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ABSTRACT

Context. The nearby elliptical galaxy M87 contains one of only two supermassive black holes whose emission surrounding the event horizon
has been imaged by the Event Horizon Telescope (EHT). In 2018, more than two dozen multi-wavelength (MWL) facilities (from radio to y-ray
energies) took part in the second M87 EHT campaign.

Aims. The goal of this extensive MWL campaign was to better understand the physics of the accreting black hole M87%, the relationship between
the inflow and inner jets, and the high-energy particle acceleration. Understanding the complex astrophysics is also a necessary first step towards
performing further tests of general relativity.

Methods. The MWL campaign took place in April 2018, overlapping with the EHT M87* observations. We present a new, contemporaneous
spectral energy distribution (SED) ranging from radio to very high-energy (VHE) y-rays as well as details of the individual observations and light
curves. We also conducted phenomenological modelling to investigate the basic source properties.

*** MAGIC corresponding author. For questions concerning MAGIC results contact contact.magic@upp.mpg.de
T VERITAS corresponding author. For questions concerning VERITAS results contact wjin@astro.ucla.edu, jmsantander@ua.edu
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Results. We present the first VHE +y-ray flare from M87 detected since 2010. The flux above 350 GeV more than doubled within a period of ~36
hours. We find that the X-ray flux is enhanced by about a factor of two compared to 2017, while the radio and millimetre core fluxes are consistent
between 2017 and 2018. We detect evidence for a monotonically increasing jet position angle that corresponds to variations in the bright spot of

the EHT image.

Conclusions. Our results show the value of continued MWL monitoring together with precision imaging for addressing the origins of high-energy
particle acceleration. While we cannot currently pinpoint the precise location where such acceleration takes place, the new VHE y-ray flare
already presents a challenge to simple one-zone leptonic emission model approaches, and it emphasises the need for combined image and spectral

modelling.

Key words. galaxies: active — galaxies: individual: M 87 — galaxies: jets — galaxies: nuclei

1. Introduction

The M87 elliptical galaxy in the Virgo Cluster is one of the near-
est active galactic nuclei (AGN), located at a distance of 16.8 +
0.8 Mpc (Blakeslee et al. 2009; Bird et al. 2010; Cantiello et al.
2018, and Event Horizon Telescope Collaboration 2019d). It
also harbours one of the largest known supermassive black holes
(SMBHEs; ~6.5 x 10° M, determined by Gebhardt et al. (2011),
but see also, e.g., Walshetal. (2013), Liepold etal. (2023),
Osorno et al. (2023), Simonetal. (2024) finding a slightly
smaller mass). It is one of only two SMBHs where a ring of light
emitted from near the event horizon has been directly imaged
at 230 GHz, via the global Very Long Baseline Interferometry
(VLBI) project, the Event Horizon Telescope (EHT). The ring’s
size and shape are directly predicted by general relativity (GR)
and depend on the black hole (BH) mass and spin and the orien-
tation of the spin axis with respect to our line of sight (see, e.g.,
Bardeen 1973; Johannsen & Psaltis 2010).

In April 2019, the EHT Collaboration (EHTC) presented the
first M87* images (we note that we use M87* to refer to the
SMBH rather than its host galaxy) from the 2017 campaign along
with modelling and interpretation of the broadband emission
(Event Horizon Telescope Collaboration 2019a,b,c,d,e,f). A pri-
mary result of this sequence of works by the EHTC was an inde-
pendent determination of M87%’s mass: (6.5+0.7) x 10° M, con-
sistent with the previous measurements of Gebhardt et al. (2011).

For its modelling, EHTC uses state-of-the-art tech-
niques (see, e.g., Event Horizon Telescope Collaboration 2019e;
Porth et al. 2019; Gold et al. 2020, M87 2018 II) that combine
ideal GR magnetohydrodynamics (GRMHD) with GR Ray Trac-
ing (GRRT). GRRT is typically conducted as a post-processing
step and is highly dependent on the assumed electron distribu-
tions that are not determined from first-principles methods. For
example, the electrons emitting synchrotron radiation are accel-
erated by and change the local electromagnetic fields, and they
may also interact with the radiation field. The addition of con-
straints that can guide microphysical kinetic models of particle
acceleration is a clear way to reduce the current degeneracy in
interpretation.

At the same time, the presence of strong, ordered mag-
netic fields near the SMBH is required to explain the detected
linearly polarised radio synchrotron radiation as well as the
angular momentum transport in the inflow and the launching
of powerful jets of plasma (see, e.g., Blandford et al. 2019;
Event Horizon Telescope Collaboration 2021a). M87* currently
expels vast bipolar jets. However, in most observations, only
the one that is relativistically beamed towards Earth at approx-
imately 20° from the line of sight is visible (Mertens et al.
2016), as the jets are accelerated to apparent velocities of up
to 6¢ (where c is the speed of light) on sub-arcsecond scales
(Snios et al. 2019). Previous studies have found that the width
and the outflow velocity of the approaching jet vary as a func-
tion of the distance from the SMBH (Asada et al. 2014), and
other physical parameters possibly vary in a similar manner
(Asada & Nakamura 2012). These jets radiate across the entire
electromagnetic spectrum, with contributions to different parts of
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the spectral energy distribution (SED) arising at different places
along their elongated structure. A complete model ultimately
needs to include both the inflow and outflow components and
be able to not only match the EHT image properties but also
reproduce the inner jet dynamical properties as well as the over-
all multi-wavelength (MWL) spectrum.

For the 2017 EHT papers on M87%, complementary MWL
information, such as the estimated minimum jet power (Pje; >
102 ergs™'; e.g. Reynoldsetal. 1996; Stawarzetal. 2006;
de Gasperin et al. 2012; Prieto et al. 2016), allowed roughly half
of the ~45 initial GRMHD models to be ruled out, includ-
ing all models with zero spin. However, MWL constraints on
the SED such as the X-ray luminosity were only applied as
an upper limit and thus did not exclude many additional mod-
els. In stark contrast, the inclusion of MWL data to com-
pare against SEDs for the second 2017 EHTC image, that was
of Sagittarius A* (Sgr A*; the SMBH in the centre of the
Milky Way), provided a significantly augmented constraining
power (Event Horizon Telescope Collaboration 2022a,b,c,d,e.f;
Wielgus et al. 2022). Specifically, the infrared and X-ray obser-
vations on Sgr A*’s emission from the Keck Observatory, the
Very Large Telescope (VLT), the Chandra X-ray Observatory,
and Nuclear Spectroscopic Telescope Array (NuSTAR) provided
particularly tight constraints and allowed us to downselect from
a large number of original synthetic images that were generated
from models covering a much wider parameter space range than
the original set for M87*.

We have acquired a full set of complementary, contem-
poraneous MWL observations for M87* to support modelling
and interpretation as well as to provide a legacy dataset for
the community. Together with the EHT images, these datasets
provide rich input to help distinguish between the currently
large range of theoretical scenarios for accretion and jet launch-
ing as well as for particle acceleration, that powers the emit-
ted radiation. The first paper in this series was published
as EHT MWL Science Working Group (2021) (hereafter M87
MWL2017), and it presents the extensive MWL observations
carried out alongside the EHT 2017 campaign on M87 by
the EHT-MWL Science Working Group. The working group
included EHTC members as well members of more than a
dozen other partner facilities on the ground and in space. M87
MWL2017 includes VLBI images and spectral index maps at
several frequencies lower than the 230 GHz band probed by EHT
together with an SED spanning centimetre-band radio through
TeV y-rays, a range of more than 17 decades in frequency. In
2017, this source was found to be in a historically low state at all
frequencies, with the core flux dominating over the HST-1 knot
at high energies, making it possible to combine the high energy
core flux constraints with the more spatially precise VLBI data.

In M87 MWL2017 and the present work, we merge the
VLBI and spectral constraints by ‘tagging’ the radio flux points
with VLBI constraints on the emitting region size, a constraint
that is often missed by single-zone SED modelling approaches.
In both papers we also explore M87%’s jet properties in an order-
of-magnitude approach via two heuristic single-zone models
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meant to help reveal general trends and allow rough comparisons
between basic properties year to year. Single-zone models are a
common first approach that often successfully account for most
of the optical and higher energy emission in many AGN, par-
ticularly blazars. The success of these techniques implies that a
significant fraction of energy in the jets is converted into par-
ticle energy in a relatively localised region. How this process
occurs is one of the most urgent and outstanding questions in the
field today, relating to identification of the source of very high
energy (VHE) particles detected on Earth, such as cosmic rays
(CRs) and neutrinos, as well as understanding the electromag-
netic counterparts of explosive transient events, such as compact
object mergers involving a neutron star. Localisation is thus a
key step in constraining the particle acceleration mechanism as
well as in investigating the hadronic content of the jet.

M87 MWL2017, however, demonstrated that M87* requires
a stratified jet model, meaning that a single-zone leptonic model
cannot adequately describe the sub-millimetre and high-energy
SED simultaneously. In particular, we showed that the y-rays
cannot be fit by the same single-zone model that can match the
EHT flux and size constraints. While this would seem to exclude
scenarios where the y-rays detected in 2017 in the quiescent (i.e.
non-flaring) state are emitted from the same region as the sub-
millimetre radiation in the EHT image, we discuss new advances
in the modelling that may indicate otherwise.

Meanwhile, a new constraint that has yet to be incorpo-
rated into the EHT modelling is the source emission vari-
ability. In the EHTC Sgr A* papers, it was shown that the
root-mean-square variability is one of the most difficult con-
straints to satisfy, and in fact, almost all of our GRMHD
models are somewhat too variable compared to the data (see
Event Horizon Telescope Collaboration 2022g). Based only on
the 2017 observations, it was not possible to draw conclu-
sions regarding the variability of M87*. For prograde orbits, the
dynamical timescale for light to circle M87*’s innermost stable
circular orbit ranges from just under a week to approximately a
month, depending on the spin, that is currently unconstrained.
Therefore, daily images taken over a single week can be con-
sidered to correspond effectively to a single snapshot. However,
one year represents a significant jump in time for M87%*, roughly
ten to 70 dynamical timescales, providing a chance to temporally
resolve its uncorrelated states.

The EHTC has recently published the first results from its
April 2018 campaign on M87* (M87 2018 I). The 2018 EHT
images of M87* reveal an asymmetric ring structure that is
brighter in the southeast and with a diameter of ~43 uas. This is
remarkably consistent with the EHT images obtained from the
2017 observations, strongly confirming the presence of a super-
massive black hole with a mass Mgy ~ 6.5 X 10° M. The 2018
images show a significant shift in the position angle (by ~30°)
of the ring brightness asymmetry with respect to that of the 2017
images, suggesting the presence of variations on yearly timescales
in the event-horizon-scale structures. However, the compact flux
density in the 2018 EHT data is less well constrained than in 2017
due to the more limited coverage of short-to-intermediate base-
lines. Bayesian image reconstruction methods yield a relatively
large range of ~0.5—1.0 Jy within a scale of <100 u (see M872018
I for a full description of the 2018 EHT observations).

During the accompanying 2018 MWL campaign, all cur-
rently operating ground-based imaging atmospheric Cherenkov
telescopes (IACTs; H.E.S.S., MAGIC, and VERITAS, see Sect.
2.4.2) as well as Fermi-LAT measured the first y-ray flare seen
in M87%* in eight years. In this paper, we present the results of
the 2018 MWL campaign as well as a comparison with the 2017
results. In Sect. 2, we describe the new MWL observations with
band-specific results and, where relevant, light curves and com-

parisons to prior observations, while we report in Appendix B
further details on the data processing. In Sect. 3, we present
the compiled nearly simultaneous SED of M87* for the 2018
MWL campaign. In Sect. 4, we present the best fits using
phenomenological single-zone models similar to those used in
M87 MWL2017 and discuss indications for structural changes
between 2017 and 2018. In Sect. 5, we give our conclusions. All
data files and products are available for download, as described
in Sect. 3 and in appendix. Data availability.

2. Observations and data reduction

The 2018 EHT observations of M87 were made in April 2018
using a total of eight stations (in six geographical locations)
across the globe. While observations were performed over four
nights (21, 22, 25, and 28 April), the second and last sessions
suffered from various issues (bad weather conditions across the
array, poor baseline coverage, etc.). Therefore, reliable EHT
images of M87* could only be obtained from the data taken on

21 and 25 April.

In the following subsections we present brief descriptions of
the 2018 MWL campaign on M87* — more detailed descriptions
including data processing procedures and band-specific analy-
ses appear in Appendix B. To aid readability, tabulated data are
collected in Appendix C. Figure 1 shows a schematic overview
of the observations carried between March and May 2018 for
the second EHT-MWL campaign on M87. In addition, to obser-
vations carried during March—-May 2018 we considered for our
study also global VLBI (carried on 1 February 2018) and HST
(carried on 30 July 2018) observations.

2.1. Radio observations

Here we outline the radio-millimeter observations obtained dur-
ing the 2018 campaign with various VLBI facilities and con-
nected interferometers. Following M87 MWL2017, we use the
term “radio core” to represent the innermost part of the radio jet
imaged by VLBI. A radio core in a VLBI jet image is convention-
ally defined as the most compact (often unresolved or partially
resolved) feature seen at the apparent base of the radio jet (e.g.
Lobanov 1998; Marscher 2008). For this reason, different angu-
lar resolutions by different VLBI instruments and frequencies,
together with the frequency-dependent synchrotron optical depth,
can lead to differences in the identification of a radio core in each
observation (see also M87 MWL2017, for a related discussion).

2.1.1. VERA 22GHz

The nucleus of M87 was densely monitored over 2017 and
2018 at 22 GHz with the VLBI Exploration of Radio Astrometry
project (VERA; Kobayashi et al. 2003), as part of a regular mon-
itoring program of a sample of y-ray bright AGN (Nagai et al.
2013). A total of 17 and 13 epochs were obtained in 2017 and
2018, respectively (see Table C.1). During each session, M87
was observed for 10-30 minutes with an allocated bandwidth of
16 MHz, sufficient to detect the bright core and create its light
curves (additional details appear in Appendix B.1.1). Peak flux
density light curves obtained with VERA at 22/43 GHz during
2017-2018 are included in Fig. 2.

