check that the Mg II absorbers belonging to the visually-identified BR
are real (not false positive detections). We visually inspected spectra of 56 DR16Q)
quasars that are the probes that correspond to the visually-identified BR and inner

filament absorbers (see Figure 5.2). Since 6 of the Mg II absorbers are multiples per
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Figure 5.1: The tangent-plane distribution of Mg II absorbers in the redshift slice z =
0.802 + 0.060. The grey contours, increasing by a factor of two, represent the density
distribution of the absorbers which have been smoothed using a Gaussian kernel of ¢ =
11 Mpe, and flat-fielded with respect to the distribution of background probes (quasars).
The dark blue dots represent the background probes. S/N limits of: 4,2 and 4 were
applied to the Mg IT A\ 2796, 2803 lines and quasar continuum, respectively (details of
S/N cuts are discussed in Section 5.3.1). The BR can be seen to the north of the centre
point spanning ~ 400 Mpc in diameter. The field-of-view corresponds to the small, pink
area seen in Figure 5.5.
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Figure 5.2: The Mg II absorbers in the visually-identified BR (blue), the inner filament
(orange), and the additional absorbers inside the BR (black) from the on-sky perspective.
Three of the blue points (BR) correspond to six absorbers occurring in three quasar spectra
(two absorbers per probe, see Figure 5.8).
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probe occurring in three quasar spectra, we were checking for a total of 59 Mg I1
doublet systems. Each Mg IT absorption doublet that we searched for was visually
confirmed and in agreement with the documented redshifts from Anand21, so we
can confirm that 100% of the Mg II absorber members of the BR and inner filament
are real, physical Mg II absorbers indicating the presence of intervening matter.

There are two unusual Mg II systems, occurring in the same spectrum, for which
the Anand21-documented redshifts suggest that the A2796 line of the lower-z ab-
sorption doublet appears at the same wavelength as the A2803 line of the higher-z
absorption doublet. This is indeed the case: the two Mg Il absorption doublets
appear as 3 absorption lines in the spectrum, which is a rare oddity. Although
Anand21 recognise the 3 absorption lines as two systems, they appear not to have
disentangled the EWs of the centre absorption line of the triplet (the higher-z A\2796
and the lower-z A2803 EWs being the same).

Secondly, we investigate if the visually obvious BR is an artefact of the probes.
This can be done in two ways: simply checking the density distribution of back-
ground probes and checking for obvious artefacts; and looking at the next redshift
slice down from the BR field (on the near side) and checking for repeating Mg 11
features that correspond to any obvious artefacts in the probes. For the former, see
the left-hand panel of Figure 5.3.

Many overdensities and underdensities can be seen clearly in the left-hand panel
of Figure 5.3. In particular, there are a few overdense regions (small, dark clumps)
centred at 0 Mpc on the z-axis and between roughly 100 Mpc to 400 Mpc on the
y-axis, a few of which appear to coincide with the inner filament of BR. This could
imply that the inner filament of the BR is suspect, so we will need to be sure
that the filament is not an artefact of the probes. We can visually check the rate
of occurrence of Mg II absorbers at the position of the overdense artefacts (dense

blobs) by blinking the image of the probes with the image of the absorbers (left- and
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Figure 5.3: (Left) The tangent-plane distribution of probes (background quasars) in the
BR FOV with the redshift condition z > 0.862 — i.e., the probes that are responsible for
the Mg II absorbers arising in the BR field. The blue contours, increasing by a factor of
two, represent the density distribution of the probes which have been smoothed using a
Gaussian kernel of o = 11 Mpc. S/N limits were applied to the quasar continuum such
that S/Neon, > 4 (details of S/N are discussed in Section 5.3.1). A red, dashed circle has
been added to outline the approximate location of the BR. The figure shows many areas of
overdensities and underdensities. In particular, there are a few overdense regions (small,
dark clumps), centred at 0 Mpc on the z-axis and between roughly 100 Mpc to 400 Mpc
on the y-axis, a few of which might coincide with the inner filament of BR. There is also
a much larger region of underdense probes spanning —100 Mpc to 400 Mpc in the y-axis
and centred at —200 Mpc in the z-axis which coincides with the LHS of the BR.

(Right) The corresponding Mg II image for reference, as in Figure 5.1.
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right-hand panels of Figure 5.3). Doing this shows that 8 out of 20 randomly-selected
overdense artefacts had Mg IT absorbers present, so less than half of the artefacts.
Incidentally, we could also confirm that most of the artefacts that appeared to
coincide with parts of the BR (including the inner filament) were in fact offset, so
not responsible for the Mg IT absorbers arising there. Checking the artefacts shows
that there is no particular association of the artefacts with the Mg II absorbers
present in the BR field. There is also a much larger region of underdense probes
spanning —100 Mpc to 400 Mpc in the y-axis and centred at —200 Mpc in the z-axis
which partially coincides with the LHS of the BR. The fact that part of the BR is
located in an underdense region of probes is noteworthy.

For the latter way to test if the MgII absorbers are artefacts of the probes, we can
check the absorbers arising from the same set of probes corresponding to the BR field
in the next, non-overlapping redshift slice on the near side of the BR. To do this we
keep the probes of the BR field the same (having z > 0.862 — i.e., a redshift greater
than the far edge of the BR Mg I1 redshift slice) and map the Mg IT absorption in the
nearest, non-overlapping redshift slice (i.e., z = 0.682 4= 0.060). In this way we are
able to search for any obvious artefacts of the probes that could be responsible for
the specific distribution of Mg II absorbers in the BR field by comparing the Mg I1
image in the usual BR field with the neighbouring redshift slice. We apply the Single-
Linkage Hierarchical Clustering (SLHC) and the Convex Hull of Member Spheres
(CHMS) algorithms (see Section 4.3.1, previous, or Section 5.3.1, ahead), and the
FilFinder algorithm (see Section 5.3.3) to the field centred at z = 0.682 £ 0.060
and corresponding to the usual BR FOV. In the redshift slice z = 0.682 4 0.060 we
find with the SLHC / CHMS method that there are no structures detected by the
SLHC algorithm corresponding to the BR, and in addition, no structures at all that
are statistically significant. We also find with the FilFinder method, no filaments

detected in the field that correspond to the BR (Figure 5.4). Therefore, we conclude
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that the BR is not an artefact of the probes.

The BR appears in the same redshift slice and FOV as the previously documented
GA, but we are now using the new Anand21 databases and not the previously used
7&M databases. Previously, in Chapter 3, I discussed some differences between the
‘old” and the ‘new’ Mg II catalogues. There was a ~ 60% overall agreement in
the background probes between the two datasets. Consequently, the GA appears
somewhat different in this new dataset (see Figure 3.4). The GA is still the most
significant, most numerous and overdense structure detected in the field despite the
slight change in appearance, so quantitatively, there is very little difference in the
GA in the new dataset. However, qualitatively, there are two main reasons the GA
appears different: (1) the field overall is much more dense with the new dataset due
to many more quasar observations; (2) Anand21 miss several GA absorbers. We
investigate the second point by manually checking each of the quasar spectra that
are probes to the Mg II absorbers in the GA that Anand21 missed. There were
16 from 51 absorbers that Anand21 missed (none was due to the small fraction of
removed /missing quasars in DR16Q that was mentioned in Chapter 3). In each
of the quasar spectra (corresponding to the GA) the Mg II doublets were visually
confirmed, but the 16 absorbers missed by Anand21 had profiles that were generally
complex, broad or weak. This suggests that the Anand21 Mg II detection algo-
rithm has a narrower detection window at the cost of losing some real absorbers.
Conversely, the Z&M Mg II detection algorithm could conceivably contain more
spurious absorbers while likely managing to detect a higher percentage of the real

absorbers.

5.3 Statistical analysis

Here I present the statistical analysis of the BR. We have taken a similar approach to

the GA analysis that was presented in Chapter 4 of this thesis. Given the nature of
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Figure 5.4: The FilFinder algorithm applied to the tangent-plane distribution of Mg IT
absorbers in the closest, non-overlapping redshift slice to the BR field — i.e., the field
centred at z = 0.682 + 0.060 and corresponding to the usual BR field-of-view. Axes are
labelled in pixels, where 1 pixel = 42 Mpc?. S/N limits of: 4,2 and 4 were applied to
the Mg IT A\ 2796, 2803 lines and quasar continuum, respectively (details of S/N cuts
are discussed in Section 5.3.1). The probes (quasars) responsible for the Mg II arising
here have redshifts z > 0.862 so that they are the same probes responsible for the Mg I1
absorbers in the BR field centred on the usual redshift slice (z = 0.802 £ 0.060). The
figure shows that there are no filaments correlating to the BR, indicating that the BR is
not a result of artefacts in the probes.
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the discovery, the analysis is necessarily post-hoc. However, given the previous work
of the GA that was then published in Lopez22, we are able to follow the guidelines
set there, consequently alleviating many of the problems associated with post-hoc
analysis.

This section is divided into the following subsections. (5.3.1) We assess the BR
from a ‘first look’” perspective by using a heuristic process of stepping through red-
shift slices, applying the Single-Linkage Hierarchical Clustering (SLHC) algorithm,
and determining the optimum redshift for the BR. (5.3.2) We use the Convex Hull
of Member Spheres (CHMS) and the Minimal Spanning Tree (MST) significance
calculations for assessing the significance of the BR. We apply these two methods of
significance calculations to four sets of BR absorber-member estimates: the SLHC
groups; the visually-identified BR absorbers (both including and excluding the in-
ner absorbers); and the FilFinder-identified absorbers. (5.3.3) The 2D FilFinder
algorithm is applied to the pixel image containing the BR to objectively identify
filaments in the field. (5.3.4) Finally, we apply the 2D Cuzick and Edwards test to
the BR field to determine the significance of clustering in the field (not the candidate

structure itself).

5.3.1 Single-Linkage Hierarchical Clustering algorithm

The Single-Linkage Hierarchical Clustering (SLHC) algorithm is equivalent to a
Minimal Spanning Tree (MST in a generic sense, not to be confused with the MST
significance calculation in Section 5.3.2) when separated at a specified linkage scale.
Our particular application of the algorithm was first described in Clowes et al.
(2012), in combination with the Convex Hull of Member Spheres (CHMS) algorithm
which assesses the significance of a specified structure. The SLHC / CHMS method
has been used to identify and assess candidate LSSs in both quasars and Mg II
absorbers (Clowes et al., 2012, 2013; Lopez et al., 2022).
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Figure 5.5: The SDSS DR16Q quasar positions. The grey points are the input quasars
for the control field and the pink points are the quasars that correspond to the Mg II

absorbers in the field of interest. The control fields are outlined by lines in red (overdense
region, version-1) and blue (underdense region, version-2).
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The inherent difficulties of the Mg IT method have been discussed throughout
this thesis, especially in relation to applying statistics on an intrinsically inhomoge-
neous dataset. The quasars act as probes of the intervening matter, so the varying
availability of background quasars leads to an incomplete image or map of the inter-
vening matter, in this case, the Mg II absorbers. The inhomogeneity of the quasars,
both intrinsic and of the survey, contribute in a complicated way to the inhomo-
geneity of the Mg IT absorbers. Of course, with large data and large survey areas,
approximations can be made. Before applying the SLHC algorithm we define the
field-of-view (FOV) for the analysis presented here.

First, the BR appears in the north of the usual GA field, so we re-centre the Mg I1
images accordingly. Second, the field containing the BR is close to the northern
SDSS footprint border as well as a southern border arising from much lower quasar
coverage. We choose to shrink slightly the typical size of a Mg II image to avoid these
areas. Third, given the generally patchy DR16Q quasars, and thus the corresponding
Mg IT absorbers in the Anand21 databases, we apply signal-to-noise (S/N) limits to
the Mg IT absorption lines and the continuum. We calculate the S/N of the Mg IT
lines by:

S/N =W, /We., (5.1)

where Wr is the equivalent width of the Mg II line, and W,,.,. is the corresponding
error in the Mg II line. For the continuum, Anand21 provide the median quasar
S/N. Applying S/N limits has the effect of removing spurious and potentially false
positive absorbers as well as generally reducing the patchiness in the data. Setting
additional® limits to the magnitude of the quasars would also have a similar, desirable
effect. However, not all quasars will have the same integration time, so faint quasars
could have good S/N due to long exposures. Following the example by Z&M, we
apply a S/N limit of 4 and 2 for the A\ 2796,2803 lines respectively. Since the

1A base-line magnitude limit of i <= 20.5 is applied to the DR16Q quasars as part of the
read-in process since the completeness declines steeply for fainter quasars — see Section 3.2.
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S/N of the quasar continuum necessarily has equal or higher S/N than the A\2796
line we apply a S/N limit to the quasar continuum of 6. Applying the condition of
S/N > 6 to the quasar continuum could be too restrictive, and later we will apply
a less conservative condition to the continuum for comparison.

The CHMS significance is calculated by the rate of occurrence of volumes smaller
than the CHMS volume of the structure by randomly distributing the absorbers
belonging to the structure at a density equal to the control field density — the
simulations are repeated 1000 times. Previously (for the GA work), the control field
was chosen to be that of the field being assessed. However, this would mean that
a small (but not insignificant) fraction of the field absorbers are those belonging to
the structures of interest, e.g., the GA and BR in the GA/BR FOV. In addition,
the FOV we have defined containing the BR is small, so small-scale inhomogeneities
have a much larger effect on the average density. Conversely, choosing a control
field that is too large will lead to problems involving the large-scale inhomogeneities
of the SDSS survey. Subsequently, we have designed two versions of control fields
accounting for the northern portion of the SDSS footprint (overdense region) and the
southern portion of the SDSS footprint (underdense). Each version can be chosen
depending on the location of the field of interest. So here, we will be using version-1
of the control field — Figure 5.5.

The SLHC is equivalent to an MST when separated at a specified linkage scale,
thus the choice of linkage scale will determine the maximum distance between points
that would be considered ‘joined’, or a candidate structure. The term ‘structure’ 2
here is not be confused with a gravitationally-bound system, but is instead referring

to a grouping of more than 10 (a specified minimum) members (in this case, Mg II

2For a working definition, in investigating LSS, we often consider a candidate structure to be a
set of N connected tracers, the containing volume of which is a no significance of departure from
the containing volume expected for a uniform, random distribution. We might choose to consider
further only those candidates for which the amplitude no exceeds some threshold. ‘Connected’
and ‘containing’ volume will often be determined algorithmically; for both, there is an implicit
assumption of a uniform host survey, which might be approximately true only in restricted areas.
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absorbers) that have an MST with distances smaller than the linkage scale. LSSs are
not expected to be gravitationally bound, as, indeed, superclusters and great walls
are not expected to be gravitationally bound (see Section 1.1). Similar usages and
definitions of ‘structure’ are common in LSS studies (Pomarede et al., 2020; Baldzs
et al., 2015; Horvath et al., 2014; Gott et al., 2005). The candidate structures are
then assessed by the CHMS to determine whether their volumes are statistically
significant.

In Section 4.3.2 of the previous chapter, the effects of varying the linkage scale
were discussed, and we decided to scale the linkage scale according to the Mg II
number density of the control field and the number density of the GA field — the
GA field being the candidate field from which to scale all other fields, i.e.,

s = (po/p)"*s

where s and s( are the linkage scale for the control field and the GA field respectively,
and similarly p and py are the densities of the corresponding fields. The linkage
scale is to be taken as a guideline; if the linkage scale is too small then potentially
interesting candidate structures will be missed, and if the linkage scale is too high
then too many points will be grouped as one seemingly coherent structure, but that
would of course reflect in the CHMS significance. We find that the linkage scale set
for the GA field (the field which we now use as the base-line) was an appropriate
choice for the specific field density. However, we saw that even with the chosen
linkage scale the SLHC algorithm identified the GA as two, individual, overlapping
candidate structures. We reason that, when using a smaller linkage scale, candidate
structures that are overlapping or adjacent could reasonably belong to the same
structure. It is important to recognise that multiple candidate structures overlapping
and adjacent to each other will still need to be assessed with the CHMS or MST

significance, which would then objectively determine whether their agglomeration is
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z s Mpe) N Niso Omaz (0) Ninas
0.682 79.3 4 0 3.3 17
0.742 79.3 5) 1 3.5 16
0.802 79.5 8 1 4.5 28
0.862 79.6 6 2 4.7 42
0.922 81.1 4 1 4.1 26

Table 5.1: Results from the SLHC / CHMS on five, overlapping redshift slices to determine
the optimum redshift slice for the BR signal. The FOV of each redshift slice corresponds
to the small, pink area seen in Figure 5.5. S/N limits (defined in Equation 5.1) of 4,2
and 6 were applied to the Mg IT A\ 2796, 2803 lines and quasar continuum, respectively.
All redshift slices have a thickness of Az = £0.060. The columns from left to right are:
the central redshift of the field being assessed (z); the linkage scale used for the field
being assessed, calculated as s = (po/p)'/3s0 (see the main text); the number of candidate
structures identified in the field (N); the number of candidate structures identified in
the field with a CHMS significance equal to or exceeding 3.50 (N35.); the maximum
CHMS significance calculated from the candidate structures (o,,42); the Mg IT absorber
membership identified from the largest (by membership) candidate structure (nmqz)-

statistically significant (consider if the whole field was joined as one structure then
this would of course not be statistically significant).

As with the GA analysis, we step through overlapping redshift slices and use
the SLHC / CHMS algorithms to determine the redshift of the peak signal of the
BR. Given the much larger Mg II database from Anand21, even after S/N limits
are applied, it is expected that the field density containing the BR is much higher
than the GA field in the Z&M databases, and therefore the calculated linkage scale
will be correspondingly lower. The five redshift slices assessed are centred at: 0.682,
0.742, 0.802, 0.862 and 0.922, each with a redshift thickness of Az = 0.060; the
results are shown in Table 5.1.

The BR that was originally identified visually appears almost fully (in a partly-
open ring) in only the central redshift slice z = 0.802 indicating that this is the

optimum redshift slice for the BR, as it was for the GA. (Note, the GA is also

104



CHAPTER 5

z s Mpc) N Niso Opmaz (0) Nonas
0.682 76.7 6 0 3.2 16
0.742 76.2 7 0 3.3 19
0.802 75.8 10 1 4.1 30
0.862 75.7 7 1 3.7 27
0.922 77.1 6 0 3.4 15

Table 5.2: As with Table 5.1. Slightly relaxed S/N limits of 4,2,4 were applied to the
Mg IT A\ 2796, 2803 lines and quasar continuum, respectively. All redshift slices have a
thickness of Az = +0.060. The columns from left to right are: the central redshift of
the field being assessed (z); the linkage scale used for the field being assessed, calculated
as s = (po/p)"/®sy (see the main text); the number of candidate structures identified
in the field (IV); the number of candidate structures identified in the field with a CHMS
significance equal to or exceeding 3.50 (N3 5, ); the maximum CHMS significance calculated
from the candidate structures (o,,4,); the Mg II absorber membership identified from the
largest (by membership) candidate structure (n,4z)-

identified, and is statistically significant in the central redshift slice). The four
structures contributing to the visually-identified BR are adjacent or overlapping
on the sky, indicating that the separate structures plausibly belong to the same
structure. The apparent splitting of a seemingly coherent structure was also seen
with the GA, which was made up of two overlapping SLHC groups; the splitting of
structures is an example of the limitations of applying the SLHC algorithm to an
essentially incomplete dataset. Interestingly, the SLHC group corresponding to the
bottom portion of the BR appears also to extend into the two higher redshift slices,
z = 0.862 and z = 0.922, since there are similarly-shaped arcs (corresponding to
the bottom portion of the BR) appearing at the same on-sky position in all three
redshift slices (z = 0.802,0.862,0.922). (Note, the probes are not here restricted to
be identical.)

The condition of S/N > 6 for the quasar continuum could be too restrictive.

Anand21 calculate the S/N over the whole quasar continuum, rather than the local
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continuum at the point of an absorber. Therefore, the whole quasar continuum could
have lower S/N overall compared with local S/N at the position of an absorber.
Accordingly, we slightly relax the S/N conditions to 4,2,4 for the A\ 2796, 2803
lines and quasar continuum, respectively and repeat the above described analysis
(see Table 5.2).

We see again that the full BR is detected — this time as a full, closed ring,
and with the inclusion of the inner filament — in the central redshift slice z =
0.802 + 0.060 (Figure 5.6). The BR is located north of the centre point, spanning
~ 10 degrees in the RA and Dec axes (x and y axes respectively), and is made up
of a collection of five structures identified by the SLHC algorithm.

Note the very high similarity of the two tables of SLHC / CHMS results (Ta-
bles 5.1 and 5.2), where the only change is reducing the S/N limit of the quasar
continuum from 6 to 4. For reference, the first set of results with the more restric-
tive S/N limits (> 6) will be referred to as results-1, and the second set of results
with the less restrictive S/N limits (> 4) will be referred to as results-2. We deduce
that setting the more restrictive S/N limits (> 6) to the quasar continuum, after
already applying S/N limits to the Mg II lines, is of no great consequence, and
possibly adds to the incompleteness of our data in a detrimental way. An overview
of the results is as follows.

(1) In the two lowest redshift slices (corresponding to both results-1 and results-
2), there is only one statistically-significant (> 3.50) structure detected in total.
The statistically-significant structure belongs to the redshift slice centred at z =
0.742 £ 0.060 (corresponding to results-1); it is a small group of absorbers located
at the lower LHS of the Mg II image, and of no relevance to the BR. In addition,
other than a possibility of a thin filament forming in the Mg IT image in the redshift
slice centred at z = 0.742, there is no strong indication or detection of the BR in

the two lowest redshift slices.
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Figure 5.6: All the Mg IT absorbers belonging to a candidate structure identified by
the SLHC algorithm (corresponding to results-2) in the redshift slice centred at z =
0.802 £ 0.060. The field-of-view seen here corresponds to the pink points in Figure 5.5.
S/N limits of: 4, 2,4 were applied to the Mg IT A\ 2796, 2803 lines and quasar continuum,
respectively. The visually-identified BR can been seen to the north of the centre point,
with an additional extension heading towards to the north-west direction, and the visually-
identified inner filament is the central line cutting through the BR here. The BR spans
~ 10 degrees in RA and Dec coordinates. The large structure south of the BR belongs to
the previously identified GA.
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(2) In the central redshift slice, z = 0.802, there was one statistically-significant
structure identified corresponding to the GA (corresponding to both results-1 and
results-2, so a total of two statistically-significant structures). The BR is separated
into four and five (respective to results-1 and results-2) individual, adjacent or over-
lapping, structures, that are statistically insignificant on their own (see Figure 5.7).
We could again be seeing here the limitations of the Mg II method, as was seen with
the GA, since the individual structures are overlapping or adjacent. From results-2,
the visually-identified BR and inner filament absorber members are mostly detected
(46 out of 59 absorbers, 78%) and form the full BR shape (see Figure 5.8).

(3) In the two highest redshift slices there are totals of 3 and 1 significant struc-
tures identified corresponding to results-1 and results-2, respectively. From results-1,
the most significant structure in both redshift slices is an arc occurring at the same
on-sky position as the lower portion of the BR (see the top-left panel in Figure 5.9).
However, from results-2, we find the same arc that was detected in results-1, but
across multiple candidate structures, highlighting again the nuances of applying the
SLHC algorithm to an essentially incomplete dataset.

To clarify point (3) above, reducing the S/N limits in the quasar continuum
from 6 to 4 initially appears inconsequential — i.e., their Mg II images appear on
the whole unchanged, and there is only a 15% increase of absorbers in the whole
field from results-1 to results-2. But, when the SLHC algorithm is applied, then
this small increase in absorbers decreases the required (density-scaled) linkage scale.
Importantly, the reduced linkage scale that is appropriate for the whole control
field field, will not necessarily be the appropriate choice for a small FOV within
the control field due to small scale inhomogeneities. In the case where the linkage
scale is in fact too small for the small FOV, we will see previously-whole candidate
structures broken into multiple candidate structures. We scale the linkage scale

of the SLHC algorithm to the density for a general approach to the wide-varying
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Figure 5.7: Eight of the 10 highest-membership candidate structures identified by the
SLHC / CHMS algorithms (corresponding to results-2) in the redshift slice centred at
z =0.802£0.060. S/N limits of: 4,2, 4 were applied to the Mg IT AX 2796, 2803 lines and
quasar continuum, respectively. The colours represent the memberships which are ordered
from high to low in the following way: black, red, green, blue, turquoise, pink, yellow, grey.
The field-of-view here corresponds to the pink points in Figure 5.5. The BR and inner
filament are detected, but separated into five structures, that can visually be seen adjacent
to each other or overlapping. In this figure, only the black points, representing absorbers
belonging to the GA, are statistically significant.
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Figure 5.8: The visually-identified BR absorbers (lilac) and the SLHC-identified absorbers
(corresponding to results-2) belonging to the 5 candidate structures at z = 0.802 £ 0.060
(black circles) that correspond to the visually-identified BR. The pink points indicate the
positions where there are two absorbers occurring in a single spectrum. There are 46 out
of 59 absorbers in common to the SLHC-identified and visually-identified BR and inner
filament absorbers. Of the 13 absorbers in the visually-identified BR and inner filament
absorbers that were not connected by the SLHC algorithm, 9 of these occur at the most
extreme edges of the redshift range, possibly explaining their exclusion.
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densities in the dataset (mostly due to survey bias). We find that the absorbers
belonging to (multiple) candidate structures corresponding to the arc in the redshift
slice z = 0.862 £ 0.060 from results-2, are very similar to the absorbers belonging
to the (one) candidate structure corresponding to the arc in the redshift slice z =
0.86240.060 from results-1. To further clarify this point, compare the top-left panel
with the top-right panel in Figure 5.9, and see also the bottom panel of this figure.

There are 42 absorbers in the SLHC-identified arc in the redshift slice z =
0.862 £ 0.060 corresponding to results-1 (the black points in the top-left panel of
Figure 5.9), and a combined total of 40 absorbers in the three SLHC-identified
candidate structures belonging to the arc in the redshift slice z = 0.862 %+ 0.060
corresponding to results-2 (the red, blue and turquoise points in the top-right panel
of Figure 5.9). Of these absorbers, 35 are in common to both results-1 and results-2,
confirming that the SLHC algorithm identified a high fraction (67% overlap) of the
same absorbers between the two results. In fact, all 7 of the additional absorbers
connected in the single candidate structure in results-1 all occur on the LHS of
the arc, indicating that the increased linkage scale in results-1 (due to lower field
density) is only extending the arc, and not responsible for the central components
of the arc. Due to the above, we reason that individual, SLHC-identified candidate
structures that are overlapping or adjacent could reasonably be connected as one
structure if given a more complete dataset.

In conclusion, the BR appears most obvious in the original, central redshift slice,
z = 0.802 £ 0.060, both visually and by the presence of individual SLHC structures
overlapping or adjacent on the sky that comprise the visually-identified BR. The
strongly-detected arc corresponding to the lower portion of the BR located in a
slightly higher redshift slice (z = 0.862 £ 0.060) is also of particular interest in

relation to the BR+GA system.
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Figure 5.9: A comparison of the candidate structures identified in the redshift slice centred
at z = 0.862 £ 0.060 corresponding to results-1 (top-left panel) and results-2 (top-right
panel). The different colours in the top panels represent the significances, and are ordered
from high to low in the following way: black, red, green, blue, turquoise, pink.

(Top Left) The two most significant structures belong to the BR and GA respectively,
both which are also statistically significant.

(Top Right) By comparing this figure to the figure in the left panel we can see that the
absorbers identified by the 3 individual, overlapping or adjacent structures, coloured red,
blue and turquoise, are clearly of the same absorbers identified as one full, statistically-
significant structure in results-1, highlighting the complications of applying the SLHC
algorithm to an essentially incomplete dataset. The absorbers belonging to the GA are
statistically significant, shown in black.

(Bottom) Mg II absorbers corresponding to the arc in results-1 (turquoise), and Mg II
absorbers corresponding to the arc in results-2 (black circles). There are 42 absorbers
belonging to results-1, four of which appear as multiples per probe in two quasars, and 40
absorbers belonging to results-2, the same four of which appear as multiples per probe in
two quasars. Both results connect many of the same absorbers, but in results-1, where the
linkage scale is higher, there are additional absorbers connected by the SLHC algorithm all
appearing on the LHS of the arc. The additional absorbers in results-2 occur in the middle
of the arc, and there are much fewer additional absorbers than for results-1, suggesting
that these absorbers were identified due to the lowered restriction on the S/N on the
continuum.
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5.3.2 Significance: CHMS and MST

The CHMS and MST significance calculations are applied to: the SLHC-identified
absorbers; the visually-identified absorbers; and the FilFinder-identified absorbers.
In addition, the Alpha Hull algorithm is applied to the visually-identified absorbers
for an estimate of the volume, overdensity and significance using simple Poisson

statistics.

SLHC-identified Mg II absorbers

To determine the significance of the BR in its entirety, we take the SLHC-identified
absorbers (corresponding to results-2) that make up the BR (i.e., the BR in Fig-
ure 5.6), and apply the CHMS algorithm. Remember that the CHMS has the ability
to assess the significance of a structure by comparing the observed convex-hull vol-
ume with the volumes that would be expected for a set of random distributions of
those same absorbers at the control density of absorbers for the same redshift inter-
val. Based on the definition of the CHMS volume and significance calculation, the
algorithm is optimal when applied to clumpy structures, with no obvious gaps, holes
or curvature that would lead to an overestimation of the volume. Clearly, this is
not the case with the BR, having a large volume mostly unoccupied by absorbers in
its centre. Instead, the MST-significance calculation introduced by Pilipenko (2007)
could be more appropriate, which uses the mean MST edge-length between neigh-
bouring data points. Using both methods we then find that the SLHC-identified BR
in its entirety has a CHMS significance of 3.60, and an MST significance of 4.7¢.
Both tests indicate statistical significance, but we can see that CHMS has likely
overestimated the BR volume leading to a much lower significance compared with

the MST-significance test.
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# Mg II absorber CHMS signif. MST signif.

members (o) (0)
BR-only 51 3.3 4.0
BR-all 62 5.2 4.1

Table 5.3: The CHMS and MST significances for the BR-all and BR-only absorbers.
The CHMS significance is dependent on the volume and number of absorbers so, clearly,
removing the inner absorber members and keeping the volume the same will reduce the
CHMS significance. However, for the MST significance, the volume is not directly related,
but instead it is related to the MST mean edge lengths. This is clearly shown in the
results as the MST significance stays mostly the same, at ~ 40, and the CHMS significance
decreases from 5.20 to 3.30 by excluding the absorbers enveloped by the BR.

Visually-identified Mg II absorbers

We then take the visually-selected absorbers of the BR, and everything within the
BR, for which there are a total of 62 absorbers (hereafter BR-all, see Figure 5.2),
and apply the CHMS to these absorbers only. The BR~all absorbers have a CHMS
significance of 5.20. The significance calculated here is likely the upper limit for
the BR, as the algorithm was applied to those absorbers that were visually selected,
including the BR inner absorbers (the absorbers enveloped by the visually-identified
BR annulus), so that we were applying the CHMS algorithm to a more globular
structure. We can similarly repeat this work for the BR-only absorbers, as well as
compare the MST significance with the CHMS significance. Clearly, removing the
BR inner absorbers will reduce the significance calculations for the CHMS, since
the volume will remain the same but the number of absorbers will be reduced. In
contrast, for the MST significance, the mean MST edge length may not be greatly
affected by removing the BR inner absorbers, as seen in Table 5.3. We find that on
both occasions, using the BR-all and BR-only absorbers, the MST significance is
roughly the same, at ~ 40. In contrast, for the CHMS calculation, the significance

drops from 5.20 to 3.30 after removing the absorbers contained within the BR.
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However, even after removing all of the BR inner absorbers the CHMS significance
is still greater than 3.00, but not quite reaching 3.5¢ (the usual standard we apply for
comparing structures). Of course, the CHMS calculation on the BR-only absorbers
gives a drastic under-representation of the true significance since we have forcefully
removed absorbers contained within the BR while keeping the unique volume the
same.

For comparison, we can estimate the volume of the BR using the 2D Alpha
Hull algorithm. First, the Alpha Hull area of the BR is repeatedly calculated 500
times from the BR by drawing a cloud of points in a circle with radius equal to half
the mean MST edge length around each of the Mg II absorbers in the BR. Then,
the area is multiplied by the physical size of the redshift range of the BR absorber
members. In this manner, we are calculating the volume of a somewhat cylindrical,
tube shape. The benefits of this method versus the CHMS is that we can eliminate
the central region of the BR where there are very few absorbers. The downside of
this method is that, although the absorbers on the sky make up a ring shape, we
later see that the 3D distribution of the absorbers is more of a coil shape, so we are
again overestimating the volume of the BR (and underestimating the overdensity and
significance of the structure). Nevertheless, using this method we obtain a volume
of 21.8 x 108 Mpc3, an overdensity of 0.75 and a significance of 4.0 for the number
of absorbers in this volume based on Poisson statistics. The significance calculated
from the Alpha Hull here, although simple, agrees with the MST significances of the
SLHC-identified absorbers and the visually-identified absorbers, which adds further

confidence to the statistical assessment of this structure.

