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Table 3. The tables show the availability of metallicity and H1 data for the CCC/CFC galaxies split by morphological type (see the
text for details). The numbers in parentheses refer to the percentage of that galaxy for a given morphological type.

Sample Niate Nuncert. N, early N
CCC/CFC 474 963 288 1725
CCC/CFC (+Metallicity) 285 (60%) 295 (30%) 5 (1%) 585 (33%)
CCC/CFC (+H1) 119 (25%) 81 (8%) 8 (2%) 208 (12%)
Sample Cluster Filament

Niate Nuncert. Nearly Nate Nuncert. Near]y
CCC/CFC 83 504 187 391 459 101
CCC/CFC (+Metallicity) 25 (30%) 53 (11%) 1 (<1%) 260 (67%) 242 (53%) 4 (4%)
CCC/CFC (+H1) 24 (29%) 21 (4%) 7 (4%) 95 (24%) 60 (13%) 1 (1%)

coefficient. The latter follows a power law modified by an emissivity
(B), such that

20\’
Kaps(A) = Kans(ho) X (T) . 2
We assume that emission at these wavelengths is purely thermal
and from dust at a single temperature with a fixed § = 2 emis-
sivity (Davies et al. 2012). We use k,ps(350 um) = 0.192 m? kg™!
according to Draine (2003). The above function is fitted using a
%2 minimization technique.

Although this is most likely an overly simplistic analysis, this
approach has been used in previous works (Davies et al. 2010,
2012; Smith et al. 2012; Auld et al. 2013; Verstappen et al. 2013)
and shown to fit the data very well in the FIR/sub-mm regime.
Bianchi (2013) showed that using a single-component modified
blackbody returns equivalent results to more complex models such
as those described in Draine & Li (2007). From our fits, we obtain
dust masses and temperatures. Spectral energy distribution (SED)
data and modified blackbody fits are shown in Appendix D, and
250 um images in Appendix C of the online material.

4 AUXILIARY DATA

In this section, we describe additional available data that we can
make use of in our subsequent analysis. As described above, the
H-ATLAS NGP region is covered by the SDSS spectroscopic and
photometric surveys, which provides not only the positions, magni-
tudes, sizes and shapes as used above, but also star formation rates
(SFRs), stellar mass and metallicity for a significant fraction of our
detected objects. We will also take advantage of available atomic
gas data.

4.1 Stellar mass, SFR and metallicity

Brinchmann et al. (2004) [see also Kauffmann et al. (2003) and
Tremonti et al. (2004) who have carried out photometry and spectral
analysis, respectively, for the same sample] have used SDSS spectra
and optical colours to calculate stellar mass,® SFR and gas phase
metallicities for galaxies that reside in the NGP area. Below we
will use these data as part of our analysis of the galaxies in our
FIR sample. Brinchmann et al. (2004) designate a galaxy as either

8 In order to make the stellar masses in Coma consistent with our previous
Fornax (Fuller et al. 2014) and Virgo (Davies et al. 2014) papers, we have
adjusted the SDSS stellar masses by 4-0.15 dex to convert from the Kroupa
initial mass function (IMF; Kroupa 2002) to a ‘diet’ Salpeter IMF (Bell et al.
2003) as per the recipes in Brinchmann et al. (2004).
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having emission lines or not. For galaxies without emission lines,
stellar masses and SFRs are calculated using the optical colours and
the 4000 A break in the SDSS spectra. However, galaxies without
emission lines do not have measured metallicities. In Table 3, we
indicate the number of galaxies in the CCC/CFC with and without
measured metallicities — morphologies are defined in Section 4.3.

4.2 Atomic hydrogen

We have cross-matched the CCC/CFC with data collected by
Gavazzi et al. (2006) and for galaxies in the Arecibo Legacy Fast
Arecibo L-band Feed Array Survey (ALFALFA; Haynes et al.
2011). Gavazzi et al. (2006) used the Arecibo radio telescope to
observe 35 spiral galaxies in the Coma supercluster. They also
added all data then available in the literature, giving 92 galaxies in
total. The ALFALFA 0.4« data (Haynes et al. 2011) add a further
138 galaxies to this. So, in total we have atomic hydrogen data for
230 CCC/CFC galaxies. Where we have a measurement from both
the literature and from ALFALFA we have taken the value from
ALFALFA 0.4«. In Table 3, we give the numbers of galaxies de-
tected in H1 of each morphological type (see below) in the cluster
and filament.

4.3 Morphology

The larger distance of the Coma cluster makes morphological clas-
sification far more ambiguous, especially for the fainter members
of the CCC/CFC, than that for both Virgo and Fornax galaxies. The
Galaxy Zoo project (Lintott et al. 2008) covers the majority of the
SDSS DR7 galaxies that are included in the spectroscopic sample.
They invite members of the general public to decide if a galaxy
is either an elliptical or spiral. Based on these votes, each galaxy
can then be assigned a probability of being elliptical p(E) or spiral
p(S). This allows us to define three morphological categories: early,
p(E) > 0.8; late, p(S) > 0.8 and uncertain where p(E) < 0.8 and
p(S) < 0.8. We will discuss the significance of these morphological
categories below.

The GOLDMINE data base (Gavazzi et al. 2003) provides multi-
wavelength data from a number of sources, with varying levels
of completeness. As part of the GOLDMINE data base, Gavazzi
& Boselli (1996) catalogued galaxies in the Coma region. They
are complete for galaxies in the B-band brighter than mp = 15.5,
covering a large — although not total — fraction of the NGP survey
area. They visually classify galaxy morphologies into the more
familiar Hubble types (E through to Sd). However, the brighter
magnitude limit and reduced area coverage mean that only 256
(15 per cent) galaxies are in both GOLDMINE and our CCC/CFC
catalogues.
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Figure 7. Histograms of morphology assignments from the GOLDMINE
data base (x-axis) in each of our morphological groups from the Galaxy
Zoo: early-type (red), uncertain (green) and late-type (blue). The error bars
are simply root N.