2.1.2. EAVN/KaVA 22 and 43 GHz

Between January 2017 and June 2018, M87 was regularly
monitored at 22 and 43 GHz with the East Asian VLBI Net-
work (EAVN; Cuietal. 2021; Akiyama et al. 2022), a joint
VLBI array of radio telescopes in East Asia. A total of 22 (9
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Date in 2018

Mar-26 Apr-02 Apr-09 Apr-16 Apr-23 Apr-30 May-07

May-14 May-21  May-28

EHT (230 GHz)

VERA (22 GHz)
EAVN/KaVA (22/43 GHz)
VLBA (24/43 GHz)
GMVA+ALMA (86 GHz)
KVN (22/43/86/129 GHz)
ALMA (93/221 GHz)
SMA (200-345 GHz)
Kanata (optical)
AstroSat (UV & X-ray)
Swift (UV & X-ray)
Chandra (X-ray)
NUuSTAR (X-ray)
Fermi-LAT (GeV)
H.E.S.S. (TeV)

MAGIC (TeV)

VERITAS (TeV)

58220 58230 58240

MJD

58200 58210

58250

58260 58270

Fig. 1. Instrument coverage summary of the 2018 M87 MWL campaign covering MJD range 58198-58270. The grey band indicates the time

interval of the VHE y-ray flare episode.

at 22 GHz and 13 at 43 GHz) and 20 (9 at 22 GHz and 11 at
43 GHz) epochs were obtained in 2017 and 2018, respectively
(details in Appendix B.1.2 and Table C.1). Peak flux density light
curves obtained with EAVN at 22 and 43 GHz during 2017-2018
are included in Fig. 2.

2.1.3. VLBA 24 and 43 GHz

The program targeting M87 using the National Radio Astron-
omy Observatory (NRAO) Very Long Baseline Array (VLBA)
at central frequencies of 24 and 43 GHz was initiated in 2006
(Walker et al. 2018) and lasted until 2020. Presented here are 10
epochs of observations that were obtained in 2018 and include
two imaging (i.e. full-track) and eight short (snapshot) sessions
on M87 (see summary in Appendix B.1.3 and Table C.1). Peak
flux density light curves obtained with VLBA at 22 and 43 GHz
during 2017-2018 are included in Fig. 2.

2.1.4. GMVA+ALMA 86 GHz

MS87 was observed by the Global Millimetre VLBI Array
(GMVA) for the first time in concert with the phased Ata-
cama Large Millimetre/submillimetre Array (ALMA) and the
Greenland Telescope (GLT) on 14—15 April 2018 (See details
in Appendix B.1.4 and Table C.1).

2.1.5. KVN 22, 43, 86, and 129 GHz

MS87 was regularly monitored by the Korean VLBI Network
(KVN) at 22, 43, 86 and 129 GHz, as part of the Interfero-
metric Monitoring of Gamma-ray Bright Active galactic nuclei
(iMOGABA; Lee et al. 2016) program. More information can be
found in Appendix B.1.5 and Table C.1. Peak flux density light
curves obtained with KVN at 86/129 GHz during 2017-2018 are
included in Fig. 2.
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Fig. 2. Radio light curves of the M87 core in 2017 and 2018 at multiple
bands. The upper and lower panels are for connected interferometers
and VLBI, respectively. The corresponding beam sizes are indicated in
Table C.1. KVN data at 22 and 43 GHz are not shown here since KVN
captures the data from the shortest baselines of EAVN.

2.1.6. Global 43 GHz VLBI

MS87 was observed on 1 February 2018 at 43 GHz by a global
array of sensitive VLBI antennas in full-track to maximise the
imaging sensitivity and resolution. While details of the observa-
tion and imaging results will be reported elsewhere (Kim et al.,
in prep.), we provide a peak flux density of the core and a VLBI-
scale total flux density (see Table C.1). We estimate these mea-
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surements to be uncertain up to ~20% considering the absolute
flux calibration error and systematic uncertainties in defining the
core and the field-of-view (see also Appendix B.1.6).

2.1.7. ALMA 93 GHz and 221 GHz

Observations with phased-ALMA (Matthews et al. 2018; Goddi
et al. 2019; Crew et al. 2023) were conducted as part of the
2018 VLBI campaigns with the GMVA at 3 mm/93 GHz
(ALMA Band 3) and the EHT at 1.3 mm/221 GHz (ALMA
Band 6). The main observational and imaging parameters for
the 2018 observations are summarised in Table C.2, while
those for 2017 are summarised in M87 MWL2017, as well
as included in Fig. 2. For each dataset and corresponding
image, the table also reports flux-density values both in the cen-
tral compact core and the extended jet (see Appendix B.1.7
for more detailed descriptions of data acquisition and
reduction).

2.1.8. SMA 200-270 and 345 GHz

The long term 1.1-1.4 mm band (200-270 GHz) and 0.87 mm
band (345 GHz) flux density light curve data for M87 shown
in Fig. 2, and later in Figs. 3 and 4, were obtained at the
Submillimeter Array (SMA) near the summit of Mauna Kea
(Hawai’i). M87 is included in an ongoing monitoring program
at the SMA to determine flux densities for compact extragalac-
tic radio sources that can be used as calibrators at millimetre
wavelengths (Gurwell et al. 2007). A summary of the measure-
ments made from these data for 2017 and 2018 is shown in
Table C.2. The reported core flux for M87 is the vector aver-
age of baselines longer than 30 kA (see Appendix B.1.8 for more
details).

2.2. Optical and UV observations
2.2.1. Optical observations by the Kanata telescope

Photometric images of M87 were obtained using the 1.5-m
Kanata telescope and the Hiroshima Optical and Near-InfraRed
Camera (HONIR), that can perform simultaneous two-band
imaging (Akitaya et al. 2014). We used optical Rc (634.9 nm)
and near-infrared J-band (1250 nm) filters for the observations.
Images with a field of view of 10”x10” and a spatial resolution
of 0.294” pixel™! through the band-pass filters were obtained.
The central flux of M87 within a radius of 5" was measured.
The measured flux should include three components: radiation
from the central region near the BH, radiation from the HST-1
knot (located at a projected distance of ~70 pc from the core),
and thermal radiation from the host galaxy. Thus, the measured
flux is an upper limit of the flux of the central nuclear region.
Additional details appear in Appendix B.2.1.

2.2.2. UV and optical observations from Swift-UVOT

During the Swift pointings, the UVOT instrument observed M87
in its optical (v, b and u) and UV (w1, m2 and w2) photometric
bands (Poole et al. 2008; Breeveld et al. 2010). An aperture of
5" radius was used for the flux extraction for all UVOT bands.
Compared to the values obtained during the EHT 2017 cam-
paign, we observed with UVOT in 2018 an increase of the flux
by a factor of ~3 in optical and a factor of ~2 in UV bands.
However, the high contribution of the host galaxy flux in the
V band and partly in the b band contributes to the large uncer-

tainties on the flux. A detailed description of data, analysis and
modelling is given in Appendix B.2.2 (for all the results of the
Swift-UVOT observations during the EHT 2018 campaign see
Table C.5.).

2.2.3. UV observation with HST

We have investigated the HST archive to search for HST
UV/optical observations during the 2018 EHT MW campaign.
Unfortunately, the HST observation nearest to the campaign was
performed more than 3 months later, on 2018 July 30 (MJD
5832.90764). The observations were carried out with the STIS
camera (NUV-MAMA detector with F25QTZ aperture) over
two HST orbits at the pivot wavelength 2359.7 A (proposal
ID 15358). Since none of the other Optical/UV/NUV instru-
ments used in this campaign allow measurements of the core
and HST-1 knot fluxes separately at these wavelengths, we have
utilised the HST data to obtain fluxes of the core and HST-1
knot.

As in our previous work M87 MWL2017, we have per-
formed photometric decomposition to exclude the host galaxy
flux from the image. The host was approximated with two Sersic
functions (Sersic 1968) with the core and jet regions masked out.
Unfortunately, due to the small FoV of STIS, no stars were avail-
able in the images for constructing a PSF. The HST PSF library
does not contain PSFs for the STIS instrument, and the HST
team advises against using the TinyTim package' to build PSFs
for STIS images. Nevertheless, we have performed a decomposi-
tion without taking into account the PSF, rather by masking the
central part of the host galaxy and performing the decomposi-
tion of outer parts of the galaxy and extrapolating the result to
the centre.

Figure 5 shows the residual image (after host model subtrac-
tion), where the core and the HST-1 knot are clearly visible. To
obtain the fluxes of these features, we performed aperture pho-
tometry with an aperture radius of 0”74 (the same as in M8&7
MWL2017). Table C.6 gives the fluxes of the core and HST-
1 knot before and after host model subtraction. The uncertain-
ties of fluxes before correction for the host galaxy were cal-
culated based on the STIS documentation?, while we assume
uncertainties of the corrected fluxes of 50%, taking into account
the method of the decomposition. However, as can be seen in
Table C.6, contributions of the host galaxy are small since the
band is blue, while the host galaxy is an old elliptical type. The
results indicate that the HST-1 knot is significantly fainter than
the core, that most likely was also the case during the EHT MW
campaign in 2018.

2.2.4. Far-UV observations from AstroSat-UVIT

The UV Imaging Telescope (UVIT) instrument on board the
AstroSat mission consists of twin telescopes, each of 38 cm
diameter, one dedicated to far-UV (FUV: 1 = 1300-1800 A)
and the other to near-UV (NUV: A4 = 2000-3000 A) & Visi-
ble (VIS: A = 3200-5500 A) channels (Kumar et al. 2012). In
this work, the far-UV images from UVIT are used to constrain
the jet and the HST-1 knot component in the UV emission. The

' www.stsci.edu/files/live/sites/www/files/home/hst/

instrumentation/focus-and-pointing/documentation/
_documents/tinytim.pdf

2 https://hst-docs.stsci.edu/stisdhb/
chapter-4-stis-error-sources/
4-2-summary-of-accuracies
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Fig. 3. Long-term MWL light curves of M87 from the last two decades taken by the instruments participating in the 2018 observational cam-
paign. Here are listed the observations used in the plot and their reference (in case of already published results): Chandra (0.3-7keV) (Sun et al.
2018), (2.0-10keV) (Imazawa et al. 2021); MAGIC, H.E.S.S., VERITAS (2004-2011), Fermi-LAT (2008-2011), VLBA (43 GHz peak) (2006~
2011) (Abramowski et al. 2012); H.E.S.S. (before April 2004, 2001-2016, after 2019) (H.E.S.S. Collaboration 2023); VERITAS (2011-2012)
(Beilicke & VERITAS Collaboration 2012); VERA (2011-2012), MAGIC (2012-2015) (MAGIC Collaboration 2020); KVN (2012-2016) recal-
culated from Kim et al. (2018); VLBA, EAVN, VERA (2000-2018) (Cui et al. 2023); All instruments 2017 data (M87 MWL2017). We mark the
VHE flare in 2018 with a grey-shaded line in the background. The inset in the third row provides a zoomed-in view of the Chandra measurement
of HST-1.
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Fig. 4. Multi-wavelength light curves of M87 taken during the observational campaign covering MJD range 58211-58245. The time period

containing the 2008 VHE flare is shaded in grey.

images created for each orbit of the satellite were aligned and
merged to create the final image with an effective exposure time
of 14.1 ks. The flux contributions of different known components
of M87 are extracted by 2D image decomposition modelling.
Figure 6 shows the photometric slice made through the galaxy
centre in the jet direction obtained in the BaF2 band (F154W:
Adei ~ 1541 A, with Adeg ~ 380 A). In this figure the observed

galaxy flux is shown with a thick black line, the total model (a
sum of all components) with a red line, the host galaxy model
with an orange line, the total jet model, that include the asym-
metric Core-Sersic model (Graham & Driver 2005) and a point
source for the HST-1 knot, is shown with a green line, and the
central source with a blue line. A detailed description of data,
analysis and modelling is given in Appendix B.2.3.
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Fig. 5. Hubble Space Telescope image of M87 at 2359.7 A with the
host galaxy subtracted. The core and HST-1 are indicated; the distance
between the features is 1700+0705, and the pixel size is 070248.

2.3. X-ray observations

2.3.1. Chandra and NuSTAR observations and joint spectral
analysis

Observations of M87 with the Advanced CCD Imaging Spec-
trometer (ACIS) on board the Chandra X-ray Observatory were
collected via Director’s Discretionary Time (DDT; PI: Wong) on
22 April 2018 (ObsID 21075 for 9.1 ks starting at UT 00:09) and
24 April 2018 (ObsID 21076 for 9.0ks starting at UT 13:20).
An observation with NuSTAR (Harrison et al. 2013) was also
obtained via DDT on 25 April 2018 (ObsID 60466002002
for 21.1ks beginning at UT 13:56), sufficiently close in time
to the second Chandra observation that they can be consid-
ered contemporaneous. The data from these observations have
been included in previous studies of X-ray flux variability
in M87 described in Yangetal. (2019) and Imazawa et al.
(2021).

Following the procedure in M87 MWL2017, the two Chan-
dra observations are combined in our spectral analysis such that
the reported fluxes represent the average for 22-25 April 2018.
The variability of the background-subtracted count rates for each
of the spatial components is shown in Fig. 7. As is clear from
the Chandra light curve, the core was significantly brighter in
both observations than in April 2017. No significant variability
is detected within either of the 2018 observations. However, the
core flux did increase between the two observations separated by
approximately two days, while the other components remained
steady (see Fig. 7). Moreover, an increase in the X-ray bright-
ness of M87 relative to 2017 is apparent directly from the NusS-
TAR spectrum, that exhibits higher S/N out to ~60 keV than the
2017 data (cf. M87 MWL2017, Fig. 9), despite equal exposure
time.

In particular, we detect a significant increase in the flux of the
core component relative to 2017 observations. The unabsorbed
core flux in the 2-10keV band averaged between the two Chan-
dra observations in April 2018 was 2.6 x 10™2 erg s™! cm2 that
represents an ~80% increase on a timescale of one year. Assum-
ing a distance of 16.8 Mpc, we find the average 2—10keV band
luminosity of the core to be (8.8 + 0.4) x 10* ergs™!, again a
marked increase over (4.8 +0.2) x 10*’ erg s observed in 2017.
The significantly higher luminosity is not seen in the HST-1 knot
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Fig. 6. AstroSat-UVIT photometric cut of the decomposition model
along the jet direction. The thick black line shows the observed flux
along the cut, the blue line is the central point source, the orange line is
the host galaxy, the green line is the jet total flux, and the red line is the
total model flux. The shaded area shows the masked out region of the
jet that has a complex fine structure that cannot be accurately modelled
with a simple analytical function and was therefore excluded from the
decomposition to reduce the model complexity.

or the rest of the jet, that both show <10% variability. These
results are similar to those obtained by Imazawa et al. (2021).
Despite the flux increase, we note that there is no evidence for
a change in the shape of the spectrum. Our best fit power-law

(PL) photon index for the core is ['core = 2.03f8:(1)%, that is sta-

tistically consistent with eore = 2.06*05 from the 2017 EHT
observations.