FilFinder-identified Mg II absorbers

Finally, we have seen the CHMS and MST algorithms applied to the SLHC-identified

and visually-identified absorbers, so now we will apply both algorithms to the
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Figure 5.10: The Mg IT absorbers belonging to the whole BR field, represented by light
blue points, and the FilFinder-identified BR absorbers represented by dark blue points.
FilFinder-identified absorbers. The FilFinder work is discussed next, in Section 5.3.3,
and we are referencing the bottom-right panel in Figure 5.11 for the work in this
section.

The FilFinder algorithm is applied to 2D pixel images, so the physical absorber
points are irrelevant to the algorithm. However, we can estimate the absorbers
identified by FilFinder by referencing the bottom-right panel in Figure 5.11 — the
absorber members connected to (touching) the FilFinder filament are considered
FilFinder-identified absorbers. Our estimation of the absorbers connected by the
FilFinder algorithm is shown in Figure 5.10. We can intuitively see that a volume
containing all of the FilFinder-identified absorbers will include many large, empty
sub-volumes — e.g., the centre of the BR and the volume between the ‘extended
filaments’ connected to the BR. The BR volume was also overestimated with pre-

vious identifications of the BR (excluding the visually-identified BR~all absorbers),
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Visual Visual
SLHC FilFinder Mean

BR-all BR-only

CHMS (o) 3.6 5.2 3.3 2.5 3.65 £1.13
MST (o) 4.7 4.1 4.0 3.6 4.10 £0.45

Total (s) 3.8840.83

Table 5.4: The CHMS and MST significances of the BR calculated for each set of identified
absorbers (SLHC, visual BR-all, visual BR-only and FilFinder). The separate cell called
‘Total’ is the total mean significance for all of the results in the table.

which can be confirmed with the comparison of: (i) the BR-all with the BR-only
absorbers, and (ii) the CHMS with the MST significances. So, when the CHMS
algorithm is applied to the FilFinder-identified absorbers, we calculate a 2.50 sig-
nificance. In contrast, using the MST-significance calculation, we estimate a 3.60
significance for the FilFinder-identified absorbers. Generally, the MST significance
here is in agreement with previous estimates of the BR significance using the MST
calculation and the Alpha Hull Poisson statistics. So, again, the BR volume is
considerably overestimated, this time using the FilFinder-identified absorbers, and
the CHMS significance is therefore underestimated as a consequence, which can be

confirmed with the use of the MST-significance test.

Summary of significances

We have shown our application of the CHMS and MST significance calculations to
four sets of uniquely-identified BR absorber members. Table 5.4 summarises all of
the above significance calculations. The results are: the total mean significance of
the BR (all results from Table 5.4 considered) is (3.88 £ 0.83)c; the mean CHMS
significance is (3.65+1.13)0; and the mean MST significance is (4.104+0.45)0. From
these results we can see that the variation of the CHMS significance is a considerable

fraction of the average, indicating its results are to be taken with caution. On the
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other hand, the MST significance has much lower spread, indicating that for the pur-
pose of analysing the BR, the MST-significance test may be more appropriate, given
the difficulty of defining a volume around a ring-like structure without incorporating

over-estimations of the volume (as is the case with the CHMS algorithm).

5.3.3 Filament identification algorithm

FilFinder is a filament identification algorithm created by Koch & Rosolowsky
(2015). It uses mathematical morphology to identify filaments ranging in size, shape
and brightness on a 2D pixel image. The algorithm was intended for use in small
(10! — 103 pc), gaseous areas, such as star-formation regions and the interstellar
medium (Mookerjea et al., 2023; Zhang et al., 2023; Meidt et al., 2023). So, ap-
plying it to cosmological LSS is new, and we have had to make adaptations in the
parameter settings to suit the data. We use the following input parameter settings.

(1) Adaptive threshold — the expected width of a typical filament. We choose a
value (in number of pixels) equivalent to a filament that is only one absorber wide.
Since the Mg II absorbers in the Mg II images span a diameter of approximately
12 pixels, the adaptive threshold is set to 12.

(2) Smooth size — scale on which to smooth the data. Our data are already
smoothed and flat-fielded, so it is possibly unnecessary to smooth beyond the size
of a Mg IT absorber: i.e., we shall implement a smoothing size that does not affect
the already smoothed Mg II absorbers. Therefore, we set smooth size to a value of
12 pixels.

(3) Size threshold — the smallest area to be considered a filament. Using again
the estimated value for the number of pixels across a single smoothed Mg 11 absorber,
we set this value at 4 x 122 = 576 pixels. That is, the minimum area to be considered
a filament is made up of 4 Mg IT absorbers (with the absorbers imagined as squares

rather than as circles, for simplicity).
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We use the FilFinder package available in Python to objectively identify the
filaments present in the BR field. For the above parameters we find that there are no
visually-obvious consequences for relatively small changes (e.g., within a few percent
of the chosen value). However, much larger changes in the parameter choices render
noticeably different, and consequential, results. For this reason we experiment with
changing the standard parameter values above to gain a better understanding of the
FilFinder algorithm when applied to cosmological data. The FilFinder algorithm
is applied multiple times, with different parameter settings, on the Mg II image
containing the BR (BR image; see Figure 5.1), and the results are discussed below.

First, the adaptive threshold and smoothing size are related in a way that in-
creasing one has an almost indistinguishable effect from decreasing the other, for
reasonable values (e.g., < 40 pixels, since larger values flag a warning within the
FilFinder algorithm). More specifically, the most meaningful and interesting effects
can be found when one focuses on the ratio between the values. This can be under-
stood intuitively since smoothing size is the scale on which to smooth the filaments
and adaptive threshold is the typical width of those filaments, the size of which is
affected by the smoothing size. When the adaptive threshold and smoothing size
ratio is 1 : 2 there is an undesirable effect of creating ‘blurred’ masking borders
over the filaments; this is when the borders of the mask around individual filaments
overlap. However, the opposite is true when the adaptive threshold and smoothing
size ratio is 2 : 1, which has the effect of creating more concise borders around
the filaments, but it also drastically reduces the number of filaments that can be
detected. With this in mind, we choose to slightly increase the adaptive threshold
from 12, a single smoothed Mg II absorber, to 18, 1.5 times a smoothed Mg II
absorber, while keeping the smoothing size at 12 as usual, thus creating a ratio of

3 : 2 for the adaptive threshold and smooth size.
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Figure 5.11: Applying the FilFinder algorithm to the standard BR field and increasing
the size threshold incrementally to show the elimination process of small filaments. Axes
are labelled in pixels, where 1 pixel = 42 Mpc?. The standard parameters are set, where
adaptive threshold is 18 pixels and smooth size is 12 pixels. (Top Left) Size threshold
is the standard 576 pixels. (Top Right) Size threshold is 800 pixels. (Bottom Left) Size
threshold is 1000 pixels. (Bottom Right) Size threshold is 2000 pixels — only the filament
corresponding to the Big Ring remains.
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Secondly, the size threshold simply determines the minimum size to be consid-
ered a filament. Increasing the size threshold incrementally and comparing results
demonstrates the elimination process of small filaments. So now using the updated
parameter values, where the adaptive threshold is set at 18 pixels and the smoothing
size is kept at 12 pixels, we incrementally increase the size threshold and show the
filaments that survive the elimination process (see Figure 5.11).

Immediately it becomes clear that the BR is the largest, and most dense, filament
in the field. The BR filament is the only filament remaining after incrementally
increasing the size threshold. In fact, the BR filament is not eliminated until the
size threshold exceeds 4200 pixels. Using the elimination process with the FilFinder
algorithm has given an impressive indication for the size and uniqueness of the BR
compared with the rest of the field.

Next, we apply the same method of analysis to the SDSS DR16Q quasars in the
same field and the same redshift slice as the Mg II absorbers containing the BR for
comparison with an independent data source. We want to reduce the noise of the
high number density of quasars so we apply an i-magnitude (7) limit of i < 20.0,
such that only the intrinsically very bright quasars are included. The field size and
redshift interval for producing the quasar image is the same as that for the Mg 11
absorbers from Figure 5.1: that is, the quasars are chosen to be those that lie in
the same field as Mg I1 absorbers, not to be confused with the background quasars
responsible for the Mg II absorbers. The quasar image is seen in Figure 5.12.

The FilFinder algorithm is applied to the quasar image in the same manner as
described above with the Mg II absorbers, with the following parameter settings:
adaptive threshold = 18, smoothing size = 12 and size threshold = 576 (see the
top-left panel in Figure 5.13). Given the much higher density of the field quasars
compared with the Mg IT absorbers, even after : magnitude cuts have been made, we

can see that there are generally more filaments identified. Incrementally increasing
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Figure 5.12: The tangent-plane distribution of quasars in the redshift slice z = 0.802 +
0.060. The blue contours, increasing by a factor of two, represent the density distribution
of the field quasars which have been smoothed using a Gaussian kernel of o = 11 Mpc.
Magnitude limits have been applied to the quasars such that ¢ < 20.0. The field-of-view
corresponds to the small, pink area seen in Figure 5.5. There is no strikingly obvious
structure by eye, but when the FilFinder algorithm is applied to this field it detects a
filamentary ring-like shape that almost coincides with the BR.

122



CHAPTER 5

L <

150 200 100 150 200
Pixels Pixels

50 100 150 200
Pixels Pixels

50 100 150 200

Figure 5.13: Applying the FilFinder algorithm to the field quasars in the standard BR
field and increasing the size threshold incrementally to show the elimination process of
small filaments. Axes are labelled in pixels, where 1 pixel = 42 Mpc?. The standard
parameters are set, where adaptive threshold is 18 pixels and smooth size is 12 pixels.
(Top Left) Size threshold is the standard 576 pixels. (Top Right) Size threshold is 1000
pixels. (Bottom Left) Size threshold is 2000 pixels. (Bottom Right) Size threshold is 4000
pixels — only the filament corresponding to a ring-like feature, slightly offset from the Big
Ring, remains.
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Figure 5.14: The tangent-plane distribution of Mg IT absorbers in the redshift slice
z = 0.802 £ 0.060 superimposed with the tangent-plane distribution of quasars in the
same redshift slice (not to be confused with the background probes). The grey contours,
increasing by a factor of two, represent the density distribution of the absorbers which have
been smoothed using a Gaussian kernel of ¢ = 11 Mpc, and flat-fielded with respect to
the distribution of background probes (quasars). The blue contours, increasing by a factor
of two, represent the density distribution of the field quasars which have been smoothed
using a Gaussian kernel of o = 11 Mpc. In the Mg IT image, S/N limits of 4,2 and 4 were
applied to the Mg IT A\ 2796, 2803 lines and quasar continuum, respectively. In the quasar
image, magnitude limits were applied such that i < 20.0. Visually, it appears that the
blue contours follow the grey contours, which may be suggesting an association between
the two independent datasets.

the size threshold will remove the small filaments and leave only those able to survive
the cuts — so just the large filaments of interest. Figure 5.13 shows the FilFinder
results of the field quasars.

When the FilFinder algorithm is applied to the field quasars, and the size thresh-
old is incrementally increased, we are left with only a ring-like filament that almost

coincides with the BR (see Figure 5.15). This is particularly interesting as we are

here using independent data that also yields a ring-like structure at the location of
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Figure 5.15: An overlay of the two largest FilFinder filaments identified in the Mg 11
absorbers (bottom-right panel of Figure 5.11) and the DR16Q quasars (bottom-right
panel of Figure 5.13). The BR filament and the ring-like filament identified in the
quasars are very closely aligned, with a slight left-sided offset; it seems likely that
the two features are related.

the BR (further supporting the existence of the BR.) We can also show the indepen-
dent corroboration of the quasars by superimposing the quasar image onto the Mg I1

image (see Figure 5.14). In Section 5.4.1 we further investigate the observational

properties of both field quasars and DESI clusters in the BR field.

5.3.4 Cuzick and Edwards test

The Cuzick-Edwards (CE) test (Cuzick & Edwards, 1990) was created to assess
the clustering of cases in an inhomogeneous population. It is a 2D, case-control
statistical method that deals with variations in spatial populations. This method
has shown to be useful for the particular data that we are working with: the Mg IT are
the cases to be assessed, which are affected by the inhomogeneous spatial distribution
of the background probes (quasars). This method assesses the statistical significance

of clustering by assessing the occurrence of cases within the k nearest neighbours,
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but it cannot, however, assess the significance of individual candidate structures.
Therefore, it is a useful additional method to analyse the field containing the BR.

The CE test was first applied to cosmological (and to our knowledge, astrophysi-
cal) data when analysing the GA (Section 4.3.3); before this, the method had mainly
been used in the context of medical research (e.g. for patterns in diseases across
varying population sizes). We can now follow the steps presented in the published
work of Lopez22 (and in the previous chapter of this thesis) and apply it to the BR.
We are using the application gnn.test in the R package smacpop (French, 2020).

The power of the CE test is affected by the control-case ratio, and a ratio between
4 and 6 is found to be optimal (Cuzick & Edwards, 1990). For this reason, we
continue (as with the GA) to use a control-case (i.e., probes to absorbers) ratio of
5 : 1, which, for the BR field, requires removing ~ 90% of the probes. The ~ 10%
remaining probes are randomly selected for each of the 200 runs of the gnn.test,
which itself is computed for 499 simulations (the default setting).

We begin by assessing the BR field, and then we successively shrink the FOV
to ‘zoom in’ on the BR, which is presumably the main feature contributing to any
clustering patterns detected in the field. Unlike the GA, the BR is a full ring shape,
so the successive zooming is limited in both axes. Therefore, we apply only two
successive zooms to the BR, beyond which the BR would extend beyond the FOV.
We then apply the CE test on four other fields that are unrelated and detached from
the BR field, for comparison with the BR field. The four unrelated fields are chosen
to be at the same redshift as the BR field (z = 0.802 £ 0.060), the same field size
(equivalent to the second ‘zoom’ of the BR field) and the same declination (§ = 50°),
so that the only change from the BR field to the unrelated fields is to move the right
ascension (RA) centre point — the unrelated fields are then outside the BR field
but within version-1 of the control area (see Figure 5.5). For the BR field, we repeat

the CE test (with 200 runs and 499 simulations) 10 times to investigate how the
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random selection of probes (controls) affect the CE statistics.

The distribution of p-values calculated from applying the CE test to the BR
field indicates tentative significant clustering (p < 0.05) for a range of chosen ¢
(k) values. The median p-value dropped to a minimum of p = 0.0238 + 0.0015
over the 10 repetitions of the CE test at ¢ = 61, corresponding to a significance of
2.00. However, in the four other unrelated fields there was no (with the exception of
exactly two data points, see below) significant (significant is here defined as p < 0.05)
clustering detected, suggesting that the clustering seen in the BR field is special (see
Figure 5.16); this was similarly found with the GA previously.

In one of the unrelated fields there were two points, at ¢ = 2 and ¢ = 8, where
the median p-value dropped below the p = 0.05 threshold, which is here considered
tentative significant clustering. However, since it was at a much lower ¢ value, the
CE test was likely here detecting very small-scale clustering, and not related to the
same type of clustering seen in the BR (and GA) field. Overall, the clustering seen
in the BR field mimicked the clustering that was also seen in the GA field, but
here at a tentative (p < 0.05) significance level; the clustering in the BR field was

inconclusive at the o > 3.0 significance level.

5.4 Observational properties

5.4.1 Corroboration with independent data

In Section 5.3.3, we saw that the bright field quasars have identified filaments similar
to those of the Mg II absorbers. It was also shown visually and more generally that
there were occurrences of the field quasars tracing the Mg IT absorbers from mapping
their density contours in 2D images in thin redshift slices. Previously it has been
found that quasars follow the large-scale structure traced by galaxy clusters at low

redshift (z < 0.3) and with a small offset (~ 3 h~'Mpc) (Sochting et al., 2002,
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Figure 5.16: The Cuzick and Edwards (CE) test applied to two different fields.
The figures show the distribution of p-values over 200 runs of 499 simulations as a
(Left) CE results corresponding to the second ‘zoom’ of

function of chosen ¢ (k).

the BR field. The BR field shows tentative significant clustering (p < 0.05) between
q = 50 and ¢ = 70, reaching a minimum of p = 0.022 between ¢ = 59 and ¢ = 62
corresponding to a significance of 2.00. Note, this is one of the figures produced
from the 10 repeated tests. (Right) The CE results applied to a field unrelated to
the BR field for comparison. The unrelated field shows no significant clustering on

any scale.
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2004). While we do not yet know whether this trend will hold at higher redshifts,
we can speculate that perhaps the Mg II absorbers here, indicating galaxies and
galaxy clusters, could also have an association with field quasars with some offset.
Of course, the offset could be in any of the three coordinate axes, so it would be
interesting to investigate in future work whether there is a measurable offset in the
redshift axis for the quasar contours that appear to trace exactly the Mg IT absorbers
(e.g., along the Giant Arc, see Figure 4.9) and if this offset matches the offset we see
in the BR and quasar ‘ring’ identified from FilFinder. At present, we can continue
to use the contour maps from the quasars, and now also the DESI clusters (Zou
et al., 2021), looking at a larger FOV, and investigate the visual association of the
independent datasets with the MglII absorbers (see Figure 5.17). Note, statements
of association between the Mg II and other independent data are based on visual
interpretations (i.e., the assessment is qualitative) from the superimposed density-
contour images; we leave the quantitative assessment for future work.

The visual investigation of quasars and DESI clusters with Mg II absorbers
indicates that generally there is a plausible association of both independent datasets
with the absorbers. The association can be seen most clearly when comparing the
‘voids’ in the data; where there are no absorbers, we find fewer quasars and DESI
clusters.

A striking association is seen in the bottom-middle panel of Figure 5.17 where
the green contours of the DESI clusters (with R > 22.5) seem to follow the same
filamentary trajectory as the Mg II absorbers in many cases. Interestingly in the
bottom-left panel of Figure 5.17, a similar trend is also seen, but here the DESI
clusters with R < 22.5 appear to follow the Mg II absorbers that were ‘missed’” by
the DESI clusters with R > 22.5. The two aforementioned DESI cluster figures
(bottom-left and bottom-middle panels of Figure 5.17) have richness limits applied

of R < 22.5 and R > 22.5, respectively, so the crossover between the two figures is
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Figure 5.17: Density distribution of the Mg IT absorbers in the redshift slice z = 0.80240.060 in
a large field-of-view represented by the grey contours which have been smoothed using a Gaussian
kernel of ¢ = 11 Mpc and flat-fielded with respect to the background quasars. The additional
blue and green contours (also smoothed with a Gaussian kernel of ¢ = 11 Mpc) in each of the
five panels represent the superimposed density distribution of the field quasars (blue) and DESI
clusters (green) that have been restricted according to their ¢ magnitude and richness, respectively.
Top panels: Note, the larger field-of-view of the figures crosses two of the SDSS borders where the
quasar coverage drops sharply (see Figure 5.5). (Left) Field quasars restricted to ¢ < 20.0 The blue
contours appear to have a plausible association with the grey contours. The ¢ magnitude limit is
not very restrictive so the blue contours are visually noisy compared with the Mg II absorbers.
Note, these quasars were found to have a similar-sized, ring-type FilFinder filament to the BR
FilFinder filament that appeared slightly offset from the BR, so clearly it is the visual impression
that is difficult to determine due to the noise. (Right) Field quasars restricted to ¢ < 19.5. With
the reduced quasars (compared with the left panel) the increased density contrasts in the blue
contours help to highlight the trends with the Mg II absorbers. For example, the left, ‘northern
spur’ coming off the BR has both a strong filament of Mg II absorbers and quasars. Generally,
the dense clumps of Mg II absorbers appear to have associated quasars rather than the thin Mg II
filaments.

Bottom panels: (Left) DESI clusters restricted to R < 22.5. The green contours generally (but
sparsely) follow the grey Mg IT contours, although the richness limit reduces the number of DESI
clusters in the field. However, if one focusses on the voids in the Mg II absorbers, one can confirm
that there appear to be fewer green DESI contours at these locations, e.g., the large void to the
south-west of the BR. (Middle) DESI clusters restricted to R > 22.5. Similar to the left panel,
it can be seen that the green contours generally follow the grey Mg II contours. In particular,
the lower half of the BR has a strong filament of DESI clusters following the filamentary shape of
the Mg IT absorbers. (Right) DESI clusters of all richnesses (0 < R < 300). The green contours
generally follow the grey Mg II contours quite well.
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minimal. Here, by showing the association of low and high richness clusters with
the Mg II absorbers, we might have found a way to investigate the Mg IT absorbers
and their physical environment.

The bottom-right panel of Figure 5.17 shows the DESI clusters of all richnesses
plotted in green contours over the BR Mg IT absorbers. Comparing all three DESI
cluster figures (the bottom panels of Figure 5.17), it would appear that the DESI
clusters of all richnesses have the strongest association with the Mg II absorbers.
(Note that, with the GA previously, we did not find a strong association of the DESI
clusters with the Mg IT absorbers, which might worth investigating further.)

Finally, we note that the DESI clusters will have much larger redshift errors
(Az ~ 0.04) than the Mg II absorbers and quasars, so the structures in the DESI
clusters will be blurred along the line of sight. Given that the visual association
seems quite striking, then smaller redshift errors could lead to an even clearer asso-

clation.

5.4.2 Viewing the BR from other angles

The BR and GA discoveries were made unexpectedly by eye with the method of
intervening Mg I1 absorbers, and so are subject to observational bias — we have first
detected the signal of a LSS by observing a curious shape and/or visual overdensity
in the initial Mg IT images that we later assess statistically. Specifically, we are only
observing these LSS candidates from one line of sight (LOS), i.e., a 2D projection on
the sky of the 3D matter distribution. Thus, from a different viewing angle, or LOS,
the LSS candidates could look entirely different, or furthermore, there could be LSS
candidates that have a seemingly average, or ‘uninteresting’ distribution of absorber
members from our LOS that may be arcs, rings or interesting filamentary shapes
from a different viewing angle. We investigate how different viewing angles change

the perception of the BR, which first requires redefining the coordinate system on
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which the BR-field absorber members are projected, described here.

An initial, orthogonal, 3-vector coordinate system is defined such that ug, vy, wo
are closely linked t0 Zprop, Yprops Zprop- Lhe initial normal vector (wyp) is defined as
the proper coordinate to the mean %y op, Yprops Zprop Of the absorber members (which
can be thought of as the original LOS). Then, the plane perpendicular to the normal
is rotated such that uy points towards the most easterly absorber. Finally, all the
absorber members are projected onto the new plane (see Figure 5.18). Hence, we
call this method the ‘project-plane method’. With the initial coordinate system
defined, we can define any new normal vector (w) as some combination of the initial
Ug, Vg, Wo.

In Figure 5.18, and other similar figures following, the colours of the absorbers
indicate the redshift of each absorber, with the high-z absorbers represented by a
darker shade, and the low-z absorbers represented by a lighter shade (see the key on
the top left of the figures). The numbers associated with each absorber are a simple
ID system, labelled 1 to 51 in ascending order from the most easterly absorber to
the most westerly (i.e., in descending order of RA). The ID system remains the same
throughout all subsequent rotations of the plane projections so that the numbers can
be used to orientate oneself. In this manner we are viewing the BR from different
viewing angles, similar to taking snapshots of the 3D structure from different LOSs.
Note, the observational analysis presented on the BR here is based on the visually-
identified BR absorber members, which are the blue points in Figure 5.2.

We then redefine the normal with combinations of the original, orthogonal, 3-
vector system to give different projected planes. The newly-defined vectors u, v, w
are similarly orthogonal. Figures 5.19 — 5.21 each have a different viewing angles
of the BR, and the observational analysis of each plane projection follows.

In Figure 5.19 the new normal is set to g, which can be thought of as the side-on

view of the BR (where the z-axis resembles the redshift axis). To emphasise this
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Figure 5.18: The visually-identified BR absorber members projected onto the plane per-
pendicular to the initial normal vector, wg. The z-axis points towards the ug direction and
the y-axis points towards the vy direction. The key in the top LHS of the figure indicates
the redshifts of the absorbers associated by the colours, and the small numbers paired
with each data point indicate their unique ID number. By comparing this figure here with
Figure 5.2 one will notice the slight rotation of the BR projection, indicating the small
misalignment of the tangent-plane coordinate system with the new wug, vg, wo system.
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Figure 5.19: The BR absorber members projected onto the plane perpendicular to ug.
The new u direction points towards the most easterly absorber, as usual. The colours
represent the redshifts of the absorbers (see the key in the top LHS of the figure) and
the small numbers paired with each data point indicate their unique ID number. This
plane-projection can be thought of as looking at the BR from the ‘side-on’ perspective
(i.e., this z-axis resembles the redshift axis). The absorbers appear to be concentrated
in three redshift bands. The lowest and highest redshift bands appear to form a curious
backward ‘S’ shape.
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Figure 5.20: The BR absorber members projected onto the plane perpendicular to wvg.
The new u direction points towards the most easterly absorber, as usual. The colours
represent the redshifts of the absorbers (see the key in the top LHS of the figure) and the
small numbers paired with each data point indicate their unique ID number. From this
angle, the BR resembles an arc.
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Figure 5.21: The BR absorber members projected onto the plane perpendicular to ug—uwg.
The new u direction points towards the most easterly absorber, as usual. The colours
represent the redshifts of the absorbers (see the key in the top LHS of the figure) and the
small numbers paired with each data point indicate their unique ID number. From this

angle, the BR appears to have a distinct ‘cork-screw’ shape.
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point, the redshift colours are now banded vertically, indicating that the u-axis has
essentially become the redshift axis. Of interest in this figure is the visual impression
that the BR has three distinct redshift bands, and the absorbers in each band create
a noticeable backwards ‘S’ shape (but more so in the nearest and farthest redshift
bins which are the lightest and darkest coloured absorbers, respectively). It is not
entirely clear what the backwards ‘S’ shape might indicate, or if it warrants further
investigation. Initially, it was thought that the absorbers belonging to the three
distinct redshift bands may also be associated particularly with some of the SLHC
identified groups from Figure 5.7, but this is not the case. However, instead we
find that almost all (one exception, starred in the list below) of the nearest redshift
absorbers (those forming the backwards ‘S’ shape with the light-coloured absorbers)
belong to one half of the BR closest to the RHS. This can be confirmed by cross-
correlating the unique ID numbers in Figure 5.18 with Figure 5.19. The IDs of
absorbers contained in the near-redshift band, i.e., the light-coloured backwards ‘S’
shape, are: 36,26,29,21,3,1,4,39%,15,22,18,19,32,33. ID 39 has been starred as
the one absorber belonging in the near-redshift band that does not sit with the rest
of the absorbers on one half of the BR. So the near-redshift absorbers form an arc
of a circle closest to the RHS of the BR. Later we will see that this further implies
a somewhat spiral or ‘cork-screw’ interpretation of the BR, that is aligned face-on
with our LOS.

In Figure 5.20 the new normal is set to vy, which can be thought of as viewing
the BR from the bottom (south), looking up (north). Now we can see a thin, central
arc which is formed from the central redshift absorbers, with clumps of absorbers at
lower and higher redshifts either side of this arc. If the BR had been discovered from
this particular angle, had we been located at a different position in the Universe, then
we may have named this structure the ‘Big Arc’. This highlights the observational

bias mentioned earlier: our viewing angle only allows one LOS in which to discover
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interesting structures and filaments when using the Mg IT image method. However,
it also presents the opportunity to re-examine LSS candidates from multiple viewing
angles.

In Figure 5.21 the new normal is set to ug — vg, which can be thought of as
looking at 45° through the BR towards the south-east direction. The BR now very
clearly resembles that of a coil, and the central-redshift absorbers (red points) in
this figure appear very thin and filamentary. The high-z and low-z absorbers form
ovoid shapes connected by the central region, although the high-z absorbers appear
more broken and sparse compared with the rest of the coil.

All three viewing angles, plus the original face-on view of the BR, indicate that
the BR structure is a coil shape with a thin, flat, dense, central component. The
flatness of the central component is particularly interesting given the recent work of
Peebles (2023) on finding flat patterns in cosmic structure.

It is not yet clear how a structure like the BR (or the GA) will have formed;
however, one possibility could be cosmic strings, which have become of topical inter-
est in recent works (Ahmed et al., 2024; Cyr et al., 2024; Gouttenoire & Vitagliano,
2024; Ellis et al., 2023; Jiao et al., 2023; Peebles, 2023; Wang et al., 2023; Sanyal,
2022). Alternatively, we noted previously that the diameter of the BR was similar to
the expected size of a BAO. However, the coil shape seems likely to be inconsistent
with an origin in BAOs.

Finally, an ellipse can be fitted to the BR (Figure 5.22). The ellipse fitting
calculates the semi-major axis (184 Mpc) and the semi-minor axis (162 Mpc) of
the BR. Given that the signature of an individual BAO has a characteristic size
of 150 Mpc, we again argue against the possibility of the BR occurring from a
BAO. Given the ellipse calculations of the semi-major and semi-minor axes we can

use Ramanujan’s approximative perimeter to approximate the circumference of the
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Figure 5.22: The visually-identified BR absorber members projected onto the plane per-
pendicular to wg with an added fitted ellipse.

ellipse,

br 10(a + b) + Va2 + 1dab + b2

where a and b are the semi-major and semi-minor axes. The circumference of the

BR ellipse is then ~ 1.1 Gpc (comparable to the extent of the GA).

5.4.3 Equivalent widths

In Figure 5.18 we showed the visually-identified BR absorber members projected
onto a plane normal to the vector wy (where wy resembles the LOS), with the points
colour-coded according to their redshift. In Figure 5.23 we show a corresponding
figure, but with the points now colour-coded according to the rest-frame equivalent
widths (EWs, in A) of the A2796 component of the Mg IT doublet. (The equivalent
widths and their uncertainties, both taken from the Mg II database of Anand et al.,
2021, are tabulated in Table 5.5.)

In Figure 5.23 there is no obvious (visual) pattern in the distribution of lower
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Figure 5.23: The visually-identified BR absorber members projected onto the plane per-
pendicular to the initial normal vector, wy. The z-axis points towards the ug direction and
the y-axis points towards the vy direction. The key in the top LHS of the figure indicates
the rest-frame equivalent widths (EWs, in A) of the A\2796 component of the absorbers
associated by the colours, and the small numbers paired with each data point indicate
their unique ID number. The equivalent widths are taken from the Mg II database of
Anand et al. (2021). The higher EWs seem to be concentrated on the RHS of the plot.
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Figure 5.24: The BR absorber members projected onto the plane perpendicular to ug—uwg.
The new u direction points towards the most easterly absorber, as usual. The key in the
top LHS of the figure indicates the rest-frame equivalent widths (EWs, in A) of the A2796
component of the absorbers associated by the colours, and the small numbers paired with
each data point indicate their unique ID number. The equivalent widths are taken from
the Mg II database of Anand et al. (2021). The higher EWs seem concentrated in the
low-z ovoid shape.

EWs, but we note that the higher EWs tend to be concentrated on the RHS of the
plot, especially the points that are numbered 14, 1, 13,15, 18,19, 23 (but not 36, 35).

In Figure 5.21 we showed the visually-identified BR absorber members projected
onto a plane perpendicular to wy — vg, which drew attention to the ovoid shapes
at high-z and low-z, or otherwise the coiling pattern in the BR. In Figure 5.24 we

show a corresponding figure, but now with colour-coding according to the equivalent

widths (as above). It shows that the points 14,36, 1,15,18,19 (and possibly 23, 35
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but not 13) are actually concentrated in the low-z ovoid shape. Possibly a prefer-
ential alignment with respect to the LOS of the host galaxies in this ovoid shape is

enhancing the column densities.

5.5 Discussion and conclusions

In this chapter I have presented the discovery of the Big Ring; the work pertaining to
this discovery was carried out (approximately) during the final two years of my (part-
time) PhD. The work was first presented at the # 243rd American Astronomical
Meeting (AAS) in January 2024 in New Orleans (USA). Shortly thereafter, the
work was written-up, peer-reviewed, and published in the Journal of Cosmology
and Astroparticle Physics (Lopez et al., 2024), which can be found appended to the
back of this thesis.

The Big Ring (BR) is the second ultra-large large-scale structure (uLSS) detected
in the Mg II catalogues. The BR is detected most prominently in the redshift slice
z = 0.802 £ 0.060, which is the exact same redshift slice containing the previously
detected GA. Both structures on the sky are separated by only ~ 12°, meaning that
these two intriguing structures are in the same cosmological neighbourhood. We
applied several inspection tests and statistical tests to the BR to support it as an
ultra-large LSS. A summary of the results is as follows.

(1) Each of the visually-identified BR-+filament absorbers was confirmed visu-
ally in the corresponding spectra, establishing that 100% of the absorbers are real
detections, and not false-positives.