The Galaxy Zoo catalogue has been shown to be consistent with
classifications of the same galaxies by professional astronomers
(Lintott et al. 2008). However, Lintott et al. (2008) also show that
fainter galaxies are harder to classify and more likely to be classified
as an early-type or uncertain-type. In order to understand our three
morphological groups, based upon the above selection, we compare
our classification with that of GOLDMINE - Fig. 7.
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Fig. 7 clearly shows that at the distance of Coma, Galaxy Zoo is
a good predictor of morphology when compared to GOLDMINE.
Early-types with a 0.8 likelihood selection are mainly composed
of E and SO’s (~98 per cent), and only one early-type is in the
S0/Sa bin. Late-type galaxies are mainly composed of Sa to Sc’s
types. However, eight galaxies are classified as late-type by Galaxy
Zoo and early-type by GOLDMINE. In order to understand this,
we have visually inspected these galaxies (see Fig. 8). Four of these
galaxies (CCC 232, CCC 513, CFC 57 and CFC 344) are clearly
edge-on galaxies, and as such morphological classification is always
ambiguous. The remaining four galaxies are clearly late-types and
so appear to be misclassified in GOLDMINE.

Fig. 7 also helps us understand the morphological make-up of the
uncertain-type. The uncertain-type covers a range of morphologies
from E to Sc; however, it is mostly made up of SO and S0/Sa
galaxies.

4.4 Local density

In order to examine the effect of local structure or environment
rather than large-scale structure such as the cluster and filament, we
simply use the Nth nearest-neighbour statistic (X y) as defined by
the equation

N

XNy = —=
N7y

3)
to measure the local density of optically selected CCC/CFC galax-
ies. Xy is the surface density out to the Nth nearest neighbour that
lies at a distance Dy. As we assume that all our galaxies are at
~100 Mpc, we effectively ‘collapse’ our catalogues of cluster and
filament galaxies into a 2D plane and measure spatial distances on
the sky.

We have calculated X for the 1st, Sth and 10th nearest neigh-
bours for each galaxy. In order to avoid edge effects for this analysis,

Figure 8. SDSS images of eight galaxies that are classified as early in the GOLDMINE data base; however, Galaxy Zoo gives them a greater than 80 per cent
likelihood of being a late-type. The upper row is classified as E, and the lower is classified as SO. The galaxies are sorted left to right with galaxies on the right

being closer to edge-on.
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Figure 9. The above illustrates the changing values of Xy for the 1st, 5th and 10th nearest neighbours in our sample (left to right). The upper three plots
are spatial plots in RA and Dec.; the lower three are for velocity and RA. Each point has been colour coded with green (£y < 1 Mpc~2), amber (1 < Sy <
20 Mpc—2) and red (20 < ¥y Mpc~2) to indicate low, medium and higher density regions.

we have drawn our sample from a greater area than the NGP Her-
schel field, but with our original velocity selection for the cluster
and filament.

Fig. 9 illustrates the merit of each X statistic and what scale of
environment it traces. X o effectively smooths over the largest spa-
tial scale and is sensitive to the larger scale structures. Conversely,
¥, and X5 are sensitive to a galaxy’s more immediate environment.
As expected, all X statistics are highest in the cluster core. How-
ever, Fig. 9 shows that within the filament there are a number of
higher density regions that can probably be associated with small
groups of galaxies.

5 FIR RESULTS

5.1 Detection rates

Our Coma and filament FIR data are obtained from the positions of
optically selected galaxies in the CCC/CFC. This is not ideal as we
would prefer for our analysis to select galaxies via their FIR flux
density. The problem of course is identifying which FIR sources
belong to the cluster and which are in the background. Fig. 10
shows the distribution of optical magnitudes in the SDSS r band for
all CCC/CFC (black) galaxies compared to just those detected at
250 pm in the Herschel data (cyan). We do not detect any galaxies
in the FIR fainter than r = 17.5, which is below the limit of our
optical selection. So, from this our expectation is that a deeper
optical catalogue would not significantly increase the numbers of
FIR detections in our current data. However, there is still of course
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the possibility of sources with unusual ratios of optical to FIR
emission that are detected in the cluster/filament by Herschel, but
are too faint to appear in the optical catalogue.

This is an issue we have investigated before for the Virgo (Davies
et al. 2012) and Fornax clusters (Fuller et al. 2014). Our conclusion
was that there is no evidence for a significant population of FIR
sources missed by our optical selection. We have carried out a
similar analysis here and come to the same conclusion. Our method
is fully described in Davies et al. (2012), but briefly we compare
the 250 pm number counts in an area away from the cluster with
those over the cluster region, in this case within the virial radius
(see Fig. 11). Although we are dealing with large numbers in the
background compared to those in the cluster, we find no evidence
for an excess population in the cluster field. The black line in Fig. 11
shows the counts for an eastern quadrant of the NGP field where
contamination by foreground (filament) galaxies is at its lowest
(Fig. 3) — these are the ‘background’ counts. The red line shows
the counts from within the cluster virial radius; these counts only
exceed the ‘background’ at bright flux densities due to the bright
cluster sources. The counts of objects detected using our optical
selection are shown in blue. There is no evidence, within the errors,
for a large population of faint cluster FIR sources that are missed
by having an optical rather than an FIR selection criteria, i.e. the
red line only exceeds the black line at bright flux densities.