In addition to the observations taken within the EHT MWL
campaign, we also examined data taken with Chandra earlier in
2018: OBSIDs 20488 (4 January 2018) and 20489 (21 March
2018). These observations were processed and analysed in
exactly the same way as described above in order to evaluate
the core flux using the same set of assumptions. We find that
the core flux in the 2-10keV band was lower in both epochs,
~2 x 107" ergs~! cm~2, as shown in Fig. 8.

Although a PL model provides a satisfactory fit to the April
2018 data alone and is suitable given the sensitivity of the spec-
trum in a typical single observation, the growing archive of NusS-
TAR observations of M87 permits a deeper look at the shape of
the X-ray spectrum of the core. While the shape of the spec-
trum appears to be stable, there is evidence of deviation from
a PL. In particular, our analysis of 14 existing NuSTAR obser-
vations (Sheridan et al., in prep.) reveals statistically significant
evidence for a break in the PL around Ey, = 10 keV: compared
to PL fits, models with a break improve the Cash fit statistic by
AC > 150 with the addition of only two free parameters. Relative
to the pure PL model, the spectrum is softer below the break (I')
and harder above the break (I';), though the exact values depend
on how the data are combined. For example, when all observa-
tions are stacked, we find I'} = 2.26f8z8§, Ey, = 11 £ 1 keV,
and I', = 1.6*)-). When the spectral shape is tied between obser-
vations but the flux is allowed to vary, we find I'y = 2.20%)%8,
Ey = 125 £ 1.2 keV, and I, = 0.9 + 0.2. We emphasise
that I'y, Ey;, and the existence of a break are weakly sensitive
to the stacking method, while I'; depends more on the details.
In our SED modelling (Sect. 4) we therefore consider all three
spectral models for the core. Additional details are included in
Appendix B.3.1.
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Fig. 7. X-ray light curves of the spatially resolved components of M87
from the Chandra observations in 2018. The core (orange) shows clear
variability between the two different days on which observations have
been carried out, while the HST-1 knot and the rest of the jet remain
fairly steady.

2.3.2. Swift-XRT observations and analysis

As a part of the EHT campaign, M87 was observed with Swift-
XRT from 18 April (MJD 58226) to 29 April 2018 (MJD 58237).
A total of 9 observations were conducted in April, with one addi-
tional observation on 18 December 2018 (MJD 58240). To put
the 2018 observations in context, we also analyse all Swiff-XRT
photon counting mode observations for most of the Swift-XRT
mission duration, extending back to 2009 and forward to 2021.
The details of our data processing and spectral analysis are given
in Appendix B.3.2.

Analysing these observations constrains both the long-term
and short-term variability of the X-ray emission from M87, even
though Swift-XRT cannot spatially resolve the inner jet, includ-
ing the core and the HST-1 knot. The resulting light curve for
the 2018 observations is shown in Fig. 9; we include total unab-
sorbed flux estimates for M87 with background, as well as net
unabsorbed flux estimated by removing the contributions from
the background model components. The small-scale compo-
nents’ flux is found to be consistently between 40% and 60%
of the total. However, the background-subtracted fluxes shown
in Fig. 9 should only be interpreted as upper limits on the X-ray
emission from the core, the HST-1 knot, and the jet.

2.3.3. AstroSat-SXT observations and analysis

AstroSat performed two pointing photon counting (PC)
mode observations of MS87, the first during 17-18 Febru-
ary 2018 (ObsID: A04_115T02_9000001900; MJID
58166.8) and the second during 21-23 April 2018 (ObsID:
A04_115T02_9000002042; MJD 58229.4).

We use a model similar to the one adopted for Chandra and
NuSTAR spectral analysis with the addition of a vvapec compo-
nent to account for the diffuse emission from cluster gas because
the SXT samples a larger portion of it. The best-fit normalisation
obtained from the SXT spectra is higher than the constraints in

MS87 MWL2017 by about a factor of three mainly for this reason
(additional details appear in Appendix B.3.3).

2.4. Gamma ray observations
2.4.1. Fermi-LAT observations

We performed a dedicated analysis of the Fermi Large Area Tele-
scope (LAT) data (Atwood et al. 2009) of M87 using 12 years
of data starting on 4 August 2008, in an energy range between
100 MeV and 1 TeV. We repeated the analysis using a time inter-
val of one month centred on the EHT observation period (i.e. 8
April-8 May 2018). This choice is also motivated by a problem
that affected the solar panel on 16 March 2018, that stopped the
observations until 8 April 2018. We summarise these analyses
here and include additional details in Appendix B.4.1.

The results from 12 years present a significant excess above
the noise level (a test statistic of 7S = 2015, corresponding to
a significance® of >400 with an averaged flux of F = (1.74 +
0.11) x 1078 ph cm™2 s~!. The obtained spectral behaviour (I =
2.05 £ 0.03) is in agreement with the 4FGL-DR2 result for this
source (Abdollahi et al. 2020).

For the period 8 April — 8 May 2018, the source is detected
with a significance of ~60 (T'S = 38), F = (5.0 £ 1.7) X
1078 phcm=2s7!, three times higher than the average over 12
years. It also presents a soft spectrum with I' = 2.40 + 0.21.
Regarding the variability study, using for the light-curve study
either one-day or two-day cadence temporal analyses, the source
was detected (with more than three-sigma significance) in both
of the analyses only in the one-day (and two-day) bin around
the VHE flare episode. Namely, on the one-day bin centred on
MID=58228.0 (20 April 2018), presenting a significance of 3.50
and flux F = (23 +10)x 1078 ph cm~2 57!, as well as in the two-
day bin centred on MJD=58227.5 (19-20 April 2018), with a
significance of 3.40- and flux F = (14 + 6) x 108 phcm 257!,
respectively. Similarly, on both the one-week time scale and the
customised time intervals (see Fig. 10 and Table C.13) the source
is significantly detected (with a 7S = 20) only in the week MJD
= 58224-58231 (18-24 April 2018), as well as in a four-day
period of the VHE flare, namely MJD = 58227-58231, present-
ing a flux of (8.1+2.6)x 1078 phem™2 5! and (10.8+3.8)x 1078
ph cm™2 57!, respectively. The weekly flux represents the high-
est weekly emission observed for this source so far. The second-
highest weekly flux ((7.2+3.1)x1078 ph cm™2 s!) was registered
in the first week of February 2014, during which the only VHE
observations were obtained with MAGIC. The MAGIC data did
not show a VHE flare at this time. Finally, for the four-day period
of the VHE +y-ray flare, we performed a spectral analysis of the
LAT data finding a PL index of I' = 2.18 +£0.33, compatible with
the one measured in the 12-year analysis.

2.4.2. VHE observations: H.E.S.S., MAGIC, VERITAS

H.E.S.S. observations in 2018 were performed with the four
12m CT1-4 telescopes (see Table C.14). A total of 13.0hours
of live time of good-quality data were obtained. The average
zenith angle of the observations was 42.9°. A total statistical
significance of 14.80- was obtained for the 13.0hours. For the
systematic errors we conservatively estimated an uncertainty of
20% on the flux normalisation and 0.1 on the photon spectral

3 The source significance is determined as the square root of the log-
arithmic ratio of the likelihood of a source being at a given position in
a grid to the likelihood of the model without the source (Mattox et al.
1996)a SigHNSqrt(Zlog(Lsrc /Lnull))~
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Fig. 8. Mid-term MWL light curves of M87 taken during the observational campaign covering January 2017 to April 2019. Here are listed the
observations used in the plot and their reference (in case of already published results): Chandra (0.3-7keV) (Sun et al. 2018), (2.0-10keV)
(Imazawa et al. 2021) H.E.S.S. (2019) (H.E.S.S. Collaboration 2023); VLBA, EAVN, VERA (2017-2018) (Cui et al. 2023); All instruments 2017
data (M87 MWL2017). We mark the VHE flare in 2018 with a grey-shaded region in the background.

index (H.E.S.S. Collaboration 2006b). Detailed information on
the H.E.S.S. sensitivity and angular resolution can be found in
Parsons & Hinton (2014) and H.E.S.S. Collaboration (2020).
MAGIC observed M87 for 11.3 hours after quality cuts for
this campaign. The observations were carried out at a mean
zenith angle of 29.6°. The total statistical significance from
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MAGIC observations during this campaign is 4.0c". Based on the
detailed descriptions in Aleksi¢ et al. (2016) we estimate a sys-
tematic uncertainty of ~30% on the integral flux that consists of
11% uncertainty of the flux normalisation, +0.15 on the spectral
index and 15% uncertainty of the energy scale. The long-term
MWL light curves presented later in Figs. 3 and 8 also include
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Fig. 9. Total flux (blue) and unresolved summed component fluxes (red)
of M87 in the 2-10keV band observed with Swift-XRT in 2018.

the MAGIC data collected in 2019. In 2019 MAGIC observed
MS8T for a total of 29.1 hours after quality selection. The statisti-
cal significance obtained from the 2019 observations is 7.00-.

VERITAS (Holder et al. 2006) observed M87 during April
2018 for 10.5 hours after quality cuts with an average zenith
angle of about 22.9°. The total statistical significance from VER-
ITAS observations during this campaign is 7.80~. We estimated
the systematic uncertainty to be ~25% and +0.2 on the abso-
lute flux level and spectral index, respectively (Adams et al.
2022). Further details of the individual analyses can be found
in Appendix B.4.2.

The light curves of nightly integrated flux measurements
from all VHE instruments above 350 GeV between 10 April
2018 (MJD 58218) and 25 April 2018 (MJD 58233) are shown
in Fig. 11 with solid colours. We assumed a PL index of
I'vug = 2.3 for the integrated flux calculations. We chose the
same analysis threshold of 350 GeV as for our 2017 campaign
(EHT MWL Science Working Group 2021). Strong moonlight
conditions prevented observations after 25 April 2018. In order
to investigate possible flux variability, we fitted the flux measure-
ments from all VHE telescopes with a constant flux model. This
yields a y?/d.o.f. of 42.61/16 corresponding to a probability of
p~ 3 x 107*. In order to estimate the variability time scale, we
fitted the light curve with a Gaussian function:

(- 10)2)

202

F(t):F0+F1-exp(— 1
where Fy was added as baseline flux. The Gaussian fit pro-
vides a better description of the measured data with y?/d.o.f.
of 16.46/13 corresponding to a probability of p ~ 0.23. The
best fit results are Fy = (1.25 + 0.46) x 1072 phcm™2s7!,
Fi = (2.83 £0.62) x 1072phem™2s7!, 5 = 58229.07 + 0.39
MIJD (21 April 2018), o0 = 1.32 + 0.44 days. Defining the vari-
ability time scale as the full width at half maximum (FWHM),
we obtain FWHM = 2V2In20 = 2.350 = 3.10 + 1.03 days.
For comparative purposes, the rising part of light curve was also
fitted with an exponential function of the form

F(l) — poe—lt—58226\/‘r

@)

where the exponential time scale 7 is 1.88 +0.27 days for the ris-
ing flux portion. Furthermore, a Gaussian function fit to H.E.S.S.
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Fig. 10. Fermi-LAT light curve of M87 on customised time intervals
during April 2018. The red point refers to the flux estimate, while grey
points indicate upper limits. The 1o~ upper limit is reported when 7'S <
10. The vertical blue line (band) indicates the time of the VHE flaring
episode, while the horizontal lines represent the averaged flux over 12
years and its uncertainty Fipy, = (1.74 £ 0.11) X 10 phem™2 57",

data alone yields a y?/d.o.f. of 0.44/2 corresponding to a prob-
ability of p ~ 0.80, Fy = (0.77 = 1.06) x 1072 phcm=2s7!,
Fi = (450 £ 0.95) x 1072 phem=2s7!, 45 = 58229.15 + 0.11
MID, and o = 1.28 + 0.34 days.

Light curves with shorter time binning of less than one
night were calculated, but no significant intra-night variations
were found. Further discussion of possible systematic cross-
normalisation factors between IACTs and how the factors affect
the fitting results can be found in Appendix B.4.2. To conclude,
the statement that a model with a Gaussian peak describes the
light curve significantly better than a constant holds even taking
potential systematic cross-calibration offsets between the VHE
instruments into account. The cross-normalisation factors pro-
vide a possible range of fitting parameter values and reduce the
tension of the flux difference between VERITAS and H.E.S.S.
around MJD 58229 (semi-transparent colours in Fig. 11). How-
ever, for this research, there is no compelling reason for a rescal-
ing of the original data, reaffirming the fact that the fit to the flare
profile without scaling is acceptable.