(2) The SLHC algorithm identified 46 out of 59 of the visually-identified BR and
central filament) absorber members across 5 individual, overlapping or adjacent,
groups. The SLHC algorithm also detected a statistically-significant arc in the
redshift slices centred at z = 0.862 4+ 0.060 and z = 0.922 £ 0.060. The arc appears

to be an extension (along the line of sight) of the bottom portion of the BR, given
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ID EW (A) opw (A) | ID EW (A) opw (A)
1 299 017 |27 096 0.12
2 1.46 0.20 28 1.15 0.27
3 0.94 0.12 29 1.63 0.19
4 17 043 |30 1.35 0.30
5 105 023 |31 0.76 0.09
6 1.29 0.26 32 1.22 0.30
7 113 028 |33 093 0.12
8 131 022 |34 099 0.18
9 051 013 |35 207 0.43
10 0.72 015 |36 249 0.35
11 1.08 006 |37 051 0.05
12 0.82 0.05 |38  1.33 0.16
13 2.70 046 |39  1.32 0.29
14 229 032 |40 1.20 0.22
15 175 025 |41  1.73 0.33
16 145 032 |42  0.76 0.05
17 155 036 |43  1.28 0.25
18 2.62 0.08 |44  1.50 0.17
19 2.58 0.21 45 1.35 0.12
20 1.07 0.05 |46  1.55 0.25
21 0.86 0.05 |47  1.50 0.36
22 1.66 0.12 48 0.91 0.21
23 2.08 020 |49  1.56 0.29
24 1.05 025 |50  0.48 0.11
25  0.79 0.09 |51  1.08 0.11
26 0.58 0.09

Table 5.5: The table is for the 51 visually-identified BR absorber members. The identifi-
cation numbers (ID) correspond to those in Figure 5.18 and the other similar figures that
follow it. The rest-frame equivalent widths (EW) and their associated uncertainties (o gy,
taken from the Mg II database of Anand et al. (2021), are for the A2796 component of the
Mg II doublet; the units are A. Note that the EW for point 12 is likely to be enhanced by
the superimposed A2803 component from point 11.
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the agreement in the on-sky position and that the redshift slices overlap by 50%.

(3) We calculated the CHMS and MST significance of the SLHC-identified ab-
sorbers, the visually-identified BR absorbers (two versions), and the FilFinder-
identified absorbers. The CHMS method was found to have a much larger variation
in its reported significances due to the nature of the method: the CHMS calculates
the volume of the unique structure containing all the absorbers, so in the example of
a ring-like structure, there is a large volume in the centre of the ring with far fewer
absorbers than the annulus. The total (across all four absorber-member estimates
of the BR) CHMS significance was (3.65 £ 1.13)o. With just the visually-identified
BR-all absorbers (the BR annulus plus the BR inner absorbers) the CHMS algo-
rithm yielded a (likely upper limit) significance of 5.20. The MST significance on
the other hand was more consistent, as this method relies only on the mean MST
edge-length; using this method the total (across all four absorber-member estimates
of the BR) MST significance was (4.10 £ 0.45)0.

(4) The FilFinder algorithm was applied to the Mg II image of the BR field to
identify filaments objectively. By incrementally increasing the size-threshold, the
algorithm left only one identified filament — a ring — and that ring corresponded
to the visually-identified BR. In this way, the BR was established as: (i) a ring,
independently of visual perception; and (ii) the most-connected and largest filament
in the image. We also applied the FilFinder algorithm to the field quasars (not to be
confused with the background probes) and found that there was a large, connected,
ring-like filament that mostly aligns with the BR, which provides further support of
the BR structure with independent corroborative data.

(5) We applied the CE test to the field containing the BR and then ‘zoomed’ in
on the BR to assess the contribution of the BR to the spatial clustering in the field.
Tentative significant clustering in the field was detected in the second zoom of the

BR, at a p-value p = 0.022 (corresponding to a significance of 2.00). We compared
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this with four other unrelated fields at the same redshift as the BR and found no
significant spatial clustering. However, the CE test results for the BR field are still
inconclusive at the o > 3.0 significance level, suggesting that the clustering in the
BR field is not statistically significant, unlike what was seen with the GA field.
Note, this test assesses the clustering in the field and not the statistical significance
of any individual candidate structure.

(6) By superimposing contour maps of the field quasars and DESI clusters on
the Mg II absorber images, we were able to show a plausible association between
the datasets, thus providing independent corroboration. We found in particular that
the DESI clusters, when subject to richness limits (R < 22.5 and R > 22.5), were
mapping different Mg II absorbers, suggesting that there could be scope for using
DESI clusters as a way to investigate the physical environment around the Mg II
absorbers.

(7) Using a project-plane method we investigated the 3D distribution of the BR.
Viewing the BR side-on (with the project-plane perpendicular to ug so that the
x-axis resembles the redshift axis) revealed three, vertical redshift bands. The near
and far redshift bands had a distinct, curious backwards ‘S’ shape, which could also
been seen (less distinctly) in the central redshift band. With other viewing angles
of the BR we found that the BR appears to be more of a coil shape. The central
redshift band contains the majority of the absorbers in a ring shape in a thin, flat
region. The near-redshift band is contained almost entirely on the RHS (east) of the
BR and even appears to angle backwards into the central redshift band of the BR
creating a spiral-like shape. The farthest-redshift band had a similar coiling effect,
but appeared to have a patchy distribution (it made a broken, ring shape).

The data and analysis show that the BR is of particular interest for LSS studies
in cosmology. In cosmology, we assume statistical homogeneity in the Cosmological

Principle (CP) as the foundations of the ACDM model. We have shown that the BR
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is real and statistically significant, adding it to a growing list of LSS candidates that
are in tension with the CP. The growing list of LSSs also indicates that the chance of
all of these structures being a matter of statistical noise is decreasing. In addition,
the list of LSS in tension with the CP is also generally difficult to understand
as there are gaps in the knowledge for explaining the formation of these ultra-
large structures. Perhaps we could speculate that the existence of these structures
requires an extension to the standard model, perhaps in the form of cosmic strings
(see Chapter 6.2).

The BR and GA together, given their sizes and morphologies, are presumably
telling us something intriguing, and quite possibly important, about the Universe,

but at the moment we can only speculate what that might be.
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Discussion and Conclusions

The Giant Arc (GA) and Big Ring (BR) ultra-large large-scale structure (uLSS)
discoveries have been individually presented in this thesis in chapters 4 and 5, re-
spectively. Here I discuss them together, and suggest the possible implications they
may have for Cosmology (Section 6.1). The review in this chapter is based on work
that has been published as a contribution piece of a Philosophical Transactions A
issue (Lopez et al., 2025), following the Royal Society meeting held in London, in
April, 2024 on “Challenging the Standard Cosmological Model”. The published pa-
per can be found appended to the back of this thesis. Then, I discuss my priorities
now and some potential future work (Section 6.2). Finally, I conclude the work that

has been presented in this thesis (Section 6.3).

6.1 Discussion: Implications for Cosmology

The discovery of the BR is particularly interesting as it was made directly after the
discovery of the GA but using the newer Anand21 Mg II catalogues instead of the
older Z&M catalogues. The BR was first apparent when looking at the GA field
with the Anand21 database; just to the north of the GA was an interesting ring

shape, which we then investigated further.
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Arcturus

Figure 6.1: An approximate projection of the GA and BR visually-identified absorber
members superimposed onto an image of the night sky taken from Stellarium. This figure
gives an impression of the scale of the two uLSSs, their position on the sky, and their
proximity.

On the sky, the GA and the BR are separated by only about 12°, and they both
lie in exactly the same redshift slice z = 0.802+0.060. Figure 6.1 is an approximate
projection of the BR and GA absorber members imprinted onto a night sky image
taken from Stellarium. In this figure we gain an impression of the scale of the
two uLLSSs and how they would look in the night sky if we could see them. Their
angular sizes span several degrees across the sky. Their physical sizes are of the
largest structures observed, and yet we are seeing them as they were when the

Universe was only half its present age (the structures are ~ 9.2 billion light-years

away ). Naturally, several important questions arise as a result of these two intriguing
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discoveries, which I will discuss here.

The first question might be: how did these structures form and how will they
evolve? Elucidating the answers to this question requires a theory (and a model)
which makes predictions that we can then directly compare with observations. In
Cosmology we have the ACDM model, so it follows, with the assumptions made,
and with the chosen values of the ACDM parameters, do cosmological simulations
predict huge, circular-type structures such as the GA and BR, and even the GA+BR
system (two uliSSs in such close proximity)? If not, then what could that be telling
us about our current standard model? (Or, are the observations just some statistical
fluke that can be ignored?) Note that, this question is addressing the challenges of
ul.SSs towards the ACDM model independently from the challenge ul.SSs present
to the assumed homogeneity in the Cosmological Principle (CP). This is because, in
most cosmological models, cosmic growth is assumed to follow linear theory, which
does not yet appear to explain the uLLSSs that have been discovered in our own
Universe. Taking the intriguing discoveries to be hints about the shortfalls of our
understanding of the Universe might lead us in a direction of making incremental
steps towards a more complete version of our standard model. In this light, consider
the following quote in a New Scientist article from Nobel laureate and founder
of modern cosmology, Prof. Jim Peebles: “But maybe the issue [Hubble tension/
1s a hint towards something we need to improve in our theory. There are other
predictions in that same nature. The big hope, to my mind, is that other anomalies
will appear.”. Tt would seem that the discovery of the GA and BR resonates with
the hopes voiced by Prof. Jim Peebles, further demonstrating the importance of
investigating intriguing results.

In April 2024, upon prior invitation from Prof. Subir Sarkar, I presented my
findings of the GA and BR at a Royal Society Meeting in London “Challenging the

Standard Cosmological Model”. The meeting progressed over two days with healthy
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and lively discussions on the many tensions that cosmology is facing, for example:
the Hubble tension (although, recent results suggest an agreement between the Kilo-
Degree Survey and the Planck Legacy cosmic microwave background experiment,
Wright et al., 2025); the Sg (or og) tension; the dipole anisotropy in the CMB;
and cosmic bulk-flow estimates — e.g., Efstathiou (2025); Secrest (2025); Watkins
(2025). However, at the end of the meeting, no particular clarity had emerged on the
question of whether systematic uncertainties or ACDM shortfalls are the root cause
of these anomalies and tensions. Additionally, in the example of the Cosmological
Principle, varying interpretations amongst individuals was clearly a contributing
factor to some of the disagreements over what the observational data are showing
us.

The main topic I have discussed throughout this thesis is that of the potential
challenges that LSSs and uLLSSs present to the ACDM model and the CP. However,
it is worth noting that there are several tensions felt by the ACDM model from
other observational anomalies, and while I have not presented those in this thesis,
they do add together with the work here and together the anomalies indicate that
there might be room for improvement, or even scope for different perspectives from
new avenues, in our understanding of the Universe.

I emphasise here that the discovery of intriguing L.SSs and uL.SSs, such as the GA
and BR, are important for cosmology for much more than simply their statistical
significance and I encourage the reader to wonder about their unique morphologies,
huge sizes, proximities, independent corroborative data etc. What is often found in
LSS studies is an overemphasis on the clustering signal versus what can be found
in the noise — many authors have shown that large, overdense, highly-clustered
structures can be reproduced in mock catalogues, simulations and even random
Poisson-point distributions (Park et al., 2012; Nadathur, 2013). When assessing

individual LSS candidates, we can simply ask: (i) do the structures exceed the
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‘homogeneity scale’? and (ii) how frequent is a similar structure using extreme-
value analysis. Both are good, useful questions to ask, and they give us an idea of
how special an individual candidate structure is in the context of their clustering
in the whole field (or Universe). However, the dangers of focussing solely on these
basic questions are firstly, there is not yet one agreed definition of the CP, so relying
on the homogeneity scale (if such a thing really exists) to provide a consensus for
what is deemed interesting can be misleading. Secondly, extreme-value statistical
analysis does not have the power to highlight curious anomalies that may be hinting
at the flaws in our standard model or even new physics (instead they become washed
out and grouped in with ‘noise’). Currently we do not know what the GA, BR and
GA+BR system are or represent, but understanding them will be important for
cosmology.

Another question that arises is: are the two uLLSSs linked in some way, perhaps
in the initial conditions or in their origin? In the beginning of this thesis I reviewed
large-scale structures generally; one reason they are interesting for cosmology is
they can retain the information of the initial conditions, since inflation is thought to
‘freeze’ the initial density perturbations which then scale up to the size of the cosmic
web (Einasto et al., 2016). However, the GA and BR are extremely (significantly)
large and overdense, and would presumably require an equally significant inhomo-
geneity in the initial conditions to explain them. Alternatively, if there is some cause
for their existence outside of ACDM, would the two uL.SS discoveries originate from
this same disturbance (e.g., cosmic strings)? The two ul.SSs are intriguingly close,
and they are both circular-type structures (from our LOS). A circular shape is a very
interesting shape as it implies something unique and specific within the formation
or evolution.

If the trajectory of the GA was to continue and form a full-ring shape, then

this would envelop the BR. In the BR field of the Anand21 databases there was an
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interesting thin filament which appears to be a potential continuation of the GA.
In Figure 6.2 we have added the GA points from the Z&M catalogues on the same
plot as the BR points from the Anand21 catalogues. In addition we have added
the points of the interesting thin filament that appeared in the Anand21 catalogues.
With fitted ellipses it can be seen that if (with more data) this interesting filament
was a continuation of the GA, then the extended GA, or Giant Ring (GR) perhaps,
would then encompass the BR (Figure 6.2). Does it follow then that the BR and the
(potential) GR are almost concentric circles? Could it be that, if they were close to
concentric, they formed from the same initial disturbance, such as a cosmic string?
Or perhaps the Penrose Conformal Cyclic Cosmology (Penrose, 2006; Meissner &
Penrose, 2025) lends an explanation to these huge, circular-type structures.

In the case on cosmic strings, it has been noted earlier in this thesis that they
could provide an extension to the ACDM model that might help explain large-
scale fluctuations (Hindmarsh & Kibble, 1995; Vilenkin, 1997; Shlaer et al., 2012;
Duplessis & Brandenberger, 2013). Cosmic strings are topological defects that form
as a result of symmetry breaking during early-Universe phase transitions. They are
expected to be very large (on the order of the scale of the observable Universe) and
very rare. This then makes cosmic strings a tantalising option to explain uLSSs
that are also, presumably, quite rare. However, a complete search through the MgII
catalogues (future work) could conceivably reveal many more ring-type, or otherwise,
uL.SSs all over the sky.

Cosmic strings have become of topical interest in recent years with Pulsar Timing
Array (PTA) data (Wang et al., 2023; Srivastava, 2024) and with Peebles’ work on
flat, sheet-like LSS (Peebles, 2023), but also more generally over the last decade.
In early works, cosmic-string scenarios required cosmic strings with energy scales
Gu ~ 107%, where G is a dimensionless parameter; y is the string tension and G is

the gravitational constant. These cosmic strings were later conclusively ruled out by
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Figure 6.2: The GA points from Z&M (along the bottom) plotted with the BR points from
Anand21 (in the middle). The thin filament to the north was also detected in the newer
Anand21 catalogues. With the fitted ellipses it appears that the interesting thin filament

could be a continuation of the GA, and if so, then this Giant Ring would encompass the
BR.
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CMB observations (Shlaer et al., 2012, and references therein). Additionally, since
CMB fluctuations were already found to agree so well with ACDM power spectrum
predictions, the contributions from comic strings could not account for more than
~ 2% of the spectral power (Shlaer et al., 2012). One study used WMAP and SDSS
data to place bounds on cosmic strings. These authors estimated string energy
scales down to G ~ 1077 and a total power contribution to the CMB anisotropy
of ~10% (Wyman et al., 2005; Pogosian et al., 2006).

Cosmic string scenarios require an equation of state parameter wy = —1/3, which
is within the boundaries of the most recent constraints from DESI BAO DR2 DESI
Collaboration et al. (2025). However, these most recent DESI results were found
to be in the best agreement with other data (supernovae and CMB) after invoking
a time-evolving equation of state defined as w(a) = wy + wa(1 — ag), where w,
corresponds to the scale factor a = (1 + z)~!. It remains to be seen if cosmic string
scenarios can hold in a Dynamical Dark Energy model.

A particularly interesting study from Sazhina et al. (2014) carried out a search
for cosmic string candidates from radio surveys. Their prime cosmic string candidate
CSc-1 (Sazhina et al., 2019) was supported by an observation of an excess of lensed
galaxies in the string field. Curiously, the location of CSc-1 is roughly at the same
location as the Huge-LQG.

Cosmic strings were previously considered to be observationally unsupported,
but now they appear to be being considered once again, in certain contexts. They
are a natural prediction in most grand unified theories (GUT), and perhaps we will
see tighter constraints on cosmic strings in future work. Also, perhaps the theory of
late-Universe LSS seeded by cosmic strings will be revisited.

Finally, via private communication from Dr Ely Kovetz, I was made aware of
some older, but intriguing work that might relate to the question of giant, ring-type

structures in the Universe. The work pertains to a string-inspired model whereby a
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cosmic defect seeded by a pre-inflationary particle (PIP) would leave a cosmological
imprint. The theoretical groundwork appears to be originally motivated by the
presence of large-scale anomalies (Fialkov et al., 2010). Similar to the work carried
out by groups working on the CCC model (see below), this group have studied the
CMB and found evidence for anomalous giant rings in the CMB sky (Kovetz et al.,
2010) which they reason could be a signature of PIPs. Perhaps such an idea will
be revisited, with a particular emphasis on what predictions can be made on the
formation and evolution of cosmological LSS within this string-inspired model.

In the case on Conformal Cyclic Cosmology (CCC), the intriguing link between
this alternative model that predicts huge, concentric rings in the CMB and the
discovery of two circular-type uLSSs, that also may even be close to concentric, is
considered. In the CCC model, collisions of supermassive blackholes (SMBHs) in a
‘previous aeon’ are predicted to leave distinct temperature rings in CMB. Could it
follow that the imprinted rings in the CMB sky leave a non-Gaussian disturbance
in the initial conditions of the present aeon that could seed ultra-large, circular-
type structures? In private communication with Sir Roger Penrose, we discussed
at some length the requirements of investigating the CCC model with late-Universe
LSS signatures. Currently, late-Universe structure-formation predictions from the
CCC model have not been investigated; evidence for the CCC model is primarily
attached to observations of rings in the CMB (An et al., 2017; Gurzadyan, V. G.
& Penrose, R., 2013), i.e., early-Universe observations, but perhaps there could be
some later effect on LSS formation. Clearly, a refined understanding in the theory of
both the CCC model and galaxy formation from initial primordial conditions, would
be necessary. An initial suggestion from Sir Roger Penrose was that, if the huge,
circular-type structures are somehow a prediction of the CCC model, then it would
follow that we should find rings everywhere on the sky. Furthermore, the CCC

model predicts concentric rings in the CMB from the occurrence of multiple SMBH
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collisions occurring at the same location from our vantage point in the previous acon.
If the GA does indeed become the Giant Ring that encompasses the BR, could the
concentric rings in the LSS be further evidence for the CCC model? (Note, this idea
is very speculative, but a curiosity nonetheless.) Clearly, investigating this avenue
would be complex, but it might be interesting to see where it could lead.

Briefly, and for completeness, it was previously mentioned that we had thought
the BR may originate from an individual Baryon Acoustic Oscillation (BAO). BAOs
are a result of the sound waves that propagated through the plasma of the early
Universe freezing at the stage of cosmic recombination, when photons and baryonic
matter discontinue their interactions. BAOs are expected to leave imprints of low-
density contrast rings in the galaxy/baryonic matter distribution. The BAOs are
predicted to have a shell structure with a characteristic radius r ~ 150 Mpc (scaled
to the present epoch; Tully et al., 2023; Einasto et al., 2016; Planck Collaboration
et al., 2016b; Anderson et al., 2014; Eisenstein et al., 2005). Thus, when we first
detected the BR — a ring shaped structure with roughly 300 Mpc diameter — we
suggested that BAOs might be a reasonable explanation. However, for a few reasons,
we have since decided that an origin of the BR in BAOs is unlikely. For example,
the BR is in fact elliptical, and the ring shape is only apparent from our perspective
on the sky (resembling a cork-screw from the side-on perspective).

Since we made a direct discovery of a second uLSS, the BR, in the same cosmo-
logical neighbourhood as the first discovery, the GA, this leads to the final question
of whether we would expect to find many more interesting, huge structures with
circular or other conic-section morphologies. Perhaps, a more important question
would be to determine a priori (i) whether ACDM can explain the occurrence of
such huge structures, and (ii) whether, with the CP assumed (and a particular ver-
sion of the CP — see Section 1.2), we should expect to find no other, or many more,

of these types of structures.
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6.2 Future Work

With the above discussions and questions in mind there still remains plenty of work
to understand the implications of the GA and BR discoveries. Here I would like to
discuss some of my priorities now for future research.

Firstly, we have thus far looked at only the small patch of sky containing the GA
and BR, with the exception of neighbouring fields or redshift slices for statistical
analysis, so there remains the full SDSS footprint to investigate. We intend to
search through the available catalogues and document what is found. This work will
probably be carried out in the manner of applying the Single-Linkage Hierarchical
Clustering (SLHC) algorithm to the entirety of the Mg II catalogues as a first-check
for potential LSS candidates. Although, previously we have discussed the shortfalls
of applying the SLHC algorithm to an essentially incomplete dataset (where there
are no quasars, we can not detect the intervening matter there). In this case, it may
be worthwhile searching for a statistical test that will be more suitable for the data.
The Cuzick and Edwards (CE) test was an example of this, but the CE test was
created to assess only the general clustering in the field and not to identify individual
candidate structures. Ultimately, the SLHC algorithm will likely be the best choice
(for now) for the purposes of searching for LSS and uLSS candidates in the Mg II
catalogues, but we will have to be mindful of the effects of an inhomogeneous set of
background probes on our ability to detect intervening matter.

Secondly, in Section 3.2 I discussed the two catalogues of Zhu & Ménard (2013)
and Anand et al. (2021). We had found that there was a substantial loss of ab-
sorbers from the old catalogue to the new catalogue, despite the newer catalogue
having access to all the previously observed quasar spectra. We reason that this dis-
agreement could be a result of (a) spurious or unreliable absorbers contaminating
the Z&M catalogue that were filtered out by Anand21 or (b) Z&M allowing detec-

tions to smaller EWs or perhaps complex line profiles — likely some combination of
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both (a) and (b) are true. Equally we found that the Z&M catalogue was missing
absorbers that were detected by Anand21 for quasar spectra that was available to
both authors. Accessing the Mg II-finder code of each author will possibly elucidate
the disagreements between the two catalogues. Alternatively, through visual inspec-
tion of the quasar spectra hosting Mg II absorbers that are found by one author and
not the other (an onerous job in reality), we might spot trends that would explain
the disagreement between the two catalogues.

We intend to produce our own Mg II catalogue using our own, unique Mg II-
finder algorithm. We will then have the ability to apply our pipeline on new quasar
catalogues as they appear, such as the anticipated DESI quasar catalogue (not yet
publicly available; DESI Collaboration et al., 2024). In addition, we can apply our
pipeline to the previous SDSS quasar catalogues, providing us with a third, inde-
pendent catalogue — we could run further cross-checks between ours, the Anand21,
and Z&M Mg II catalogues. Finally, we would have the freedom to adapt the code
as needed, as well as knowing exactly what cuts (i magnitude, S/N cuts) have been
made.

At the beginning of this thesis, and throughout, I have reiterated that the def-
inition of ‘large scales’ in the Cosmological Principle is ambiguous and vague. As
a result, there appear to be multiple interpretations of the CP, some of which are
possibly even contradictory, which makes it difficult to assess the data in a con-
sistent and precise way. For LSS especially, we are relying on comparing results
with the assumption of homogeneity. However, we do not yet know, or agree, to
what extent we should observe homogeneity, or even how often we should statisti-
cally expect to find deviations from homogeneity. In this thesis I have presented
two intriguing uLLSS discoveries that individually and together potentially challenge
the CP; but the accumulation of all of the uLLSS discoveries to date pose a greater

potential challenge to the CP (unless, of course, we increase or even abandon the
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idea of a homogeneity scale). Therefore, it is imperative for the critical assessment
of our current standard model to establish an agreed, precise definition of the CP
definitively. Although I concur on this matter, it is not yet clear to me how this
problem in cosmology will be addressed.

In Chapter 2 of this thesis I reviewed the physics and astrophysics of the Mg I1
absorbers. The Mg II gas is known to trace galaxies, galaxy clusters, and star-
formation regions generally, but the precise nature of the complex, patchy gas dis-
tribution is not very-well understood. Several studies have been conducted to un-
derstand the relationship between observed Mg II-line profile properties and their
physical environments, such as mass, morphology, inclination, impact parameter,
number density etc. Presumably, as the research develops in this field, we can
utilise new results for our specific application of analysing cosmological LSS using
the Mg IT method. Perhaps, too, we might be able to learn about the environment
of LSS candidates identified with the Mg IT method.

I showed in the previous section a ‘northern arc’ that appears in the Anand21
catalogue which might be extending the GA into the Giant Ring (GR) that en-
compasses the BR. If this is the case, the BR+GR system would have quite strong
implications for cosmology (overturn cosmology as we know it?). Therefore, we will
investigate the possibility of the GA extending into the GR. This work will be car-
ried out using the Anand21 data, and, upon completion, our own Mg II catalogue.
Standard statistical techniques will at least be initially utilised, but we envision a
need for stronger, more applicable, statistical techniques.

Finally, there appear to be at least a few different avenues in cosmology that
could be explored for explaining these uLLSS anomalies (and perhaps other cosmo-
logical anomalies too). I think it is sensible to consider the anomalies as hints to
the shortfalls of our standard model. We will continue to monitor new ideas in

cosmology, as well as how the standard model addresses the tensions challenging it.
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The hope is a consensus will begin to emerge on whether systematics will ultimately

mend the tensions in cosmology, or whether new physics will be required.

After the PhD, in January 2025, I began my first postdoctoral research assis-
tant position at the University of Lancashire (formerly Central Lancashire). In
the first third of my 1-year postdoctoral position, we addressed the Large Scale
Structure (LSS) statistical analysis (using Minimal Spanning Tree methods) of the
FLAMINGO-10K simulation data for cold dark matter particles (Lopez € Clowes,
2025). In summary, we find that there are no gigaparsec structures to be seen
in ACDM, suggesting that either (a) the simulations have not been able to ade-
quately represent the real LSS of the Universe, or (b) the accumulation of ultra-large
LSS (uLSS) discoveries present a more direct challenge to the standard cosmological

model. For transparency, we believe it is probably a mixture of both.

6.3 Conclusions

In this thesis I have presented two uLSSs: the Giant Arc and the Big Ring (GA
and BR). Both were discovered visually as prominent overdensities in Mg IT images,
and subsequently supported by a range of statistical assessments and possibly by
independent corroboration from DR16Q quasars and DESI clusters. Both exceed the
Yadav estimated upper-limit to the scale of homogeneity and add to an accumulating
list of uL.SSs that challenge the Cosmological Principle (CP) in this respect. (Note,
the interpretations of the CP vary, see Section 1.2.)

The GA and BR have intriguing morphologies, as indicated by their names.
There is even a hint that the GA could extend into a Giant Ring that envelops
the BR. While the BR appears entirely as a ring in projection on the sky, in 3D
visualisations it appears to coil into and out of a central flat ring (which contains

most of the member absorbers).
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Extreme-value analysis and cosmological simulations have shown that some in-
dividual occurrences of uLLSSs may be consistent with the CP and with ACDM,
but it is not obvious that the entire accumulating set of uLLSSs will be consistent.
Additionally, our most recent work suggests that gigaparsec structures cannot be
reproduced in ACDM using the FLAMINGO-10K simulation data (Lopez & Clowes,
2025).

Given their morphologies, perhaps the GA and BR in particular require an expla-
nation outside ACDM. One possibility might be cosmic strings, which have become
of topical interest in recent work (Ahmed et al., 2024; Cyr et al., 2024; Ellis et al.,
2023; Gouttenoire & Vitagliano, 2024; Jiao et al., 2023; Peebles, 2023; Sanyal, 2022;
Wang et al., 2023). For the BR specifically, we noted its similarity in projection
and radius to an individual baryonic acoustic oscillation (BAO) (Tully et al., 2023;
Einasto et al., 2016; Planck Collaboration et al., 2016b; Anderson et al., 2014; Eisen-
stein et al., 2005). However, given the non-spherical, coiling nature of the BR, and
its actually being larger than a BAO (r ~ 200 Mpc compared with r ~ 150 Mpc for
a BAO), the BR having an origin in BAOs is probably ruled out.

Unexpected and apparently anomalous discoveries in cosmology, such as ul.SSs
in general and the GA and BR in particular, may be indicating a route to further
understanding and to refinements of the standard model. It may be productive to

see where they lead.
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ABSTRACT

We present the serendipitous discovery of a ‘Giant Arc on the Sky’ at z ~ 0.8. The Giant Arc (GA) spans ~1 Gpc (proper size,
present epoch) and appears to be almost symmetrical on the sky. It was discovered via intervening Mg II absorbers in the spectra
of background quasars, using the catalogues of Zhu & Ménard. The use of Mg I absorbers represents a new approach to the
investigation of large-scale structures (LSSs) at redshifts 0.45 < z < 2.25. We present the observational properties of the GA,
and we assess it statistically using methods based on (i) single-linkage hierarchical clustering (~4.50); (ii) the Cuzick-Edwards
test (~3.00); and (iii) power-spectrum analysis (~4.80). Each of these methods has distinctive attributes and powers, and we
advise considering the evidence from the ensemble. We discuss our approaches to mitigating any post hoc aspects of analysing
significance after discovery. The overdensity of the GA is §p/p ~ 1.3 £ 0.3. The GA is the newest and one of the largest of
a steadily accumulating set of very large LSSs that may (cautiously) challenge the Cosmological Principle, upon which the
‘standard model’ of cosmology is founded. Conceivably, the GA is the precursor of a structure like the Sloan Great Wall (but
the GA is about twice the size), seen when the Universe was about half its present age.

Key words: galaxies: clusters: general — quasars: absorption lines — large-scale structure of Universe —cosmology: observations.

1 INTRODUCTION

We are using intervening Mg IT absorbers to investigate cosmological
structure at redshifts 0.45 < z < 2.25. Previous work at such redshifts
has generally depended on either (i) quasars, for which there are
accurate spectroscopic redshifts, or (ii) galaxies (and clusters), for
which there are typically only somewhat less accurate photometric
redshifts. However, with MgII absorbers, we can obtain accurate
spectroscopic redshifts for faint galaxies; subject, of course, to the
limitations that the detected galaxies will be relatively sparse and that
they can be only at the sky coordinates of the background quasars
that are used as probes. These limitations need not, however, be a
restriction on investigating large-scale structure (LSS).

In this way, we have serendipitously discovered a ‘Giant Arc on
the Sky’ at z ~ 0.8. The Giant Arc (GA) spans ~1 Gpc (proper size,
present epoch) and appears to be intriguingly symmetrical on the sky.
It is one of the largest of a steadily accumulating set of very large
LSSs that may (cautiously) challenge the Cosmological Principle
(CP), upon which the ‘standard model” of cosmology is found. (Note
that the word ‘challenge’ is not synonymous with ‘contradict’, but it
does imply something to be investigated further.)

1.1 The largest large-scale structures

Yadav, Bagla & Khandai (2010) gave ~370 Mpc as an ideal or upper
limit to the scale of homogeneity in the concordance cosmology,
beyond which departures from homogeneity should not be evident.

* E-mail: missalexia.lopez@ gmail.com

© 2022 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

As Yadav et al. (2010) state, above this scale it should not be
possible to distinguish a given point distribution from a homogeneous
distribution. We can therefore take ~370 Mpc as an indication of the
size (and, incidentally, separation also) beyond which LSSs become
cosmologically interesting. We list in Table 1 some of the very large
LSSs that have been reported in the literature, noting mainly those
of (present-epoch) size 2 370 Mpc. Many of the sizes quoted in
this table will be somewhat uncertain, usually because of uncertainty
in the boundaries, but sometimes because of uncertainty in what is
being quoted in the papers (e.g. cosmological model and parameters,
cosmological epoch). Also, in the lower part of Table 1, we list some
results that, while not strictly being instances of LSS, are certainly
of interest for considering the validity of the CP.

1.2 The Mg 11 approach

The presence of metal-rich intervening absorption lines in the
spectra of quasars reveals foreground gas associated with galaxies.
Specifically, the prominent and distinctive Mg1l doublet feature,
which can be seen over a broad range of redshifts, 0.45 < z < 2.25,
is strongly associated with the low-ionized gas around galaxy haloes,
and is therefore an easily identifiable tracer of galaxies. In particular,
Mg 11 is known to trace the H1 regions indicative of star formation
regions. MgII absorbers can be expected to be useful tracers of
large-scale structure, as they trace metal-enriched gas associated
with galaxies and clusters.

It is generally believed that the strength of the absorption dou-
blet (rest equivalent widths W, 2706, W, 2803) arising in the haloes
corresponds to the properties of the galaxy and galaxy clusters,

G20z Aey Zz uo Jasn ailyseoueT] [enua) 1o Ausisalun Aq 6082599/26S1/2/91 G/o/0ne/seiuw/woo dnooiwepese//:sdiy wo.ll papeojumod



1558 A. M. Lopez, R. G. Clowes and G. M. Williger

Table 1. Some of the very large LSSs reported in the literature. The columns are the name of the LSS; the mean redshift; the reported size in Mpc
(present epoch); and references. The lower part of the table lists some results, which, while not strictly instances of LSS, are of interest for the CP.