With the above caveat on optical selection, Table 4 shows how
many galaxies were detected above a 30 noise level in each band in
the Herschel data. The SPIRE 250 pm band has the highest detection
rate, something that has previously been noted by Auld et al. (2013)
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Figure 10. A histogram of r-band optical magnitude (m,) for the CCC/CFC
galaxies — the black and cyan bars are the total (optical) and FIR (250 pm)
detected galaxies, respectively.
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Figure 11. The 250 pum flux density of galaxies against number per stera-
dian. The black line is for an eastern quadrant of the NGP field, where
contamination by foreground galaxies is at its lowest (Fig. 3), while the red
line is for the NGP within the virial radius of the cluster. The blue line is for
CCC galaxies detected at 250 pm. The green dashed line has a slope of 1.5
and indicates the expected counts for a non-evolving Euclidean universe.
The black dotted line indicates the minimum flux density detectable in the
NGP field.
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and Fuller et al. (2014) in Virgo and Fornax, respectively. This
is due to a combination of instrument sensitivity and the typical
shape of a galaxy’s SED. Consequently, we will use the 250 um
band observations extensively in the below analysis and discussion.
At 250 um we detect 99 of 774 (13 per cent) of galaxies in the
cluster and 422 of 951 (44 per cent) of galaxies in the filament
— a significant difference and of course primarily due to the very
different morphological mix (Table 3).

In order to better understand the properties of the galaxies we
detect, we can estimate the limiting dust mass required for a de-
tection at 250 pwm. The lowest detected 250 um flux in our FIR
catalogue is ~15 mJy. Assuming a dust temperature of 20 K (see
below), the corresponding limiting dust mass is logo(Maus/M@) =
6.1. If we assume that a typical late-type galaxy has a dust-to-stellar
mass ratio of logo(Mgyst/Msurs) = —3 (Cortese 2012), then we
should detect all galaxies with stellar masses of logio(Myurs /M)
> 9.1. According to Brinchmann et al. (2004), the stellar mass
limit for a galaxy with the mass-to-light ratio appropriate for a
13.6-Gyr-old stellar population with an apparent magnitude of
r = 17.8 (the magnitude limit) and at the distance of Coma is also
logio(Mtars/ M) ~ 9.0.

Table 5 shows the detection rate for each morphological type (as
defined above using Galaxy Zoo) within both the cluster and fila-
ment. As expected, late-type galaxies have the highest detection rate
in both cluster and filament (of the order of 50 per cent). Conversely,
early-type galaxies have the lowest detection rate (of the order of
10 per cent). Both early- and late-type detection rates are statically
identical between the two samples, whereas uncertain-type galax-
ies have far lower detection rates inside the cluster environment
(9 and 35 per cent for the cluster and filament, respectively). Far
fewer morphologically uncertain (S0/Sa?) galaxies are detected in
the FIR in the cluster compared to the field, suggesting that their
star formation has been switched off in the cluster, but that their
morphology has been unaffected.

For each morphological type, we have compared the positions
and velocities of the FIR detected and undetected galaxies (Fig. 12).
The black and coloured markers in the left-hand panels indicate the
spatial position of each galaxy. The dashed black circle in the left-
hand panel marks the virial radius of the cluster. The right-hand
panels show histograms of radial velocity. For each histogram of
velocity, we have fitted a Gaussian using x> minimization, where
errors are /N galaxies per bin; the purple and grey histograms
represent fits to the detected and undetected galaxies, respectively.
We have listed the average projected cluster radius for detected and
undetected galaxies in the cluster as well as the derived velocity
dispersions in Table 6.

All three morphological types have velocity dispersions that are
statistically identical for FIR detected and undetected galaxies. All
the velocity dispersions are also statically identical to the overall
velocity dispersion (~ 900 km s~!) of the cluster. If any of the mor-
phological populations had a velocity dispersion that was greater
than that of the cluster as a whole, it would imply that it was less re-
laxed and thus probably far later in joining the cluster. The fact that
all our morphological types show no evidence of a different velocity
dispersion implies that they have been in the cluster longer than a
crossing time of a few Gyr. This is longer than the gas stripping
time-scale even for the most massive galaxies (Boselli & Gavazzi
2006).

With regard to position in the cluster, as expected late-type galax-
ies have the largest average projected cluster radius (0.55Ryiial)-
Conversely, early-type galaxies have the smallest average projected
cluster radius (0.37Ry;,1). Both late- and early-type galaxies show
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Table 4. The detection rates for each Herschel band in the cluster and the filament. In total, there are 744
and 951 optically detected galaxies in the cluster and filament, respectively.

Band Cluster Filament
(pum ) Number of detections Detection rate Number of detections Detection rate
(N) (per cent) (N) (per cent)

100 60 8 187 20

160 55 7 210 22

250 99 13 422 44

350 80 10 355 37

500 54 7 247 26

Table 5. Detection rates for each morphological type in the cluster
and filament.

Morphological Cluster Filament
type N+JN N +N
Late 376 239+ 16
Uncertain 47+7 164 + 13
Early 15+4 19+4

no difference in mean radius between FIR detected and undetected
galaxies (<20). Uncertain-type galaxies are the only sample that
shows any significant difference in spatial position when selected by
their FIR properties (0.4 and 0.6R,;;, for detected and undetected
galaxies, respectively). This is somewhat counterintuitive, with the
detected galaxies having an average spatial position closer to the
cluster centre than those not detected.