Individual SEDs obtained with all VHE instruments are
shown in Fig. 12 and results of the spectral fits are given in
Table C.15. The photon spectra are described with a simple PL
function:

-T'vue
ANJdE = fo- (E—O) , 3)

where fp is the normalisation at the energy Ey and I'ygg is
the photon spectral index. It is important to note that the three
VHE SEDs are results of different samplings during the obser-
vational campaign. MAGIC observed primarily during nights
before and after the VHE flux rise discussed below. About half
of the VERITAS data were taken before and the other half
during the flare. The H.E.S.S. observations cover the whole
time span of the flare and lead to the hardest spectral index
amongst the three instruments (Fig. 12). This result points
to a harder-when-brighter behaviour in VHE, as previously
hinted in H.E.S.S. Collaboration (2006a), Albert et al. (2008),
Acciari et al. (2010), Aliu et al. (2012), H.E.S.S. Collaboration
(2023). We acknowledge that directly comparing the spectral
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Fig. 11. Flux measurements of M87 above 350 GeV with 1o uncer-
tainties obtained with H.E.S.S., MAGIC, and VERITAS during the
coordinated MWL campaign in 2018. The solid and semi-transparent
colours represent the original data and scaled (with cross-normalisation
factors) data, respectively. The black curve and shaded region repre-
sent the best Gaussian fit and 1o error to the original flux points. The
grey lines indicate the percentage of the Crab Nebula’s flux level from
integrating its SED in the same energy range. The SED of the Crab
Nebula is obtained by fitting VERITAS’s six years of observations
(Meagher & VERITAS Collaboration 2015). For flux points with sig-
nificance less than 20, upper limits are given in Table C.14.

slopes of H.E.S.S., MAGIC, and VERITAS is also limited by
the difference in the energy ranges covered by their respective
spectra. Differently than the results from H.E.S.S. Collaboration
(2024), the spectrum derived from the H.E.S.S. data in this
study is limited to a maximum energy of 6.9 TeV. This limita-
tion ensures that each energy bin in Fig. 12 is detected with a
significance of at least 20

3. Results
3.1. Multi-wavelength images in 2018

In Fig. 13, we show a composite of M87 MWL images obtained
by radio and X-ray instruments during the 2018 campaign,
including the EHT image. The M87 jet is imaged at multiple
scales from ~1 kpc down to a few Schwarzschild radii (defined
as ry = 2GMpy /c* = 2r, where Mpy is the mass of M87*, G the
gravitational constant, ¢ the speed of light, and r, is the gravi-
tational radius) summarising a contemporaneous MWL view of
MS87 during the 2018 EHT campaign.

To check the structural variations, we compared the data
obtained in 2017 and 2018. While the appearance of the kpc-
scale jet remained relatively consistent during this period, our
high resolution VLBI observations unveiled some morpholog-
ical evolution in the pc-scale jet between the two years (see
Fig. 14). Notably, these changes encompassed a counterclock-
wise shift in the jet position angle (PA), occurring within a few
milli-arcsecondfrom the core (PA ~281°/283° in 2017/2018; see
Cui et al. (2023) for details). Furthermore, the data from 2018
reveal a more symmetric brightness ratio of the north-south jet
limbs. All of these variations suggest the existence of year-scale
structural evolution transverse to the jet. Moreover, regular VLBI
monitoring observations reveal a gradual decrease in core flux
(by 10-15%) at 22-129 GHz from 2017 to 2018 as shown in
Fig. 2. Closer to the SMBH, GMVA 86 GHz observations in
concert with ALMA and GLT spatially resolve the radio core,
revealing a ring-like structure connecting to an edge-brightened
jet (Lu et al. 2023).
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Fig. 12. Very high-energy SEDs measured with H.E.S.S., MAGIC,
and VERITAS during the coordinated MWL campaign in 2018.
Error bars are equivalent to the 1o confidence level. An upper limit
is drawn where the statistical significance is less than 20 (i.e. 95%
confidence level). The thick solid lines represent the best spectral fitting
results by using a simple PL function. The shaded regions represent
the 1o error region of the fitting results. Historical spectral fits are
taken from H.E.S.S. Collaboration (2006a,b), Aleksié et al. (2012),
Acciari et al. (2008, 2010), Albertetal. (2008), Aliuetal. (2012),
Beilicke & VERITAS Collaboration (2012), MAGIC Collaboration
(2020) and the thin black line indicates the SED obtained with the
MAGIC measurements presented in M87 MWL2017.

Contemporaneous observations obtained with the VLBA at
24 and 43 GHz were used for the spectral analysis (Sect. 4).
Figure 15 compares maps of the spectral index (a; defined as
F, oc v*) between these two frequencies from observations on 5
May 2017 (panel (a)) and 28 April 2018 (panel (b)). The M87
jet has an edge-brightened structure and does not have distinct
components at each frequency to anchor an alignment of dif-
ferent images. We model-fitted the jet structure by a number
of two-dimensional Gaussian components, aligned images at the
position of the 43 GHz core, and shifted 24 GHz images by the
value of the core shift. Finally we measured the shifts from the
phase referencing observations, that are 0.036 and 0.012 mas in
right ascension and declination, according to Hada et al. (2011)
and Roetal. (2023). Even though the amplitude of the core
shift may change with time (Plavin et al. 2019), multiple stud-
ies of M87 indicate the magnitude of the core-shift variation in
2243 GHz is within 10pas and negligible (Hada et al. 2012,
2014; Jiang et al. 2021). The core regions in both 2017 and
2018 show relatively flatter spectral index values (@ =~ 0) than
jet regions. However, compared to 2017 observations (Fig. 15a;
MS87 MWL2017), the value of the spectral index in 2018 steep-
ens faster downstream from the core region to the jet region.
It indicates that the radio emission in the jet close to the core
becomes relatively stronger at lower frequencies compared to the
emission in the core in 2017, that might be related to changes in
the physical conditions of the particle accelerator at the core. In
the extended jet regions, the spectral index distribution appears
to be more complex: it shows flatter values (@ > —0.5) at the
location of total intensity maxima with steeper values (o < —1)
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Fig. 13. Composite of the M87 MWL images at various scales obtained
in radio and X-rays during the 2018 campaign. The instrument, observ-
ing wavelength, and scale are shown at the top-left side of each image.
We note that the colour-scale has been chosen to highlight the observed
features for each scale and should not be used for noise levels, dynamic
range, or flux density calculation purposes.

that are localised in between. The M87 jet structure and spectral
index distribution based on the 815 GHz VLBA observations
with the highest-to-date dynamic range (Nikonov et al. 2023) are
consistent with the development of Kelvin-Helmholtz instabili-
ties in the jet in regions of 10°—10* ry from the central engine.
Their propagation can produce higher pressure regions near the
jet boundary and in its interior, causing variations of the spec-
tral flattening towards the jet edges, as shown in Fig. 15. The
observed variability in flat- and steep-spectrum regions could
also be influenced by the jet precession, that modulates the
observed jet structure over time. However, for the variability
results obtained here, rescaling of the original data is not crucial,
reaffirming the fact that such a complicated spectral profile in the
edge-brightened jet region could be (at least) partly affected by
insufficient interferometric (u,v) coverage (e.g. Pashchenko et al.
2023).

3.2. Change in the mas-scale jet and pas-scale ring
asymmetry position angles

As reported in Sect. 3.1, a slight and counterclockwise variation
in the PA of the mas-scale jet was detected with 43 GHz VLBI
observations in 2017 and 2018. The observed PA evolution from

Relative Dec (mas)

0 -2 -4
Relative RA (mas)

Fig. 14. M87 jet structure comparison based on yearly stacked EAVN
images at 43 GHz in 2017 and 2018 (see also Cui et al. 2023). The
restoring beam size is 0.5 mas circular Gaussian, as indicated in the
bottom-left corner. The image has been rotated by —18°. Contour
levels are scaled as (1, 2, 4..)xCjy, where Cig is 1.8 mJybeam™!
in 2017 and 1.3mly beam™' in 2018. For M87* mass Mpy =
6.5 x 10° M, (Event Horizon Telescope Collaboration 2019a), 1 mas ~
125 ry = 0.08 pc, where 7y is the Schwarzschild radius.

2017 to 2018 appears to follow the long-term (quasi-)periodic
variation (on time scales of ~10 years) found by the recent VLBI
jet monitoring studies (Walker et al. 2018; Cui et al. 2023). Pos-
sible scenarios causing such year-scale variations of the jet PA
include MHD/HD instabilities (Mizuno et al. 2007; Walker et al.
2018) and Lense-Thirring precession in a tilted accretion disk
system (Fragile et al. 2007; Liska et al. 2018; Cui et al. 2023).
The observed variation in the north-south limb brightness ratio
could also be related to the jet PA variation and/or transient tur-
bulence in the jet flow, which requires further dedicated investi-
gations.

Similarly, the EHT-2018 images (M8&7 2018 I) reveal a
significant shift of the PA of the brightness asymmetry of
the ring with respect to that of EHT-2017 images (present-
ing a counterclockwise variation ~30° from 2017 to 2018).
The shift direction is as expected if the large-scale jet is
aligned with the disk rotation axis (M87 2017V). Morpholog-
ical variations of the asymmetric ring at EHT scales could
be related to the week-scale variation caused by magnetoro-
tational instabilities (M87 2017V, M87 2018 I). On the other
hand, the observed PA change in the EHT images between
2017 and 2018 may imply the presence of a longer-term
(year-scale) variation at this scale as originally suggested by
Wielgus & Event Horizon Telescope Collaboration (2020).

Nevertheless, it is worth noting that M87 shows counter-
clockwise PA variations at both milli-arcsecond and micro-
arcsecond scales between the two years, that sheds light on
the possible physical connection between the mas-scale jet and
pas-scale ring. The recent detection of both the ring-like struc-
ture and extended jet in a single image using global VLBI
at 86 GHz offers a new potential to explore this challenge by
bridging the spatial gap between uas- and mas-scale struc-
tures (Lu et al. 2023). Future multi-year comparisons of multi-
frequency (230/86/43 GHz) VLBI images will be the key to con-
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Fig. 15. Spectral index maps obtained between 24 and 43 GHz from
VLBA 5 May 2017 (a) and 28 April 2018 (b) observations. The restor-
ing beam size is 0.55 mas X0.55 mas, that is the circular equivalent-area
synthesised beam of VLBA at 24 GHz, drawn as a grey circle in the
bottom-right corner. The image has been rotated by —18°. The contours
denote the total intensity at 43 GHz and start at 3.5¢0" rms, increasing in
steps of two. The (u, v)-ranges match between all images.

straining the origin of variable structures at different scales and
their physical connection.

3.3. Multi-wavelength light curve and fractional variability

In Figs. 3, 8, and 4 we show the long-term (2000-2022), mid-
term (2017-2019) and short-term (April 2018) MWL light curve
behaviour of M87 with the observations collected by the instru-
ments participating in the coordinated MWL campaign in 2018.

Comparing the 2018 EHT-MWL campaign (Fig. 4) to 2017
(M87 MWL2017), the source presents brighter emission at high
energies, seen both in the X-ray as well as in the y-ray energy
bands, while in optical and at radio frequencies the core flux
remained the same or even a bit dimmer. In particular, Chandra
observations during April 2018 revealed a core flux increase of
~80% with respect to the previous 2017 campaign. While the
duration of the VHE y-ray flaring episode is well constrained
(see Sect. 2.4.2 and further discussion in Sect. 3.3.1), the lack of
monitoring X-ray observations of the source does not allow us
to fully investigate the duration of the X-ray variability, as we
further elaborate in Sect. 3.3.2.

The fractional variability (Vaughan et al. 2003) of the VHE
y-ray band in 2017 is compatible with zero within uncertain-
ties. The same applies to the 2018 VHE +y-ray variability. This is
caused by the large statistical uncertainties of the VHE data. We
note that these large statistical uncertainties are also limiting the
calculation of a discrete correlation function (Edelson & Krolik
1988). The fractional variability of the Swift-XRT flux of the
small-scale components (namely the core, the HST-1 knot and
inner jet) is significantly lower in 2018 than in 2017. For both
years these fractional variabilities are slightly higher than in
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Fig. 16. Photon PL index I' compared to the VHE flux normalisation
at 1TeV. Data from H.E.S.S. Collaboration (2006a), Acciari et al.
(2008), Albert et al. (2008), Acciari et al. (2010), Aliu et al. (2012),
Aleksi¢ etal. (2012), Beilicke & VERITAS Collaboration (2012),
MAGIC Collaboration (2020), EHT MWL Science Working Group
(2021). Flux normalisations at different energies have been recalculated
at 1 TeV using the respective power-law index. No dependence of the
spectral index on the flux was observed.

the VHE y-ray band, although well compatible within statisti-
cal uncertainties. Further information on our calculation of the
fractional variability are reoperted in Appendix D. The resulting
fractional variability values are given in Table D.1.

We combined the spectral slopes and flux normalisations
from the three VHE energy spectra obtained in this campaign
with the historical measurements to test whether there is a
general harder-when-brighter behaviour in the VHE band. The
photon indices are plotted against the flux normalisations in
Fig. 16, in which it is possible to see that there is no dependence
of the spectral index on the flux. However, this comparison is
limited by the fact that the VHE spectra shown cover different
energy ranges (H.E.S.S.Collaboration 2006a; Acciari et al.
2008; Albert et al. 2008; Acciarietal. 2010; Aliuetal. 2012;
Aleksic¢ et al. 2012; Beilicke & VERITAS Collaboration 2012;
MAGIC Collaboration 2020; EHT MWL Science Working
Group 2021).

3.3.1. VHE gamma ray flaring episode

The first strong indication of VHE +y-ray emission from
MS87 was found in 1998 with the High Energy Gamma
Ray Astronomy (HEGRA) telescopes (Aharonian et al.
2003). Since 2004, frequent monitoring (Acciari et al. 2009;
Abramowski et al. 2012) of MS87 has been conducted by
H.E.S.S. (H.E.S.S. Collaboration 2006a), MAGIC (Albert et al.
2008; Aleksi¢etal. 2012; MAGIC Collaboration 2020),
and VERITAS (Acciari et al. 2008, 2010; Aliuetal. 2012;
Beilicke & VERITAS Collaboration 2012). These monitoring
campaigns have yielded detections of VHE flaring activity
from M87 in 2005 (H.E.S.S. Collaboration 2006a), 2008
(Albert et al. 2008), and 2010 (Abramowski et al. 2012). Fur-
thermore, while VERITAS observations carried out in 2011
and 2012 did not show bright flares, they reported a hint
of an underlying quiescent increase of the VHE emission
evolving on longer time scales than day-scale rapid flares
(Beilicke & VERITAS Collaboration 2012).

Despite deep investigations of past flaring episodes of the
source as well as of the quiescent state during the 2017 EHT
campaign (M87 MWL2017), the origin of the VHE vy-ray
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Fig. 17. Observed broadband SED of M87 contemporaneous with the EHT campaign in April 2018, with the exception of GMVA (carried on
February 2018) and HST (carried on July 2018) observations (see Table C.1). The fluxes were measured by various instruments, and they are
highlighted with different colours and markers. Filled markers represent flux point estimates, while empty markers indicates ULs. In the X-ray
band, the two sets of points represent the core flux from the models with a power law (dark purple) and broken power law (light purple; see
Table C.12). Grey points represent the observed broadband SED of the 2017 EHT campaign (EHT MWL Science Working Group 2021). MAGIC
observations were performed before the y-ray flare, VERITAS observations only partially overlap the flare, while all H.E.S.S. observations have
been taken during the VHE y-ray flaring episode (see Table C.1). For the radio/millimetre VLBI and interferometric data, the upper limits on
emission size (radius) for several representative frequencies, that are obtained by following the procedures described in M87 MWL2017, are

labelled to clarify the constraints used in Sect. 4.

emission from MS87 is still unclear. A unique opportunity to
address this question is provided by the correlated temporal
variations between the VHE and lower-energy MWL emis-
sion, particularly when the source can be spatially resolved
(Rieger & Aharonian 2012; Rieger & Levinson 2018). Fortu-
itously, as shown in Sect. 2.4.2, the 2018 MWL campaign
detected the first fast y-ray variability observed since 2010, pro-
viding a chance to investigate the origin of the y-ray emission in
M&7.