Name Mean z Size References
(Mpc)
HCB Great Wall ~2 2000-3000 Horvath, Hakkila & Bagoly (2014), Horvath et al. (2020)“

Giant GRB Ring 0.82 1720
Correlated LQG orientations 1.0-1.8 1600
U1.27, Huge-LQG 1.27 1240
Coherent quasar polarisation® 1-2 1000
Ul.11 1.11 780
U1.28, CCLQG 1.28 630
Sloan Great Wall 0.073 450
South Pole Wall 0.04 420
Blazar LSS ~0.35 350
Local void <0.07 300
BOSS Great Wall (BGW) 0.47 250
Great Wall 0.029 240
Saraswati supercluster 0.28 200

CMB anomalies

Acceleration anisotropy

Cluster anisotropy

Quasar dipole 0.5-2.0

Statistical power, LRGs ~0.6 1000

Balazs et al. (2015)

Friday, Clowes & Williger (2022)

Clowes et al. (2013)?

Hutsemékers (1998), Hutsemékers & Lamy (2001), Hutsemékers et al. (2005)
Clowes et al. (2012)

Clowes & Campusano (1991), Clowes et al. (2012)

Gott et al. (2005)

Pomarede et al. (2020)

Marcha & Browne (2021)

Keenan, Barger & Cowie (2013), Whitbourn & Shanks (2016)
Lietzen et al. (2016)

Geller & Huchra (1989)

Bagchi et al. (2017)

Schwarz et al. (2016)

Colin et al. (2019)

Migkas et al. (2020)

Secrest et al. (2021)

Thomas, Abdalla & Lahav (2011)

Notes. Further references.
4See also Christian (2020).

bSee also Nadathur (2013), Marinello et al. (2016), and Hutsemékers et al. (2014).

“See also Marchid & Browne (2021).

although there is still uncertainty about the relative importance of
morphology, luminosity, impact parameter, galaxy inclination, etc.,
and combinations of these that lead to the different classes (weak,
strong) of absorbers (see e.g. Lanzetta & Bowen 1990; Churchill
et al. 2000; Steidel et al. 2002; Churchill, Kacprzak & Steidel 2005;
Chen et al. 2010; and Bordoloi et al. 2011).

The roughly spherical haloes hosting strong Mgl systems are
considered to extend to radii 43 < r < 88 kpc (Kacprzak et al. 2008).
Ithas been suggested by Steidel (1995) and Churchill et al. (2005) that
Mg 11 absorption with rest-frame equivalent width W, 5706 < 0.3 A
occurs predominantly in the outer regions of a halo, whereas stronger
absorption with W, 2796 > 0.3 A occurs predominantly in the inner
regions. Such an association of equivalent width with radius is seen
also in C 1v and Lyman-limit absorption systems. Of course, there is
probably patchy structure so generalizations may be misleading.

Lee, Hwang & Song (2021) investigate the rate of Mg 11 absorption
in and around clusters of galaxies. They find that although the
detection rate per quasar is higher inside the clusters, the rate is
in fact quite low when considering the number of galaxies in the
clusters — that is, the galaxy-to-absorber ratio is lower inside clusters,
presumably because the environment within clusters modifies the
galaxy haloes.

1.2.1 Data sources

We have constructed our Mg 1I absorber database from the Zhu &
Ménard (Z&M) catalogues that are publicly available at the web-
site https://www.guangtunbenzhu.com/jhu-sdss-metal-absorber-cat
alog. We have used their DR7 and DR12 ‘Trimmed’ catalogues (not
the ‘Expanded’ versions). DR7 and DR12 indicate that the sources
of the quasars that have been used as background probes are data
releases 7 and 12 of the Sloan Digital Sky Survey (SDSS). The
detection of the absorbers and the construction of the catalogues is
described in Zhu & Ménard (2013) and the above website.

MNRAS 516, 1557-1572 (2022)

We paired the Z&M absorber catalogues on RA, Dec. to the
‘cleaned’ quasar data bases DR7QSO (Schneider et al. 2010) and
DR12Q (Paris et al. 2017). Thus, the absorbers can all be associated
subsequently with either DR7QSO or DR12Q.

We removed entries for repeat spectra (see the above website)
within the Z&M DR12(Q) absorber catalogue, thus avoiding dupli-
cation of absorbers. There were no entries for repeat spectra within
the Z&M DR7(QSO) absorber catalogue.

When a particular absorber (RA, Dec., z) appeared in both
the Z&M DR7(QSO) and DR12(Q) catalogues, we removed the
DR7(QSO) entry, thus giving preference to DR12(Q) parameters.
The final data base has 63876 Mg 11 absorbers.

We also produced a corresponding data base of probes from the
Z&M ‘Quasars searched’ catalogues, similarly restricting them to
those that appear in either DR7QSO or DR12Q. This data base has
123 351 member quasars.

1.3 Cosmological model

The concordance model is adopted for cosmological calculations,
with Q= 1, Qu0 =0.27, Qo =0.73, and Hy =70 km s~' Mpc~'.
All sizes given are proper sizes at the present epoch. (For consistency,
we are using the same values for the cosmological parameters that
were used by Clowes et al. 2013.)

2 THE GA

The GA is a large, filamentary, crescent-shaped structure that was
discovered serendipitously in Mg catalogues (Zhu & Ménard
2013). The GA extends ~1 Gpc (proper size, present epoch) in
its longest dimension, at a redshift of z ~ 0.8. We now discuss:
the discovery of the GA; observational properties; connectivity and
statistical properties; overdensity and comparisons with other data.
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Figure 1. The tangent-plane distribution of MgII absorbers centred in the
redshift interval z = 0.802 &+ 0.060. The grey contours, increasing by a
factor of 2, represent the density distribution of the absorbers which have
been smoothed using a Gaussian kernel of o = 11 Mpc, and flat-fielded with
respect to the distribution of background probes. The dark blue dots represent
the background probes (quasars). The axes are labelled in Mpc, scaled to the
present epoch. East is towards the right and north is towards the top. The GA
runs west-east in the centre of the figure, spanning ~1 Gpc.

2.1 Discovery of the GA

The discovery and the preliminary analysis of the GA were first
discussed in Lopez (2019) and are briefly summarized here. The
GA was discovered when testing the Mg 1l approach on six small
fields containing published structures (e.g. clusters and superclus-
ters) at z = 0.7. The Sunyaev—Zeldovich (SZ) cluster candidate
PSZ2 G069.39 + 68.05 (Burenin et al. 2018, subsequently B18),
at z = 0.763, was one such field: it indicated a very large LSS
extending on the sky, as a dense, long, thin band of Mg 11 absorbers,
roughly symmetrically to both sides of the cluster. In Lopez (2019),
the central redshift and the redshift interval of the GA were estimated
by stepping through thin redshift slices and visually inspecting the
density and connectivity of the Mg 11 absorbers. We have since refined
a little the estimates of the central redshift and the redshift interval
(see Section 2.3.1 for the details). In Fig. 1, the GA can be seen
stretching ~1 Gpc (proper distance, present epoch) horizontally
across the centre of the field. Visually, the GA appears densely
concentrated and with the distinctive shape of a GA.

The Mg 11 density images, such as Fig. 1 here, and others through-
out, are intended to give a useful impression of the connectivity
of the absorbers. The images are constructed by smoothing the
2D distributions of the Mg 11 absorbers and the background probes
(quasars) with a Gaussian kernel, with the same smoothing scale for
both. In a process of ‘flat-fielding’ the absorber image is then divided
by the normalized probe image to correct for non-uniformities in the
distribution of the probes on that smoothing scale. The grey contours
in the Mg 1T density images increase by a factor of 2. We use tangent-
plane coordinates, scaled, using the central redshift, to present-epoch
proper coordinates in Mpc.

2.2 Observational properties of the GA

We investigate the observational properties of the GA, in a visual
manner, including equivalent width (EW) distribution (W, 2796);
signal-to-noise ratio (S/N) of the 22796 Mgl line; S/N of the
continuum of the spectra; the i magnitude (i) of the probes (back-
ground quasars); and the redshift distribution (z2796). Previously, we
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noted that EW distribution could be related to the galaxy properties
(morphology, luminosity, impact parameter, galaxy inclination, etc.),
but these aspects are still not fully understood. While it may not yet be
clear what the EW distribution within the GA indicates, future studies
of EW in Mg 11 data should ultimately lead to more understanding of
the origins of the GA and its environment.

The values of the EW are often classed as ‘strong’ or ‘weak’,
although there seems to be no agreement on what defines ‘strong’
and ‘weak’. For example, in the literature one might find strong EW
variously defined as W, 2796 > 0.3 A, W, 2796 > 0.6 A, and W, 2796 >
1.0A (see e.g. Williger et al. 2002; Churchill et al. 2005; Evans et al.
2013; Dutta et al. 2017). We shall follow Zhu & Ménard (2013) and
use the definitions of strong and weak EWs as W, 2796 > 0.6 A and
W, 2796 < 0.6 10\, respectively.

We divide the W, 2796 EWSs into four bins with boundaries at 0.0,
0.3,0.6,1.0,10.0 A. (The boundaries were chosen to reflect the above
diversity of what corresponds to ‘strong’ in the literature.) The on-
sky spatial coordinates of the absorbers in the GA and its immediate
field are then plotted, with colour coding according to the four EW
bins (see Fig. 2a). The shade of the blue dots in the figure represents
the EW bin, with the lightest shade representing the first bin 0.0 <
W, 2796 < 0.3 A, and the darkest shade representing the last bin 1.0
< Wr, 2796 < 10.0 A

Similarly, with the same set of four blue shades, we show the
S/N of the A2796 Mg1I line, the S/N of the continuum, and the
i magnitude of the probes (see Figs 2b—d). The boundaries of the
bins are as follows: (i) S/N of the A2796 Mg 11 line — 0, 3, 6, 12, 37;
(ii) S/N of the continuum - 0, 8, 16, 24, 47; and (iii) i magnitude
of the background quasars — 16.0, 17.8, 18.7, 19.6, 21.0. The colour
coding again represents the smallest values by the lightest shade of
blue, and the largest values by the darkest shade. Note, that for i, the
lightest shade thus represents the brightest probes.

The EW of the 12796 Mg 1 line should correlate with the S/N of
the 12796 Mg 11 line; Figs 2(a) and (c) show that this is indeed the
case. The brightness (i) of the background quasar should correlate
with the S/N of the quasar continuum; Figs 2(b) and (d) show that
this is indeed the case. Note that brighter quasars, having a higher
continuum S/N, can detect absorbers to a lower threshold EW.

An asymmetry is apparent in the distribution of Mgt EWs
within the GA: the EWs tend to be stronger on the LHS (lower
RA), and in the centre of the GA, than on the RHS (higher RA).
Conversely, there is a tendency for the RHS to have brighter probes
and higher continuum S/N, so, on the RHS, the threshold EW for
detection should tend to be lower and certainly able to detect stronger
absorbers, should they be present. Thus, the collected observations
are consistent with the reality of the observed asymmetry of stronger
absorbers on the LHS.

As discussed earlier, in Section 1.2, there have been many attempts
to understand the relationship between EW and galaxy properties
(morphology, luminosity, impact parameter, galaxy inclination, etc.),
but so far without a clear understanding of the connections between
them. Conceivably, the asymmetry in the EW distribution could
arise from the details of the geometry of the GA and the orien-
tations of the galaxies within it. Future sky surveys and targeted
observations seem likely to be necessary for progress on these
details.

We note that there appears to be a preference for the strongest
(W, 2706) Mg1I absorbers in the GA to clump together into groups
of a few. See the dark blue points in Fig. 2(a), and note in particular
those on the LHS of the GA (lower RA), the centre of the GA, and
the group just above the tip of the RHS (higher RA) of the GA. As
the GA is denser than the rest of the field, we can speculate that the
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Figure 2. The on-sky spatial coordinates of the absorbers in the GA and its immediate field, with colour coding according to the distribution of equivalent width
(EW) of the Mg 11 A2796 line (W, 2796); quasar brightness (i); S/N of the 12796 Mg 11 line; S/N of the quasar continuum. The lightest shades of blue represent
the smallest values (for i, this means that the lightest shades represent the brightest quasars). (a) The on-sky spatial coordinates of the absorbers in the GA and
its immediate field, with colour coding according to the four equivalent width (EW) bins of the 22796 Mg 11 line (W,. 2796). The four EW bins are divided: 0.0,
0.3, 0.6, 1.0, 10.0 A, with the lightest shades of blue representing the smallest values. There are more strong Mg 11 absorbers on the LHS (lower RA) of the GA
than the RHS. Also there appears to be a tendency for the strong Mg 11 absorbers in the GA to clump into groups of a few. (b) The on-sky spatial coordinates
of the absorbers in the GA and its immediate field, with colour coding according to the four / magnitude bins of the background quasars (probes). The i bins
are divided: 16.0, 17.8, 18.7, 19.6, 21.0, with the lightest shades of blue representing the smallest values (this means that the lightest shade thus represents the
brightest quasars). There appear to be more bright quasars on the RHS (higher RA) of the GA than the LHS. (c) The on-sky spatial coordinates of the absorbers
in the GA and its immediate field, with colour coding according to the four S/N bins of the 22796 Mg 1 line. The four S/N bins are divided: 0, 3, 6, 12, 37, with
the lightest shades of blue representing the smallest values. By comparing Fig. 2(a) with the figure here, one will notice that the two properties are correlated. (d)
The on-sky spatial coordinates of the absorbers in the GA and its immediate field, with colour coding according to the four S/N bins of the quasar continuum.
The four S/N bins are divided: 0, 8, 16, 24, 47, with the lightest shades of blue representing the smallest values. By comparing Fig. 2(b) with the figure here,

one will notice that the two properties are correlated.

occurrence of the strongest EWs in proximity is not accidental but is
connected with the origin and environment of the GA.

Recall that the SZ cluster B18, z = 0.763 (Burenin et al. 2018), is
at the centre of the GA. (It is what led to the discovery of the GA.)
At the centre of the GA is a small, circular ‘hole’, and surrounding
this hole is a group of the stronger absorbers. SZ clusters create
a highly ionized environment, but Mg1I absorption occurs in low-
ionised regions. Possibly, a region of high ionisation can account for
the hole, but an origin, in environment, of the enveloping group of
stronger absorbers is not then obvious.

MNRAS 516, 15571572 (2022)

The investigation of small (Az = 0.030), overlapping (by
50 per cent) redshift slices reveals a noticeable difference between
the left-hand and right-hand sides of the GA. For example, the LHS
(lower RA) of the GA appears concentrated in the small redshift slice
located farthest away (z = 0.832 4 0.030), whereas the RHS (higher
RA) of the GA appears spread diffusely through the larger redshift
slice. Interestingly, the LHS of the GA has both a narrower redshift
distribution and a preference for stronger Mg 11 EWs.

Finally, the investigation of the redshift distribution suggests that,
if the GA 1is represented as a segment of a cylindrical shell, then the
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LHS would be tilted away along the line of sight. That is, if the GA
can indeed be represented as a segment of a cylindrical shell, then
it is not precisely orthogonal to the line-of-sight but is rotated with
respect to a north—south axis.

2.3 Connectivity and statistical properties

The GA was discovered visually, from a Mg1I density image (e.g.
Fig. 1). Albeit after the event, we now discuss its connectivity and
statistical properties. The Mg1I absorbers can, of course, be found
only where there are background quasars to act as probes, and those
probes may themselves be subject to spatial variations arising from
large-scale structure and, in particular, from artefacts in the surveys.

We apply three different statistical methods for assessing the GA,
as follows.

(i) SLHC/CHMS (see Clowes et al. 2012). This method depends
first on constructing the 3D minimal spanning tree (MST), and then
separating it at some specified linkage scale. At this stage, it is
equivalent to single-linkage hierarchical clustering (SLHC). The
statistical significance of a candidate structure is then assessed using
its volume obtained as the volume of the CHMS. Note the important
feature that this method assesses the significance of individual
candidate structures.

(i) The Cuzick—-Edwards (CE) test (see Cuzick & Edwards 1990).
It is a 2D ‘case-control’ method that is designed to correct the
incidence of cases for spatial variations in the controls (the underlying
population). It depends on the number of cases that occur within the k
nearest neighbours. The CE test can detect the presence of clustering
in the field, while correcting for variations in the background, and
can assess its statistical significance. It cannot, however, assess the
physical scale of the clustering.

(iii) 2D Power Spectrum Analysis (2D PSA) (see Webster 1976a).
It is a powerful Fourier method for detecting clustering in the field. It
can be effective even for detecting weak clustering. The 2D PSA can
detect the scale of clustering and assess the statistical significance of
the clustering at that scale.

Each of these tests has distinctive attributes, and the reader should
judge the evidence provided by the ensemble. Only the SLHC/CHMS
method assesses the significance of individual candidate structures,
whereas the CE test and the 2D PSA address clustering in the field.
We shall describe below the ‘polygon approach’, in which we assess
the contribution that the GA makes to the results from the CE test
and the 2D PSA for the field. Only the CE test can correct for spatial
variations in the underlying population. However, we shall describe
below, again using the polygon approach, that the 2D PSA has more
power to discriminate than the CE test.

Finally, we emphasize again, that given the nature of the discovery
the statistical analysis is necessarily performed post hoc. The reader
will find that we have used techniques to compare the field containing
the GA with other, unrelated fields (within the same Mg1I data set).
This of course has its limitations due to the non-uniformity of the
background quasars (probes) and potential survey artefacts. We have
also compared with randomized simulations, in which we attempt to
preserve these subtleties of the Mg 11 data.

2.3.1 SLHC/CHMS (minimal spanning tree)

The minimal spanning tree (MST) is a widely used algorithm for
assessing large-scale structure in astronomy and cosmology. When
the MST is separated at some specified linkage scale it is equivalent
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to the algorithm for SLHC. An approach to assessing the statistical
significance of the agglomerations found in this way was introduced
by Clowes et al. (2012): the Convex Hull of Member Spheres
(CHMS) method. It was further used by Clowes et al. (2013) in
the analysis of the Huge-LQG, the Huge Large Quasar Group that
they discovered.

Here, we apply the sequence of SLHC and CHMS to the Mgt
absorbers in the GA field. By specifying a linkage scale and a
minimum membership, the SLHC identifies the 3D agglomerations
or groups within the coordinates of the absorbers. Within each
identified group the CHMS constructs a sphere around each member
point with a radius of half the mean linkage separation for that group.
A volume for the group is then computed as the volume of the convex
hull of its member spheres (and note that the convex hull is a unique
construction). An expected density of absorbers is determined from a
control field and the observed redshift interval of a group. (Here, the
control field is specified as the same field that is being assessed.) The
observed number of member points within a group are then scattered
randomly within a cube at the expected density, and their CHMS
volume is calculated; this is done 1000 times. The significance of the
group is calculated by the rate of occurrence of randomly generated
CHMS volumes that are smaller than the observed volume. See
Clowes et al. (2012) for full details of the CHMS method.

In principle, this SLHC/MST approach should be applied only
to surveys that have no intrinsic spatial variations. The background
quasars — the probes of the Mgll absorbers — are drawn from a
merger of the SDSS DR7QSO and DR12Q data bases. While a
reasonably spatially uniform subset can be extracted from DR7QSO,
DR12Q is much more strongly affected by spatial artefacts arising
from deeper areas. Thus, the distribution of the background quasars
can conceivably affect the distribution of the MgIl absorbers in
some, possibly complicated, way. However, if the distribution of
the background quasars appears to be reasonably homogeneous in
the area of interest, then we can assume that the distribution of
Mg 11 absorbers is predominantly a product of the LSS and not the
availability of background quasars. Of course, the distribution of
background quasars can still have some effects — such as occasional
gaps in connectivity — on the Mg Il absorbers even in such reasonably
homogeneous regions.

Fig. 3 shows the kernel-smoothed distribution (¢ = 11 Mpc,
present epoch) of the background probes (quasars) in the area of the
GA for z > 0.862. It is clear that there are denser areas, less dense
areas, and even empty patches, across the whole image, indicating
the spatial non-uniformity of the background probes. There is a
particularly dense band in approximately the northern third, which
arises from a deeper area of the DR12Q survey. However, there
are evidently no artefacts that correspond to the dimensions and
orientation of the GA.

We are now taking the GA to be predominantly concentrated in
the redshift interval 0.802 4 0.060, so 0.742 — 0.862. Its (present-
epoch) depth is then ~340 Mpc.

This redshift interval appears to be the optimum, following a
heuristic process of stepping through a range of redshift intervals and
determining the membership and significance of the GA through the
SLHC/CHMS method. Redshift intervals of thickness Az = £0.050
between 0.760 < z < 0.810 were tested, using various linkage scales,
and a clear peak signal for the GA was seen around the redshift z =
0.810 using a linkage scale of 95 Mpc (see Section 2.3.2 for the
details of choosing the optimum linkage scale). Further, finer-scale,
testing revealed the greatest number of connected GA members to
be more precisely located at z = 0.802, again for the linkage scale of
95 Mpc. The significance for z = 0.802 £ 0.050 is 4.150. Widening
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North

Mpc
East

Figure 3. The tangent-plane distribution of background probes (quasars) in
the GA field with redshifts z > 0.862, represented by the dark blue points. The
blue contours, increasing by a factor of 2, represent the density distribution of
the quasars using a Gaussian kernel with a smoothing scale of & = 11 Mpc.
The axes are labelled in Mpc, scaled to the present epoch. East is towards
the right and north is towards the top. It is clear that there are denser areas,
less dense areas, and even empty patches, across the whole image, indicating
the spatial non-uniformity of the background probes. There is a particularly
dense band in approximately the northern third. However, there are evidently
no artefacts that correspond to the dimensions and orientation of the GA.

the redshift interval to z = 0.802 £ 0.060 gives a slightly higher
significance of 4.300, and the number of member Mg II absorbers is
then increased from 42 to 44.

A second, smaller, agglomeration made up of 10 and 11 absorber
members at both z = 0.802 £ 0.050 and z = 0.802 + 0.060
respectively, although not formally significant (1.75¢ and 2.040,
respectively), is clearly also part of what we identified visually as
the GA. Conceivably, just one further background probe would be
sufficient to yield one further absorber that would then connect both
agglomerations as one significant unit. We have emphasized the
limitations of the SLHC/CHMS method for this data set, and we
might here be seeing their consequences.

As noted above, the estimation of the CHMS significance requires
a control field from which the expected average density is calculated.
For the CHMS significances given above, we used the same field as
that containing the GA. This was a deliberate choice, given the spatial
variations of the wider survey. Clearly, the GA must then represent a
small fraction of the total area and number of absorbers (~ 7 per cent
of the absorbers are from the GA).

Even so, the distribution of background probes (quasars) in the
field of the GA is not uniform — notably the denser band in the north-
ern third. This non-uniformity could affect the CHMS calculations of
significance, either by overestimating or underestimating, depending
on whether the probes are generally underpopulated or overpopulated
in the control field. A second estimate of the significance can be
calculated from the CHMS method by increasing the field-of-view
(FOV) containing the GA, and using it as a new control field. Fig. 4
shows the background probes in the field containing the GA with the
western and southern boundaries extended. Note that the eastern and
northern boundaries were not extended because of proximity to the
edge of the survey area.
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Figure 4. The tangent-plane distribution of background probes (quasars), in
the same region of sky as the GA for redshifts z > 0.862, represented by the
dark blue points. The field-of-view has here been increased by extending the
western and southern boundaries. The blue contours, increasing by a factor
of 2, represent the density distribution of the quasars using a Gaussian kernel
with a smoothing scale of o = 11 Mpc. The axes are labelled in Mpc, scaled
to the present epoch. East is towards the right and north is towards the top.
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Figure 5. The GA connected via the SLHC algorithm. There are 44 black
points which indicate the principal agglomeration of the GA — the largest, and
most significant agglomeration in the field —, which comprises the majority of
the GA. There are 11 red points which indicate the secondary agglomeration
of the GA, which, although by itself not statistically significant, is clearly part
of the GA. The axes are labelled RA and Dec where east is towards the right
and north is towards the top.

Using the larger FOV in the redshift interval z = 0.802 =+ 0.060,
the CHMS method calculates a significance of 4.53¢ for the principal
agglomeration of the GA. As noted previously, the GA is split into
two agglomerations by the SLHC algorithm, shown in Fig. 5. For
this entire, larger, FOV, there are 35 agglomerations in total, with
the principal agglomeration of the GA being the largest and most
significant, and the only agglomeration with a significance >3.50.
Fig. 5 shows the GA as located by the SLHC/CHMS method, with
the principal agglomeration represented by the black points; the red
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Table 2. Results from applying the SLHC/CHMS algorithm to three lower redshift slices in the same (larger) FOV as
the GA (see Fig. 4). The columns are: the redshift interval of the Mg 11 absorbers; the redshift of the background probes
(quasars); the number of structures found by the SLHC algorithm; the number of structures exceeding 3o significance;
the number of structures exceeding 4o significance; the number of structures exceeding 3o significance after removing
those that reside in artefacts of the probes. Note that the three lower redshift slices have two sets of probes with different
redshifts: one for the probes corresponding to those in the GA field, and one for the probes corresponding to the redshift

slice.
Redshift slice Probes N total N > 3.00 N > 4.00 N not rejected
as artefacts

z =10.802 %+ 0.060 z > 0.862 35 4 1 (GA) 2 (incl. GA)
7z =0.682 £+ 0.060 z > 0.862 31 3 1 3

z > 0.742 34 6 2 4
7z =0.562 £+ 0.060 z > 0.862 17 6 3 2

z > 0.622 19 7 4 3
7z =0.442 £+ 0.060 z > 0.862 9 1 0 0

z > 0.502 12 2 0 0

Notes. (1) For each redshift slice the overall density of absorbers in the field varies, so we modify the linkage scale

according to the relation s = (pg/p)'/?

is the density for the new field concerned.

x 95 Mpc, where s is the linkage scale, pg is the density for the GA field and p

(2) The number of structures reduces in each successively lower redshift slice, because the number of Mg 11 absorbers
reduces as the lower-wavelength limit of detectability is approached.

points indicate the smaller, separate agglomeration of much lower
significance, but visually it can clearly be seen as part of the GA.

The SLHC/CHMS algorithm is next applied to three lower redshift
slices —z =0.682 £ 0.060, z =0.562 £+ 0.060, and z = 0.442 £ 0.060
—1in the same (larger) FOV as the GA (see Fig. 4). Using lower redshift
slices and the same FOV means that we can conveniently compare
the Mg 11 absorbers arising from the same probes as those in the GA
field by restricting the probes to z > 0.862. We can also apply the
SLHC/CHMS method to the same three lower redshift slices without
this redshift restriction on the probes. Recall, however, that the
probes may show density artefacts with a large FOV. As mentioned
previously, the SLHC/CHMS method can be problematic for the
Mg analysis because of these artefacts. Therefore, superficially
significant structures that correspond to particularly dense patches
of probes are likely to be discarded. The results are summarized in
Table 2.

As can be seen in Table 2 there are significant (~30') structures. At
a more cautious limit of 40, however, there were only two candidate
structures which did not reside in an artefact (in redshift slices z =
0.682 and z = 0.562). We shall in due course investigate them further,
starting with optimisation of the redshift intervals.

Finally, we introduce a random-simulation aspect to the
SLHC/CHMS analysis. We have carried out 1000 random simu-
lations as follows. (i) We consider the large, extended area that
corresponds to (Fig. 4). (ii) We consider only the probes at higher
redshift than the redshift slice of the GA — that is, we continue (as
with the slices of redshift lower than that of the GA) to use only the
probes appropriate to the GA, so that density artefacts in the probes
remain identical. (iii) We reassign at random Mg II absorbers of any
redshift to the probes, while not splitting occurrences of multiple
absorbers per line of sight. (Note that splitting absorbers would have
the undesirable effect of changing the total number of probes with
absorbers.) (iv) We then analyse the random-simulated data as for
the actual GA slice, selecting absorber redshifts for the redshift slice.

Within the simulations, we looked for ‘structures’ that had prop-
erties comparable to, or more extreme than, the observed properties
of the GA (precisely, of GA-main — see below). The properties
considered were the set of: number of members; SLHC/CHMS

significance; and overdensity. In all cases (roughly one occurrence
per two simulations), we found that these ‘comparable structures’
were in the regions of the visually-obvious density artefacts, and
never in the region occupied by the real GA. The occurrence of the
‘comparable structures’ in the density artefacts is as expected: for
those artefacts, the linkage scale and the control density would clearly
not be appropriate. We can infer that the probability of the real GA
(precisely, GA-main) occurring as a random event is <0.001.

The SLHC algorithm easily identifies the GA, with 44 connected
Mg 11 absorbers, and the CHMS method estimates a significance
of ~4.5¢0 using the central redshift z = 0.802. In every redshift
interval investigated, the GA appears in two parts: (i) the principal
agglomeration, which is large in both physical size and membership,
and statistically very significant; and (ii) the secondary agglomer-
ation, small in size and membership, and by itself statistically not
significant. As mentioned earlier, the Mg II absorbers depend on the
availability of background probes (quasars), and without those, Mg It
would not be detected. Thus an artefact in the distribution of probes
— i.e. a gap, perhaps of just one missing probe — could lead to an
artefact of apparent splitting into two agglomerations.

We have seen previously, in Section 2.2, that there is a noticeable
difference between the LHS and RHS of the GA with regards to
redshift distribution. Investigating small (Az = 0.030), overlapping
(by 50 per cent) redshift slices has highlighted the sub-structure of
the GA along the redshift axis. We find that the larger agglomeration
of the GA is distributed more evenly and widely along the redshift
axis, while the smaller agglomeration is concentrated in a narrower
redshift slice. It becomes clear from the central redshift slice and
below (z < 0.802) that there are no Mg 11 absorbers available that can
connect the small agglomeration to the large agglomeration.

More data, such as the new SDSS DR16Q quasar database (Lyke
et al. 2020), could provide additional information to investigate the
GA further. This includes, conceivably, the possibility of connecting
the small agglomeration to the large agglomeration of the GA.
However, this would require construction of a new Mgl catalogue
corresponding to the DR16Q quasars. In the future, we plan to
create our own MgII catalogues from previous and future quasar
data releases.
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2.3.2 Selecting a Linkage Scale

The linkage scale that is set in the SLHC/CHMS method determines
both the number of agglomerations and their memberships. It was set
at 95 Mpc for the GA. This setting was partly guided by the linkage
scale that was known to be effective for the CCLQG, and which,
when used subsequently, led to the discovery of the Huge-LQG and
many other LQGs (see Clowes et al. (2012) and Clowes et al. (2013)).
Clearly, the linkage scale must be adjusted for field density; in this
case, starting from the linkage scale that was effective for LQGs
(i.e. for LSS in quasars) we calculate a linkage scale of 85 Mpc for
Mg 11 absorbers in the GA field. From here we followed the heuristic
process described in Section 2.3.1 to identify an optimum linkage
scale of 95 Mpc for the Mg 11 absorbers.

One must remember that Mg II absorbers are distinctly different
from quasars and therefore cannot be treated in quite the same
way. For example, the linkage scale that works for quasars will not
necessarily work for the Mg 11 absorbers since the latter is a case of
inhomogeneities (the absorbers) superimposed on inhomogeneities
(the quasars and survey artefacts). Future work will address the
development of a clustering analysis that is specifically addressed
to the requirements of Mg II absorbers.

It is in the nature of discoveries that there will be a post hoc aspect
to the analysis. What turned out to be effective for the CCLQG led
to the discovery of the Huge-LQG: an initial discovery, followed by
a heuristic process, followed by an entirely objective a priori new
discovery. It is in this spirit that we present the discovery of the
GA: one for which the techniques and parameters used to assess
and characterise it can subsequently be applied to the whole Mg 11
database.

For completeness, we can briefly mention what results from
instead setting the linkage scale to 85 Mpc, 90 Mpc, 100 Mpc, and
105 Mpc for the adopted redshift slice. In five runs, using linkage
scales of 85 Mpc, 90 Mpc, 95 Mpc, 100 Mpc, and 105 Mpc, there are
totals of 4, 25, 35, 43, and 3 agglomerations found respectively, with
the GA always being the most significant in all except the 105 Mpc
run. The middle three runs split the GA into two parts — one large and
significant, and one smaller and less significant. For the following
comments, we concentrate only on the large, significant part of the
GA located in the middle three runs (90, 95 and 100 Mpc), which
makes up the majority of what we visually identified as the GA. (1)
It has a significance greater than 3.8¢ in all of the three runs. (2) It
is the only agglomeration that has a significance greater than 3.50,
with only two or three agglomerations above 3¢ (all others being
below a 3¢ threshold). (3) In both the 90 Mpc and 95 Mpc runs, it is
the largest agglomeration by membership, and is the second largest
by membership in the 100 Mpc run. Lastly, we mention what arises
from setting the linkage scale to 85 Mpc and 105 Mpc. Using these
linkage scales one can see that the SLHC / MST method has reached
its maximum and minimum limit with the linkage scales, as there
are only 4 and 3 structures found, respectively. The corresponding
memberships are 20 and 133 with significances of 3.60 and 0.80,
respectively. As is demonstrated, going any lower or higher with the
linkage scale would yield nothing of consequence: either no struc-
tures, or one large structure containing almost everything. It is worth
noting that, although the 85 Mpc linkage scale is the minimum at
which structures can be found in the Mg 1T data at this redshift/density,
the GA is still mostly detected, still the largest agglomeration in the
field, and the only structure detected with a significance over 3o (see
Fig. 6).