5.2 Analysis of SED fits, dust masses and temperatures

There are 521 CCC/CFC galaxies detected in the FIR at 250 pum,
but not all of these are detected in all five Herschel bands. For
the 198 galaxies detected in all five bands, we have fitted their
SEDs with single-temperature modified blackbody curves using
B = 2. The average x? goodness-of-fit value for the entire sample is
(X2 —3) = 2.7 (where x3;_; < 7.8 corresponds with a confidence
level of 95 per cent) indicating that for the majority of the sample the
SEDs are well fitted. Seven galaxies have x2,_, > 7.8 indicating
that a single temperature component may not be sufficient to model
their FIR emission. In Appendix C, we show the SEDs and modified
blackbody fits for each galaxy. Histograms of dust mass, dust-to-
stellar mass and dust temperatures produced from the SED fitting
process are shown in Fig. 13.

Fig. 13 shows that detected late-type galaxies have dust masses
ranging from log;o(Mas/M@) = 7.0 to 8.3 and temperatures of
16.0-25.5 K, with mean values of logo(Myus/M@) = 7.63 & 0.02
and 20.0 & 0.1 K. Uncertain-type galaxies have dust masses rang-
ing from log;o(Mau«/M@) = 6.7 to 8.3 and temperatures of 16.2—
28.7 K, with mean values of logo(Maus/M@) = 7.33 & 0.04 and
21.7 £ 0.5 K. Early-types have a narrower range of dust masses of
logio(Maus/M@) = 6.9 to 7.5 and temperatures of 16.2-26.0 K, with
mean values of logig(Maus/M@) = 7.3 £ 0.04 and 21.0 = 0.2 K.
This observed warmer dust temperature for early-type galaxies has
previously been observed in both the Virgo (Davies et al. 2014) and
Fornax (Fuller et al. 2014) clusters and may be due to additional
heating by hot X-ray gas.

CCC/CFC galaxies have mean dust-to-stellar mass ratios of
log1o(Maust/Msiars) = —3.6 £0.04, —2.93 £ 0.01 and —2.75 £ 0.01
for early-, uncertain- and late-types, respectively. As expected from
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our previous results for Virgo and Fornax (Auld et al. 2013; Fuller
et al. 2014), late-types have richer and cooler dust reservoirs, and
early-types have a relatively depleted and warmer ISM.

In Table 7, we use the Kolmogorov—Smirnov (K-S) two-sample
test to make a more quantitative comparison between the cluster
and filament’s early-, uncertain- and late-type galaxy populations
with respect to dust mass, dust-to-stars ratio and dust temperature.
The K-S test shows that for a given morphological type, the FIR
properties of galaxies in the cluster and filament are statistically
very similar with the one obvious exception of early-type galaxy
dust temperatures; early-types have hotter dust temperatures in the
cluster environment. Just why this occurs is not clear, though it is
possible it has something to do with the cluster X-ray gas. The
above results suggest, however, that on the whole the different
environments have had very little effect on the dust properties of
their constituent galaxies.

We have also used (Table 7) H1-deficiency values calculated for
70 galaxies from Gavazzi et al. (2006) to compare galaxies that are
H-normal (H1-def. > 0.5) with H1-deficient (H1-def. < 0.5) — these
galaxies are exclusively late-type. A K-S test shows that H 1-normal
and Hi-deficient galaxies are statically identical with respect to
dust mass and temperature. However, with respect to dust-to-stellar
mass ratio, H1-normal and H 1-deficient galaxies are unlikely to be
drawn from the same distribution. Galaxies that are depleted in H1
are also depleted in dust (Cortese 2012). Gavazzi et al. (2006) have
previously showed that H 1-deficiency decreases with cluster centric
distance with the most Hi-deficient galaxies at the cluster centre.
The implication is that Hi-deficiency traces those galaxies most
strongly affected by the ram pressure stripping of gas within the
cluster environment. The above result — that galaxies have different
dust-to-stellar mass ratios when separated by H 1-deficiency — shows
that this physical process can affect both the atomic gas and dust
properties of typical late-type galaxies. This result is not new having
been shown previously by Cortese et al. (2010) — they showed that
the radial extent of dust was truncated for H1-deficient galaxies.

5.3 Chemical evolution

Given that we have for a sub-sample of our galaxies measures of the
mass of gas (atomic) and metals (both in dust and the gas phase),
we can consider and compare the chemical evolution of cluster and
filament galaxies. We have 80 filament and 18 cluster galaxies for
which both H1 and gas phase metallicity values are available.
Edmunds (1990) shows that a galaxy’s metallicity Zpyu =
M netais/Mgas is related to the gas fraction (f = Mya/(Mars +
Myeiais + Myy)) in the following way Zpyw < pIn(1/f), where
the equality applies to the closed box model, i.e. one in which there
are no additional inflows or outflows of gas after the galaxy has
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Figure 12. The locations and velocities of galaxies within the virial radius of the cluster. Coloured and black markers and histograms designate FIR detected
and undetected galaxies, respectively. The three morphological types are shown from top to bottom in red, green and blue representing early-, uncertain- and
late-type galaxies. The left-hand panels show their location in RA and Dec. The right-hand panels show histograms of radial velocity — the purple and grey
lines are Gaussian fits to the histograms of detected and undetected galaxies, respectively.

Table 6. This table contains information relating to Fig. 12 for the cluster sample. The radius refers to the average projected cluster centric
radius for either FIR detected or undetected galaxies of a given morphological type. The velocity dispersions have been obtained by fitting a
Gaussian function to the velocity histograms.

Morphological type Radius (R/Ryirial) Difference Velocity dispersion ( km s’l) Difference
Detected Undetected Detected Undetected

Late 0.48 £ 0.04 0.59 £ 0.04 1.90 935 £ 154 (0.5) 956 £+ 117 (0.56) 0.1

Uncertain 0.42 +0.01 0.57 + 0.04 3.60 1070 £+ 206 (0.9) 906 + 20 (0.37) 0.80

Early 0.43 £ 0.07 0.36 £ 0.02 1.00 951 £ 206 (0.29) 884 £ 46 (0.67) 0.30
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Figure 13. Histograms of dust mass (left), dust-to-stellar mass (centre) and dust temperature (right) for 198 galaxies detected in all five Herschel bands and
fitted with a modified blackbody. Early-, uncertain- and late-type galaxies are plotted in red, green and blue, respectively. The vertical dashed line indicates the

mean of each sample.