During the 2018 MWL campaign the VHE flux increased
by a factor ~3.3 with respect to April 2018 low state (see Sect.
2.4.2, Fig. 11) reaching a peak flux that is still far below the
flares observed in the past but a factor ~4 higher than the qui-
escent state flux measured during the 2017 campaign (M87
MWL2017). In 2005 the peak flux at energies >350 GeV reached
(1.41 £0.39) x 107" phcm™2 57!, almost 20 times the quiescent
state flux as measured during the 2017 EHT-MWL campaign
(M87 MWL2017). Similarly, in 2008 and in 2010, the observed
fluxes were 23 and 37 times the quiescent state flux (see Fig. 3),
respectively.

The variability time scales observed during the past VHE
flares are similar to the 2018 flare (FWHM approximately

three days) presented here, albeit somewhat faster. The 2005
and 2008 flares showed a roughly two-day and one-day vari-
ability, respectively (H.E.S.S. Collaboration 2006a; Albert et al.
2008). In 2010 a two-sided exponential fit revealed a rise time
of 1.69 + 0.30days and a decay time of 0.611 + 0.080 days
(Abramowski et al. 2012). The general light curve shape of the
2018 flare is similar to the flare seen in 2010, with only one iso-
lated peak, while the flares observed in 2005 and 2008 comprise
multiple separated high states during a similar time period.

3.3.2. Flux enhancement in the X-ray band

The X-ray flux from the unresolved core as observed with Chan-
dra (within 0.4 arcsec radius), the combined core, HST-1, and
jet fluxes from Swift-XRT, and the Swift-UVOT B- and U-band
fluxes are all generally higher in April 2018 compared to both
2017 and 2019, as shown in Fig. 8. However, without addi-
tional X-ray/UV/optical observations immediately before and/or
after the gamma-ray flare period, it is difficult to establish a firm
link between the elevated X-ray/UV/optical fluxes and the flare
itself. Figure 3 shows that M87’s core X-ray flux can vary to
a similar degree even in the absence of a flare, so the elevated
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X-ray/UV/optical flux near the 2018 flare cannot be definitively
linked to the gamma-ray flare itself.

It is, anyway, tempting to relate the observed X-ray flux
enhancement to the flaring observed in the VHE band despite the
very sparse time coverage of Chandra observations. The differ-
ence in core flux between the two Chandra observations during
the EHT 2018 campaign is clear but small (~20%; see Fig. 7)
and rising away from the VHE flare that peaked approximately
one day and three days before the first and the second Chandra
observations, respectively. Two AstroSat-SXT observations, that
do not directly resolve the core, suggest a modest increase in flux
between February and April 2018.

Denser sampling in time is afforded by our Swift-XRT obser-
vations (Fig. 9), providing a measure of variability in the joint
flux of the small-scale components (core, the HST-1 knot, and
the resolved jet), that cannot be resolved individually. This flux,
modelled as a fraction of the total flux observed by Swift-
XRT does not show any coherent flux increases comparable to
the VHE flare within the ~11-day campaign window covered
with roughly daily cadence. The variance over this period (vari-
ability amplitude of 5-10%) is consistent with that of long-
term Swift-XRT monitoring. Comparing the Swift-XRT small-
scale component fluxes to the Chandra core flux, we find that
the Swift-XRT small-scale components fluxes produced by our
analysis are typically about double the core fluxes reported
in Table 1 of Cheng et al. (2023). Our Swift-XRT small-scale
component fluxes and the Chandra core fluxes show a similar
trend, presenting a small flux increase between 22 and 24 April
2018.

A model-dependent way to test for an association between
the X-ray brightening and the VHE flare would be to search
for changes in the X-ray spectrum. For example, a harder X-ray
spectrum than observed in non-flaring states (e.g., the 2017 EHT
campaign) might be expected in some broadband SED models
(discussed in detail in Sect. 4.3). While Cheng et al. (2023) claim
to find hardening in Chandra observations from April 2018, we
find no evidence for this effect in our joint spectral analysis
with NuSTAR (possibly because we account for pileup and use a
broader energy range to measure the photon index). In our power

law model, we find Ieore = 2.03*0 07 in 2018, statistically con-

sistent with T'eore = 2.06*009 from the 2017 EHT observations.
Thus the only statistically significant change in the X-ray core is
the flux increase described above. Finally, we note that this flux
enhancement is insensitive to the X-ray spectral model: because
the PL break lies above 10 keV, it does not dramatically alter the

inferred 2—-10 keV core flux.

3.4. Multi-wavelength SED

As discussed in the previous subsections, the source underwent
a y-ray flaring episode during the 2018 EHT-MWL campaign,
with a hint of spectral hardening towards the highest TeV ener-
gies. While a moderate flux enhancement is also seen at X-ray
energies with respect to 2017 EHT-MWL observations (M87
MWL2017), in the radio band, the source presents a compa-
rable, or even lower, emission. These features can be seen in
Fig. 17 that shows the 2018 MWL broadband SED (reported
also in Table C.1), where the 2017 EHT-MWL campaign SED
is shown in the background in grey for comparison. The fact
that the source was in a low state at all frequencies while the
HST-1 knot emission was subdominant to the core in the X-ray
band allowed us to confidently associate the Chandra and NusS-
TAR total fluxes with the core emission in 2017 data; however,
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Fig. 18. Modified Model A fitted describing the BPL emission seen in
the Chandra—NuSTAR X-ray spectrum.

the observed X-ray and VHE variability seen in 2018 leads to
uncertainties regarding their localisation.

In Table C.1 we present the legacy data set with near-
simultaneous broadband SED results collected over a broad
range between a frequency of ~20GHz and photon energy
~] TeV. Similar to M87 MWL2017, we report for each given
energy or frequency range the associated spatial scale of the total
emission, the time ranges of the observations and fluxes (provid-
ing both F, and vF,). As described in Sect. 2, all flux points are
based on statistically significant detections (>3 o for all instru-
ments except >2 o for IACTs) and provided with uncertainties
equivalent to the 1 o confidence level. Upper limits on flux are
given at the 2 o confidence level. The angular scale of the emis-
sion measured by the different instruments involved in this cam-
paign, ranges between ~20 uas (EHT) and ~2° (Fermi-LAT in
low-energy y-rays), namely a factor 2103 in angular scale.

Besides the EHT observation (for which we list the esti-
mated total flux within a 60 x 60 pas’ region as described in
Event Horizon Telescope Collaboration 2019d), for other radio
observations if the core is not resolved we use the flux peak
obtained from the beam size as an upper limit on the core emis-
sion. For elliptical beams, we list the average of the axes as a
representative angular scale. For the observations carried out in
the optical and UV bands, due to the difference between Kanata
and Swift-UVOT angular resolution (~10”and ~2.5", respec-
tively), we consider the first as an UL and the second as flux
points, similarly to what was done for the Swift-UVOT obser-
vation carried out in M87 MWL2017. This difference is related
to the larger uncertainties in the subtraction of the host galaxy
contribution in the Kanata optical observations. However, we
want to highlight that, considering its angular resolution, Swift-
UVOT measurements include both the core and the HST-1 knot
contribution. At higher energies, the scale typically corresponds
to the point spread function (PSF) within a given band or the
diameter of the region used for data extraction. For Chandra and
NuSTAR, as in EHT MWL Science Working Group (2021), we
show the inferred core spectrum from the power-law and bro-
ken power-law models described in Sect. 2.3.1. We discuss the
implications of the inferred X-ray spectrum on the SED mod-
elling in Sect. 4. Despite the fact that NuSTAR can only sepa-
rate out the core emission spectroscopically (see Sect. 2.3.1), the
reported scale for Chandra and NuSTAR data analysed jointly
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is related to Chandra’s greater resolving power. Given that
Swift-XRT cannot distinguish the core from other components
detected by Chandra, we treat its unresolved flux as an upper
limit.

Considering the timing relative to the observed y-ray flare
it is important to note that the majority of the observations
arranged during our 2018 campaign have been carried out either
during or within a few days of the flaring episode, well within
the minimum dynamical timescale (5-61 days; Satapathy et al.
2022) for the innermost stable circular orbit of M87. The only
exception is represented by global 43 GHz VLBI observations,
collected in February 2018, that have been included taking into
account the non-variability seen in the radio band on short and
long time scales (see Sect. 3.3). Although these observations
were not all strictly simultaneous with the y-ray flare and EHT
observations, the non-variability observed for the radio, optical
and X-ray bands, suggests that they effectively provide a snap-
shot of the broadband SED of the M87 core. These results can be
used as constraints for any model seeking to explain the source
behaviour around the time of the observed y-ray flare and EHT
2018 image acquisition.

In addition to highlighting the various observatories and
instruments with different colours and labels, we also report
the upper limits on the size of the emission region for the
VLBI measurements. These data are provided to the commu-
nity in machine-readable form via the EHTC Data Webpage® (or
directly via DOI «<TBD>>) along with associated documenta-
tion and files needed for spectral modelling of the X-ray data. A
complete list of all supplementary material published along with
this paper is provided in Appendix C.

4. Heuristic modelling of the 2018 SED

A variety of theoretical models have been proposed to explain
MWL emission from M87 (e.g., Rieger & Aharonian 2012;
Prieto et al. 2016, for review). Given the MS87 polarisation
imaging constraints (Event Horizon Telescope Collaboration
2021a,b), the innermost, ionised regions must be moving
along strong field lines. While the accretion flow could
contribute in some parts of the SED, the jet radiation is
more likely to be dominant in the SED as a whole (e.g.,
EHT MWL Science Working Group 2021, and references
therein). For this work, we choose to model the SED based on
single zones, a common approach to many AGN blazar studies;
we defer more sophisticated modelling such as structured jet
models (e.g., Potter & Cotter 2013; Lucchini et al. 2019) to
future works. Models based on single zones enable the baseline
properties of the emitting regions to be constrained. In addition,
this approach allows for comparisons to other M87 epochs,
including the 2017 campaign, as well as to the other AGN
observed by the EHT.

The origin of the VHE 7y-ray emission from MS87 is still
unclear. The MWL observation campaign described above (see
Sect. 2) offers a unique opportunity to tackle this issue, given
the following key points: (i) the duration of the VHE y-ray flar-
ing episode is well constrained, while we cannot detect simi-
lar activity in the other energy bands, and (ii) EHT spatially
resolved the photon ring and measured its flux during the flar-
ing episode. With these data, the origin of the VHE y-ray emis-
sion from M87 can in principle be better constrained. We briefly
describe a heuristic model to explore this. First, as in M8&7

4 https://eventhorizontelescope.org/for-astronomers/
data

MWL2017, we introduce the EHT-oriented model. This model
uses the flux density and the size of the emitting region obtained
from actual EHT observations and allowed us to constrain the
average physical state of the EHT emitting region near the black
hole, assuming it is uniform within the region. Within the con-
text of this approach, we find that the high energy y-ray emission
cannot be explained only by the EHT-oriented model. There-
fore, the portion of the radiation that cannot be explained by the
EHT-oriented model will be explained using a high-energy(HE)-
oriented model, whose size is set by the VHE +y-ray flare
duration.

Even with the unique 2018 observational data, simple HE-
oriented models are degenerate in interpretation. We therefore
present two model scenarios (Model A and B), both of which
assume a TeV +y-ray flux increase during the flare. Model A is
a more straightforward two-zone model that is a combination of
the EHT-oriented model and the HE-oriented model. It is char-
acterised by having mildly relativistic bulk flow and an internal
emitting particle distribution (assumed leptonic) to explain the
observed TeV vy-ray data. In contrast, Model B is a three-zone
model with an additional fast-moving component (correspond-
ing to a part of the accelerating jet) that explicitly accounts for
the I'vgg ~2.0 component of the TeV y-ray data. In this scenario,
the y-ray emission originates from the fast-moving component,
as often proposed in the literature (e.g., Ghisellini et al. 2005;
Giannios et al. 2009, and references therein).

Here the shape of the X-ray spectrum also becomes relevant.
As discussed in 2.3.1 (see also Sheridan et al., in prep.), a stacked
analysis of NuSTAR observations of M87 including the 2018 data
suggests a break in the X-ray PL spectrum that (i) appears to be
stable from year to year and (ii) bends upward towards the y-ray
band. Extrapolating this broken power-law (BPL) to higher ener-
gies results in a substantially larger MeV energy flux compared
to the decaying PL model. Because the 2018 data are statisti-
cally consistent with both the PL. model and the BPL model, in
subsequent sections we consider both scenarios when modelling
the full SED with Model A (see Table 1, Sect. 4.4, and Fig. 18).
We are left with three separate models explored in the sections
below: model-A with PL, model-A with BPL, and model-B with
PL. Unfortunately, the most notable difference between the PL-
based models and BPL-based models is a large MeV bump that
is not sampled by our observing campaign (see, e.g., Fig. 18),
and so ultimately we are not able to rule out either X-ray model
based on SED considerations.

The SED models include parameters relating to the source
bulk physical properties as well as the internal emitting parti-
cle properties. The microphysics regarding the acceleration of
leptons is phenomenologically included in non-thermal elec-
tron distributions (hereafter we refer for ease to these as elec-
tron distribution functions; eDFs). For this paper, GR and y—y
absorption effects are not considered in order to enable com-
parisons with the models in M87 MWL2017 and other single-
zone models. In fact, H.E.S.S. Collaboration (2024) demonstrate
that the absorption caused by the Extra-galactic Background
Light (EBL) only becomes notable (tggp > 0.2) in M87 for
vy-ray energies exceeding 10 TeV. Additionally, the absorption
attributable to the infrared light from the galaxy is also found
to be negligible (tir < 0.001) for TeV y-rays. Lastly, the absorp-
tion by photons in the vicinity of the SMBH at 10-50 r,;, where
rg=GM/ 2 is the gravitational radius of the black hole of M87*,
might have a more significant impact (Brodatzki et al. 2011;
Cui et al. 2012). We have assessed the influence of synchrotron
self-absorption (SSA) on the energy flux of TeV photons, util-
ising the best-fit parameters from our models (see Sect. 4.3).
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Table 1. SED model fitting parameters for three different models used (A-PL, A-BPL and B model — for models and parameters details see Sect.