Note that for future work, involving the remainder of the Mg 11
database, we can adopt this scale of 95 Mpc as a standard, with
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Figure 6. The four structures found via the SLHC/CHMS method using a
reduced linkage scale of 85 Mpc. The black dashed rectangle corresponds to
Fig. 5 for comparison. The GA is still mostly detected in what appears to be
two parts. The largest agglomeration, containing 20 Mg IT absorber members
represented by the red points in the figure, makes up the majority of what we
visually identify as the GA. The second largest agglomeration, containing 14
Mg 11 absorber members represented by the blue points in the figure, is also
part of what we visually identified as the GA and can be seen as an extension
of the red points. The axes are labelled RA and Dec where east is towards the
right and north is towards the top.
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scaling according to the density of absorbers (i.e. s = (po/p)"”s0) in

the volumes of interest.

2.3.3 Cuzick-Edwards test

‘We mentioned above that, strictly, the SLHC / MST approach should
be applied only to surveys that have no intrinsic spatial variations.
However, a statistical test for (two-dimensional) clustering exists
that is designed to manage spatial variations in the source data: the
Cuzick-Edwards test (Cuzick & Edwards 1990). We apply it here.

The Cuzick-Edwards test (hereafter CE test) has been used mainly
in medical research, such as the clustering patterns of diseases within
unevenly populated geographical regions. (The essential character of
our problem is the same.) It adopts a ‘case-control’ approach to a k
nearest-neighbour (NN) analysis. Several papers have compared the
properties of the CE test amongst various spatial clustering analyses
and assert that the CE test is powerful and sensitive in estimating
clustering significance within a point data set (see e.g. Song &
Kulldorff 2003; Hinrichsen et al. 2009; Meliker et al. 2009). In
Song & Kulldorff (2003), the authors note that the CE test is used
more appropriately if the level of clustering is known beforehand.

Inevitably, for our problem, the statistical properties of the GA
are tested after the event of discovery (i.e. the level of clustering is
known).

We used the CE test that is coded in the application gnn.test in the
R package SMACPOD (Statistical Methods for the Analysis of Case-
Control Point Data; French 2020). The probes (i.e. the background
quasars) are labelled as ‘controls’ and the Mgl absorbers in the
redshift interval are labelled as ‘cases’. The gnn.test then uses a NN
algorithm to find the ¢ (or k) NNs of any case to another case.

The test statistic is then calculated as

T, = Xn:&-df
i=1

where

8; = 1 if the data point is a case or 0 if it is a control;
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Figure 7. (a) Density distribution of the flat-fielded Mg 11 absorbers represented by the grey contours which have been smoothed using a Gaussian kernel of o =
11 Mpc and increase by a factor of 2. Blue dots represent the background probes (quasars). (b) The median p-value over 100 runs of 2000 simulations as a function
of chosen ¢ (k) value in the GA field; see the adjacent image. The blue, horizontal line is set to p = 0.05. The p-value is at a minimum of 0.0072 when ¢ is 40.

d’ = 1 if the NN is a case and 0 if it is a control.

The p-value from gnn.test is calculated from simulations under
the random-labelling hypothesis (French 2020) for nsim = 2000
simulations.

The choice of maximum ¢ (k) value that is adopted for the test
will depend on the control-case ratio, as can be seen from the test
statistic calculation. There are ~20 times as many probes (controls)
as Mg IT absorbers (cases) in the redshift interval of the GA. Cuzick &
Edwards (1990) examine the power of the CE test with varying
control-case ratios and find that a control-case ratio of between 4 and
6 is optimum (see their fig. 5).

Therefore, we choose to use a control-case ratio of ~ 5:1. To
achieve this we randomly select 25 per cent of the probes, for each of
100 runs of gnn.test. (Randomly-selected controls that duplicate the
coordinates of the cases in a given run are removed.) The 100 runs
also allow us to assess how robust are the estimates of significance
for the Mg I absorbers.

We use a set of ¢ (k) values: 1, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36,
40, 44, 48, 52, 56, 60, and 64. We start by applying the gnn.test to
the basic GA field.

Then, to assess the (presumed) dominance of the GA itself we
apply the test to a succession of smaller fields (smaller in the north—
south direction), all centred on the GA. In Figs 7-9, the median
p-value over 100 runs of 2000 random simulations is shown plotted
against the chosen g values, with the corresponding flat-fielded Mg 11
image shown alongside.

The process of zooming into the GA allows the GA to become
the dominating feature in the field, which, as a result, increases
the significance of clustering (i.e. smaller p-value). In the first
Mg field, Fig. 7(a), the minimum p-value is 0.0072 at a g-
value of 40, which (assuming a normal distribution) is equivalent
to a significance of ~2.680, Fig. 7(b). Whereas in the third
Mg field, Fig. 9(a), the minimum p-value drops to 0.0027 at
a g-value of 40, which is equivalent to a significance of 3.000,
Fig. 9(b). In this way we can judge that the GA is the dominant,
contributing factor to the significant level of clustering in the
field.

The heuristic process of ‘zooming’ into the GA was next applied
to three other fields at lower redshift slices (z: 0.682, 0.562, 0.442)
centred on the sky coordinates of the GA. The background probes
are kept the same in the three new fields as those in the GA field,
allowing a direct comparison of clustering in just the Mg I absorbers
(as in Section 2.3.1). Figs 10-12 show the results of the CE test
for the three lower redshift fields using the smallest field size (i.e.
the second ‘zoom’). The p-value profiles as a function of g-value in
each of the lower redshift fields appear more scattered and varied
compared with the GA results.

The major difference between the p-value profiles for the GA field
and the p-value profiles for three lower redshift fields is that there is
no sign of any significant results (p-value <0.05) in any of the three
lower redshift fields for any of the chosen ¢ values. The background
probes were the same in all four fields (GA field and the three lower
redshift fields), indicating that the Mg1I absorbers are responsible
for the different p-value profiles. From this we can assert that the GA
field is markedly distinct, with significant clustering attributable to
the GA.

As a further test of the dominance of the GA in the CE statistics, we
have applied our ‘polygon-approach’. Visually, we draw a polygon
around what we identify visually as the member absorbers of the
GA. We leave the absorbers in the polygon untouched but reassign
(i.e. shuffle) at random the y-coordinates of absorbers outside the
polygon, while avoiding the area within the polygon. We apply this
process to the data of Fig. 9(a). In this way, we can compare the CE
statistics arising from the original data with those in which the GA
points inside the polygon are unchanged but those outside the GA
polygon are randomized. We find that the range of p-values for the
original data (p-values ~ 0.002-0.003) is very similar to that of the
GA + randomized data (p-values ~ 0.001-0.003), suggesting that
the GA is indeed the dominant source of the clustering signal.

2.3.4 Power spectrum analysis

Power spectrum analysis (PSA) — see mainly Webster (1976a), but
also Webster (1976b) and Webster (1982) — is a powerful Fourier
method for assessing the presence and significance of clustering in

MNRAS 516, 1557-1572 (2022)

G20z Aey Zz uo Jasn ailyseoueT] [enua) 1o Ausisalun Aq 6082599/26S1/2/91 G/o/0ne/seiuw/woo dnooiwepese//:sdiy wo.ll papeojumod



1566

)
o
- : .
2
. -
?.. .
4
an
s ®
o)
[ 1
o

200
F
..
-
.

2%

S IR
, ,:-.,?.'\3
o ?: :.
.':..

‘bnl

%,

400
L 2]
e

(2)

A. M. Lopez, R. G. Clowes and G. M. Williger

0.15
L

Median p Value
0.10
|

East

0.05

o o
°© o
o
° o0
°© 45 0 oo o©
T T T T T T T T T T T T T T T T1
—TANYT O NOOYTRNLOTRNL QY
~FrdAAOOITIILOLSD

q Values

(b)

Figure 8. (a) Density distribution of the flat-fielded Mg II absorbers represented by the grey contours which have been smoothed using a Gaussian kernel of
o = 11 Mpc and increase by a factor of 2. Blue dots represent the background probes (quasars). This is the first ‘zoom’ of the GA, where the GA field has been
reduced in the north and south boundaries. (b) The median p-value over 100 runs of 2000 simulations as a function of chosen g (k) value in the first ‘zoomed’
field containing the GA; see the adjacent image. The blue, horizontal line is set to p = 0.05. The p-value is at a minimum of 0.0107 when ¢ is 36.
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Figure 9. (a) Density distribution of the flat-fielded Mg 11 absorbers represented by the grey contours which have been smoothed using a Gaussian kernel of
o = 11 Mpc and increase by a factor of 2. Blue dots represent the background probes (quasars). This is the second ‘zoom’ of the GA, where the GA field has
been further reduced in the north and south boundaries. (b) The median p-value over 100 runs of 2000 simulations as a function of chosen ¢ (k) value in the
second ‘zoomed’ field containing the GA; see the adjacent image. The blue, horizontal line is set to p = 0.05. The p-value is at a minimum of 0.0027 when ¢ is

40.

rectangular (2D PSA) or cuboidal fields (3D PSA). PSA was designed
to be effective for the detection of clustering that may be weak and
escape detection by other methods; it is, however, not a case-control
method. A brief summary of the theory of PSA may be found in
section 5 of Clowes (1986).

We apply 2D PSA to the same rectangular field, illustrated in
Fig. 9(a), that was used for the CE analysis above. Fig. 13 shows
the plot of the intermediate PSA statistic 0 against 1/A. The (six)
high points towards the left of the plot allow a clustering scale of
A ~ 270 Mpc to be identified. The final PSA statistic Q for this scale
A corresponds to a detection of clustering at a significance of 4.80°.

We have applied the polygon-approach here also. As in the
discussion above for the CE method, we leave the GA absorbers
in the polygon untouched but reassign (i.e. shuffle) at random the y-
coordinates of absorbers outside the polygon, while avoiding the
area within the polygon. In this way we can establish that the
significance from the 2D PSA of the GA absorbers alone —i.e. with
other absorbers randomized — has a mean value ~3.5¢ (with a range
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3.0-4.40) for the original scale A, ~ 270 Mpc. In fact, the value of
A for the polygon-approach varies too, with the mean significance
at the actual values of A, being ~3.80.

From this polygon approach, it appears likely that, while the GA
is the dominant contributor to the PSA result, a smaller contribution
from other absorbers in the field is detected too. This outcome might
be expected, given the power of the PSA method. The failure to detect
a contribution from the other absorbers with the CE method could
be because the CE method is intrinsically less sensitive, or because
its case-control correction has successfully eliminated artefacts from
the background probes (the controls).

The polygon-approach can also be used to assess the relative power
of the 2D PSA and the CE test. For example, we reduced the number
of GA absorbers in the polygon from 52 to 42 by random selection
(with the points outside the polygon being randomized as usual
but unchanged in total number). In that case, the GA is generally
not detected by the CE test, at a significance level of 0.01 (2.30),
but is generally still detected by the PSA, at >2.70. The power
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Figure 10. (a) Density distribution of the flat-fielded Mg 1I absorbers in the redshift interval z = 0.682 =+ 0.060, on the same sky coordinates of the ‘zoomed’
GA field, represented by the grey contours which have been smoothed using a Gaussian kernel of o = 11 Mpc and increase by a factor of 2. Blue dots represent
the background probes (quasars). (b) The median p-value over 100 runs of 2000 simulations as a function of chosen ¢ (k) value in the z = 0.682 £ 0.060 redshift
interval on the same sky coordinates as the ‘zoomed’ GA field; see the adjacent image.
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Figure 11. (a) Density distribution of the flat-fielded Mg 11 absorbers in the redshift interval z = 0.562 £ 0.060, on the same sky coordinates of the ‘zoomed’
GA field, represented by the grey contours which have been smoothed using a Gaussian kernel of o = 11 Mpc and increase by a factor of 2. Blue dots represent
the background probes (quasars). (b) The median p-value over 100 runs of 2000 simulations as a function of chosen ¢ (k) value in the z = 0.562 £ 0.060 redshift
interval on the same sky coordinates as the ‘zoomed’ GA field; see the adjacent image.

of a statistical test to discriminate is an important factor, and an
uninteresting p-value does not necessarily mean nothing interesting
in the data. Webster (1976a) demonstrates that the PSA has more
power to detect clustering than a simple nearest-neighbour test. The
CE test uses multiple neighbours, and so can be expected to have
more power than a nearest-neighbour test, but, as our tests with
the polygon-approach suggest, still has less power than the PSA. Of
course, the CE test has the useful feature of case-control comparisons,
whereas the PSA does not.

2.4 Overdensity

As seen previously, the SLHC/CHMS method splits the GA into two
agglomerations — one large, statistically significant portion which
makes up the majority of what we visually identified as the GA, and
one smaller, statistically not significant portion that makes up the
remainder of what we visually identified as part of the GA. We will
refer to these agglomerations as GA-main and GA-sub, respectively,
for simplicity. The overdensity of the GA can be calculated using

the CHMS approach as described earlier in the paper (Section 2.3.1).
However, in the case of a strongly curved structure such as the
GA (and GA-main), the MST-based method of Pilipenko (2007)
can have some advantages. We shall refer to these two methods as
CHMS-overdensity and MST-overdensity, respectively. The MST-
overdensity does not consider the physical volume of the structure
being assessed. Instead, it calculates the overdensity based on the
MST edge-lengths: § = (I3)/(I*) — 1 where [ is MST edge-length
for the structure and [, is that for a control field. Given the curvature
of GA-main, the CHMS volume and CHMS-overdensity refer to a
volume that encloses both GA-main and some space above it (where
there are rather fewer absorbers, and those are not related to the GA).
Therefore, the CHMS method is likely to overestimate the volume
and underestimate the overdensity. In contrast, the MST-overdensity,
which is an internal measure that considers only the points belonging
to the group, and no additional space arising from curvature, is likely
to be a better estimate of the overdensity. Conversely, GA-sub is
a globular shape, so it is possible to construct a unique volume
enclosing only the absorbers attached to GA-sub and not additional
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Figure 12. (a) Density distribution of the flat-fielded Mg 11 absorbers in the redshift interval z = 0.446 4 0.060, on the same sky coordinates of the ‘zoomed’
GA field, represented by the grey contours which have been smoothed using a Gaussian kernel of o = 11 Mpc and increase by a factor of 2. Blue dots represent
the background probes (quasars). (b) The median p-value over 100 runs of 2000 simulations as a function of chosen ¢ (k) value in the z = 0.446 £ 0.060 redshift
interval on the same sky coordinates as the ‘zoomed’ GA field; see the adjacent image.
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Figure 13. The plot shows the PSA statistic Q/ plotted against 1/A, with 4 in
Mpc, for the 2D PSA. The bin size is 6.7 x 10~* Mpc~! and the error bars
are +o0. The horizontal line Q/ = 1 indicates the expectation value in the
case of no clustering. The (six) high points towards the left of the plot allow
a clustering scale of A, ~ 270 Mpc to be identified. The final PSA statistic Q
for this scale X, corresponds to a detection of clustering at a significance of
4.80.

ones at lower density. Therefore, the CHMS-overdensity calculation
for GA-sub is likely to be a fair estimate.

GA-main, as mentioned earlier, has a significance of 4.50, while
GA-sub has a much smaller significance of 2.30. By splitting the
usual control field (using the larger field-of-view, see Fig. 4) into
eight portions — four quarter segments and four half segments —
we repeatedly calculate the significance and the overdensities of
GA-main and GA-sub using different control fields. An uncertainty
can then be estimated for the significance and overdensities for
both portions of the GA. Our results are as follows: (1) GA-main,
containing 44 Mg1I absorbers, has a significance of (4.5 & 0.6)0;
a CHMS-overdensity of § pcums/ocavs = 0.9 + 0.6; and an MST-
overdensity of pmst/pmst = 1.3 £ 0.3; (2) GA-sub, containing
11 Mg11 absorbers, has a significance of (2.1 £ 0.9)o; a CHMS-
overdensity of 6 pcams/pPcums = 1.5 & 0.3; and an MST-overdensity
of §p/p = 1.3 £ 0.3. As expected, the CHMS-overdensity is
lower than the MST-overdensity for GA-main, indicating that the
CHMS unique volume encapsulating GA-main is likely to be an
overestimate because of the curvature of the arc. In contrast, for
GA-sub, which has a globular-shape, the CHMS-overdensity and the
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MST-overdensity have similar values, as expected when there is no
marked curvature. In addition, the CHMS-overdensity has a much
larger error than the MST-overdensity that suggests giving preference
to the latter. Notice here that both GA-main and GA-sub have the
same MST-overdensity, which supports their belonging to the same
structure.

A final method of calculating the number overdensity is to simply
draw a rectangle around the visually selected Mg1I absorbers in
the GA and compare the number of absorbers per unit area in
the rectangle to the number of absorbers in the whole field. The
method will underestimate the GA overdensity for three reasons:
(i) the GA contributes to the density of the whole field, although
only by a small fraction; (ii) the rectangular shape around the GA
overestimates the area encompassing the GA as the GA is curved,
therefore having a large portion of ‘empty’ space (with non-GA
absorber members); (iii) this method encompasses the whole GA
from visual inspection, rather than separating it into two agglomer-
ations like the CHMS method, thus reducing the overall density in
the GA rectangle. Using this method we calculate an overdensity of
dplp ~0.93.

In addition to the number overdensity, we can estimate the mass
excess by assuming 8, = §,, where 6, is the MST-overdensity
and §,, is the mass overdensity. We use here the MST-overdensity,
rather than the CHMS-overdensity. We are here taking the critical
density of the Universe to be 9.2 x 107>’ kgm™, as calculated
using the cosmological parameters used throughout this paper, and
the matter—energy density parameter to be €2j0 = 0.27. The mass
excesses for GA-main and GA-sub are then 1.8 x 10'®My and
3.4 x 10'"Mg, respectively. Note that the mass excess of GA-main
+ GA-sub is comparable to that of the Huge-LQG (Clowes et al.
2013).

2.5 Comparisons with other data

Independent corroboration of a very large LSS by an independent
tracer can provide compelling support. In the case of the Huge-LQG
(Clowes et al. 2013), a ~ Gpc structure of quasars, independent
corroboration was provided by Mg II absorbers. Here, we can invert
this approach and look for corroboration of the GA, a ~ Gpc structure
of Mg 11 absorbers, in quasars. We use the SDSS DR16Q data base
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Figure 14. (a) Density distribution of the flat-fielded Mg 11 absorbers in the redshift slice z = 0.802 =+ 0.060 represented by the grey contours that have been

smoothed using a Gaussian kernel of o = 11 Mpc and increase by a factor of 2. Blue contours represent the DR16Q quasars with i < 20.0, in the same redshift

slice as the Mg 11 absorbers, smoothed using a Gaussian kernel of o = 11 Mpc and increasing by a factor of 2. The GA can be seen stretching across ~1 Gpc
in the centre of the figure (at tangent-plane y-coordinate ~0 Mpc). Visually, the blue contours can be seen to follow the same general trajectory as the grey

contours, indicating an association between the Mg I1 absorbers and the DR16Q quasars. (b) Density distribution of the flat-fielded Mg 11 absorbers in the redshift

slice z = 0.802 £ 0.060 represented by the grey contours which have been smoothed using a Gaussian kernel of o = 11 Mpc and increase by a factor of 2. Blue

contours represent the DR16Q quasars, with i < 19.5, in the same redshift slice as the Mg 11 absorbers, smoothed using a Gaussian kernel of ¢ = 11 Mpc and

increasing by a factor of 2. The GA can be seen stretching across ~1 Gpc in the centre of the figure (at tangent-plane y-coordinate ~0 Mpc). Visually, the blue
contours can be seen to follow the same general trajectory as the grey contours, indicating an association between the Mg II absorbers and the DR16Q quasars.

(Lyke et al. 2020). In addition, we look at the data bases of DESI
galaxy clusters from Zou et al. (2021).

We are concerned at this stage with simple visual inspection,
and will leave the subtleties of correcting for possible artefacts
in the DR16Q quasars and the DESI clusters to future work. Our
approach here will be simply to superimpose contours for the spatial
distribution of the quasars (in blue) and the clusters (in green) on to
the Mg 11 density images (grey, as previously).

We begin with the quasars, selected for the same redshift interval
as the GA (Fig. 14). We show two cases, one for quasars with i <
20.0 (Fig. 14a) and one for i < 19.5 (Fig. 14b). We anticipate that we
should then be restricting to ‘traditional” high-luminosity quasars. In
both cases, it is immediately clear that the quasars follow the same
general trajectory as the GA. The quasars are entirely unrelated to
the probes of the GA, and so we have in these plots quite striking
independent corroboration of the GA. Furthermore, the tendency of
the Mg 11 absorbers in general and the quasars to share common paths
and voids is apparent, especially so in Fig. 14(b).

Note that there is a density boundary in the distribution of the
DR16Q quasars: in roughly the lower third of the plots the density
of the quasars is lower than above. This artefact, however, is well
separated from the GA and does not affect our visual assessment.

We continue with the DESI clusters, again selected for the same
redshift interval as the GA (Fig. 15). Note that the redshifts for the
DESI clusters are photometric, with redshift errors ~0.024 at z ~
0.9 (Zou et al. 2021). (In contrast, we might expect the redshift errors
for the quasars to be ~0.003.)

There is no compelling association of the DESI clusters and the
GA, although there is perhaps a hint on the RHS. Possibly the
substantial errors in the photometric redshifts are a factor in diluting
any correspondence that might exist. An interesting feature in Fig. 15
is, however, the ‘cluster of clusters’ in the centre of the GA, largely
coinciding with the central small gap in the Mg Il absorbers of the GA.
It could be a large supercluster, with the SZ cluster B18, mentioned
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Figure 15. Density distribution of the flat-fielded Mgl absorbers in the
redshift slice z = 0.802 £ 0.060 represented by the grey contours which have
been smoothed using a Gaussian kernel of ¢ = 11 Mpc and increase by a
factor of 2. Green contours represent the DESI clusters, of all richnesses, in
the same redshift slice as the Mg1I absorbers, smoothed using a Gaussian
kernel of o = 11 Mpc and increasing by a factor of 2. The GA can be
seen stretching across ~1 Gpc in the centre of the figure (at tangent-plane
y-coordinate ~0 Mpc). There are no compelling connections between the
DESI clusters and the Mg 11 absorbers.

previously, as one of its member clusters. We previously mentioned,
in Section 2.2, that there appears to be a set of strong Mg Il absorbers
enveloping a circular hole in the centre of the GA. It seems likely that
these enveloping strong absorbers and the central hole are related to
this putative supercluster.
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Figure 16. Density distribution of the flat-fielded MgIl absorbers in the
redshift slice z = 0.802 4 0.060 represented by the grey contours which have
been smoothed using a Gaussian kernel of o = 11 Mpc and increase by a
factor of 2. Green contours represent the DESI clusters, with the richness limit
R < 22.5, in the same redshift slice as the Mg 1I absorbers, smoothed using a
Gaussian kernel of o = 11 Mpc and increasing by a factor of 2. The GA can
be seen stretching across ~1 Gpc in the centre of the figure (at tangent-plane
y-coordinate ~0 Mpc). There are a few occurrences of the green contours
following the grey contours, indicating that there might be some association
of low richness clusters with Mg I1 absorbers.

The mean richness limit for the DESI clusters is 22.5 (Zou et al.
2021). Fig. 16 shows the relationship between the Mg 11 absorbers
and DESI clusters with richness R < 22.5. It suggests that there
could be some association of the low-richness clusters with the Mg 11
absorbers, both for the GA and in general.

Finally, we compare the the DESI clusters with the DR16Q quasars
(Fig. 17). As with the Mg1I absorbers and DESI clusters, there
appears to be no compelling association. However, again, the lowest
richness clusters suggest some association (Fig. 18).

From the independent corroboration above, we suggest that the
GA, and the Mg Il absorbers in general, are associated with luminous
quasars but not strongly with DESI clusters. However, there is
potentially an association of the Mg 11 absorbers and the quasars with
the low richness clusters. More statistical details of the relationship
between Mg 11 absorbers, quasars and clusters will be investigated in
our future work.

3 DISCUSSIONS AND CONCLUSIONS

In this paper, we have presented the discovery of the Giant Arc (GA):
a~ Gpc LSS at z ~ 0.8, mapped by Mg 11 absorption systems in the
spectra of background quasars. The GA forms a large crescent shape
on the sky that appears almost symmetrical. However, deeper analysis
reveals some asymmetries in the GA, in the redshift and equivalent
width (EW) distributions. The GA spans ~1 Gpc on the sky and has
a redshift depth of ~340 Mpc (both proper sizes, present epoch).
Visually, we determine the GA as a single unit, but using a Minimal
Spanning Tree (MST) type algorithm (see Section 2.3.1) it splits
into two portions: a large portion (GA-main) and a small portion
(GA-sub). We proposed in Section 2.3.1 that the two portions of the
GA could in fact be connected in reality, since potentially one more
background probe could lead to one more Mg II absorber that would
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Figure 17. Density distribution of the DESI clusters in the redshift slice z =
0.802 = 0.060 represented by the green contours that have been smoothed
using a Gaussian kernel of ¢ = 11 Mpc and increase by a factor of 2. Blue
contours represent the DR16Q quasars, with the magnitude limit i < 20.0,
in the same redshift slice as the DESI clusters, smoothed using a Gaussian
kernel of o = 11 Mpc and increasing by a factor of 2. There are no compelling
connections between the DR16Q quasars and the DESI clusters.
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Figure 18. Density distribution of the DESI clusters in the redshift slice z =
0.802 =+ 0.060 represented by the green contours, increasing by a factor of
2, which have been smoothed using a Gaussian kernel of o = 11 Mpc and
limited to show only those clusters with a richness R < 22.5. Blue contours
represent the DR16Q quasars, with the magnitude limit ;i < 20, in the same
redshift slice as the DESI clusters, smoothed using a Gaussian kernel of 0 =
11 Mpc and increasing by a factor of 2. There are a few occurrences of the
blue contours following the green contours, indicating that there might be
some association of DR16Q quasars with low richness clusters.

connect the two portions. On its own, GA-main is a statistically
significant clustering of Mg1I absorbers, with a membership of 44
Mg 11 absorbers, an MST-overdensity of 1.3 &£ 0.3, and a mass excess
of 1.8 x 10" M. In these respects, the GA is comparable to the
Huge-LQG (Clowes et al. 2013).
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Three different statistical tests were applied to the GA to assess
the significance of connectivity and clustering. The results of each
are summarized here. (i) The SLHC/CHMS method calculates the
significance of clustering between points of close proximity by
comparing the volumes of the CHMS for each structure to the CHMS
of structures in randomly distributed points in a cube. GA-main,
containing 44 Mg 11 absorbers, has a significance of (4.5 £ 0.6)o . GA-
sub, containing 11 Mg 11 absorbers, has a significance of (2.1 = 0.9)o".
Both GA-main and GA-sub have the same MST-overdensity of
dplp = 1.3 £ 0.3. This fact could indicate, as we suspect, that
both agglomerations are connected in reality. (ii) The CE test is a
case-control k nearest-neighbour algorithm that assesses the p-value
of clustering in the field within an unevenly distributed population.
A process of zooming into the GA field allows the GA to become
increasingly dominant. In this way, we detect a p-value of 0.0027
from the field seen in Fig. 9(a), equivalent to a significance of 3.0c.
Applying this process of zooming to lower redshift fields at the same
sky coordinates of the GA, we do not detect any significant clustering.
We then use our polygon approach that randomizes points outside
the GA, while keeping the visually selected absorbers contained
within the GA the same. The CE test detects similar p-value of
clustering with the polygon approach, indicating that the GA is the
true, dominating feature causing significant clustering. (iii) The PSA
is a Fourier method of detecting clustering in the field on a physical
scale. We apply the 2D PSA to the ‘zoomed’ GA field, Fig. 9(a),
and find significant clustering at A, ~ 270 Mpc with a significance
of 4.80. As with the CE test, we use our polygon approach and detect
similar significant clustering scales. However, a small contribution
from other absorbers in the field is also detected. We do expect this
given the power of the PSA test, and it is clear that the GA is still the
dominant contributor to the PSA result.

Clearly, the analysis of the GA is after the event of its discovery, as
is unavoidable with unexpected discoveries in astrophysics and cos-
mology. We have applied several different approaches to mitigating
any post hoc aspects of analysing the statistical significance of the
GA after discovery. We have performed techniques that aim to assess
the GA unbiassedly, such as the polygon approach, varying redshift
slices, zooming into the GA field, and randomized simulations. In
the future, we can apply the same techniques used for the GA field
to the whole of the Mg 11 data set. In addition, the Mg 1I data set is
quite complex, with features that need careful attention: for example,
the inhomogeneities of the MgIl absorbers are superimposed on
the inhomogeneities of the quasars (background probes) and of the
survey. Finally, there are different MgII data bases available from
different authors, each using different detection processes. We intend
eventually to produce our own data bases of Mg 11 detections that can
be used consistently with past and future quasar-survey data releases.

The GA is now amongst several other very large LSS discoveries
with sizes that exceed the theoretical upper-limit scale of homogene-
ity of Yadav et al. (2010). Potentially, there are other such significant
structures in the rest of the Mg Il data base. We discuss that there are
challenges in fairly characterizing the population of structures due to
the inhomogeneities in the background probes (quasars). However,
the challenges can be managed with suitable care, allowing for the
Mg 11 method of studying LSS to be fully exploited.

In Table 1, we listed some of the very large LSSs, and also some of
the reported CMB anomalies. In standard cosmology, we expect to
find evidence for a homogeneous and isotropic Universe. However,
the accumulated set of LSS and CMB anomalies now seems sufficient
to constitute a prima facie challenge to the assumption of the
Cosmological Principle (CP). A single anomaly, such as the GA
on its own, could be expected in the standard cosmological model.

Giant Arc 1571
For example, Marinello et al. (2016) find that the Huge-LQG (Clowes
et al. 2013), a structure comparable in size to the GA, is, by itself
(there are others), compatible with the standard cosmological model.
However, Marinello et al. (2016) state that this is on the condition
that only one structure as large as the Huge-LQG is found in a
field ~5 times the sample survey, in this case, the DR7QSO quasar
database for 1.2 < z < 1.6. Note that the GA is found in the combined
footprint from DR7QSO and DR12Q (the combined footprint being
almost the same area as the individual footprints), in a narrow redshift
interval, so its challenge to the CP seems likely to be exacerbated.
Of course, the GA is now the fourth largest LSS, so there are, at
minimum, four LSSs comparable to the size of the Huge-LQG, plus
several other LSSs exceeding the scale of homogeneity. We suggest
that there is a need to explore other avenues within cosmology that
could explain multiple, very large LSSs.

We bring attention to the Sloan Great Wall (SGW; Gott et al. 2005),
which is a large, wall-like filament in the relatively local Universe.
The SGW is ~450 Mpc in its longest dimension, which is ~0.5 times
the length of the GA. One can note some of the similarities between
the SGW and the GA, such as the general shape and comoving size —
they are both long, filamentary and curved walls made up of galaxies
and galaxy clusters —, and so perhaps also envision a LSS such as
the GA as a precursor to the SGW. The GA is at a redshift of ~0.8
which means we are seeing it when the Universe was only half its
present age. Perhaps the SGW, at an earlier epoch, initially looked
more like the GA. At this point, these ideas are speculative only,
but experimenting with simulations (possibly even with alternative
cosmological models) could conceivably elucidate such hypothetical
connections between structures like the GA and the SGW.
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ABSTRACT: We present the discovery of ‘A Big Ring on the Sky’ (BR), the second ultra-large
large-scale structure (uL.SS) found in Mg IT-absorber catalogues, following the previously
reported Giant Arc (GA). In cosmological terms the BR is close to the GA — at the
same redshift z ~ 0.8 and with a separation on the sky of only ~ 12°. Two extraordinary
uLSSs in such close configuration raises the possibility that together they form an even more
extraordinary cosmological system. The BR is a striking circular, annulus-like, structure of
diameter ~ 400 Mpc (proper size, present epoch). The method of discovery is as described in
the GA paper, but here using the new Mg II-absorber catalogues restricted to DR16Q quasars.
Using the Convex Hull of Member Spheres (CHMS) algorithm, we estimate that the annulus
and inner absorbers of the BR have departures from random expectations, at the density of
the control field, of up to 5.20. We present the discovery of the BR, assess its significance
using the CHMS, Minimal Spanning Tree (MST), FilFinder and Cuzick & Edwards (CE)
methods, discuss it in the context of the GA+BR system, and suggest some implications for
the origins of uLLSS and for our understanding of cosmology. For example, it may be that
unusual geometric patterns, such as these uLLSSs, have an origin in cosmic strings.
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1 Introduction

We continue to make use of the method of intervening Mg II absorbers in the spectra of
quasars to trace faint matter at intermediate redshifts [1, 2]. The Mg II method relies on
both the spectroscopic measurement of luminous, high redshift quasars from the Sloan Digital
Sky Survey (SDSS), and the highly accurate, spectroscopic redshifts of the intervening Mg 11
absorption doublets present in the quasar spectra, documented by independent authors [3, 4].
The intervening Mg II absorption doublet indicates the presence of galaxies and galaxy
clusters [5-7]. Together, with the quasars and Mg II absorbers, we have the information on
the on-sky position of intervening matter and the redshift of the intervening matter, so in
mapping the 3D distribution of the Mg II absorption features in the spectra of quasars, we
can infer the LSS of intermediate-to-high redshift, faint matter.