Table 7. A statistical comparison of the cluster (Sample 1) and filament (Sample 2) plus a comparison with normal and H 1-deficient galaxies.
W is the mean value and o the associated error. The K-S test compares the distribution of values in each sample. The D-value is the absolute
maximum distance between the cumulative distributions of the two samples and the null hypothesis (that the two samples were drawn from the
same distribution) is rejected if the pyaye is less than our acceptable significance level.

Sample 1 Sample 2 ni(oy) na(o2) K-S test
D-value Pvalue
Dust mass (log(Mpust/M)))
Cluster early Filament early 7.25(0.09) 7.35(0.05) 0.333 0.89
Cluster uncertain Filament uncertain 7.33(0.07) 7.33(0.05) 0.14 0.974
Cluster late Filament late 7.66(0.06) 7.6(0.03) 0.12 0914
H 1-normal H i-deficient 7.64(0.06) 7.72(0.05) 0.317 0.5
Stellar mass/dust mass (10g(Mgust/Mstellar))
Cluster early Filament early —3.74(0.14) —3.39(0.23) 0.583 0.254
Cluster uncertain Filament uncertain —3.05(0.14) —2.89(0.07) 0.168 0.892
Cluster late Filament late —2.78(0.06) —2.74(0.03) 0.144 0.762
H1-normal H1-deficient —2.98(0.11) —2.65(0.04) 0.544 0.036
Dust temp. (K)
Cluster early Filament early 22.12(0.77) 19.25(0.9) 0.833 0.03
Cluster uncertain Filament uncertain 21.51(0.49) 21.81(0.43) 0.179 0.845
Cluster late Filament late 20.66(0.44) 19.88(0.18) 0.229 0.205
H 1-normal H -deficient 20.46(0.99) 20.37(0.32) 0.213 0.918

formed. p is the stellar yield, which is the fractional mass of metals
per unit mass of gas freshly formed in nucleosynthesis. Edmunds
(1990) defines the effective yield as per = lnz({%j}.), i.e. the derived
yield regardless of inflow or outflow. Essentially p depends on phys-
ical processes in the interior of stars and the stellar IMF, while pe
has an additional dependence on the inflow or outflow of gas ei-
ther pristine or metal enriched (Davies et al. 2014). We can see if
cluster galaxies have a different value of p.s to filament galaxies so
indicating that their star-forming history has been affected by the
cluster environment.
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In order to calculate the total gas mass of each galaxy, we must
take account of all the other major gas phases: molecular hydro-
gen, helium and the gas in the warm and hot components. Davies
etal. (2014) estimate that M2® = 2.5My; for galaxies in the Virgo
cluster. This is derived from the measured H1 mass, the mean ratio
of molecular to atomic gas, the abundance of helium and the gas
in the warm and hot components. We use this relation to adjust our
H masses to take account of all phases of the gaseous ISM.

Again following Davies et al. (2014), we estimate the to-
tal mass in metals to be Myews = 1.2ZGasMu1 + Mpust. Zgas 18
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Figure 14. The derived metallicity (taking account of both metals in dust
and the gaseous phases) against In(1/f), where fis the gas fraction. Red and
blue markers are used for cluster and filament galaxies, with red, blue and
black lines being lines fitted to the cluster, filament and overall samples,
respectively. The gradients of these lines are equal to the effective yield pegr.

derived from the oxygen abundance (12.0 + logio(O/H)p). As-
plund & Garcia Pérez (2001) give the solar oxygen abundance as
12.0 +log1o(O/H) = 8.69 and Z;) = 0.014; this allows us to con-
vert oxygen abundance (O/H) to total metallicity in the gas phase
(Z,a5) using the relation Zg,s = 29.2(0/H), and this assumes solar
abundance ratios. However, this does not account for the metals in
the warm and hot phases of the ISM. Davies et al. (2014) use the
work of Gupta et al. (2012) and estimate that the mass of metals
in the hot and warm phases of the ISM to be 0.2Zy, My, giv-
ing Mytetats = 1.22gasMu1 + Mpys. The ‘total” metallicity (Zro) 18
then calculated from both the gaseous and dusty ISM, defined as
Lot = MMetzlls/Mgzial-

As an aside, we find that the mean mass fraction of metals in
the dust is 0.4 £ 0.1, which agrees with previous estimates of 0.5
by Meyer, Jura & Cardelli (1998) and Whittet (1992). Davies et al.
(2014) performed the same analysis for galaxies in the Virgo cluster
and found a value of 0.50 £ 0.02.

In Fig. 14, we plot the total metallicity (Zro) against the log-
arithm of the reciprocal of the gas fraction (In(1/f)). The red
and blue markers and lines represent cluster and filament galax-
ies, respectively. We fit a linear relation with a y-axis intercept
of 0; the gradient of this line is the effective yield (peg). The ef-
fective yields of the cluster and filament are 0.017 £ 0.01 and
0.019 £ 0.01, respectively. Thus, the two are statically identi-
cal. The black line is a fit to all the galaxies and gives an ef-
fective yield of 0.018 %+ 0.01. The galaxies appear well fitted by
a linear relation. In terms of a chemical evolution model, galax-
ies in the cluster appear identical to galaxies in the filament —
there is no evidence that cluster galaxies, for example, have been
stripped of gas and so ‘locking in’ a fixed metallicity at a low gas
fraction.
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6 TRENDS WITH DENSITY

In this section, we will consider how dust-to-stars’ and gas-to-stars
ratios, sSFR,'? stellar mass and morphological mix depend on local
galaxy density (X, X5, X9 and projected cluster radius). We will
also make use of the Galaxy Zoo morphological classifications in a
slightly different way. Using the probability weightings described
earlier (p(S) for a spiral and p(E) for an elliptical), we now define
a new parameter (), where ® = p(S) — p(E). This is a new non-
integer way of describing a galaxy’s morphology, where values
of ® >~ 1 and —1 are expected for a definite late- (spiral) and
early-type galaxy. As part of our trends with density analysis, we
will now define early-type galaxies as those with negative ® and
late-types as those with positive @. Our results are summarized in
Fig. 15.