4.2 and Sect. 4.3).

Model A(EHT)® AMHE) A (EHI/BPL) A (HE/BPL) B (EHT) B (HE) B (VHE-flare)
) 1 1.82 1 1.82 1 1.82 2.55

R [r,] V@ 5.0 10.0 5.0 10.0 5.0 10.0 20.0

n, [em™]® 2.0 x 10° 1.7 x 10! 1.8 x 10° 6.6 x 10! 40%x100  1.6x10° 1.5 % 10!
B’ [G] 5.3 2.3x 1072 4.6 8.0x 1072 10 2.5% 1072 4.0x 1073
Vinin 1 5% 103 1 1.2x10° 1 30 103
Yor - 7 x 10° - 7 % 109 4 x 107 3x10° -
YVmax/10° 1.0 50 0.19 45 10 100 60

pi 3.0 3.0 2.9 3.0 2.8 2.1 2.5

P2 - 2.0 - 2.0 4.5 3.15 -
U./Ug @ 2.9 6.7 x 10° 3.6 5.2 %107 0.18 7.6 x 10° 5.8 x 10*
L, [ergs™'] 2.0x10* 2.1 x10% 1.9 x 10*? 20x10%% 1.6x10¥ 25x10% 3.7 x 10*
Looy lergs™']  7.0x 10" 3.2x10%® 5.2 x 10*! 3.8x10%  9.0x10*? 3.4x10% 6.4 x 10%7

Notes. VFor M87*, r, = 9.8 x 10" cm. ®Parameter pegged to the observed ring size for the EHT-oriented models and the upper limit of the
allowed interval for the HE-oriented models. The number density of total non-thermal electrons or electron/positron pairs. ’The ratio of the
nonthermal electron (or electron/positron pair) energy to the magnetic energy, that is derived for comparison between models. ® For the EHT-
MWL 2017 modelling, the inferred parameters were 6 = 1, R = 5.2rg, n, = 3.6 X 10°em™, B' = 4.7 G, ypin = 1, ¥max = 3.5 % 10%, p; = 2.2, and
resulting U./Ug = 2.3, that are similar to those obtained for the EHT-oriented model A here.

Our analysis indicates that SSA, at most, affects the energy
flux by less than an order of magnitude. Consequently, this
phenomenon does not significantly affect the interpretation of
the findings presented in this study. However, we acknowledge
that the exact locations of the individual zones proposed in our
models relative to each other are unclear and could potentially
impact the overall SED. Due to the complexity involved, this
aspect remains unexplored in the current work for the sake of
simplicity.

4.1. Observed differences between 2017 and 2018 source
emission influencing the SED modelling

Before we begin to explain the SED modelling in detail, it
is worth summarising the differences between the 2017 and
2018 source emission that influence the SED modelling. The
most notable differences are the flux increase and a hint of
a spectral hardening (I'vgg =~2.0) observed in the VHE v-
ray energy band during the April 2018 campaign. As reported
in Sect. 2.4.2, the FWHM time scale of the VHE flux vari-
ation was ~3 days, providing an important constraint on the
size of the y-ray emitting region in April 2018 that was not
available in 2017, albeit degenerate with relativistic beaming
effects.

Our interpretation of the X-ray data for the modelling also
differs somewhat compared to M87 MWL2017. While some
variability is implied by the flux enhancement in the X-ray
band in 2018 in comparison with 2017 (see Fig. 8 as well
as Sect. 3.3.2), there is no definitive evidence of its associ-
ation with the VHE +v-ray flare. Therefore, we will examine
both of the cases where the X-ray flux is associated with the
EHT-oriented model and high-energy (E > 100 MeV) oriented
model.

Finally, we treat the optical/IR flux observations as upper
limits because we cannot separate out the galaxy contamina-
tion due to the inadequate resolution of the Kanata optical tele-
scope. While we choose a value of the SED parameters to keep
the model within the range consistent with the Swift-UVOT
emission.
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4.2. EHT oriented model

The following free parameters characterise the spherical, single-
zone emission region: the radius (R), the Doppler factor of the
bulk motion (8), and the averaged magnetic field strength (B).
The Doppler factor is defined as 6 = 1/I'L(1 — Bcosbyiew),
where I’y is the bulk Lorentz factor of the emission region,
and we set yiew = 17° (Event Horizon Telescope Collaboration
2019a). The nonthermal eDF within the emission region is
characterised by the electron number density (n,.), the spectral
indices of the broken power law (p; and p,), and the min-
imum/break/maximum Lorentz factors (¥min> Ybrks a0d Ymax),
respectively.

Overall, the characteristics of the radio-to-millimetre
emission in the observed broadband SED in April 2018
are similar to the SED in April 2017 (M87 MWL2017).
Therefore, we followed a similar modelling methodology.
First, we set R to be equivalent to the photon-ring size
(Event Horizon Telescope Collaboration 2019a), that is, the
single-zone effectively encompasses a sphere around the SMBH
out to R ~ 5r. Since the bulk speed of the jet has not yet become
relativistic, we fix & ~ 1. We set ypin = 1 as it has little influence
on the SED, that is, the value of y;, affects the energy density
of nonthermal electrons U, only if the photon index is softer
than 2 (e.g., Kino et al. 2002; Finke et al. 2008). Therefore, we
fixed the conservative yn, for simplicity. Based on observed
radio core shift measurements (Hada et al. 2011), the frequen-
cies below ~ 230 GHz are optically thick to synchrotron self-
absorption (SSA), that constrains the magnetic field strength B >
a few G (Event Horizon Telescope Collaboration 2021b). Keep-
ing this limit in mind, one can fit the SED by only adjusting B
and the eDF parameters. The best fit model parameters are sum-
marised in Table 1. There are no essential differences between
2017 and 2018 for the EHT-oriented model.

Similar to the results obtained in M87 MWL2017, we find
that the entire MWL radiation cannot be explained by the EHT-
oriented model alone. In this model U, and Upg are approxi-
mately comparable in the EHT emission region when i, = 1.
Since we adopt y,,;, = 1, U, provides an upper limit. Although a
detailed parameter survey will be left to future studies, Ug > U,
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Fig. 19. Model A fitted to the observed contemporaneous broadband
SED of M87 from the EHT campaign in April 2018. For each con-
sidered region (EHT and HE), the synchrotron (labeled as SYN) and
synchrotron self-Compton (labeled as SSC) models as well as the sum-
mation of the two models (labeled as Sum) are reported.

is anticipated for ypi, > 1 in the EHT emission region. This
would align more closely with the scenario of a magnetically
accelerated jet.

4.3. High-energy oriented model

Here we introduce the HE-oriented model to fit both the
observed HE and VHE vy-ray spectrum. The variability time
scale indicates that the characteristic size of the VHE y-ray emit-

ting region is limited to Ryg < 8r96< 7 dA;ys). From this, it is
clear that there is a degeneracy between the observed variability
timescale and 6. Hence, we will also consider cases of § > 1
below. Similar to the EHT-oriented model, we first focus on
the case of & ~ 1, because both a jet kinematic analysis using
VLBI monitoring observations and an analysis of the brightness
ratio of the approaching-jet and counter-jet suggest that the M87
jet is moving at subluminal speeds within the deprojected dis-
tance about 103 ry from the central SMBH (Mertens et al. 2016;
Park et al. 2019, and references therein). We took as reference
for the Doppler factor a value 6 = 1.82, that is consistent with
the range allowed by the assumed viewing angle (Gyiew = 17°)
and able to reproduce the SED.

The 2018 SED VHE active phase further motivates us to
explore the case of § > 1. It is not straightforward to fit both
the VHE y-ray spectrum with I'yyg ~ 2.0 and the Fermi-LAT
spectrum with a single emitting zone. We therefore considered
two approaches: In Model A, we modified the eDF parameters
such that the modelled emission accounts for the tentative hard-
ening of the VHE spectrum in April 2018 (i.e. p; > p»), and in
Model B, we took into account a fast moving component®.

The best-fit for Model A is shown in Fig. 19. We note that
the physical origin is not obvious and further theoretical work is
needed to assess its feasibility in the case of M8&7.

> For Model A, we used agnpy, an open-source Python package that
includes the radiative processes of jetted AGN (Nigro et al. 2022), while
Model B is based on a GR MWL radiative transfer code RAIKOU
(Kawashima et al. 2023), where the GR effects are turned off in this

paper.
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Fig. 20. Model B fitted to the observed contemporaneous broadband
SED of M87 for the EHT campaign in April 2018. For each considered
region (EHT, high-energy, and very-high-energy flare), the synchrotron
(labeled as SYN) and synchrotron self-Compton (labeled as SSC) mod-
els as well as the summation of the SYN and SSC models (solid line)
are reported.

In Model B, we retain the loss-dominated approach in the
single-zone for the higher energy index (i.e. p; < p»). We exam-
ine the phenomenological eDF with p; < p», that is comple-
mentary to the model A, since the radiative cooling rate may
dominate the acceleration rate. In this model, we consider a fast
moving blob as an additional component of the SED to explain
the hard H.E.S.S. y-ray spectrum in a flaring epoch. It should
be mentioned that we need this additional component not due to
the softening of the high-energy eDF, but due to the appearance
of the decrease of VHE +y-ray emission because of the Klein-
Nishina effect. To reproduce the H.E.S.S. y-ray flux and avoid
overshooting the observed X-ray fluxes during the flare, we set a
very weak magnetic field strength of B = 4 mG and § = 2.55 in
the high-energy components. This model also looks consistent
with the observed SED including the VHE vy-ray flare in Fig. 20.
The resultant U, /Ug ~ 5.8 x 10* shown in Table 1 is very high,
requiring an extremely weakly magnetised plasma. The extent
to which this could be attributed to magnetic reconnection is
not yet clear as current reconnection models tend to suggest
that the emission region is likely to be near equipartition (e.g.,
Petropoulou et al. 2016). Another possibility is that the interac-
tion between the highly magnetised jets and the weakly mag-
netised wind (e.g., within the jet sheath) can result in the dis-
sipation of the magnetic energy (Kusafuka et al. 2023, see also
Komissarov 2012).

The estimated Doppler factor of Model B’s VHE-flare com-
ponent is & = 2.55 (the corresponding bulk Lorentz factor is <2
if the flaring component is moving along the global jet). The
assumed Lorentz factor is consistent with the mildly high bulk
Lorentz factor proposed by observations of M87: the gradual
acceleration of the jet is suggested by high-cadence VLBI obser-
vations (Park et al. 2019), where the estimated Lorentz factor is
~2 at the distance >103 rg, and even at the HST-1 knot, the X-ray
observations also suggest that the Lorentz factor of the jet is high
~6 (Snios et al. 2019). The required jet power of the VHE flare
component of the model B is ~3.7 x 10*? ergs~!. This is compat-
ible with the jet power exhibited in GRMHD simulations.
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Fig. 21. X-ray spectra of M87 from Chandra and NuSTAR observations
in April 2018. Colour-coding for the spatially resolved components is
the same as in Fig. 7. The red curves represent the spatially resolved
model appropriate for each dataset. The NuSTAR model is the sum of the
other spatial components (with cross-normalisation constants to account
for instrumental differences between NuSTAR and Chandra as well as
between NuSTAR’s two focal plane modules).

4.4. X-ray broken power law oriented model

Fig. 18 shows the Model A fit for the case of BPL X-ray radia-
tion. The inverted component on the HE side of the X-ray spec-
trum can be fitted by increasing the synchrotron flux in the HE-
oriented model region. This leads to slightly different best fit val-
ues, since the eDF must be fine-tuned to reduce the increase in
the synchrotron self-Compton (SSC) emission component corre-
sponding to the increased synchrotron flux. It is clear that model
A explains both PL and BPL cases naturally without altering the
essential parts of the model. As shown by the figures in Table 1,
the difference between the two cases can be attributed to the dif-
ference in the physical state of the HE region. When n,, and B’
in the HE region increase by several times, the low-energy tail
part of the emission from the HE region contributes to the X-ray
energy band, resulting in the realisation of BPL. Furthermore,
it should be emphasised that when BPL is realised in the X-
ray energy region, the advantage is that tighter constraints can
be placed on the model parameters of the HE emission region
through SED fitting. As can be seen from the figure, the high-
energy side of the BPL spectrum is a combination of the high-
energy bump of the SYN component from the HE region and
the low-energy side of the SSC component. This SED fitting
can only be accurately reproduced with a delicate balance of
model parameters. In other words, it can be said that this imposes
stricter constraints on the model parameters. As mentioned in
Sect. 4.1, the presence of the BPL spectrum requires the bump
to be located in the MeV energy band. However, we face the lack
of data at MeV energies that could help provide crucial informa-
tion to distinguish between the proposed models.

4.5. The possible origin of y-ray emission

One motivation to release this data set is to aid in the develop-
ment of more complex models that can address the origin of the
y-ray emission, at the same time satisfying the new constraints
from VLBI imaging. We discuss here potential scenarios for
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the generation of HE non-thermal electrons (and positrons) in
a compact region with the size of the order of ~10r, or a larger
region ~100r,.

The potential production and acceleration of high-energy
electron-positron pairs at the vacuum gap formed at the stag-
nation surface within an accreting BH magnetosphere, could
offer an explanation for the observed gamma-ray flare emis-
sion (e.g., Levinson & Rieger 2011; Broderick & Tchekhovskoy
2015; Hirotani 2018; Chen & Yuan 2020; Crinquand et al. 2020;
Katsoulakos & Rieger 2020; Kisaka et al. 2022, and references
therein). Semi-analytical calculations based on this class of mod-
els indicate that the potential VHE emission power from this
gap region is sufficient to explain the day-scale VHE variabil-
ity from M8&7. While this gap-driven black hole magnetosphere
model can explain TeV y rays, it seems difficult to reproduce
GeV y-ray flux due to a hard photon spectrum and a very high
maximum energy of electrons (e.g., Levinson & Rieger 2011;
Hirotani 2018). Therefore, other radiation mechanisms seem
necessary to reproduce the observed GeV y-ray emission.