The multiple discoveries of LSSs made throughout the past few decades are well known
to challenge our understanding of the Standard Cosmological Model (ACDM) [2, 8-12], in
particular due to a possible violation of a fundamental assumption, the Cosmological Principle
(CP), which states that our Universe is both homogeneous and isotropic on large scales. In
addition, there are numerous results in cosmology posing similar challenges and tensions for
our current standard model (see [13] for a recent review). Large structures in the Universe
are interesting for several reasons, such as: how did the structures form so early on in the
evolution of the Universe, given the current understanding of CDM structure formation; how



might the structures evolve to the present day; do the seeds of such large LSSs lie in the
density perturbations that are amplified by inflation [14, 15]. Answers to such questions may
lie outside concordance cosmology, with either the inclusion of extensions to the standard
model, e.g., cosmic strings (CS) [9, 16-18], or alternative theories to the ACDM model, e.g.,
Conformal Cyclic Cosmology (CCC) [19] and modified gravity theories [20-22].

During the discovery of the Giant Arc (GA) [2] (hereafter Lopez22), the SDSS Data
Release 16 quasar database (DR16Q) became available [23]. Then, independent authors
created the most up-to-date Mg IT database from the DR16Q quasars [3] (hereafter Anand21).
Following the discovery of the GA, made using the older Mg II database from [4] (hereafter
Z&M, also the corresponding DR7QSO and DR12Q) quasar catalogues from [24, 25]), we
are now in a position to continue LSS investigations with the new DR16(Q database and
corresponding DR16Q Mg II database. We have found an interesting ring shape in the
Mg II absorbers, indicating a LSS of galaxies and galaxy clusters, that spans a diameter
of ~ 400 Mpc scaled to the present epoch. Incidentally, the estimated size of the BR is
close to that which could be expected in a detection of an individual Baryon Acoustic
Oscillation (BAO), r ~ 150 Mpc [26-30], but we later suggest that the BR is unlikely to have
its origins in BAOs. The BR shape and size are both hard to understand in our current
theoretical framework. Additionally, the BR is in the same redshift slice as the GA and
to the north of the GA by ~ 12° which raises further questions about their origin both
together and independently.

For the work that led to the original discovery of the GA, using the Z&M database, we
had looked at only a few small areas of sky and redshift slices [1], essentially to test the
viability of the Mg IT approach itself. Following the discovery of the GA, and now using the
Anand21 database, we have so far concentrated on the GA field and redshift slice because
we immediately made the further discovery of the BR there; the only exceptions to this
statement are (i) the use of adjacent redshift slices to test that the BR was not arising
from artefacts and to test for extensions of the BR into adjacent redshift slices, and (ii)
the use of neighbouring fields at the same redshift as the GA/BR field for comparing the
spatial clustering results of the Cuzick and Edwards test (see section 3.4). Consequently,
a ‘look-elsewhere’ effect on the statistical assessments should not be a factor. In future, of
course, we intend to explore both databases in their entireties.

The Mg IT data we use here are complicated and quite difficult to manage. The advantage,
of course, is the precise redshifts, and the concomitant possibility of discovering intriguing
structures such as the Big Ring and the Giant Arc. In future, the Mg II approach to LSS
should be enhanced by DESI spectra [31], taken with the KPNO 4m telescope, allowing
detection of Mg II to lower equivalent widths, and hence allowing the exploration of finer
detail in the morphology of structures.

In this paper we assess the reality of the BR and its statistical significance with respect
to the assumed, homogeneous large-scale distribution of matter.

Note that we have introduced the term ‘ultra-large LSS’ (uLSS) to distinguish those
structures that exceed the estimated ~ 370 Mpc upper limit to the scale of homogeneity [32].
This limit is often adopted in discussions of homogeneity and the CP.
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Figure 1. The tangent-plane distribution of Mg II absorbers in the redshift slice z = 0.802 4 0.060.
The grey contours, increasing by a factor of two, represent the density distribution of the absorbers
which have been smoothed using a Gaussian kernel of ¢ = 11 Mpc, and flat-fielded with respect
to the distribution of background probes (quasars). The dark blue dots represent the background
probes. S/N limits of: 4,2 and 4 were applied to the Aa796, Aagos Mg II lines and quasar continuum,
respectively (details of S/N cuts are discussed in section 3.1). The BR can be seen to the north of the
centre point spanning ~ 400 Mpc in diameter. The field-of-view corresponds to the small, pink area
seen in figure 5.

1.1 Cosmological model

The concordance model is adopted for cosmological calculations, with Qpg = 1, Q0 = 0.27,
Qro = 0.73, and Hy = 70kms~ ' Mpc~'. All sizes given are proper sizes at the present
epoch. (For consistency, we are using the same values for the cosmological parameters that
were used in Lopez22.)

2 The Big Ring

The existence of a large, circular structure of Mg IT absorbers, the Big Ring (BR), became
apparent when investigating the new SDSS DR16Q catalogues, and corresponding Mg 11
databases, at the same redshift and position as the previously documented Giant Arc (GA).
In figure 1, we are seeing the BR, which is the visually overdense ring shape of Mg II
absorbers centred at approximately z = 0 Mpc and y = 240 Mpc. (The large ‘void’ to the
south-west of the BR is also particularly striking.) In this figure, and others, the grey contours,



increasing by a factor of two, represent the density distribution of Mg II absorbers in the
specified redshift slice and field-of-view (FOV). The Mg II contours have been smoothed
using a Gaussian kernel of ¢ = 11 Mpc, and flat-fielded with respect to the distribution of
background probes (quasars). The smoothing gives a useful impression of the connectivity.
The background probes (quasars) are represented by the small, blue points. The axes are
labelled in Mpc, scaled to the present epoch; for details on obtaining the Mpc scaling, refer to
the GA paper (Lopez22). East is towards the right and north is towards the top. From figure 1
we can estimate the BR diameter is ~ 300-400 Mpc, which would make its circumference
comparable to the extent of the GA.

2.1 Data sources

The use of Mg II absorbers for analysing LSS has the particular advantage of providing
very precise redshifts. A disadvantage of course, which can require very careful handling,
is that one must take the background probes — the quasars — where they are given by
the catalogues. The catalogues now have suitably dense coverage on the sky, but generally
they are affected by variations in selection criteria.

At zups ~ 0.8, the parameter in the Anand21 catalogues for the redshift error (z ABS ERR)
indicates a median error of 0., ~ 4.2 x 107°. (The emission-redshift error for a quasar
catalogue might be about two orders of magnitude larger at ~ 0.004.) This o, corresponds
to a velocity difference of ~ 7kms~!. A comparison of repeated observations in the basic
Anand21 database suggests that a practical estimate of the redshift error at z,ps ~ 0.8 is a
little larger at o, = 1.7 x 107, corresponding to a velocity difference of ~ 28 kms~1.

When considering the finer details of the morphology of individual LSSs, any blurring
will then be due to peculiar velocities, for which plausible values might be ~ 400 kms™!,
corresponding to o, .. ~ 0.0024 at z ~ 0.8, or ~ 7Mpc in proper distance for the present
epoch. We therefore expect that any blurring effects should be minor.

The BR is detected in the new Anand21 Mg II database, whereas the previously
documented GA was detected in the older Z&M Mg II database, so we investigate the
differences in the databases (e.g. the Mg IT absorbers detected from probes that were in
common to both databases) in the following manner. First, we choose the standard BR
FOV at z = 0.802 + 0.060 as in figure 1. Then, we select the absorbers and probes arising
in the chosen field from both Anand21 and Z&M (making no additional cuts to the S/N
or i-magnitude). Using Topcat! [33], the probe (quasar) and Mg II files are paired in
various ways for comparison.

A summary of the results is as follows. (1) There are over three times as many background
probes in the field for Anand21 than Z&M. (These are the probes that were initially searched
by the authors for Mg II absorbers.) Almost all of the additional probes searched by Anand21
were new observations between SDSS DR12 to DR16. However, a small fraction (just 37 out
of 7257 probes) were not included in the Mg II search by Anand21. (2) There are just over
twice as many Mg II absorbers detected by Anand21 than by Z&M: 852 Mg II absorbers in
Anand21 and 359 Mg IT absorbers in Z&M. Of those absorbers, 597 were unique to Anand21
and 104 were unique to Z&M. (3) Of the probes that both authors had in common and

"https:/ /www.star.bris.ac.uk/mbt /topcat, .
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Figure 2. The Mg II absorbers in the visually-identified BR (blue), the inner filament (orange), and
the additional absorbers inside the BR (black) from the on-sky perspective. Three of the blue points
(BR) correspond to two absorbers occurring in one spectrum (see figure 8).

searched, Anand21 found 67 additional absorbers that Z&M missed, and Z&M found 103
additional absorbers that Anand21 missed. In total, there were 255 Mg II absorbers in
common to both authors (~ 60% total agreement of the probes in common to both authors).
We found that, despite the greater number of absorbers in Anand21, they missed around
1.5 times as many absorbers found by Z&M, compared with the number of absorbers missed
by Z&M that were found by Anand21, for shared probes. Without access to their software it
will probably remain unclear why Anand21 and Z&M have this disagreement. One possibility
might be that Anand21 have more refined search criteria, given that their percentage Mg I1
detection rate per quasar is much lower than for Z&M. Or, perhaps Z&M are detecting to
lower thresholds, without increasing spurious detections.

2.2 Initial checks of the data

First, we check that the Mg IT absorbers belonging to the visually-identified BR are real (not
false positive detections). We visually inspected spectra of 56 DR16Q quasars that are the
probes that correspond to the visually-identified BR and inner filament absorbers (see figure 2).
Since 6 of the Mg II absorbers are multiples per probe occurring in three quasar spectra, we
were checking for a total of 59 Mg II doublet systems. Each Mg II absorption doublet that
we searched for was visually confirmed and in agreement with the documented redshifts from



Anand21, so we can confirm that 100% of the Mg IT absorber members of the BR and inner
filament are real, physical Mg II absorbers indicating the presence of intervening matter.

There are two unusual Mg II systems, occurring in the same spectrum, for which the
Anand21-documented redshifts suggest that the Aoygg of the lower-z absorption doublet
appears at the same wavelength as the Asggs of the higher-z absorption doublet. This is
indeed the case: the two Mg II absorption doublets appear as 3 absorption lines in the
spectrum, which is a rare oddity. Although Anand21 recognise the 3 absorption lines as two
systems, they appear not to have disentangled the EWs of the centre absorption line of the
triplet (the higher-z X796 and the lower-z Aagp3 EWs being the same).

Secondly, we investigate if the visually obvious BR is an artefact of the probes. This
can be done in two ways: simply checking the density distribution of background probes
and checking for obvious artefacts; and looking at the next redshift slice down from the BR
field (on the near side) and checking for repeating Mg II features that correspond to any
obvious artefacts in the probes. For the former, see figure 3.

Many overdensities and underdensities can be seen clearly in figure 3. In particular,
there are a few overdense regions (small, dark clumps) centred at 0 Mpc on the z-axis and
between roughly 100 Mpc to 400 Mpc on the y-axis, a few of which appear to coincide with
the inner filament of BR. This could imply that the inner filament of the BR is suspect, so
we will need to be sure that the filament is not an artefact of the probes. We can visually
check the rate of occurrence of Mg 11 absorbers at the position of the overdense artefacts
(dense blobs) by blinking the image of the probes (figure 3) with the image of the absorbers
(figure 1). Doing this shows that 8 out of 20 randomly selected overdense artefacts had
Mg IT absorbers present, so less than half of the artefacts. Incidentally, we could also confirm
that most of the artefacts that appeared to coincide with parts of the BR (including the
inner filament) were in fact offset, so not responsible for the Mg II absorbers arising there.
Checking the artefacts shows that there is no particular association of the artefacts with the
Mg IT absorbers present in the BR field. There is also a much larger region of underdense
probes spanning —100 Mpc to 400 Mpc in the y-axis and centred at —200 Mpc in the z-axis
which partially coincides with the L.h.s. of the BR. The fact that part of the BR is located
in an underdense region of probes is noteworthy.

For the latter way to test if the MglIl absorbers are artefacts of the probes, we can check
the absorbers arising from the same set of probes corresponding to the BR field in the next,
non-overlapping redshift slice on the near side of the BR. To do this we keep the probes of
the BR field the same (having z > 0.862 — i.e., a redshift greater than the far edge of the BR
Mg II redshift slice) and map the Mg II absorption in the nearest, non-overlapping redshift
slice (i.e., z = 0.682 £ 0.060). In this way we are able to search for any obvious artefacts
of the probes that could be responsible for the specific distribution of Mg II absorbers in
the BR field by comparing the Mg II image in the usual BR field with the neighbouring
redshift slice. We apply the SLHC/CHMS and FilFinder algorithms to the field centred at
z = 0.682 4 0.060 and corresponding to the usual BR FOV (see sections 3.1 and 3.3 for details
on the SLHC/CHMS and FilFinder methods). In the redshift slice z = 0.682 £ 0.060 we find
with the SLHC/CHMS method that there are no structures detected by the SLHC algorithm
corresponding to the BR, and in addition, no structures at all that are statistically significant.
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Figure 3. The tangent-plane distribution of probes (background quasars) in the BR FOV with the
redshift condition z > 0.862 — i.e., the probes that are responsible for the Mg II absorbers arising
in the BR field. The blue contours, increasing by a factor of two, represent the density distribution
of the probes which have been smoothed using a Gaussian kernel of ¢ = 11 Mpc. S/N limits were
applied to the quasar continuum such that S/Nco, > 4 (details of S/N are discussed in section 3.1).
The field-of-view corresponds to the small, pink area seen in figure 5. The figure shows many areas of
overdensities and underdensities. In particular, there are a few overdense regions (small, dark clumps),
centred at 0 Mpc on the z-axis and between roughly 100 Mpc to 400 Mpc on the y-axis, a few of which
appear to coincide with the inner filament of BR. There is also a much larger region of underdense
probes spanning —100 Mpc to 400 Mpc in the y-axis and centred at —200 Mpc in the z-axis which
coincides with the Lh.s. of the BR.

We also find with the FilFinder method, no filaments detected in the field that correspond to
the BR (figure 4). Therefore, we conclude that the BR is not an artefact of the probes.

It is worth highlighting that the BR appears in the same redshift slice and FOV as the
previously documented GA, but we are now using the new Anand21 databases and not the
previously used Z&M databases. As mentioned earlier, the overall agreement between the two
datasets is ~ 60% for the probes in common in the BR field, so the GA appears somewhat
different in this new dataset. The GA is still the most significant, most numerous and overdense
structure detected in the field despite the slight change in appearance, so quantitatively, there
is very little difference in the GA in the new dataset. However, qualitatively, there are two
main reasons the GA appears different: (1) the field overall is much more dense with the new
dataset due to many more quasar observations; (2) Anand21 miss several GA absorbers. We
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Figure 4. The FilFinder algorithm applied to the tangent-plane distribution of Mg IT absorbers in the
closest, non-overlapping redshift slice to the BR field — i.e., the field centred at z = 0.682 + 0.060 and
corresponding to the usual BR field-of-view. Axes are labelled in pixels, where 1 pixel = 4% Mpc?. S/N
limits of: 4,2 and 4 were applied to the Aa7g6, A2gos Mg 11 lines and quasar continuum, respectively
(details of S/N cuts are discussed in section 3.1). The probes (quasars) responsible for the Mg II
arising here have redshifts z > 0.862 so that they are the same probes responsible for the Mg II
absorbers in the BR field centred on the usual redshift slice (z = 0.802 £ 0.060). The figure shows
that there are no filaments correlating to the BR indicating that the BR is not a result of artefacts in
the probes.

investigate the second point by manually checking each of the quasar spectra that are probes
to the Mg II absorbers in the GA that Anand21 missed. There were 16 from 51 absorbers
that Anand21 missed, and none was due to the small fraction of removed quasars in DR16Q
that was mentioned earlier. In each of the quasar spectra (corresponding to the GA) the
Mg IT doublets were visually confirmed, but the 16 absorbers missed by Anand21 had profiles
that were generally complex, broad or weak. This again suggests that the Anand21 Mg II
detection algorithm has a narrower detection window at the cost of losing some real absorbers.
Conversely, the Z&M Mg 11 detection algorithm could conceivably contain more spurious
absorbers while likely managing to detect a higher percentage of the real absorbers.

3 Statistical analysis

The discovery of the BR was made serendipitously when looking at the previously documented
GA field with the Anand21 data. We now present the statistical analysis of the BR, taking a
similar approach to the previous work in Lopez22. Given the nature of the discovery, the
analysis is necessarily post-hoc. However, given the previous work presented in Lopez22 we



are able to follow the guidelines set there, consequently alleviating many of the problems
associated with post-hoc analysis.

Simulations are often advocated in contemporary astrophysics and cosmology, but we
do not consider them likely to be effective or efficient here. Their complexity would be too
great and would have too many unknowns and uncertainties. Consider, for example, that the
simulations would have to incorporate: simulating the universe in general; the occurrence
of quasars in that simulated universe; the observational parameters of the imaging and
spectroscopic surveys and their on-sky variations; and the detection of the Mg II by software.
Instead, we have taken the more practical approach of (i) using the data to correct the data,
and (ii) seeking independent corroboration of features using independent tracers.

This section is divided in the following manner. (3.1) We assess the BR from a ‘first look’
perspective by using a heuristic process of stepping through redshift slices and determining the
optimum redshift for the BR. (3.2) We use the Convex Hull of Member Spheres (CHMS) and
the Minimal Spanning Tree (MST) significance calculations for assessing the significance of
the BR. We apply these two methods of significance calculations to four sets of BR absorber-
member estimates: the SLHC groups; the visually-identified BR absorbers (both including
and excluding the inner absorbers); and the FilFinder-identified absorbers. (3.3) The 2D
FilFinder algorithm is applied to the pixel image containing the BR to objectively identify
filaments in the field. (3.4) Finally, we apply the 2D Cuzick and Edwards test to the BR field
to determine the significance of clustering in the field (not the candidate structure itself).

3.1 Single-Linkage Hierarchical Clustering algorithm

The Single-Linkage Hierarchical Clustering (SLHC) algorithm is equivalent to a Minimal
Spanning Tree (MST in a generic sense, not to be confused with the MST significance
calculation in section 3.2) when separated at a specified linkage scale. Our particular
application of the algorithm was first described in [12], in combination with the Convex
Hull of Member Spheres (CHMS) algorithm which assesses the significance of a specified
structure. The SLHC/CHMS method has been used to locate and assess LSS in both quasars
and Mg II absorbers [2, 11, 12].

Previously, the inherent difficulties of the Mg II method have been discussed, especially
in relation to applying statistics on an intrinsically inhomogeneous dataset. The quasars
act as probes of the intervening matter, so the varying availability of background quasars
leads to an incomplete image or map of the intervening matter, in this case, the Mg II
absorbers. The inhomogeneity of the quasars, both intrinsic and of the survey, contribute in
a complicated way to the inhomogeneity of the Mg II absorbers. Of course, with large data
and large survey areas, approximations can be made. Before applying the SLHC algorithm
we define the field-of-view (FOV) for the analysis presented here.

First, the BR appears in the north of the usual GA field, so we re-centre the Mg II
images accordingly. Second, the field containing the BR is close to the northern SDSS
footprint border as well as a southern border arising from much lower quasar coverage. We
choose to shrink slightly the typical size of a Mg II image to avoid these areas. Third, given
the generally patchy DR16Q quasars, and thus the corresponding Mg II absorbers in the
Anand21 databases, we apply signal-to-noise (S/N) limits to the Mg IT absorption lines and



the continuum. We calculate the S/N of the Mg II lines by:
S/N = Wr/Werr

where Wr is the equivalent width of the line, and W, is the corresponding error in the
Mg II line. For the continuum, Anand21 provide the median quasar S/N. Applying S/N
limits has the effect of removing spurious and potentially false positive absorbers as well as
generally reducing the patchiness in the data. Setting additional? limits to the magnitude of
the quasars would also have a similar, desirable effect. However, not all quasars will have
the same integration time, so faint quasars could have good S/N due to long exposures.
Following the example by Z&M, we apply a S/N limit of 4 and 2 for the Aa79s and Aagos
lines respectively. Since the S/N of the quasar continuum necessarily has equal or higher
S/N than the Aa796 line we apply a S/N limit to the quasar continuum of 6. Applying the
condition of S/N > 6 to the quasar continuum could be too restrictive, and later we will
apply a less conservative condition to the continuum for comparison.

The CHMS significance is calculated by the rate of occurrence of volumes smaller than
the CHMS volume of the structure by randomly distributing the absorbers belonging to
the structure at a density equal to the control field density — the simulations are repeated
1000 times. Previously, the control field was chosen to be that of the field being assessed.
However, this would mean that a percentage of the field absorbers are those belonging to
the structures of interest, e.g., the GA and BR in the GA/BR FOV. In addition, the FOV
containing the BR is small, so small-scale inhomogeneities have a much larger effect on the
average density. Conversely, choosing a control field that is too large will lead to problems
involving the large-scale inhomogeneities of the SDSS survey, explained above. Subsequently,
we have designed two versions of control fields accounting for the northern portion of the SDSS
footprint (overdense region) and the southern portion of the SDSS footprint (underdense).
Each version can be chosen depending on the location of the field of interest. So here, we
will be using version-1 of the control field — figure 5.

The SLHC is equivalent to an MST when separated at a specified linkage scale: thus the
choice of linkage scale will determine the maximum distance between points that would be
considered ‘joined’, or a candidate structure. The term ‘structure’® here is not be confused
with a gravitationally-bound system, but is instead referring to a grouping of more than
10 (a specified minimum) members (in this case, Mg II absorbers) that have an MST with
distances smaller than the linkage scale. LLSSs are not expected to be gravitationally bound,
as, indeed, superclusters and great walls are not expected to be gravitationally bound. Similar
usages and definitions of ‘structure’ are common in LSS studies [9, 10, 34, 35]. The candidate
structures are then assessed by the CHMS to determine whether their volumes are statistically

2A base-line magnitude limit of ¢ <= 20.5 is applied to the DR16Q quasars as part of the read-in process
since the completeness declines steeply for fainter quasars.

3For a working definition, in investigating LSS, we often consider a candidate structure to be a set of N
connected tracers, the containing volume of which is a no departure from the containing volume expected
for a uniform, random distribution. We might choose to consider further only those candidates for which
the amplitude no exceeds some threshold. ‘Connected’ and ‘containing’ volume will often be determined
algorithmically; for both, there is an implicit assumption of a uniform host survey, which might be approximately
true only in restricted areas.
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Figure 5. The SDSS DR16Q footprint. The grey points are the input quasars for the control field
and the pink points correspond to the Mg II absorbers in the field of interest. The control fields are
outlined by lines in red (overdense region, version-1) and blue (underdense region, version-2).

significant. In Lopez22 we discuss the effects of varying the linkage scale, so here we choose
to scale the linkage scale according to the Mg II number density of the control field and
the number density of the GA field — the GA field being the candidate field from which
to scale all other fields, i.e.,

s = (PO/P)1/380

where s and sg are the linkage scale for the control field and the GA field respectively, and
similarly p and pg are the densities of the corresponding fields. The linkage scale is to be taken
as a guideline; if the linkage scale is too small then potentially interesting candidate structures
will be missed, and if the linkage scale is too high then too many points will be grouped as one
seemingly coherent structure, but that would of course reflect in the CHMS significance. We
find that the linkage scale set for the GA field (the field which we now use as the base-line) was
an appropriate choice for the specific field density. However, we saw that even with the chosen
linkage scale the SLHC algorithm identified the GA as two, individual, overlapping candidate
structures. We reason that, when using a smaller linkage scale, candidate structures that
are overlapping or adjacent could reasonably belong to the same structure. It is important
to recognise that multiple candidate structures overlapping and adjacent to each other will
still need to be assessed with the CHMS or MST significance, which would then objectively
determine whether their agglomeration is statistically significant (remember, if the whole
field was joined as one structure then this would of course not be statistically significant).

As with the GA analysis, we step through overlapping redshift slices and use the
SLHC/CHMS algorithms to determine the redshift of the peak signal of the BR. Given
the much larger Mg II database from Anand21, even after S/N limits are applied, it is
expected that the field density containing the BR is much higher than the GA field in the
7&M databases, and therefore the chosen linkage scale will be correspondingly lower. The
five redshift slices assessed are centred at: 0.682, 0.742, 0.802, 0.862 and 0.922, each with a
redshift thickness of Az = 0.060; the results are shown in table 1.
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Central Linkage No. candidate No. candldat.e Maximum Maximum
redshift scale structures structures with soms (o) Mg II absorber
(Mpc) ocumMs > 3.50 membership
0.682 79.3 4 0 3.3 17
0.742 79.3 5 1 3.5 16
0.802 79.5 8 1 4.5 28
0.862 79.6 6 2 4.7 42
0.922 81.1 4 1 4.1 26

Table 1. Results from the SLHC/CHMS on five, overlapping redshift slices to determine the optimum
redshift slice for the BR signal. The FOV of each redshift slice corresponds to the small, pink area seen
in figure 5. S/N limits of 4,2 and 6 were applied to the A279s, A2gos Mg IT lines and quasar continuum,
respectively. All redshift slices have a thickness of Az = +£0.060. The columns from left to right
are: the central redshift of the field being assessed; the linkage scale used for the field being assessed,
calculated as s = (po/p)'/3so (see the main text); the number of candidate structures identified in the
field; the number of candidate structures identified in the field with a CHMS significance equal to
or exceeding 3.5¢0; the maximum CHMS significance calculated from the candidate structures; the
maximum Mg IT absorber membership identified from the candidate structures.

The BR that was originally identified visually appears almost fully (in a partly-open ring)
in only the central redshift slice z = 0.802 indicating that this is the optimum redshift slice for
the BR, as it was for the GA. (Note, the GA is also identified, and is statistically significant
in the central redshift slice). The four structures contributing to the visually-identified BR are
adjacent or overlapping on the sky, indicating that the separate structures plausibly belong
to the same structure. The apparent splitting of a seemingly coherent structure was also seen
with the GA, which was made up of two overlapping SLHC groups; the splitting of structures
is an example of the limitations of applying the SLHC algorithm to an essentially incomplete
dataset. Interestingly, the SLHC group corresponding to the bottom portion of the BR
appears also to extend into the two higher redshift slices, z = 0.862 and z = 0.922, since
there are similarly-shaped arcs (corresponding to the bottom portion of the BR) appearing
at the same on-sky position in all three redshift slices (z = 0.802,0.862,0.922). (Note, the
probes are not here restricted to be identical.)

As mentioned earlier, the condition of S/N > 6 for the quasar continuum could be too
restrictive. Anand21 calculate the S/N over the whole quasar continuum, rather than the
local continuum at the point of an absorber. Therefore, the whole quasar continuum could
have lower S/N overall compared with local S/N at the position of an absorber. Accordingly,
we slightly relax the S/N conditions to 4, 2,4 for the Aa7g6, A2gos Mg II lines and quasar
continuum, respectively and repeat the above described analysis (see table 2).

We see again that the full BR is detected — this time a full, closed ring, and with the
inclusion of the inner filament — in the central redshift slice z = 0.802 £+ 0.060, figure 6.
The BR is located north of the centre point, spanning ~ 10 degrees in the RA and Dec
axes (z and y axes respectively), and is made up of a collection of five structures identified
by the SLHC algorithm.
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Central Linkage No. candidate No. candldat.e Maximum Maximum
redshift scale structures structures with soms (o) Mg IT absorber
(Mpc) ocumMs > 3.50 membership
0.682 76.7 6 0 3.2 16
0.742 76.2 7 0 3.3 19
0.802 75.8 10 1 4.1 30
0.862 75.7 7 1 3.7 27
0.922 77.1 6 0 3.4 15

Table 2. As with table 1. Slightly relaxed S/N limits of 4, 2,4 were applied to the Aa7g6, A2gos Mg 11
lines and quasar continuum, respectively. All redshift slices have a thickness of Az = +0.060. The
columns from left to right are: the central redshift of the field being assessed; the linkage scale used
for the field being assessed, calculated as s = (pg/p)*/3sq (see the main text); the number of candidate
structures identified in the field; the number of candidate structures identified in the field with a CHMS
significance equal to or exceeding 3.50; the maximum CHMS significance calculated from the candidate
structures; the maximum Mg IT absorber membership identified from the candidate structures.
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Figure 6. All the Mg II absorbers belonging to a candidate structure identified by the SLHC
algorithm from results-2 in the redshift slice centred at z = 0.802 £ 0.060. The field-of-view seen here
corresponds to the pink points in figure 5. S/N limits of: 4, 2,4 were applied to the Aa7g6, Aogos Mg 1T
lines and quasar continuum, respectively. The BR can been seen to the north of the centre point. The
visually-identified BR is seen here with an additional extension heading towards to the north-west
direction, and the visually-identified inner filament is the central line cutting through the BR here.
The BR spans ~ 10 degrees in RA and Dec coordinates. The large structure south of the BR belongs
to the previously identified GA.
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Figure 7. Eight of the 10 highest membership candidate structures identified by the SLHC/CHMS
algorithms from results-2 in the redshift slice centred at z = 0.802 &+ 0.060. The colours represent
the memberships which are ordered from high to low in the following way: black, red, green, blue,
turquoise, pink, yellow, grey. The field-of-view here corresponds to the pink points in figure 5. The BR
and inner filament are detected, but separated into five structures, that can visually be seen adjacent
to each other or overlapping. In this figure, only the black points, representing absorbers belonging to
the GA, are statistically significant.

Note the very high similarity of the two tables of SLHC/CHMS results (tables 1 and 2),
where the only change is reducing the S/N limit of the quasar continuum from 6 to 4. For
convenience, the first set of results with the more restrictive S/N limits will be referred to
by MST results-1, and the second set of results with the less restrictive S/N limits will be
referred to by MST results-2. We deduce that setting restrictive S/N limits (> 4) to the
quasar continuum, after already applying S/N limits to the Mg II lines, is not absolutely
essential, and possibly adds to the incompleteness of data in a detrimental way. An overview
of the results is as follows. (1) In the two lowest redshift slices, in MST results-1 and
results-2, there is only one statistically-significant (> 3.50) structure detected in total. The
statistically-significant structure belongs to the redshift slice centred at z = 0.742 £ 0.060
from results-1; it is a small group of absorbers located at the lower 1.h.s. of the Mg II image,
and of no relevance to the BR. In addition, other than a possibility of a thin filament forming
in the Mg II image in the redshift slice centred at z = 0.742, there is no strong indication or
detection of the BR in the two lowest redshift slices. (2) In the central redshift slice, z = 0.802,
both results-1 and results-2 find one significant structure corresponding to the GA. The BR
is separated into four and five (respective to results-1 and results-2) individual, adjacent or
overlapping, structures, that are statistically insignificant on their own (see figure 7).

We could again be seeing here limitations of the Mg II method, as was seen with the GA,
since the individual structures are overlapping or adjacent. In results-2, the visually-identified
BR and inner filament absorbers are mostly detected (46 out of 59 absorbers, 78%) and form
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Figure 8. The visually-identified BR absorbers (lilac) and the SLHC-identified absorbers belonging
to the 5 candidate structures from results-2 at z = 0.802 £ 0.060 (black circles) that correspond to
the visually-identified BR. The pink points indicate the positions where there are two absorbers
occurring in a single spectrum. There are 46 out of 59 absorbers in common to the SLHC-identified
and visually-identified BR and inner filament absorbers. Of the 13 absorbers in the visually-identified
BR and inner filament absorbers that were not connected by the SLHC algorithm, 9 of these occur at
the most extreme edges of the redshift range, possibly explaining their exclusion.

the full BR shape (see figure 8). (3) In the two highest redshift slices there are totals of
3 and 1 significant structures from MST results-1 and results-2 respectively. For results-1
the most significant structure in both redshift slices is an arc corresponding to the lower
portion of the BR (see figure 9).