For each parameter in Fig. 15, we have used evenly spaced bins
over the logarithmic density range for each morphological type
(early and late). Each point is the mean value in the bin with the
circle size purely a relative measure of the number of galaxies in
each bin. The error bar is the standard deviation in the bin divided
by the square root of the number of galaxies in that bin. If a bin
has less than three galaxies in it, it is discounted and neither plotted
or fitted. For each morphological type, parameter versus density
plot, we have fitted a straight line (e.g. y = mx + C), using a x°
minimization. We test whether or not each fit is consistent with a
change with density (i.e. m # 0).

For each parameter and morphological type, we have calculated
from Fig. 15 the number of density tracers that are consistent with
a change with density (m # 0 with a significance greater than
30). If all four density tracers are consistent with a change with
density, then it is designated as having a ‘Strong’ change. If two
or three density tracers are consistent with a change with density,
then it is designated as having a ‘Moderate’ change. If only one
density tracer is consistent with a change with density, then it is
designated as having a ‘Weak’ change. Finally, if no density tracers
are consistent with a change with density, then it is designated
as having ‘No’ change. Clearly, the different measures of density
should apply over different spatial scales, but as is clear from Fig. 15
trends in the data are apparent independent of the density scale used.
Table 8 lists each parameter and how strong (if at all) any change
with density is. The bottom line is that there is pretty good evidence
that late-type galaxies do change their properties dependent on the
local environment, but that early-type galaxies do not.

Clearly, the gas-to-stars ratio of late-type galaxies is strongly af-
fected by the local density (Fig. 15). This is consistent with the
idea, discussed above, that gas is stripped from galaxies as they
move through the cluster environment. Those galaxies residing in
the highest density environments and/or at the smallest projected
radii from the cluster centre being most affected by the gas loss.
Alternately, rather than gas loss the gas may have been more effi-
ciently converted into stars. Fig. 15 also clearly shows that stellar
mass is increasing with environmental density actually supporting
the second alternative that gas has been taken up into stars at a faster
rate in the denser cluster environments.

° For galaxies that are detected at 250 um, but could not be fitted with an
SED because they had too few other data points, we have estimated their
dust mass using the 250 um flux density and a fixed dust temperature of
20 K. This lets us add a further 323 galaxies to our sample, yielding a total
sample of 521 galaxies with dust masses in both the filament and cluster.

10 SSFR is the specific star formation rate, which is just the SFR divided by
stellar mass.
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Figure 15. Illustration of how four different galaxy parameters change with local galaxy density as traced by X1, X5, X 10 and with projected cluster radius.
Red and blue markers and lines are for early- and late-type galaxies, respectively. Each point indicates a given density bin’s mean value, and its size represents
the relative number of galaxies in each bin. Each line is fitted using a x> minimization technique.

Table 8. For each morphological type and parameter, we measure how
many density tracers are consistent with a change (m # 0) then N = 4,
Strong; N = 2 or 3, Moderate; N = 1, Weak; and N = 0 is shown in

parentheses.

Late Early
Dust-to-stars Moderate (2) No (0)
sSFR Moderate (3) Weak (1)
Gas-to-stars Strong (4) -
Stellar mass Moderate (3) Weak (1)

We can also investigate the morphology—density relation using

our new measure of morphology ®. In Fig. 16, we have calculated
the change of ® with all four environmental tracers. ® is strongly
affected by galaxy density even over the scales measured by ¥ —so

MNRAS 458, 582-602 (2016)

if we have a near neighbour (10s to a 100 kpc away) of similar mass
(we only have a small range of stellar masses in our sample, see
Fig. 15) we are more likely to be of an earlier type. Interestingly, ®
is approximately equal to zero just about at the cluster virial radius.

7 MASS DISTRIBUTIONS

In order to understand how the baryonic components of galaxies
change as a whole between the cluster and filament, we have cre-
ated stars, gas and dust mass distributions (Fig. 17). To do this, we
have had to make some assumptions. First, we have no information
about the precise distance to individual galaxies so we assume that
they are all, whether in the cluster or filament at the same distance
as the cluster (105 Mpc). Secondly, ideally we would like to select
by stellar mass to create the stellar mass function, atomic hydrogen
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given density bin’s mean value, and its size represents the number of galaxies in each bin. Each line is fitted using a x> minimization.
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Figure 17. Mass distributions for galaxies in the cluster and filament. Left to right are the stellar, gas (atomic) and dust mass data. The red and blue markers
and lines refer to the cluster and filament samples, respectively. The lines are Schechter function fits to the data. The points with black squares were excluded

from the fitting process.

mass for the gas mass function and dust mass for the dust mass
function. In reality, we have a complex selection of SDSS r-band
magnitude of 17.8 for the stars, this plus a varied 21 cm detection
limit for the gas and the SDSS plus Herschel limit for the dust — this
is why we will refer to what we derive as mass distributions rather
than mass functions. Thirdly, the volumes to use to get densities are
rather difficult to determinate. With these provisos, we will concen-
trate on the bright end of the mass functions, where we might hope
to have completeness and on the general shape of the mass distri-
butions rather than their difficult to determine normalizations.'!