Magnetic reconnection, a commonly occurring process in
magnetised plasma, is capable of accelerating particles to high
energies (e.g. Zenitani & Hoshino 2001; Lyubarsky & Liverts
2008; Sironi & Spitkovsky 2014; Guo et al. 2014; Werner et al.
2016). Comparison of the linearly polarised, horizon-scale
emission of MS87 detected by EHT with GRMHD sim-
ulations strongly suggests that M87*’s accretion flow is
currently in a magnetically arrested disk (MAD) state
(Event Horizon Telescope Collaboration 2021a,b). The MAD
state (Igumenshchev & Narayan 2002; Narayan et al. 2003, e.g.)
occurs when magnetic fields carried in by the accretion flow
build up on the horizon, to the point where the magnetic pres-
sure can push back, and truncate, the accretion flow.

The preference for a MAD-like state is also supported by
other recent investigations on the properties of magnetic fields
and velocity fields downstream of the M87 jet (Chael et al. 2019;
Cruz-Osorio et al. 2022; Yuanetal. 2022; Kinoetal. 2022;
Fromm et al. 2022). Recent ultra-high resolution GRMHD sim-
ulations of MAD-state flows have shown that magnetic recon-
nection can occur in an equatorial current sheet just outside
the event horizon as a result of magnetic flux eruptions; this
process has been proposed as a possible origin of VHE -
rays (e.g. Ripperdaetal. 2020, 2022; Chashkina et al. 2021;
Hakobyan et al. 2023), presenting models that are qualitatively
consistent with the M87 MWL campaign observation in 2018.
Furthermore, the size of the transient current layer can become
of the order of 10 r, (Ripperda etal. 2022), that is qualita-
tively consistent with the HE-oriented model of M87 2018
data. Recent studies of Gelles et al. (2022) and Jia et al. (2023)
showed that during a reconnection-powered VHE flare, the sub-
millimetre/radio core flux can decline due to the temporarily
ejected accretion disk, that may be similar to what we observe
(see light curves in Figs. 8 and 4).

The flaring VHE y-rays could also originate via an additional
fast moving component (i.e. a structured, multi-zone scenario).
There are mainly two types of models for representing the fast
moving component: (i) the structured jet with fast spine and slow
sheath components® (e.g. Ghisellini et al. 2005) and (ii) a fast

® The spine-sheath structure is proposed by the radio observations of
M87 (Kovalev et al. 2007; Asada et al. 2016; Hada et al. 2016; Lu et al.
2023) and may be related to the VHE y-ray emission. On the other
hand, there is a caveat that weakly de-beamed dense infrared emission
could result in considerable yy absorption and a softer SED, that may be
difficult to explain the hard VHE components (e.g., Rieger & Aharonian
2012, and references therein).
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moving blob (or mini jet) component (e.g. Lenain et al. 2008;
Giannios et al. 2009). The latter is considered in Model B (Sect.
4.3) to account for the VHE 1y rays. There are two possible ori-
gins of this fast moving component: magnetic reconnection or
shock.

Whether magnetic reconnection can account for the implied
high U./Ug (Table 1) remains to be explored. Current (2d
PIC) simulations of relativistic reconnection (e.g., Sironi et al.
2015; Petropoulou et al. 2016) rather suggest U, ~ Ug. The
shock formed via the interaction between strongly magnetised
jets and weakly magnetised winds is another possible origin
for the blob component of the Model B. Kusafuka et al. (2023)
performed one-dimensional spherically symmetric special-
relativistic MHD simulations and found that ~10% of the mag-
netic energy can be dissipated. This resulted in the acceler-
ation of a weakly magnetised wind, that may be the emis-
sion site of the VHE vy-rays. Since the very high U./Up ~
10*9 is also reported in some blazars (e.g., 1ES 1101-232 and
3C 66A), with simple analysis using single-zone SSC models
(Dominguez et al. 2013), it will be important to further explore
to what extent a high U./Up can be realised under different con-
ditions.

Although we primarily focus on the leptonic model,
hadronic scenarios might also play a non-negligible role in
explaining the M87 SED (Reimer et al. 2004; Reynoso et al.
2011; Rieger & Aharonian 2012; Kimura & Toma 2020;
Boughelilba et al. 2022; H.E.S.S. Collaboration 2023).

4.6. Observational aid towards unveiling gamma ray origin in
M87

While Model A agrees with magnetic reconnection on the point
of the variation timescale if the reconnection takes place in the
vicinity of the black hole in the MAD (e.g., see Sect. 4.1 in
Ripperda et al. 2022), Model B may require shock acceleration
because of a large U,/Up. X-ray polarisation information can
help discriminate these two model scenarios by constraining
the non-thermal electron production mechanism. If the flare is
caused by magnetic reconnection, the position angle may drasti-
cally flip with time, whereas a shock-induced flare may not pro-
duce this strong effect. Observations with IXPE or other future
X-ray polarimetry missions (such as eXTP; Zhang et al. 2019)
could provide important information for unveiling the emission
mechanisms in M87.

In addition, observations carried with more sensitive VHE
instruments like the upcoming Cherenkov Telescope Array
(Cherenkov Telescope Array Consortium  2019;  Zanin et al.
2022) are of fundamental interest. Thanks to its better short-
timescale sensitivity and spectral resolution, CTA may provide
new insights on future observed y-ray flaring episodes.

Moreover, the sparse sampling and limited data qualities in
the currently available EHT observations make it difficult to
draw a conclusion on the origin of the long-term PA variation
at pas scale. Further EHT images in the subsequent years will be
needed to constrain the actual duration of PA variations at EHT
scales and their physical origin.

More extended MWL monitoring with higher observation
frequency is essential for capturing future MWL flares beyond
the VHE one detected from M87 in 2018. In future campaigns,
we aim to extend the monitoring period, increasing the chances
of identifying potential correlations between the MWL light
curves and improving sensitivity to detect up to weeks-long
variability. Finally, an enhanced EHT array, as well as poten-
tially future next-generation experiments (e.g., Lico et al. 2023),

will allow us to increase the observed field-of-view. This will
improve our ability to probe regions near the core (e.g., the inner
jet) as potential sites for y-ray flares.

5. Summary

We have presented the results of the second MWL observational
campaign on M87 together with M87* observations performed
by the EHT in April 2018. In addition to obtaining the second
most extensive quasi-simultaneous broadband spectra of M8&7
taken yet, we have provided details of the individual observa-
tions and light curves, with the aim of investigating the emission
variability of M87 and constraining the origin of the y-ray emis-
sion in M87. Similar to M87 MWL2017, the primary outcome
of this campaign is represented by the incredible legacy data
set, for which all data and some analysis scripts are available
to the community via a Cyverse repository (see Data availability
section). While we defer detailed modelling to future works by
the broader community, we draw preliminary conclusions using
a heuristic approach to the SED modelling. As seen in 2017,
the HST-1 knot component was subdominant, and the core was
dominating the total flux in the radio through the X-ray bands,
providing ideal conditions for combining MWL data over a large
range of spatial resolutions.

The main results of the 2018 EHT-MWL observational cam-
paign on M87 can be summarised as follows:

— We detected a short (approximately three days) VHE y-ray
flare, the first since 2010. The combined data from all IACTs
involved in the campaign, H.E.S.S., MAGIC, and VERITAS,
helped fully describe the flare duration and the shape of the
light curve and indicated spectral hardening during the flare.

— An HE v-ray flux increase was also detected by Fermi-LAT
during the same days.

— A likely longer-term core flux enhancement was observed in
the X-ray band by Chandra, presenting an X-ray spectrum
harder than in non-flaring states, as was observed during the
EHT 2017 campaign.

— While radio and millimetre core fluxes are compatible with
(or even lower than) the emission seen in April 2017, VLBA
(centimetre to millimetre) radio observations present a clear
change, on an annual basis, of the jet position angle within
a few milli-arcsecond from the core. The EHT (millimetre)
radio observations also revealed a significant variation in the
position angle of the asymmetry of the ring, indicating that
this might be related to changes seen at larger scales in the
jet’s position angle.

— Although the presence of the flaring episodes allowed us
to constrain the size of the VHE y-ray emitting region in
the SED modelling, the location is still uncertain. M87%’s
complex, broadband SED cannot be modelled by a one-zone
model. Instead, an additional second component (or even a
third one as obtained for Model B) is needed to capture its
emission.

The results of this broadband MWL campaign of M87 offer
a unique opportunity to investigate the origin of the y-ray emis-
sion during a flaring episode. In particular, they highlight the
importance of having coordinated MWL observations with well-
sampled coverage to fully characterise the spectral variability in
MS87#, that likely spans several different timescales. The data
sets made public as a part of this effort also offer a rich archive
for future investigations. As outlined in Sect. 1, these data add
to the growing suite of observational constraints that inform GR
models as well as phenomenological models, such as those pre-
sented in this work. The ~17% uncertainty on testing GR is cur-
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rently dominated by theoretical uncertainties, but combining the
MS87 SED with fits to the EHT image can reduce these errors and
improve our understanding of the underlying astrophysics.

The EHT-MWL observational campaigns performed with a
more sensitive array in 2021 and 2022 as well as those planned
for upcoming years will enable further insights for constraining
the physics around M87%*, such as the disk-jet connection, and the
origin and mechanisms responsible for the emission of y-ray pho-
tons. In addition, the results from the EHT observations of other
sources such as Sgr A* (Event Horizon Telescope Collaboration
2022a,b), 3C279 (Kim et al. 2020), Centaurus A (Janssen et al.
2021), OJ 287, and other targets planned for the upcoming cam-
paigns, together with their contemporaneous MWL coverage, will
greatly expand the sample of objects and the impact of the MWL
studies undertaken within the EHT-MWL working group. The
high resolution EHT millimetre-VLBI images and the broadband
SED information will enable deep investigation of the emission
mechanisms driving AGN.

Data availability

Tables from Appendix C (from C.1 to C.15) are available
at the CDS via anonymous ftp to cdsarc.cds.unistra. fr
(130.79.128.5) or via https://cdsarc.cds.unistra. fr/
viz-bin/cat/]J/A+A/vol/page
Data products presented in this paper are available for down-
load through the EHT Collaboration Data Webpage (https://
eventhorizontelescope.org/for-astronomers/data), or
directly from the CyVerse repository. The repository contains
the following data products:
— Broadband spectrum table with frequency, flux density, its
uncertainty, and instrument index (format: DAT).
— Sampled posterior distributions of the SED broadband spec-
tral model (A-PL) described in Sect. 4.2 (format: DAT).
— Sampled posterior distributions of the SED broadband spec-
tral model (A-BPL) described in Sect. 4.3 (format: DAT).
— Sampled posterior distributions of the SED broadband spec-
tral model (B) described in Sect. 4.3 (format: DAT).
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Appendix B: Detailed analysis descriptions
B.1. Radio observations
B.1.1. VERA 22 GHz

All the data were analysed in with standard VERA data reduc-
tion procedures (see Nagaietal. 2013; Hada et al. 2014, for
more details). We note that VERA recovers only part of the
extended jet emission due to the lack of short baselines, so the
total VERA fluxes listed in Table C.1 significantly underestimate
the actual total jet fluxes.

B.1.2. EAVN/KaVA 22 and 43 GHz

Especially between March and May of 2017 and 2018 when
EHT MS87 observations were performed, the observing cadence
of EAVN monitoring was intensified. The default array con-
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figurations were KVN+VERA+Tianma+Nanshan+Ibaraki at
22GHz and KVN+VERA+Tianma at 43 GHz respectively,
while occasionally a few more stations in East Asia (Sejong,
Kashima, Nobeyama) and Italy (Medicina, Sardinia) joined if
available. During the period outside March—May of each year,
the observations were mostly conducted with the KVN and
VERA Array (KaVA; Niinuma et al. 2014; Hada et al. 2017,
Park et al. 2019), a core array of EAVN.

Each of the KaVA/EAVN sessions was made in a 5-7-hour
continuous run at a data recording rate of 1 Gbps (a total band-
width of 256 MHz in a single polarisation mode). All the data
were correlated at the Daejeon hardware correlator installed at
KASI. All the EAVN data were calibrated in the standard manner
of VLBI data reduction procedures. We used the AIPS (Greisen
2003) software package for the initial calibration of visibility
amplitude, bandpass and phase calibration. Imaging with the
CLEAN algorithm (Hogbom 1974) and self-calibration were
performed with the Difmap (Shepherd 1997) software.

B.1.3. VLBA 24 and 43 GHz

The total on-source time during the full-track segments is about
1.7 hours at 24 GHz and 6 hours at 43 GHz, while for the short
segments it amounts to 30 minutes at 43 GHz. The sources OJ
287 and 3C 279 were observed to use as fringe finders and
bandpass calibrators. In each band eight 32 MHz-wide frequency
channels were recorded in both right and left circular polari-
sations at a rate of 2048 Mbps, and correlated with the VLBA
software correlator in Socorro (Deller et al. 2011). The initial
data reduction was conducted using AIPS, following the stan-
dard calibration procedures for VLBI data (Crossley et al. 2012;
Walker 2014). Deconvolution and self-calibration algorithms,
implemented in Difmap, were used for phase and amplitude cal-
ibration and for constructing the final images. Amplitude cali-
bration accuracy of 10% is adopted for both frequencies. Images
and polarimetric results from part of these VLBA observations
are published in Kravchenko et al. (2020) and Park et al. (2021).

B.1.4. GMVA+ALMA 86 GHz

The participating GM VA stations include the eight VLBA anten-
nas equipped with 3.5 mm receivers, the Effelsberg 100 m tele-
scope, the 100 m Green Bank Telescope, the Metsdhovi 14 m
telescope, the Onsala 20 m telescope, the IRAM 30 m telescope,
and the Yebes 40m telescope (YS). We note that the participation
of ALMA and the GLT has improved the north-south resolution
by a factor of ~4 for the observations of M8&7.