However, in results-2, we find the same arc that was detected in results-1, but over
multiple structures, highlighting again the nuances of applying the SLHC algorithm to
an essentially incomplete dataset. To clarify this, reducing the S/N limits in the quasar
continuum from 6 to 4 initially appears inconsequential — i.e., their Mg II images appear on
the whole unchanged and there is only a 15% increase of absorbers in the whole field from
results-1 to results-2. But, when the SLHC algorithm is applied, then this small increase
in absorbers increases the density-scaled linkage scale thus creating more broken structures.
We scale the linkage scale of the SLHC algorithm to the density for a general approach to
the wide-varying densities in the dataset (mostly due to survey bias). We can see that the
absorbers identified as candidate structures corresponding to the arc in the redshift slice
z = 0.862 4+ 0.060 in results-2 are very similar to the absorbers identified as one candidate
structure in results-1. To further clarify this point, compare figure 9 with figure 10, and
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Figure 9. The 6 candidate structures identified by the SLHC algorithm from results-1 in the redshift
slice centred at z = 0.862 & 0.060. The different colours represent the significances, and are ordered
from high to low in the following way: black, red, green, blue, turquoise, pink. The two most significant
structures belong to the BR and GA respectively, both which are also statistically significant.
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Figure 10. The 7 candidate structures identified by the SLHC algorithm from results-2 in the
redshift slice centred at z = 0.862 4+ 0.060. The different colours represent the significances, and are
ordered from high to low in the following way: black, red, green, blue, turquoise, pink, yellow. The
absorbers belonging to the GA are statistically significant, shown in black. By comparing this figure
with figure 9 we can see that the absorbers identified by the 3 individual, overlapping or adjacent
structures, coloured red, blue and turquoise, are clearly the same absorbers identified by one full,
statistically-significant structure that was found in results-1, highlighting the complications of applying
the SLHC algorithm to an essentially incomplete dataset.
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Figure 11. Mg II absorbers in the redshift slice z = 0.862+0.060 belonging to the arc identified by the
SLHC algorithm as one, full, candidate structure from results-1 (turquoise) and as three, overlapping
or adjacent, candidate structures from results-2 (black circles). There are 42 absorbers belonging to
results-1, four of which appear as multiples per probe in two quasars, and 40 absorbers belonging to
results-2, the same four of which appear as multiples per probe in two quasars. Both results connect
many of the same absorbers, but in results-1, where the linkage scale is higher, there are additional
absorbers connected by the SLHC algorithm all appearing on the Lh.s. of the arc. The additional
absorbers in results-2 occur in the middle of the arc, and there are much fewer additional absorbers
than for results-1, suggesting that these absorbers were identified due to the lowered restriction on
the S/N on the continuum.

see also figure 11. There are 42 absorbers in the SLHC-identified arc in the redshift slice
z = 0.862 4+ 0.060 from results-1 represented by the black points in figure 9, and a combined
total of 40 absorbers in the three SLHC-identified candidate structures corresponding to the
arc in the redshift slice z = 0.862 £ 0.060 from results-2 represented by the red, blue and
turquoise points in figure 10. 35 of these absorbers from results-1 and results-2 are in common
to both results, confirming that the SLHC identified a high fraction (67% overlap) of the
same absorbers between the two results. In fact, all 7 of the additional absorbers connected
by results-1 all occur on the Lh.s. of the arc, indicating that the increased linkage scale in
results-1 (due to lower field density) is only eztending the arc, and not responsible for the
central components of the arc. Due to the above, we reason that individual, SLHC-identified
candidate structures that are overlapping or adjacent could reasonably be connected as one
structure if given a more complete dataset.

In conclusion, the BR appears most obvious in the original, central redshift slice, z =
0.802 + 0.060, both visually and by the presence of individual SLHC structures overlapping
or adjacent on the sky that comprise the visually-identified BR. The strongly, detected arc
corresponding to the lower portion of the BR detected in a slightly higher redshift slice
(z = 0.862 £+ 0.060) is also of particular interest in relation to the BR+GA system.

3.2 Significance: CHMS and MST

The CHMS and MST significance calculations are applied to: the SLHC-identified absorbers;
the visually-identified absorbers; and the FilFinder-identified absorbers. In addition, the
Alpha Hull algorithm is applied to the visually-identified absorbers for an estimate of the
volume, overdensity and significance using simple Poisson statistics.
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No. Mg II absorb
O VB AL absOIbel | g signif. | MST signif.
members
BR only ol 3.3 4.0
BR all 62 5.2 4.1

Table 3. The CHMS and MST significances for the BR-all and BR-only absorbers. The CHMS
significance is dependent on the volume and number of absorbers so, clearly, removing the inner
absorber members and keeping the volume the same will reduce the CHMS significance. However, for
the MST significance, the volume is not directly related, but instead it is related to the MST mean
edge lengths. This is clearly shown in the results as the MST significance stays mostly the same, at
~ 4o, and the CHMS significance decreases from 5.2¢0 to 3.3¢ by excluding the absorbers enveloped
by the BR.

3.2.1 SLHC-identified Mg II absorbers

To determine the significance of the BR in its entirety, we take the SLHC-identified absorbers
from results-2 that make up the BR (i.e., the BR in figure 6), and apply the CHMS algorithm.
Remember that the CHMS has the ability to assess the significance of a structure by comparing
the observed convex-hull volume with the volumes that would be expected for a set of random
distributions of those same absorbers at the control density of absorbers for the same redshift
interval. Based on the definition of the CHMS volume and significance calculation, the
algorithm is optimal when applied to clumpy structures, with no obvious gaps, holes or
curvature that would lead to an overestimation of the volume. Clearly, this is not the case
with the BR, having a large volume mostly unoccupied by absorbers in its centre. Instead,
the MST-significance calculation introduced by [36] could be more appropriate, which uses
the mean MST edge-length between neighbouring data points. Using both methods we
then find that the SLHC-identified BR in its entirety has a CHMS significance of 3.6, and
an MST significance of 4.70. Both tests indicate statistical significance, but we can see
that CHMS has likely overestimated the BR volume leading to a much lower significance
compared with the MST-significance test.

3.2.2 Visually-identified Mg II absorbers

We then take the visually selected absorbers of the BR, and everything within the BR, for
which there are a total of 62 absorbers (see figure 2), and apply the CHMS to these absorbers
only. The CHMS algorithm then calculates a significance of 5.20. The significance calculated
here is likely the upper limit estimate for the BR, as the algorithm was applied to those
absorbers that were visually-selected. We can similarly repeat this work for the BR-only
absorbers, as well as compare the MST significance with the CHMS significance. Clearly,
removing the BR innards will reduce the significance calculations for the CHMS, since the
volume will remain the same but the number of absorbers will be reduced. In contrast, for
the MST significance, the mean MST edge length may not be greatly affected by removing
the BR innards, as seen in table 3. We find that on both occasions, using the BR-all and
BR-only absorbers, the MST significance is roughly the same, at ~ 40. In contrast, for the
CHMS calculation, the significance drops from 5.2¢0 to 3.30 after removing the absorbers
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contained within the BR. However, even after removing all of the BR inner absorbers the
CHMS significance is still greater than 3.00, but not quite reaching 3.5¢ which is the usual
standard we apply for comparing structures. Of course, the CHMS calculation on the BR-only
absorbers gives a drastic under-representation of the true significance since we have forcefully
removed absorbers contained within the BR while keeping the unique volume the same.

For comparison, we can estimate the volume of the BR using the 2D Alpha Hull algorithm.
First, the Alpha Hull area of the BR is repeatedly calculated 500 times from the BR by
drawing a cloud of points in a circle with radius equal to half the mean MST edge length
around each of the Mg II absorbers in the BR. Then, the area is multiplied by the physical
size of the redshift range of the BR absorber members. In this manner, we are calculating the
volume of a somewhat cylindrical, tube shape. The benefits of this method versus the CHMS
is that we can eliminate the central region of the BR where there are very few absorbers. The
downside of this method is that, although the absorbers on the sky make up a ring shape, we
later see that the 3D distribution of the absorbers is more of a coil shape, so we are again
overestimating the volume of the BR (and underestimating the overdensity and significance
of the structure). Nevertheless, using this method we obtain a volume of 21.8 x 10% Mpc?, an
overdensity of 0.75 and a significance of 4.00 for the number of absorbers in this volume based
on Poisson statistics. The significance calculated from the Alpha Hull here, although simple,
agrees with the MST-significances of the SLHC-identified absorbers and the visually-identified
absorbers, which adds further confidence to the statistical assessment of this structure.

3.2.3 FilFinder-identified Mg II absorbers

Finally, we have seen the CHMS algorithm as well as the MST significance test applied to
the SLHC-identified and visually-identified absorbers, so now we will apply both algorithms
to the FilFinder-identified absorbers. The FilFinder work is discussed next, in section 3.3,
and we are referencing figure 13(d) for the work in this section. The FilFinder algorithm is
applied to 2D pixel images, so the physical absorber points are irrelevant to the algorithm,
but we can estimate the absorbers identified by the filament by including those that are
attached to the filament in the figure. Our estimation of the absorbers connected by the
FilFinder algorithm is shown in figure 12. We can intuitively see that a volume containing
all of the FilFinder-identified absorbers will include many large, empty sub-volumes — e.g.,
the centre of the BR and the volume between the ‘extended filaments’ connected to the
BR. The BR volume was also overestimated with all previous identifications of the BR,
which can be confirmed with the comparison of, in particular, the BR~all with the BR~only
absorbers, and the CHMS with the MST significances. So, when the CHMS algorithm is
applied to the FilFinder-identified absorbers, it calculates a 2.5¢ significance. In contrast, the
MST-significance test estimates that the FilFinder-identified absorbers have a significance
of 3.60, which is generally in agreement with all previous estimates of the BR significance
using the MST calculation and the Alpha Hull Poisson statistics. So, again, the BR volume
is considerably overestimated, this time using the FilFinder-identified absorbers, and the
CHMS significance is therefore underestimated as a consequence, which can be confirmed
with the use of the MST-significance test.
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Figure 12. The Mg II absorbers belonging to the whole BR field, represented by light blue points,
and the FilFinder-identified BR absorbers represented by dark blue points.

spgc | Visual | Visual ) oo e

BR-all | BR~only
CHMS | 36 52 33 25
MST | 4.7 11 10 3.6

Table 4. The CHMS and MST significances of the BR calculated for each set of identified absorbers
(SLHC, visual BR-all, visual BR-only and FilFinder).

3.2.4 Summary of significances

We have shown our application of the CHMS and MST significance calculations to four sets
of uniquely-identified BR absorber members. Table 4 summarises all of the above significance
calculations. The results are: the total mean significance of the BR (all results from table 4
considered) is (3.88 4 0.83)0; the mean CHMS-significance is (3.65 £ 1.13)0; and the mean
MST-significance is (4.10 & 0.45)0. From these results we can see that the variation of the
CHMS-significance is a considerable fraction of the average, indicating its results are to
be taken with caution. On the other hand, the MST-significance has much lower spread,
indicating that for the purpose of analysing the BR, the MST-significance test may be more
appropriate, given the difficulty of defining a volume around a ring-like structure without
incorporating overestimations of the volume (as is the case with the CHMS algorithm).

3.3 Filament identification algorithm

FilFinder is a filament identification algorithm created by [37]. It uses mathematical mor-
phology to identify filaments ranging in size, shape and brightness on a 2D pixel image. The
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Figure 13. Applying the FilFinder algorithm to the standard BR field and increasing the size
threshold incrementally to show the elimination process of small filaments. All axes are labelled
in pixels, where 1 pixel = 42 Mpc?. (a) The standard parameters, for which adaptive threshold is
18 pixels, smooth size is 12 pixels, and size threshold is 576 pixels. For the remaining figures we
incrementally increase the size threshold. (b) Size threshold is 800 pixels. (c¢) Size threshold is 1000
pixels. (d) Size threshold is 2000 pixels.

algorithm was intended for use in small (10'-10% pc), gaseous areas, such as star formation
regions and the interstellar medium [38-40]. So, applying it to cosmological LSS is new,
and we have had to make adaptations in the parameter settings to suit the data. We use
the following input parameter settings. (1) Adaptive threshold — the expected width of a
typical filament. We choose a value (in number of pixels) equivalent to a filament that is
only one absorber wide. Since the Mg II absorbers in the Mg Il images span a diameter of
approximately 12 pixels, the adaptive threshold is set to 12. (2) Smooth size — scale on
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which to smooth the data. Our data is already smoothed and flat-fielded, so it is possibly
unnecessary to smooth beyond the size of a Mg II absorber: i.e., we shall implement a
smoothing size that does not affect the already smoothed Mg II absorbers. Therefore, we set
smooth size to a value of 12 pixels. (3) Size threshold — the smallest area to be considered
a filament. Using again the estimated value for the number of pixels across a single Mg 11
absorber, we set this value at 4 x 122 = 576 pixels. That is, the minimum area to be
considered a filament is made up of 4 Mg II absorbers (with the absorbers imagined as
squares rather than as circles, for simplicity).

We use the FilFinder package available in Python to objectively identify the filaments
present in the BR field. For the above parameters we find that there are no visually-obvious
consequences for relatively small changes (e.g., within a few percent of the chosen value).
However, much larger changes in the parameter choices render noticeably different, and
consequential, results. For this reason we experiment with changing the standard parameter
values above to gain a better understanding of the FilFinder algorithm when applied to
cosmological data. The FilFinder algorithm is applied multiple times, with different parameter
settings, on the Mg IT image containing the BR (figure 1), and the results are discussed below.

First, the adaptive threshold and smoothing size are related in a way that increasing
one has an almost indistinguishable effect from decreasing the other, for reasonable values
(e.g., < 40 pixels, since larger values flag a warning within the FilFinder algorithm). More
specifically, the most meaningful and interesting effects can be found when one focuses on
the ratio between the values. This can be understood intuitively since smoothing size is the
scale on which to smooth the filaments and adaptive threshold is the typical width of those
filaments, the size of which is affected by the smoothing size. When the adaptive threshold
and smoothing size ratio is 1 : 2 there is an undesirable effect of creating ‘blurred’ masking
borders over the filaments; this is when the borders of the mask around individual filaments
overlap. However, the opposite is true when the adaptive threshold and smoothing size ratio
is 2 : 1, which has the effect of creating more concise borders around the filaments, but it
also drastically reduces the number of filaments that can be detected. With this in mind, we
choose to slightly increase the adaptive threshold from 12, a single Mg II absorber, to 18,
1.5 times a Mg II absorber, while keeping the smoothing size at 12 as usual, thus creating
a ratio of 3 : 2 for the adaptive threshold and smooth size.

Secondly, the size threshold simply determines the minimum size to be considered a
filament. Increasing the size threshold incrementally and comparing results demonstrates the
elimination process of small filaments. So now using the updated parameter values, where
the adaptive threshold is set at 18 pixels and the smoothing size is kept at 12 pixels, we
incrementally increase the size threshold and show the filaments that survive the elimination
process (see figure 13). Immediately it becomes clear that the BR is the largest, and most
dense, filament in the field. The BR filament is the only filament left with the largest size
threshold limit. In fact, the BR is not eliminated until the size threshold exceeds 4200 pixels.
Using the elimination process with the FilFinder algorithm has given an impressive indication
for the size and uniqueness of the BR compared with the rest of the field.

Next, we apply the same method of analysis to the SDSS DR16Q quasars in the same
field and the same redshift slice as the Mg II absorbers containing the BR for comparison

— 922 —



North

o
o
©
[ce]
o
o
<
©
o
o
[sY)
o -
<1 2
s 5 &
<

-200

-400

Figure 14. The tangent-plane distribution of quasars in the redshift slice z = 0.802 £ 0.060. The blue
contours, increasing by a factor of two, represent the density distribution of the field quasars which
have been smoothed using a Gaussian kernel of ¢ = 11 Mpc. Magnitude limits have been applied to
the quasars such that ¢ < 20.0. The field-of-view corresponds to the small, pink area seen in figure 5.
There is no strikingly obvious structure by eye, but when the FilFinder algorithm is applied to this
field it can detect a filamentary ring-like shape that coincides with the BR.

with an independent data source. We want to reduce the noise of the high number density
of quasars so we apply an i-magnitude (i) limit of ¢ < 20.0, such that only the intrinsically
very bright quasars are included. The field size and redshift interval for producing the quasar
image is the same as that for the Mg II absorbers from figure 1: that is, the quasars are
chosen to be those that lie in the same field as Mg II absorbers, not to be confused with the
background quasars responsible for the Mg II absorbers. The quasar image is seen in figure 14.
The FilFinder algorithm is applied to the quasar image in the same manner as described
above with the Mg II absorbers, with the following parameter settings: adaptive threshold
= 18, smoothing size = 12 and size threshold = 576 (see figure 15(a)). Given the much higher
density of the field quasars compared with the Mg II absorbers, even after ¢ magnitude cuts
have been made, we can see that there are generally more filaments identified (figure 15(a)).
Incrementally increasing the size threshold will remove the small filaments and leave only
those able to survive the cuts — so just the large filaments of interest. Figures 15(a)-15(d)
show the results from FilFinder applied to the field quasars with increasing size threshold.

When the FilFinder algorithm is applied to the field quasars, and the size threshold
is incrementally increased, we are left with only a ring-like filament that coincides with
the BR. This is particularly interesting as it demonstrates from independent corroboration
that the quasars also follow a similar shape to the Mg II absorbers. We can also visualise
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Figure 15. Applying the FilFinder algorithm to the field quasars corresponding to the standard BR
field and incrementally increasing the size threshold to show the elimination process of small filaments.
All axes are labelled in pixels, where 1 pixel = 42 Mpc?. (a) Using the standard FilFinder parameters
where adaptive threshold is 18 pixels, smooth size is 12 pixels, and size threshold is 576 pixels. For
the remaining figures we incrementally increase the size threshold. (b) Size threshold is 1000 pixels.
(c) Size threshold is 2000 pixels. (d) Size threshold is 4000 pixels.

the relationship of the Mg II absorbers with the bright field quasars by superimposing the
quasar image onto the Mg IT image (see figure 16). In section 4.1 we further investigate the
observational properties of both field quasars and DESI clusters in the BR field.

3.4 Cuzick and Edwards test

The Cuzick-Edwards (CE) test [47] was created to assess the clustering of cases in an
inhomogeneous population. It is a 2D, case-control statistical method that deals with
variations in spatial populations. This method has shown to be useful for the particular data
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Figure 16. The tangent-plane distribution of Mg II absorbers in the redshift slice z = 0.802 = 0.060
superimposed with the tangent-plane distribution of quasar positions in the same redshift slice (not
to be confused with the background probes). The grey contours, increasing by a factor of two,
represent the density distribution of the absorbers which have been smoothed using a Gaussian kernel
of o = 11 Mpc, and flat-fielded with respect to the distribution of background probes (quasars). The
blue contours, increasing by a factor of two, represent the density distribution of the field quasars
which have been smoothed using a Gaussian kernel of ¢ = 11 Mpe. In the Mg IT image, S/N limits
of 4,2 and 4 were applied to the Ao7g9s, Aogos Mg II lines and quasar continuum, respectively. In the
quasar image, magnitude limits were applied such that ¢ < 20.0. In general, we find that the blue
contours follow the grey contours.

that we are working with; the Mg II are the cases to be assessed, which are affected by the
inhomogeneous spatial distribution of the background probes (quasars). This method assesses
the statistical significance of clustering by assessing the occurrence of cases within the k
nearest neighbours, but it cannot, however, assess the significance of individual candidate
structures. Therefore, it is a useful additional method to analyse the field containing the BR.

The CE test was first applied to cosmological (and to our knowledge, astrophysical) data
when analysing the GA (section 2.3.3 in Lopez22); before this, the method had mainly been
used in the context of medical research (e.g. for patterns in diseases across varying population
sizes). We can now follow the steps and process presented in Lopez22 for the BR. (We are
using the application gnn.test in the R package smacpop by [48].)

As mentioned previously in Lopez22, the power of the CE test is affected by the control-
case ratio, and a ratio between 4 and 6 is found to be optimal [47]. For this reason, we continue
to use a control-case (i.e., probes to absorbers) ratio of 5 : 1, which, for the BR field, requires
removing ~ 90% of the probes. The ~ 10% remaining probes are randomly selected for each of
the 200 runs of the gnn.test, which itself is computed for 499 simulations (the default setting).
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We begin by assessing the BR field, and then we successively shrink the FOV to ‘zoom
in’ on the BR, which is presumably the main feature contributing to any clustering patterns
detected in the field. Unlike the GA, the BR is a full ring shape, so the successive zooming
is limited in both axes. Therefore, we apply only two successive zooms to the BR, beyond
which the BR would extend beyond the FOV. We then apply the CE test on four other fields
that are unrelated and detached from the BR field, for comparison with the BR field. The
four unrelated fields are chosen to be at the same redshift as the BR field (z = 0.802 =+ 0.060),
the same field size (equivalent to the second ‘zoom’ of the BR field) and the same declination
(6 = 50°), so that the only change from the BR field to the unrelated fields is to move
the right ascension (RA) centre point — the unrelated fields are then outside the BR field
but within version-1 of the control area (see figure 5). For the BR field, we repeat the CE
test (with 200 runs and 499 simulations) 10 times altogether to investigate how the random
selection of probes (controls) could affect the CE statistics. The distribution of p-values
calculated from applying the CE test to the BR field indicates tentative significant clustering
(p < 0.05) for a range of chosen ¢ (k) values. The median p-value dropped to a minimum
of p = 0.0238 £ 0.0015 over the 10 repetitions of the CE test at ¢ = 61, corresponding to
a significance of 2.00. However, in the four other unrelated fields there was no (with the
exception of exactly two data points) significant (significant is here defined as p < 0.05)
clustering detected, suggesting that the clustering seen in the BR field is special (see figure 17)
— as was similarly found with the GA previously. In one of the unrelated fields there were
two points, at ¢ = 2 and ¢ = 8, where the median p-value dropped below the p = 0.05
threshold, which is here considered tentative significant clustering. However, since it was
at a much lower ¢ value, the CE test was likely here detecting very small-scale clustering,
and not related to the same type of clustering seen in the BR (and GA) field. Overall,
the clustering seen in the BR field mimicked the clustering that was also seen in the GA
field, but here at a tentative (p < 0.05) significance level; the clustering in the BR field was
inconclusive at the o > 3.0 significance level.

4 Observational properties

4.1 Corroboration with independent data

Earlier, in section 3.3, we saw that the bright field quasars have identified filaments similar to
those of the Mg II absorbers. It was also shown that there is a plausible visual association of
the field quasars and Mg II absorbers from superimposing the contour maps of each dataset
(figure 16). We can continue to use the contour maps from the quasars, and now also the
DESI clusters [49], looking at a larger FOV, and investigate the visual association of the
independent datasets with the MgII absorbers on a larger scale (see figure 18).

The visual investigation of quasars and DESI clusters with Mg 11 absorbers indicates
that generally there is plausible association of both independent datasets with the absorbers.
The association can be seen clearly when comparing the ‘voids’ in the data; where there are
no absorbers there tend also not to be very many quasars or DESI clusters. The visually most
striking association is seen in figure 18(d) where the green contours of the DESI clusters seem
to follow the same filamentary trajectory as the Mg II absorbers in many cases. Interestingly,
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Figure 17. The Cuzick and Edwards (CE) test applied to the second ‘zoom’ of the BR field and an
unrelated field (a and b respectively) for comparison. The figures show a box-plot of the distribution
of p-values over 200 runs of 499 simulations as a function of chosen ¢ (k) value. (a) The BR field
shows tentative significant clustering (p < 0.05) between ¢ = 50 and ¢ = 70, reaching a minimum of
p = 0.022 between 59 and g = 62 corresponding to a significance of 2.0c0. Note, this is one of the
figures produced from the 10 repeated tests. (b) The unrelated field shows no significant clustering on
any scale.

however, in figure 18(c), similar trajectory is also seen, but on other Mg IT absorbers that
were missed in figure 18(d). The two DESI cluster figures 18(c) and 18(d) have richness
limits applied of R < 22.5 and R > 22.5, respectively, so the crossover of the two figures is
minimal. (The median richness limit for the DESI clusters is 22.5 [49].) We might thus have
a potentially useful technique of investigating the Mg II absorbers and their association with
low and high richness clusters, from which we might learn more about the physical origin of
the Mg IT absorbers. We can also see in figure 19 the DESI clusters of all richnesses plotted
in green contours over the BR Mg II absorbers. Comparison with figures 18(c) and 18(d),
which are for R < 22.5 and R > 22.5, indicates that figure 19 shows the strongest association
of the DESI clusters with the Mg IT absorbers. Of course, the DESI clusters will have much
larger redshift errors (Az ~ 0.04) than the Mg II absorbers and quasars, so the structures
in the DESI clusters will be blurred. Given that the association seems quite clear, then
presumably smaller redshift errors would lead to an even clearer association.

4.2 Viewing the BR from other angles

The BR and GA discoveries were made unexpectedly with the method of intervening Mg I1
absorbers, and so are subject to observational bias — we have first detected the signal of a
LSS by observing a curious shape and/or visual overdensity in the initial Mg IT images that
we later assess statistically. Specifically, we are only observing these LSS candidates from
one line of sight (LOS), i.e., a 2D projection on the sky of the 3D matter distribution. Thus,
from a different viewing angle, or LOS, the LSS candidates could look entirely different, or
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Figure 18. Density distribution of the Mg IT absorbers in the redshift slice z = 0.802 + 0.060 in
a large field-of-view represented by the grey contours which have been smoothed using a Gaussian
kernel of o = 11 Mpc and flat-fielded with respect to the background quasars. The additional contours
(in blue and green) represent the superimposed density distribution of the field quasars (a and b) and
the DESI clusters (c and d), respectively. (a) The field quasars, represented by the blue contours, are
restricted to ¢ < 20.0. The blue contours appear to have a plausible association with the grey contours.
The i magnitude limit is not very restrictive so the blue contours are visually noisy compared with
the Mg II absorbers. Note, these quasars were found to have a FilFinder filament that linked closely
to the shape of the BR, so clearly it is the visual impression that is difficult to determine due to the
noise. (b) The field quasars, represented by the blue contours, are restricted to i < 19.5. With the
reduced quasars (compared with a) a clearer trend of quasar and Mg II absorber association can be
seen. Generally, the dense clumps of Mg II absorbers appear to have associated quasars rather than
the thin Mg II filaments. (¢) The DESI clusters, represented by the green contours, are restricted to
R < 22.5. The green contours generally follow the grey contours, although the richness limit reduces
the number of DESI clusters in the field. (d) The DESI clusters, represented by the green contours,
are restricted to R > 22.5. Again, it can be seen that the green contours generally follow the grey
contours. In particular, the lower half of the BR has a strong filament of DESI clusters following the
filamentary shape of the Mg II absorbers. Note, the larger field-of-view of the above figures crosses
two of the SDSS borders where the quasar coverage drops sharply (see figure 5).
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Figure 19. All of the DESI clusters with richnesses 0 < R < 300, represented by the green contours.
Here it can be seen that the green contours generally follow the grey contours quite well. Compare
with figures 18(c) and 18(d), which are for R < 22.5 and R > 22.5. Note, the larger field-of-view of
the figure crosses two of the SDSS borders where the quasar coverage drops sharply (see figure 5).

furthermore, there could be LSS candidates that have a seemingly average, or ‘uninteresting’

distribution of absorber members from our LOS that may be arcs, rings or interesting
filamentary shapes from a different viewing angle.

We investigate how different viewing angles change the perception of the BR, which
first requires redefining the coordinate system on which the BR-field absorber members
are projected, described here. An initial, orthogonal, 3-vector coordinate system is defined
such that ug, vo, wo are closely linked to Zprop, Yprops Zprop- Lhe initial normal vector (wp)
is defined as the proper coordinate to the mean zprop, Yprop, Zprop Of the absorber members
(which can be thought of as the original LOS). Then, the plane perpendicular to the normal
is rotated such that ug points towards the most easterly absorber. Finally, all the absorber
members are projected onto the new plane (see figure 20). Hence, we call this method the
‘

project-plane method’. With the initial coordinate system defined, we can define any new
normal vector (w) as some combination of the initial ug, vg, wp.

In figure 20 and other similar figures following, the colours of the absorbers indicate the
redshift of each absorber, with the high-z absorbers represented by a darker shade, and vice
versa (see the key on the top left of the figures). The numbers associated with each absorber
are a simple ID system, labelled 1 to 51 in ascending order from the most easterly absorber
to the most westerly (i.e., in descending order of RA). The ID system remains the same
throughout all subsequent rotations of the plane projections so that the numbers can be used
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Figure 20. The visually-identified BR, absorber members projected onto the plane perpendicular to
the initial normal vector, wg. The z-axis points towards the ug direction and the y-axis points towards
the vy direction. By comparing the figure here with figure 2 one will notice the slight rotation of the
BR projection, indicating the small misalignment of the tangent-plane coordinate system with the
new ug, vg, wo system. The key in the top lL.h.s. of the figure indicates the redshifts of the absorbers
associated by the colours, and the small numbers paired with each data point indicate their unique
ID number.

to orientate oneself. In this manner we are viewing the BR from different viewing angles,
similar to taking snapshots of the 3D structure from different LOSs. Note, the observational
analysis presented on the BR here is based on the visually selected BR absorber members,
which are the blue points in figure 2.

We then redefine the normal with combinations of the original, orthogonal, 3-vector
system to give different projected planes. The newly-defined vectors u,v,w are similarly
orthogonal. Figures 21-23 have different viewing angles of the BR, and the observational
analysis of each plane projection follows.

In figure 21 the new normal is set to ug, which can be thought of as the side-on view
of the BR. To emphasise this point, the redshift colours are banded vertically indicating
that the u-axis has essentially become the redshift z-axis. Of interest in this figure is the
curious backwards ‘S’ shape which is in both the dark-coloured high-z absorbers and the
light-coloured low-z absorbers. The impression is that the BR has three distinct redshift
bands, and the absorbers in each band create a noticeable backwards ‘S’ shape, but more
so in the nearest and farthest redshift bins (the lightest and darkest coloured absorbers). It
is not entirely clear what the backwards ‘S’ shape might indicate, or if it warrants further
investigation. Initially, it could be thought that the absorbers belonging to the three distinct
redshift bands may also be associated particularly with some of the SLHC identified groups
from figure 7, but this is not the case. However, instead we find that almost all (one exception,
starred in the list below) of the nearest redshift absorbers (those forming the backwards
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Figure 21. The BR absorber members projected onto the plane perpendicular to ug. The new u
direction points towards the most easterly absorber, as usual. The colours represent the redshifts of
the absorbers (see the key in the top Lh.s. of the figure) and the small numbers paired with each data
point indicate their unique ID number.

200

(0.74,0.751]
(0.751,0.761]
(0.761,0.772]
(0.772,0.782)]
(0.782,0.792]
(0.792,0.803]
(0.803,0.813]
(0.813,0.824]
(0.824,0.834]
(0.834,0.844]
(0.844,0.855]
(0.855,0.865]

100

0

042

049
o041

Mpc

-100

048
044 046035

047 @43

®37

0493

32
33

39

%0

38

034  ©%8

1

-200

—200

-100

200 300

Figure 22. The BR absorber members projected onto the plane perpendicular to vg. The new u
direction points towards the most easterly absorber, as usual. The colours represent the redshifts of
the absorbers (see the key in the top Lh.s. of the figure) and the small numbers paired with each data
point indicate their unique ID number.
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Figure 23. The BR absorber members projected onto the plane perpendicular to ug — vg. The new
u direction points towards the most easterly absorber, as usual. The colours represent the redshifts of
the absorbers (see the key in the top Lh.s. of the figure) and the small numbers paired with each data
point indicate their unique ID number.

‘S’ shape with the light-coloured absorbers) belong to one half of the BR closest to the
r.h.s. This can be confirmed by cross-correlating the number IDs in figure 20 and figure 21.
(IDs of absorbers contained in the near-redshift band, i.e., the light-coloured backwards ‘S’
shape: 36, 26,29, 21, 3,1,4,39%,15,22,18,19, 32, 33. 39 has been starred as the one absorber
belonging in the near-redshift band that does not sit with the rest of the absorbers on one
half of the BR.) So the near-redshift absorbers form an arc of a circle closest to the r.h.s.
of the BR. Later we will see that this further implies a somewhat spiral or ‘cork-screw’
interpretation of the BR, that is aligned face-on with our LOS.

In figure 22 the new normal is set to vy, which can be thought of as viewing the BR
from the bottom, looking up. Now we can see a thin, central arc which is formed from
the most central redshift absorbers, with clumps of absorbers at lower and higher redshift
either side of this arc. If the BR had been discovered from this particular angle, had we
been located at a different position in the Universe, then we may have named this structure
the ‘Big Arc’. This highlights the observational bias mentioned earlier: our viewing angle
only allows one LOS in which to discover interesting structures and filaments when using
the Mg II image method. However, it also presents the opportunity to re-examine LSS
candidates from multiple viewing angles.

In figure 23 the new normal is set to ug — vg, which can be thought of as looking at 45°
through the BR towards the south-east direction. The BR now very clearly resembles that of
a coil, and the inner filament is very thin and filamentary. The high-z and low-z absorbers
form ovoid shapes connected by the inner filament, although the high-z absorbers appear
more broken and sparse compared with the rest of the coil.

All three viewing angles, plus the original face-on view of the BR, indicate that the BR
structure is a coil shape with a thin, flat, dense, central component. The flatness of the
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Figure 24. The visually-identified BR absorber members projected onto the plane perpendicular to
wo with an added fitted ellipse.

central component is particularly interesting given the recent work of finding flat patterns
in cosmic structure presented in [17]. It is not yet clear how a structure like this will have
formed; however, one possibility could be cosmic strings, which have been suggested to explain
other recent discoveries and data [16, 17, 41-46].

Previously, the diameter of the BR was noted as similar to the expected size of a BAO.
However, the coil shape seems likely to be inconsistent with an origin in BAOs.

Finally, an ellipse can be fitted to the BR (figure 24). The ellipse calculates the semi-
major and semi-minor axes as 184 Mpc and 162 Mpc, respectively. Given that the signature
of an individual BAO has a characteristic size of 150 Mpc, we again argue against the
possibility of the BR occurring from a BAO. Given the ellipse calculations of the semi-major
and semi-minor axes we can use Ramanujan’s approximative perimeter to approximate the

circumference of the ellipse,

(a+b) + 3o — b7
=T
PR 10(a + b) + Va2 + ldab + b2

where a and b are the semi-major and semi-minor axes. The circumference of the ellipse
is then ~ 1.1 Gpc.