To get some rough feel for the numbers involved, we estimated
the volume of the cluster as a sphere with a virial radius of 3.1 Mpc
and hence a volume of ~125 Mpc?. Estimating the volume of
the filament is not so straightforward because it is not a virialized
region, in the same sense as the cluster, and so does not have a
well-defined size. To make a crude comparison, we have assumed
that the filament is a sheet of depth 6 Mpc (~2 x REM*) with a
cross-sectional area the same as the area covered by the NGP field
at a distance of 105 Mpc (23.4 x 21.7 Mpc). We then subtract the

' To overcome this problem to some extent, we do not fit the lowest mass
point for either stellar or gas mass distributions. For our dust mass data,
we can be a little more confident. As stated above, our dust mass limit is
logi0(Maust/M()) &~ 6.4 and so we fit all data above this limit.

volume of the cluster from this region yielding a volume for the
filament of 2873 Mpc?.

We have fitted the below Schechter function (given in terms of
linear rather than logarithmic units) to each of the data sets shown
in Fig. 17:

Ny dm = ¢+ (X "o WM 4)
= e ¥
M M
and then using
p=¢MT(a+2) )]

calculated the mass density of each component from the derived
best-fitting function values, see Table 9.

The stellar mass shown in the left-hand panel of Fig. 17 is proba-
bly the best constrained of all three mass distributions as it is derived
from the complete optical sample. As noted above, the best-fitting
Schechter parameter ¢ is set arbitrarily by the choice of volume,
but using our values the cluster is about 20 times more dense than
the filament (Table 9). The data in Table 9 also indicate that Coma
is some three times more dense than Virgo and that the filament is
about 50 times more dense than the general field (see references
given in the caption to Table 9). M* and « the so-called ‘charac-
teristic mass’ and ‘faint-end slope’ are both independent of volume
and thus interesting to compare. However, the values of M* and «
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Table 9. The tabulated values of the Schechter function fits from Fig. 17. The fits for stellar, gas (atomic) and
dust mass are shown. We have calculated the mass density for each fit (see the text) and listed it in the rightmost
column. References are as follows: (1) this paper, (2) Davies et al. (2014), (3) Dunne et al. (2011), (4) Panter et al.

(2007) and (5) Davies et al. (2011).

o P Ref
(10° M Mpe™)

Sample [0} M*
(Mpc™? dex™") (10° M)
Stellar mass
Coma 2.5 + 0.08 89 + 30
Filament 0.05 £ 0.01 175 + 48
Virgo 03 £ 0.1 192 + 117
Field 0.0002 £ 0.0001 100 £ 20
Gas mass
Coma 03 £ 02 48 £ 3.2
Filament 0.06 £ 0.01 39+ 1.5
Virgo 0.6 £ 0.3 45 £ 1.6
Field 0.009 + 0.001 5.0 £ 0.1
Dust mass
Coma 04 £ 0.2 0.06 £+ 0.03
Filament 0.04 £ 0.02 0.1 £ 0.04
Virgo 0.7 £ 0.1 0.06 £ 0.01
Field 0.006 + 0.001 0.040 + 0.004

—1.0 £ 0.1 220 + 10 (1
—12 £ 0.1 102 £ 3.6 )
—12+01 67 + 47 )
—12 £ 0.1 0.2 + 0.05 @)
—0.7 £ 04 13+ 12 (1)
—0.08 &+ 0.5 0.22 + 0.10 (1)
—1.0 £ 02 27 £ 17 )
—1.50 + 0.05 0.08 + 0.01 )
—08 + 02 0.02 + 0.02 (1
—1.0 £ 02 0.04 + 0.02 (1)
—09 + 0.1 0.04 + 0.01 2
—1.0 £ 02 0.0002 =+ 0.0001 ©)

Table 10. The ratios of mass density (from Table 9) within each environ-
ment. We have normalized each ratio to stellar mass density.

Sample logl()(pgz\s/psu\rs) logl()(pdust/pstars)
. +0.3 +0.2
Coma —22703 —4.0 75
: +0.2 +0.2
Filament i =34 7%
: +0.3 +0.2
Virgo =147 =32 756
Field —0.5 10 ] 3070,

for the cluster and filament samples are consistent (< 1o) with each
other and with Virgo and the general field. From these data, there
is no evidence that the environment has had any influence on the
relative numbers of galaxies with different stellar masses.

The atomic mass distributions are shown in the central panel of
Fig. 17. This is the poorest constrained of the three mass distribu-
tions as it represents the smallest fraction of the optical sample (58
and 172 galaxies in the cluster and filament, respectively). Again,
with the provisos on volumes, Coma is about six times more dense
in atomic gas than the filament — compared to the stars the gas is
depleted in Coma. Most notable is the steepness of the field galaxy
atomic gas mass distribution compared to Coma, filament and Virgo.
The values of M* and « for the cluster and filament samples are
consistent (<1o) with each other, but the fitting errors are large
because of the small numbers.

The dust mass distribution is shown in the rightmost panel of
Fig. 17 and is reasonably well constrained as it represents a sig-
nificant fraction of the optical sample (88 and 379 galaxies in the
cluster and filament, respectively). Most notable is the large gas-
to-dust ratio of the filament. Again, the values of M* and « for the
cluster and filament samples are consistent (<1o) with each other
and with Virgo and the field.

We can take the mass densities (p) from Table 9 and create ratios
that are usefully independent of the volume used. We have created
one for each of the four environments (Coma, filament, Virgo and
the field), see Table 10.