4.3 Equivalent widths

In figure 20 we showed the visually-identified BR absorber members projected onto a plane
normal to the vector wgy (which corresponds to the LOS), with the points colour-coded
according to redshift. Here, in figure 25, we show a corresponding figure but with the points
now colour-coded according to the rest-frame equivalent widths (in A) of the Ao79¢ component
of the Mg II doublet. The equivalent widths and their uncertainties, both taken from the
Mg IT database of [3], are tabulated in table 5.
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Figure 25. The visually-identified BR absorber members projected onto the plane perpendicular to
the initial normal vector, wg. The z-axis points towards the ug direction and the y-axis points towards
the vy direction. The key in the top Lh.s. of the figure indicates the rest-frame equivalent widths (in
A) of the Ao796 component of the absorbers associated by the colours, and the small numbers paired
with each data point indicate their unique ID number. The equivalent widths are taken from the
Mg II database of [3].

In figure 25 there is no obvious pattern for the lower equivalent widths, but we note that
the higher equivalent widths tend to be concentrated on the r.h.s. of the plot, especially the
points that are numbered 14,1,13,15,18,19,23 (but not 36, 35).

The earlier figure 23, for the plane perpendicular to ug — vg, drew attention to ovoid
shapes at high-z and low-z. Here, figure 26 corresponds to that figure, but again with
colour-coding according to the equivalent widths. It shows that the points 14,36, 1,15,18,19
(and possibly 23,35 but not 13) are actually concentrated in the low-z ovoid shape. Possibly
a preferential alignment with respect to the LOS of the host galaxies in this ovoid shape
is enhancing the column densities.

5 Discussion and conclusions

In this paper we have presented a ‘Big Ring on the Sky’, which is the second ultra-large
large-scale structure (uLSS) detected in the Mg II catalogues The BR is detected most
prominently in the redshift slice z = 0.802 4+ 0.060. The redshift slice containing the BR is
the exact same redshift slice containing the previously detected GA, and both structures
on the sky are separated by only ~ 12°, meaning that these two intriguing structures are
in the same cosmological neighbourhood.

We applied several inspection tests and statistical tests to the BR to support it as an
ultra-large LSS. A summary of the results is as follows. (1) Each of the visually-identified
BR+filament absorbers was confirmed visually in the corresponding spectra, establishing that
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ID | EW (A) | ogw (A) | ID | EW (A) | opw (A)
1| 299 017 | 27 | 0.96 0.12
2 | 1.46 020 |28 | 115 0.27
3| 094 012 | 29| 163 0.19
4| 171 043 |30 | 135 0.30
5| 1.05 023 | 31| 0.76 0.09
6 | 1.29 026 | 32| 122 0.30
7 113 028 | 33| 0093 0.12
8 | 1.31 022 | 34| 0.99 0.18
9 | 051 0.13 | 35| 207 0.43

10 | 0.72 0.15 | 36 | 249 0.35

11| 1.08 0.06 |37 | 0.51 0.05

12 | 0.82 005 | 38| 133 0.16

13 | 2.70 046 | 39 | 1.32 0.29

14 | 229 032 |40 | 120 0.22

15 | 1.75 025 |41 | 1.73 0.33

16 | 1.45 032 | 42| 0.76 0.05

17 | 1.55 036 | 43 | 1.28 0.25

18 | 2.62 008 |44 | 150 0.17

19 | 2.58 021 |45 | 135 0.12

20 | 1.07 0.05 | 46 | 1.55 0.25

21 | 0.86 0.05 |47 | 1.50 0.36

22 | 1.66 012 |48 | 091 0.21

23 | 2.08 020 |49 | 1.56 0.29

24 | 1.05 025 | 50 | 0.48 0.11

25 | 0.79 0.09 | 51| 1.08 0.11

26 | 0.58 0.09

Table 5. The table is for the 51 visually-identified BR absorber members. The identification numbers
(ID) correspond to those in figure 20 and the other similar figures that follow it. The rest-frame
equivalent widths (EW) and their associated uncertainties (ogw, taken from the Mg IT database of [3],
are for the Ag7gg component of the Mg IT doublet; the units are A. Note that the EW for point 12 is
likely to be enhanced by the superimposed Aogg3 component from point 11.

100% of the absorbers are real detections, and not false-positives. (2) The SLHC algorithm
identified 46 out of 59 of the visually-identified BR+filament absorbers across 5 individual,
overlapping or adjacent, groups. The SLHC algorithm also detected a statistically-significant
arc in the redshift slices centred at z = 0.862 + 0.060 and z = 0.922 4+ 0.060. The arc appears
to be an extension of the bottom arc of the BR, given the agreement in the on-sky position and
that the redshift slices overlap by 50%. (3) We calculated the CHMS and MST significance of
the SLHC-identified absorbers, the visually-identified BR absorbers (two versions), and the
FilFinder-identified absorbers. The CHMS method was found to have a much larger variation
in its reported significances due to the nature of the method: the CHMS calculates the volume
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Figure 26. The BR absorber members projected onto the plane perpendicular to ug — vg. The new
u direction points towards the most easterly absorber, as usual. The key in the top Lh.s. of the figure
indicates the rest-frame equivalent widths (in A) of the Aa796 component of the absorbers associated
by the colours, and the small numbers paired with each data point indicate their unique ID number.
The equivalent widths are taken from the Mg IT database of [3].

of the unique structure containing all the absorbers, so in the example of a ring-like structure,
there is a large volume in the centre of the ring with far fewer absorbers than the annulus.
The CHMS calculates a (3.65 £ 1.13)o significance. By using the visually-identified absorbers,
and keeping the BR innards, the CHMS calculates a (likely) upper limit of 5.20 significance.
The MST significance on the other hand was more consistent, as this method relies only
on the mean MST edge-length, and this method calculates a significance of (4.10 £ 0.45)0.
(4) The FilFinder algorithm was applied to the Mg IT image of the BR field to identify
filaments objectively. By incrementally increasing the size-threshold, the algorithm left only
one identified filament — a ring — and that ring corresponded to the visually-identified BR.
In this way, the BR was established as: (i) a ring, independently of visual perception; and
(ii) the most-connected and largest filament in the image. We also applied the FilFinder
algorithm to the field quasars (not to be confused with the background probes) and this
found that there was a large, connected, ring-like filament that mostly aligns with the BR.
(5) We applied the CE test to the field containing the BR and then ‘zoomed’ in on the BR to
assess the contribution of the BR to the spatial clustering in the field. Tentative significant
clustering in the field was detected in the second zoom of the BR, at a p-value p = 0.022
(corresponding to a significance of 2.00). We compared this with four other unrelated fields at
the same redshift as the BR and found no significant spatial clustering. However, the CE test
results for the BR field are still inconclusive at the ¢ > 3.0 significance level, suggesting that
the clustering in the BR field is not statistically significant, unlike what was seen with the GA
field. Note, this test assesses the clustering in the field and not the statistical significance of
any individual candidate structure. (6) By superimposing contour maps of the field quasars
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and DESI clusters on the Mg II absorber images we were able to show plausible association
between the datasets, thus providing independent corroboration. We found in particular that
the DESI clusters that were subject to richness limits were mapping different Mg I absorbers,
suggesting that there could be scope for using DESI clusters as a way to investigate the
physical environment around the Mg II absorbers. (7) Using a project-plane method we
could investigate the 3D distribution of the BR. Viewing the BR on different angles showed
that there are 3 distinct redshift bands, where the central redshift band contains the majority
of the absorbers in a ring shape in a thin, flat region. The near-redshift band is contained
almost entirely on the r.h.s. of the BR and even appears to angle backwards into the central
redshift bin of the BR creating a spiral-like shape. The farthest-redshift band had a similar
coiling effect, but appeared to be distributed randomly throughout the BR (it made a broken,
ring shape). We also found, with the project-plane method, curious backwards ‘S’ shapes
when viewing the BR side on. The S shapes are most apparent in the near and far redshift
bands but can also be seen in the central redshift band.

The data and analysis show that the BR is of particular interest for LSS studies in
cosmology. In cosmology, we assume statistical homogeneity in the Cosmological Principle
(CP) as the foundations of the ACDM model. We have shown that the BR is real and
statistically significant, adding it to a growing list of LSS candidates that are in tension with
the CP. The growing list of LLSSs also indicates that the chance of all of these structures
being a matter of statistical noise is decreasing. In addition, the list of LSSs in tension
with the CP is also generally difficult to understand as there are gaps in the knowledge for
explaining the formation of these ultra-large structures. Perhaps we could speculate that
the existence of these structures requires an extension to the standard model, perhaps in
the form of cosmic strings.

The BR and GA together, given their sizes and morphologies, are presumably telling us
something intriguing, and quite possibly important, about the Universe, but at the moment
we can only speculate what that might be.
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1. Introduction

Large-scale structure (LSS) studies are motivated by the need for observational data to confirm
the predictions of the standard cosmological model (ACDM). In particular, from studying the
LSS of matter on the very largest scales, one can learn about the growth of cosmic structure
[1] and about the dynamical history of the Universe [2], thus allowing comparison with A
CDM. Furthermore, and of some current interest, LSS can test the assumption of large-scale
homogeneity, which is a fundamental aspect of the cosmological principle (CP) and hence of the
theoretical framework in cosmology.

Unfortunately, the CP lacks a precise and agreed definition. Different interpretations can be
encountered in the cosmological literature and across the history of cosmology. The details can
be vague. For example, the textbook version of the CP might say that the Universe on large
scales is homogeneous and isotropic. However, what those large scales might be is often not
clearly specified, and indeed, the expectation of what is plausible seems to have increased by at
least a factor of 10 over the years.

Consider the following three interpretations of the CP, and specifically what is meant by
homogeneity: (i) There exists some large scale, known as the scale of homogeneity, on which the
Universe can be smoothed and the distribution of matter would then be well represented by a
stationary random process (e.g. [3-5]). (ii) The power spectrum suggests that there can always
be some large scale at which statistically significant deviations might be found in the matter
distribution, but such deviations on large scales should be rare (e.g. [2,6]). (iii) There should be
similarity everywhere (maximally symmetric). Any observed large-scale structuring indicates
that the scale of homogeneity, if it exists, must then be larger than these scales. The occurrence
of a particular LSS, even the largest known, does not imply that the probability of finding a
comparable LSS elsewhere is any different. Points (ii) and (iii) could be contradictory, given that
point (ii) suggests that the largest structures should be rare, and point (iii) suggests that the
largest structures need not be a problem for the CP if their probabilities are homogeneous and
isotropic. (How would we know that?) A useful overview of the various interpretations of the
CP can be found in [7].

The diversity in the interpretation of homogeneity in the CP has led to differing conclusions
on whether the observed matter supports a homogeneous Universe. For example, there have
been claims that large-survey analysis supports homogeneity in luminous red galaxies and
in quasars [8-10]. However, the accumulating set of ultra-large LSS (uLSS)" discoveries might
indicate that homogeneity is not supported. For a recent list of the largest LSSs that appear
to extend beyond Yadav’s [4] estimated approximately 370 Mpc upper limit to the scale of
homogeneity, see table 1 in [11].

Perhaps individual uLSS discoveries can instead be explained by appealing to extreme-value
statistics in some form. For example, Park et al. [6] and Nadathur [12] address the Sloan
Great Wall (SGW) and the Huge Large Quasar Group (Huge-LQG) with mock catalogues and
random catalogues, respectively, finding that mock/random structures of comparable size and
overdensity may be readily reproduced. Somewhat differently for the Huge-LQG, Marinello et
al. [13] used the Horizon Run 2 cosmological simulation and extreme-value analysis to show
that the Huge-LQG is compatible with the ACDM model if it should happen to be the largest
such structure in a volume over five times larger. Similarly, for the SGW, Park et al. [6] found
that, while structures comparable with the size and overdensity of the SGW were reproduced in
their simulations, they were always in the top six largest and richest structures detected in the
200 mock samples.

'We have introduced the new term ‘ultra-large LSS’ (uLSS) to denote those structures that exceed the Yadav estimated
~ 370 Mpc upper limit to the scale of homogeneity [4].
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Table 1. The SLHC and MST significance results applied to the four versions of the BR from the SLHC-identified absorbers,
visually identified (BR-all and BR-only) absorbers and FilFinder-identified absorbers. These results are based on data from the
Anand21 database.

SLHC (o) visual BR-all (o) visual BR-only (6)  FilFinder (o) mean (o)

BR, Big Ring; MST, Minimal Spanning Tree; SLHC, Single-Linkage Hierarchical Clustering.

The results from [6] and [13] suggest that, in the matter of the compatibility of uLSSs with
the ACDM model, the accumulated set of uLSSs might be of more importance than any one
individual structure.

In this review article, we discuss two intriguing uLSS discoveries, the Giant Arc (GA) [11]
and the Big Ring (BR) [14]. See figure 1 for an artistic impression of both these structures in the
sky. We summarize their method of discovery and statistical analysis, describe their observed
properties and comment or speculate on their possible origins. The GA and the BR are in the
same cosmological neighbourhood, at z ~ 0.8 and separated by approximately only 12° on the
sky. Individually and together, they exceed the Yadav 370 Mpc estimated scale of homogeneity,
and thus may at least challenge some interpretations of the CP. (Note that the word ‘challenge’
is not synonymous with ‘contradict’, but it does imply something to be investigated further.)
Their sizes and morphologies appear to be hard to explain in the ACDM model. Quite possibly,
new developments in cosmology will follow from the continued investigation of intriguing and
unexpected anomalies such as these.

2. The Mg Il method

Observations for studying LSS in the Universe can be broadly divided into two categories: (i)
observations of low-luminosity objects at low to intermediate redshifts (e.g. [15-17]) and (ii)
observations of high-luminosity objects at intermediate to high redshifts (e.g. [18-25]). There
are benefits and challenges to both categories. In category (i), photometric redshifts, for very
large numbers of objects, are commonplace, but the large redshift errors can lead to blurring
of structures along the line of sight. Spectroscopic redshifts, generally for smaller numbers of
objects, are more demanding of telescope time, and are more likely to feature in category (ii).
The redshift errors are then smaller but may still be associated with some blurring.

A novel method for analysing LSS is to infer the low-luminosity matter at intermediate
redshifts from the presence of sharp metal absorption lines in the spectra of high-redshift
quasars. The Mg II doublet, specifically, arises from low-ionized metal-enriched gas which is
well-known to trace star formation regions [26-30]. From many quasar observations covering
a large area of sky, such as the Sloan Digital Sky Survey (SDSS) footprint or the recent Dark
Energy Spectroscopic Instrument (DESI) survey footprint (at the time of writing, this is not
yet publicly available), one can then map the inferred, low-luminosity, intervening matter at
intermediate redshifts and learn about the LSS.

The sources of data for the Mg II method are as follows. The first-order data are the
spectroscopic quasar observations from the SDSS quasar catalogues. For previous work
(including the discovery and analysis of the GA), we used the ‘cleaned’ quasar catalogues
DR7QSO [31] and DR12Q [32]. For recent work (including the discovery and analysis of the
BR), we used the newer ‘cleaned” DR16Q quasar catalogue [33]. The second-order data are the
corresponding Mg II catalogues from independent authors. For the Mg II absorber catalogues
corresponding to DR7QSO and DR12Q), we downloaded the Zhu and Ménard (Z&M) [34] data,

*ersy/feuol/bio Buysjgndiaosiefos

6C007C0C -€8€ V20 Y Subi] ‘Jiyd



Downloaded from https://royalsocietypublishing.org/ on 09 June 2025

Figure 1. An approximate projection of the GA and BR visually identified absorber members superimposed on to an image of
the night sky taken from Stellarium. This figure gives an impression of the scale of the two uLSSs, their position in the sky and
their proximity.

and for the absorber catalogues corresponding to DR16Q, we downloaded the Anand et al.
(Anand21) [35] data.

3. Statistical analysis

In this section, we summarize the statistical analyses performed on the GA and BR to assess
them, subdivided by the different statistical tests used. Full details can be found in the
respective papers.

(a) Power spectrum analysis

Two-dimensional spectrum analysis (2D PSA) [36,37] is a powerful statistical tool for detecting
clustering of sources in a rectangular field using Fourier methods; it has the power to detect
the scale of clustering as well as its statistical significance on that scale. We applied this test to
the field containing the GA. Given that the (probable) dominant feature of clustering in the GA
field was the GA itself, we reduced the typical Mg II image size, mostly along the north-south
axis (figure 2), before applying 2D PSA.

In figure 3, we show the 2D PSA statistic Q" corresponding to the GA field seen in figure 2.
The (six) high points towards the left of the figure allow a clustering scale of 4, ~ 270 Mpc to be
identified. The final PSA statistic Q for this scale 4. corresponds to a detection of clustering at
a significance of 4.80. Given the clustering scale of A, ~ 270 Mpc, this is probably detecting the
width of the GA as perceived along its length.

(b) Cuzick and Edwards test

The Cuzick and Edwards (CE) test [38] is a case-control k (or q here) nearest-neighbours
algorithm, originally intended to assess geographical, spatial clustering of medical illnesses in
inhomogeneous populations. Given the complications of the data with which we work—the
possible inhomogeneity of the quasars (the probes) available for detecting intervening Mg II
absorbers—we applied this test to both the GA and the BR.

CE found the test to be most powerful when the ratio of controls to cases is between four and
six. However, for the GA field, there were approximately 20 times as many probes (controls) as
Mg II absorbers (cases), and for the BR field, there were approximately 50 times as many probes
as Mg II absorbers. For the CE test calculation, in both cases of the GA and BR, a subset of
probes was randomly selected to reduce the ratio of controls to cases to 5:1, and this procedure

seoovoz csse o5 ysuni g eyeunabiouysigndeoposelor [



Downloaded from https://royalsocietypublishing.org/ on 09 June 2025

East

Mpc

Figure 2. The tangent-plane distribution of Mg Il absorbers centred on the GA in the redshift slice z = 0.802 = 0.060 using
the Z&M data. The grey contours, increasing by a factor of 2, represent the density distribution of the absorbers which have
been smoothed using a Gaussian kernel of o = 11 Mp, and flat-fielded with respect to the distribution of background
probes (quasars). The dark blue dots represent the background probes. This figure corresponds to fig. 9a of the GA paper [11].
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Figure 3. The 2D PSA test statistic Q' as a function of clustering scale 1/ with A in Mpc. The bin size is 6.7 x 10~* Mpc-1
and the error bars are + . The horizontal line Q" = 1 indicates the expectation value in the case of no clustering. The (six)
high points towards the left of the plot allow a clustering scale of A. ~ 270 Mpc to be identified. The final PSA statistic Q
for this scale A, corresponds to a detection of clustering at a significance of 4.8 This figure corresponds to fig. 13 in the GA
paper [11].

was then repeated 100 times. Within each run of randomly selected probes, the CE test was run
with 2000 simulations.

For the GA field, seen in figure 2, the CE test found significant p = 0.0027 field clustering
at q =40 (figure 4a), corresponding to a significance of 3.00. For the (reduced) BR field seen in
figure 5, the CE test did not find conclusive significant clustering. In figure 4b, the p-value drops
below 0.05 (indicated by the blue, horizontal line), reaching a minimum of p = 0.043 (1.70) at
q =58. Note, updated statistical analysis using the CE test on the BR can be found in the BR
paper. However, the differences are minor and of no consequence.

(c) FilFinder algorithm

The FilFinder algorithm [39] is a 2D filament identification tool, originally designed to trace
filamentary structures in small gaseous regions, such as the ISM and star-formation regions
[40-42]. We applied it to the field containing the BR to objectively trace the longest and most
connected filaments in the field. Figure 6a shows the FilFinder algorithm applied to the BR
field (for details of the parameter choices, see the original discovery paper). By incrementally
increasing the size threshold of the algorithm, it removes the smaller and less connected
filaments (figure 6b). In doing so, only the filament tracing the BR remains. Applying the
FilFinder algorithm to the BR field shows that the BR is the most connected and largest filament
in the field.
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Figure 4. (a) The median p-value over 100 runs of 2000 simulations as a function of chosen q value. These results
correspond to the GA field seen in figure 2. The p-value reaches a minimum of p = 0.0027 (corresponding to a
30 detection) at q = 40. These results are based on data from the older Z&M database. The x-axis labels are
1,2,4,8,12,16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64. (b) The median p-value over 100 runs of 2000 simulations
as a function of chosen g value. These results correspond to the BR field seen in figure 5. The p-value reaches a
minimum of p = 0.043 at g = 58. These results are based on data from the Anand21 database. The x-axis labels are
2,8,24, 40,50, 58, 60, 61, 62, 70, 80, 140, 200.

North
300 0
,. 8
100 %

R z WO

= O &
: y
200~ B 2

N 5 il
-200 0 100

Mpc
Figure 5. The tangent-plane distribution of Mg Il absorbers centred on the BR in a reduced field size in the redshift slice
z = 0.802 £ 0.060 using the Anand21 data. The grey contours represent the density distribution of the absorbers, which
have been smoothed using a Gaussian kernel of o = 11 Mpc and flat-fielded with respect to the distribution of background

probes (quasars). The key on the right-hand side shows the relative density of the Mg Il absorbers, which are increasing by a
factor of 2. The dark blue dots represent the background probes.

(d) Single-linkage hierarchical clustering algorithm

The single-linkage hierarchical clustering (SLHC) algorithm is equivalent to a minimal
spanning tree (MST) when the MST is separated at a specified linkage scale. When
applied to three-dimensional (3D) spatial data, the SLHC algorithm determines the candidate
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Figure 6. (a) Filaments, shown in red, identified by the FilFinder algorithm in the BR field. (b) Starting from (a), the FilFinder
size threshold parameter was incrementally increased, leaving only the filament that traces the absorbers belonging to the
BR. The Mg Il data are from the Anand21 database.

(algorithmic) “structures” within the dataset. The linkage scale will determine the set of data
points included in a candidate structure. Naturally, the choice of linkage scale must be related
to the field density: in a high-density region, the chosen linkage scale should be smaller than in
a low-density region. We adopt the GA field as a standard field (linkage scale s, density pg) and
use the relation s = (po/p)l/ 350 to obtain the linkage scale s for any other field of density p.

The SLHC algorithm identified the majority of the absorbers belonging to the visually
identified GA (using the older Z&M database) in two agglomerations: a large, statistically
significant portion and a smaller, not statistically significant portion, which were named
GA-main and GA-sub, respectively. The two GA agglomerations visually overlapped on the
sky, indicating that they could belong to the same candidate structure if given a more com-
plete survey coverage. (Recall that the background quasars are responsible for the detection
of intervening Mg II systems.) The statistical significance of GA-main was then calculated
using the convex hull of member spheres (CHMS; see originally [43] and the corresponding
GA or BR paper for more details). The CHMS statistical significance of GA-main was 4.530.
The overdensity of GA-main was calculated both with the CHMS method and the Pilipenko
MST-overdensity method [44]. The CHMS-overdensity and MST-overdensity for GA-main were
Spcums/p = 0.9+0.6 and Spysr/p = 1.3 +0.3, respectively. Clearly, the larger error estimates from
the CHMS overdensity indicate that those results should be taken with caution. A mass excess
was estimated from the MST-overdensity by assuming that 3, = 8,,, where 3, is the MST-over-
density and J,, is the mass overdensity. We took the critical density of the Universe to be
92x107% kg m-3. The estimated mass excess for GA-main was 1.8 x 10"MQO.

The SLHC algorithm applied to the BR field identified the majority of the absorbers
belonging to the visually identified BR (using the Anand21 database) in five, adjacent or
overlapping, candidate structures, which, individually, were not statistically significant (see
figure 7, also see figure 8 for our selection of the visually identified BR). Similar to what was
seen with the SLHC algorithms on the GA field, the individual candidate structures in the
BR appear connected on the sky, indicating that they could belong to the same structure. In
addition, the results from the FilFinder add further support to the connectivity of the BR. We
then applied the CHMS and MST significance tests to four versions of the BR: those identified
by the FilFinder algorithm (FilFinder-identified); those identified by the SLHC in five candidate
structures (SLHC-identified); the visually identified absorbers making the circumference of the
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BR (BR-only); the visually identified absorbers of the BR and everything contained within the
BR (BR-all). Table 1 lists the results of the CHMS and MST significances applied to the four
versions of the BR.

In table 1, looking across the four versions in the CHMS significance calculations, the
likely upper-limit estimate is from the visually identified BR-all absorbers, and the lower-limit
estimate is from the FilFinder-identified absorbers. This variation is expected, as the CHMS
draws a unique volume around the absorber members, and empty volumes existing between
absorbers will also be included. So, with large, empty volumes incorporated by the CHMS
algorithm, the volume of a filamentary-type structure will be overestimated, and the signifi-
cance of the unique CHMS volume will be correspondingly underestimated. For example,
compare the filament-identified absorbers in figure 60 with the visually identified absorbers
in figure 8. The filament-identified absorbers envelop a large, empty region in the middle, as
well as creating additional empty regions from the additional spurs to the northwest, whereas
the visually identified absorbers, including all of those absorbers contained within the visually
identified BR, have fewer empty regions. The differences are then reflected in the CHMS
significance estimates. Ideally, the CHMS algorithm is more appropriately used for clumpy,
globular-type structures and is less applicable to filamentary-type structures.

By contrast, also in table 1, the MST-significance values are less varying than the CHMS-sig-
nificance values, as was also the case for the GA. The CHMS algorithm relies on the unique
volume encompassing the absorber members, whereas the MST calculation relies on the mean
MST edge length between absorber members, which might be better suited for filamentary
structures than the CHMS.

4. Observational properties

In this section, we give examples of and review some of the observational properties of the GA
and the BR; further details can be found in the respective papers.

(a) Independent corroboration

We used the SDSS DR16Q quasars and the DESI cluster catalogue from [45] to provide
independent corroboration of the Mg II structures.

We used coloured contours superimposed on the Mg II images to visually inspect the
relationship between the independent datasets. In figure 94,b, we see two examples of inde-
pendent corroboration of the Mg II with the DR16Q field quasars and the DESI clusters,
respectively. Visually, the coloured contours show a tendency to follow the grey contours, and
since the quasars and DESI clusters are independent sources, they both provide independent
corroboration of the GA and BR.

(b) The proximity of the BR to the GA

The BR discovery is particularly interesting as it was made directly after the discovery of the
GA but using the newer Anand21 Mg II catalogues instead of the older Z&M catalogues. The
BR was first apparent when looking at the GA field with the Anand21 database; just to the
north of the GA was an interesting ring shape, which we then investigated further.

On the sky, the GA and the BR are separated by only approximately 12°, and they both lie in
exactly the same redshift slice z = 0.802 + 0.060. Figure 1 shows an approximate projection of the
BR and GA absorber members imprinted on to a night sky image taken from Stellarium.

The direct discovery of a second uLSS, the BR, in the same cosmological neighbourhood as
the first discovery, the GA, leads to the question of whether we would expect to find many
more interesting, huge structures with circular or other conic-section morphologies. Perhaps,
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Figure 7. Eight of the ten highest membership candidate structures identified by the SLHC algorithm applied to the BR field
in the redshift slice z = 0.802 <+ 0.060. The colours represent the memberships, which are ordered from high to low in the
following way: black, red, green, blue, turquoise, pink, yellow and grey. In this figure, only the black points, representing
absorbers belonging to the GA, are statistically significant. Data points are from the Anand21 database.

54 1| ® Additional

. * Filament
53 ] [ ] L] L] 1

° ° * BR

52 . % . % 1

51 - ¢ o.
50 .

Dec (deg)

48 .

47 * .o ®
46 oo
45

208 210 212 214 216 218 220 222 224
RA (deg)
Figure 8. The visually identified BR is shown in blue points. The orange points mark an interesting filament running through

the BR, and the black points are the additional absorbers encompassed by the BR. Data points are from the Anand21
database.

a more important question would be to determine a priori: (i) whether ACDM can explain the
occurrence of such huge structures and (ii) whether, with the CP assumed, we should expect to
find no other, or many more, of these types of structures.

(c) Hints of an extended GA

In the BR field of the Anand21 databases, there was also an interesting thin filament that
appears to be a potential continuation of the GA. In figure 10, we have added the GA points
from the Z&M catalogues on the same plot as the BR points from the Anand21 catalogues.
In addition, we have added the points of the interesting thin filament that appeared in the
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Figure 9. (a) Density distribution of the flat-fielded Mg Il absorbers in the GA field in the redshift slice z = 0.802 + 0.060
represented by grey contours which have been smoothed using a Gaussian kernel of o = 11 Mpc and flat-fielded with
respect to the background probes (background quasars). The blue (line) contours represent the field quasars from DR16Q—
i.e. the quasars that are in the same field and redshift slice as the Mg Il absorbers —which have been restricted to i < 20.0
and have also been smoothed with a Gaussian kernel of o = 11 Mpc. The GA can be seen stretching approximately 1 Gpc
across the field at the tangent-plane y-coordinate ~ 0. This figure corresponds to figure 14a in the GA paper. (b) Density
distribution of the flat-fielded Mg Il absorbers in the BR field in the redshift slice z = 0.802 = 0.060 represented by grey
contours that have been smoothed using a Gaussian kernel of o = 11 Mpc and flat-fielded with respect to the background
probes (background quasars). The green (line) contours represent the DESI clusters that are in the same field and redshift
slice as the Mg Il absorbers, which have been restricted to a richness limit R > 22.5, and have also been smoothed with a
Gaussian kernel of o = 11 Mpc. The BR can be seen centred approximately on tangent-plane X, y coordinates ~ (50, 300).
In both figures, the key on the right-hand side shows the relative density of the Mg Il absorbers, which is increasing by a
factor of 2.

Anand21 catalogs. With fitted ellipses, it can be seen that if (with more data) this interesting
filament was a continuation of the GA, then the GA or Giant Ring (GR) would encompass the
BR.

(d) The 3D distribution of the BR

For the BR, we define a 3D coordinate system so that the distribution of Mg II absorber points in
BR can be projected on to different planes, allowing for the investigation of the BR at different
viewing angles.

In figure 11a, we see the BR projected on to a plane, where the 3D coordinate system
has been defined to resemble the original line-of-sight projection. The absorber points are
numbered 1-51, and these values are fixed to their absorber points through all rotations of the
plane. The colours represent the redshift distribution, with nearer-z absorbers being lighter in
colour and farther-z absorbers being darker.

In figure 11b, we are next seeing the BR absorber points projected on to a plane that
corresponds to viewing the BR from the southeast direction. From this viewing angle, the BR
appears to resemble a coil shape. There also appear to be three distinct redshift bands, which
were similarly seen from a side-on viewing angle (see the BR paper).

A 3D visualization tool was also used to move around the BR absorber points to investigate
the 3D structure. Using this tool also supported the coil nature of the BR, and it gave an
impression of the near-z absorbers ‘looping’ into the central-z absorbers. The central-z absorbers
then contained the majority of the BR absorbers and created the main ring shape in a thin, flat
region. The far-z absorbers showed less continuity, with the appearance resembling a broken
ring shape.
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Figure 10. The GA points from Z&M (along the bottom) plotted with the BR points from Anand21 (in the middle). The

thin filament to the north was also detected in the newer Anand21 catalogues. With the fitted ellipses, it appears that the

interesting thin filament could be a continuation of the GA, and if so, then this GR would encompass the BR.
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Figure 11. (a) The BR absorber members are projected on to a plane that resembles the original line-of-sight projection.
(b) The BR absorber members are projected on to a plane that resembles viewing the BR from a southeast direction. In this
figure, the BR appears to resemble a coil shape. In both figures, the colours represent the redshifts of the absorbers, with
nearer-z absorbers being lighter in colour and farther-z absorbers being darker. The small numbers paired with each data
point indicate their unique ID numbers.

5. Discussion and conclusions

We have reviewed two recently discovered uLSSs: the GA and BR. Both were discovered
visually as prominent overdensities in Mg II images and subsequently supported by a range
of statistical assessments and by independent corroboration from DR16Q quasars and DESI
clusters. Both exceed the Yadav estimated upper limit to the scale of homogeneity and add to an
accumulating list of uLSSs that challenge the CP in this respect. We note that interpretations of
the CP vary, however.

The GA and BR have intriguing morphologies, as indicated by their names. There is even a
hint that the GA could extend into a GR that envelops the BR. While the BR appears entirely as
a ring in projection on the sky, in 3D visualizations, it appears to coil into and out of a central
flat ring (which contains most of the member absorbers).

Extreme-value analysis and cosmological simulations have shown that some individual
occurrences of uLSSs may be consistent with the CP and with ACDM, but it is not obvious
that the entire accumulating set of uLSSs will be consistent.

Given their morphologies, perhaps the GA and BR, in particular, require an explanation
outside ACDM. One possibility might be cosmic strings, which have become of topical interest
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in recent work [46-53]. For the BR specifically, we noted its similarity in projection and radius
to an individual baryonic acoustic oscillation (BAO) [54-58]. However, given the non-spherical,
coiling nature of the BR, and its actually being larger than a BAO (r ~ 200 Mpc compared with
r ~ 150 Mpc for a BAO), the BR having an origin in BAOs is probably ruled out.

Unexpected and apparently anomalous discoveries in cosmology, such as uLSSs in general
and the GA and BR in particular, may indicate a route to further understanding and refine-
ments of the standard model. It may be productive to see where they lead.
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