The Coma, filament and Virgo environments are all statically the
same (Table 10) in terms of 10g10(0gas/ Ostars) and 10210 (0 aust/ Pstars )
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Table 11. Mass parameters for the Coma cluster derived from optically
selected galaxies.

Component Mass (M)
Total stellar mass 2.8 x 1013
Total gas mass 1.6 x 10!
Total dust mass 2.5 % 10°
Total baryonic (excluding X-ray gas) 2.8 x 1013
Virial mass 2.9 x 10

with the exception of 10g10(0gas/Pswars) in the field — the field is
much more gas rich than any of the other three environments. How-
ever, all four environments are statistically the same with regard to
10g10(Pdust/ Pstars)- These results again imply that gas is affected by
higher density environments much more so than the other signifi-
cant component of the ISM, dust. We have ordered the mass density
ratios in Table 10 from lowest to highest, and they correspond to
what we might have expected with the possible exception of the
ordering of the filament and Virgo environments.

Given that we have calculated the baryonic mass densities of the
Coma cluster (in galaxies), we can also calculate the total mass of
each component using our above estimate of its volume (125 Mpc?).
As we have also measured the velocity dispersion of the cluster, we
can measure the virial mass of the cluster using

SRvirialU2

Mvmal - G s (6)
where Myiria, Ryirial, 0 and G are the virial mass, virial radius,
velocity dispersion and gravitational constant, respectively. In
Table 11, we compare the measured baryonic mass of material
in galaxies with the total dynamical mass of the cluster. The overall
ratio of dynamical mass to baryonic mass (excluding the X-ray gas)
of the cluster is ~104.

8§ SUMMARY

We have undertaken a Herschel FIR survey of the Coma cluster and
the galaxy filament it resides within. Our survey covers an area of
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~150 deg? observed in five bands at 100, 160, 250, 350 and 500 pm.
We have used the SDSS spectroscopic survey to define an area and
redshift selected sample of 744 Coma cluster galaxies — the CCC.
For comparison, we also define in a similar way a sample of 951
galaxies in the connecting filament — the CFC.

We have used the optical positions and parameters of these CCC
and CFC galaxies to define appropriate apertures to measure their
FIR emission. We have detected 99 of 744 (13 per cent) and 422 of
951 (44 per cent) of the cluster and filament galaxies in the SPIRE
250 pm band, which we use for our initial FIR selection. We have
carried out simulations to ensure that our process of associating
FIR and optical sources leads to less than 5 per cent misidentified
objects.

In order to better understand the global detection rates, we have
separated the cluster and filament galaxies into three morphological
categories using the Galaxy Zoo data: early, p(E) > 0.8; late, p(S)
> (0.8 and uncertain where p(E) < 0.8 and p(S) < 0.8. We examined
the detection rate for each morphological group in the 250 pm band
as it has the highest detection rate of all the Herschel bands. Early-
and late-type galaxies have the same relative detection rates in the
cluster and filament, but overall the fraction of galaxies detected in
the cluster is lower because of the morphological mix. The relative
detection rates of our ‘uncertain’ types (S0/Sa?) are noticeably dif-
ferent between the filament (higher rate) and the cluster (lower rate).
This is one of the few clear measurements of a difference between
the filament and cluster environment.

We compare the cluster velocity dispersions of detected and un-
detected late-, uncertain- and early-type galaxies. We found that all
morphological types have velocity dispersions statically identical
to each other and the overall cluster value. This implies that all
morphological types have been in the cluster longer than a crossing
time and hence longer than the time-scale for ram pressure stripping
— the two of which are comparable.

For galaxies detected in all five FIR bands, we fit a modified
blackbody with a fixed emissivity index of 8 = 2, giving dust
masses and temperatures for 198 galaxies. As expected, early-type
galaxies show lower dust masses than late-type galaxies, but they
tend to have hotter dust temperatures. When comparing the FIR
properties of galaxies in Coma and the filament, we find that they are
statistically identical with the exception of the hotter temperatures
of early-type cluster galaxies.

Combining our data with that from the literature, we estimate the
total gas mass as well as the mass in metals (in the gas phase and
in the dust) for a sub-sample of Coma and filament galaxies. We
find no evidence for a difference in the effective yields of these two
populations. This implies that neither population has been subjected
to gas loss or infall to a greater or lesser extent than the other
population.

We have compared a number of galaxy parameters (dust-to-stars,
gas-to-stars, SSFR and morphology) for Coma cluster and filament
galaxies and considered how each is affected by local galaxy num-
ber density (X, ¥s, X and projected cluster radius). Using the
Galaxy Zoo weightings of probability of being a spiral (p(S)) or
elliptical (p(E)), we defined a new parameter (P), where ® =
p(S) — p(E). We show that ® is strongly affected by local num-
ber density (environment), which is another way of representing
the morphology—density relation (Dressler 1980). We find that the
above measured parameters of early-type galaxies appear to be only
very weakly or not at all affected by their environment. Late-types
also show a weak change in most of the above parameters with envi-
ronment — the exception being gas-to-stars ratio, which is strongly
affected by environmental density on all scales.
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In order to understand how the baryonic components of the galax-
ies change as a whole between the cluster and filament, we have
created baryonic mass functions. Using Schechter fits to stellar, gas
and dust mass functions for the Coma cluster and filament, we com-
pare their parameters (¢, M* and o) with values found for the Virgo
cluster and a field sample. Other than ¢, which is dependent on a
somewhat arbitrary calculation of volume, we found M* and « to
be identical between environments. We calculate the ratio of gas
to stellar and dust to stellar mass densities for each environment
finding that within the errors Virgo, Fornax, Coma and the filament
are all gas deficient when compared to the general field, but that this
is not so for the dust. Galaxies in dense environment are far more
prone to gas rather than dust loss.
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