The observations (GMVA project code ML005) were per-
formed for a total of ~13 h (~6 h with five telescopes in Europe
(Effelsberg, Metstdhovi, Onsala, IRAM30m and Yebes), ~7 h
with ALMA, VLBA and GBT, and ~12 h with the GLT). Two
bright calibration sources (3C273 and 3C279) were observed
every 20-40 minutes in interleaved scans. The data were cor-
related with the VLBI correlator at the Max Planck Institute for
Radio Astronomy using DiFX (Deller et al. 2011).

During these observations, most stations recorded the sig-
nals on a circular polarisation basis. However, the phased ALMA
recorded the signals on a linear polarisation basis. Consequently,
the visibilities between ALMA and the other stations were cor-
related on a mixed polarisation basis. After correlation, these
visibilities were converted into a pure circular basis using the
internal calibration of the ALMA interferometric data with the
PolConvert algorithm (Marti-Vidal et al. 2016a). In addition,

GLT participated in these observations on a best-effort basis dur-
ing its commissioning phase. The waveguide phase-shifter of the
GLT that was used to convert the on-sky circular-polarisation
signals into linear polarisation for detection at the backend was
erroneously configured to apply a rotation of 45° (instead of 90°)
between the polarisation channels. The instrumental polarisation
effects caused by this rotation were removed with a dedicated
algorithm after correlation. After this instrumental polarisation
calibration, the data were then further calibrated following typ-
ical VLBI data reduction procedures in AIPS. Hybrid imaging
was performed in the Difmap software with CLEAN and self-
calibration. We refer the reader to Lu et al. (2023) for further
details of data calibration. Based on the calibration and imaging
of the calibrator 3C273, we consider an error budget of 25 % for
the flux density estimate of M87. While a dedicated study based
on these data is presented in Lu et al. (2023), here we provide a
peak flux density of the core and VLBI-scale total flux density
(Tables C.1 and C.2).

B.1.5. KVN 22, 43, 86, and 129 GHz

The data were calibrated using a modified version of the KVN
pipeline (Hodgson et al. 2016) to include ionospheric delay cor-
rections with total electron content (TEC) maps, parallactic
angle corrections, and Earth orientation parameter corrections.
Prior to global fringe fitting, the 43, 86, and 129 GHz data were
calibrated with the 22 GHz data by means of frequency phase
transfer. After the pipeline calibration with AIPS, the inner 75%
of each subband (due to flux loss at the bandpass edges) was
used for further analysis. Following Kim et al. (2018), the data
were averaged by 30 seconds for the 22 GHz and 43 GHz data,
and by 10 seconds for the 86 GHz and 129 GHz data. As in
MS87 MWL2017, we assume a flux density measurement uncer-
tainty of 10% at 43 GHz and 86 GHz, and 30% at 129 GHz.
During the observations, a phase instability issue occurred with
the 22 GHz receiver at the KVN Yonsei site (KYS) between Jan-
uary and March 2018, and between November 2018 and Febru-
ary 2019. This resulted in a ~ 50% flux loss for all KYS base-
lines. From a sample of compact sources within the iIMOGABA
program, we derived and applied empirical correction factors to
the impacted data. An uncertainty of 15% is assumed for the
22 GHz flux density measurements made during observations
where the empirical corrections were applied. For observations
that were not impacted by the flux loss, an uncertainty of 10%
is adopted. A common 1 mas FWHM circular Gaussian beam is
used to convolve the 22, 43, 86, 129 GHz CLEAN maps when
determining the peak flux density of the core. This is closest to
the natural beams of the KVN at 86 and 129 GHz. In Table C.1,
we summarise the data obtained during 2018. In Fig.3, we also
add the earlier (2012-2016) data that were originally published
in the literature (Kim et al. 2018) but the peak flux densities are
recalculated using the procedures applied for 2017-2018 data.

B.1.6. Global 43 GHz VLBI

The participating stations include Effelsberg, Yebes 40 m, Met-
sahovi, KVN (three stations), 100-m Green Bank Telescope,
VLBA (10 stations), and the phased Jansky Very Large Array
(JVLA). The data were recorded with a total recording rate
of 2Gbps, corresponding to 256 MHz bandwidth per polari-
sation. The scheduling, observation, and data reduction fol-
lowed the standard procedures using AIPS. Similar to other
VLBI data reduction and imaging, the CLEAN imaging and
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self-calibration were made using procedures implemented in
Difmap. The resulting FWHM angular resolutions are 0.2 x 0.7
(0.12 x 0.47) mas? with the beam position angle ~ 0 deg for the
natural (uniform) weighting.

B.1.7. ALMA 93 GHz and 221 GHz

The VLBI observations were carried out while the array was in
its most compact configuration and only antennas within a radius
of 180-m (from the array centre) were used for phasing. The
observations were performed in full-polarisation mode to sup-
ply the inputs to the polarisation conversion process at the VLBI
correlators (Marti-Vidal et al. 2016b).

The setup included four spectral windows (SPWs) of
1875 MHz in each band, two in the lower and two in the upper
sideband, centred at 86, 88, 98, and 100 GHz in Band 3, and 213,
215,227, and 229 GHz in Band 6, respectively. The SPWs were
correlated with 240 channels per SPW (corresponding to a spec-
tral resolution of 7.8125 MHz). Details about ALMA operations
in VLBI mode and a full description of the data processing and
calibration can be found in Goddi et al. (2019).

Imaging was performed with the Common Astronomy
Software Applications package (CASA, version 6.4.1 used;
McMullin et al. 2007; CASA Team 2022) task tclean. Only
phased antennas were used to produce the final images (with
baselines <360 m), yielding synthesised beam sizes ~2.5” in
Band 3 and ~ 1” in Band 6, respectively. To isolate the core
emission from the jet, we compute the sum of the central nine
pixels of the model (cleaning component) map, an area of 3 x 3
pixels; the contribution from the jet is accounted for by also sum-
ming the clean components along the jet. While the extended
emission accounts for less than 20% of the total emission at
1.3 mm, at 3mm it also includes emission from the radio lobes,
accounting for more than 60% of the total emission. The absolute
amplitude scale calibration has a 5%/10% uncertainty in Band
3/6, respectively. Details about the imaging and flux extraction
methods can be found in Goddi et al. (2021).

B.1.8. SMA 200 & 345 GHz

Data from this program are updated regularly and are available
at the SMA Observer Center website (SMAOC). Data were
primarily obtained in a compact configuration (baselines from
10 to 75 m) though some were obtained at longer baselines up
to 210 m. The effective spatial resolution was therefore gener-
ally around 3”. We have limited analysis to projected baselines
longer than 30 kA (effective spatial scales smaller than 6.8""). The
flux density was obtained by vector averaging of the calibrated
visibility data from each observation.

Interferometric observations of M87 were additionally con-
ducted as part of the 2017 and 2018 EHT campaigns, concur-
rent with the SMA running in phased-array mode operating at
230 GHz. In 2017 the SMA was in compact configuration, while
in 2018 the SMA was in extended configuration (baselines 25 m
to 210m). In both years, the interferometer operated in dual-
polarisation mode. The SMA correlator produces four separate
but contiguous 2 GHz spectral windows per sideband, resulting
in frequency coverage of 208 — 216 and 224 — 232 GHz. Data
were passband and amplitude calibrated using 3C 279, with flux
calibration performed using either Callisto, Ganymede, or Titan.
Phase calibration was done through self-calibration of the M87
data itself, assuming a point-source model.

7 http://smal.sma.hawaii.edu/callist/callist.html
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B.2. Optical and UV observations
B.2.1. Optical observations by the Kanata telescope

We adopted standard reduction procedures for the images: bias-
or dark-frame subtraction, correction of bad pixels, flatten-
ing correction, removal of contamination of CR signals, sky-
background subtraction, solving the corresponding coordinates
in the World Coordinate System (WCS) using field stars, and
stacking of the images aligned with the coordinates of WCS.

We performed an aperture photometry of field stars
in the stacked images using Source Extractor software
(Bertin & Arnouts 1996). The value of FLUX_AUTO was adopted
as the photometric measurements. We estimated zero points
of the images in the AB magnitude system using nearby stars
whose actual magnitudes have been provided in the references:
the Pan-STARRSI1 catalogue (Flewelling et al. 2020) of the opti-
cal band after conversion of the filter system (Tonry et al. 2012)
and the 2MASS catalogue (Skrutskie et al. 2006) of the near-
infrared band.

B.2.2. Optical and UV observations from Swift-UVOT

UVOT data in all filters were analysed with the uvotimsum and
uvotsource tasks included in the HEASoft package (v6.32)
and the 20231208 CALDB-UVOTA release. Source counts were
extracted from a circular region of 5 “radius centred on the
source, while background counts were derived from a circu-
lar region with 30 “radius in a source-free region located
outside the host galaxy radius (~ 120 "*). The UVOT mag-
nitudes are corrected for the host galaxy contamination (see
Table C.6 ) and the Galactic extinction using an E(B—V) value
of 0.020 from Schlafly & Finkbeiner (2011) and the extinction
laws from Cardelli et al. (1989) and converted to flux densi-
ties using the conversion factors from Breeveld et al. (2010). We
have used the same host galaxy model as presented in Table
A2 of EHT MWL Science Working Group (2021). However, we
have to note that flux densities of the host galaxy listed in Table
A2 of EHT MWL Science Working Group (2021) did not have
aspect corrections although the correct values of the host galaxy
as given in Table C.6 were used in the data reduction of Swift-
UVOT data in EHT MWL Science Working Group (2021).

B.2.3. Far-UV observations from AstroSat-UVIT

For the AstroSat-UVIT analysis, the VIS data are used for drift
correction of the images in NUV and FUV channels. The FUV
and NUV detectors work in photon-counting mode and the
VIS detector works in integration mode. Each of these chan-
nels is equipped with a number of narrow and wide band filters
(for details refer to Tandon et al. 2017, 2020). Out of the two
AstroSat pointing observations (i.e. A04_115T02_9000001900
and A04_115T02_9000002042), only the UVIT data of the sec-
ond one are available. These observations are made in the BaF2
band (F154W: A ~ 1541 A, with Ad,r; ~ 380 A). The level-1
data, downloaded from the AstroSat data archive ‘astrobrowse’,
is used to create the image using the CCDLAB software pack-
age (Postma & Leahy 2017) incorporating the corrections for the
spacecraft drift, geometrical distortions and flat-fielding.

A two-dimensional (2D) image decomposition method
was used with IMFIT® (Erwin 2015) tool. The following
combination of 2D models is used to create the model
image of M87 using UVIT: PointSource + PointSource +

8 https://www.mpe.mpg.de/~erwin/code/imfit
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Core-Sersic + SersicJet + Flat-Sky. The point sources
used here are convolved with the PSF of the UVIT instrument.

The UVIT-BaF2 image, centred at M87 and zooming into a
small region around it is shown in Fig. B.1. The two point source
models are added to account for the contributions from M87*’s
core and the HST-1 knot. The Core-Sersic model (Graham et al.
2004) is used to represent the emission from the host galaxy.
In order to take the asymmetric jet into account we created a
modified version of the Sersic model by adding an asymmetry
term to the originally symmetric Sersic function. But even with
the added asymmetry, the shape of the bright spots towards the
end of the jet is too complex to develop a good analytical model
to describe it. Motivated by the above we masked this irregular
complex part of the jet with a rectangular mask. The Flat-Sky
model (Mondal et al. 2018) was used to include a component for
the sky background. The best fit composite model corresponds
to a reduced y? value of 1.

This model is then used to represent the composite radial
profile for the host and jet. We then performed aperture photom-
etry of the image using the Python package photutils® with a
source region of 5" centred at the position of M87*. The contri-
butions of other prominent components to this region were esti-
mated using the modelled radial profile for composite emission
from the jet, the host galaxy and the sky. The corrected magni-
tude is then converted to flux using an appropriate flux conver-
sion factor as provided by the instrument team. The correspond-
ing numbers are shown in the Table C.8.

B.3. X-ray observations

B.3.1. Chandra and NuSTAR observations and joint spectral
analysis

We keep the data processing and analysis as consistent as pos-
sible with our previous work on the Chandra and NuSTAR data
taken in parallel with the 2017 EHT campaign described in M87
MWL2017. We only briefly summarise them here. For the Chan-
dra data, we used standard data reduction procedures in CIAO
(Fruscione et al. 2006) version 4.9 to extract 0.4-8 keV spec-
tra from the spatially resolved components, the core, the HST-
1 knot, and the outer jet, along with the corresponding instru-
mental response files. The NuSTAR observation was processed
following standard procedures outlined in Perri et al. (2017),
using NuSTARDAS version 1.8.0 to produce 3-79 keV spectra
and instrumental responses with CALDB version 20180312.
Source and background regions for Focal Plane Module A and B
(FPMA, FPMB) were the same as in M87 MWL2017: 45" cir-
cles that are large enough to include all of the Chandra spatial
components mentioned above as well as much of the surround-
ing diffuse emission from the intracluster medium (ICM).

We proceed to joint spectral modelling of the Chandra and
NuSTAR data in order to take advantage of the high spatial res-
olution of Chandra and the high-energy sensitivity of NuSTAR.
Our modelling strategy, described in detail in M87 MWL2017,
properly accounts for the effects of pileup in Chandra data and
includes consideration of the cross-normalisation between the
instruments with respect to the modelled diffuse ICM emission
that is differently sampled by Chandra and NuSTAR. For the
diffuse component, we adopt a spectral model with two APEC
components (Smith et al. 2001) with different temperatures and
variable elemental abundances, three additional emission lines,

% https://photutils.readthedocs.io/en/stable/aperture.
html

and a cutoff component for the low-mass X-ray binary contribu-
tion from within the host galaxy. For the core, the HST-1 knot,
and the remainder of the jet, we modelled their continuum emis-
sion using PLs. All spectral models include interstellar absorp-
tion (Wilms et al. 2000). The absorption column towards the
core was previously found to be higher (e.g. Perlman & Wilson
2005), that we allow for by including an extra layer of absorption
in the model for this component.

We performed spectral fitting on spectra binned using a
custom algorithm that ensures a minimum signal-to-noise ratio
within each energy bin (as described in M87 MWL2017). To
find the best-fit model parameters we minimised the Cash statis-
tic (Cash 1979) as appropriate for the low-count regime and our
binning strategy. Our best fit has a Cash statistic of 1219.023
for 1034 data bins and 37 free parameters. Our multi-component
best-fit model is shown along with the data in Fig. 21; red lines
represent the model for each dataset, and the NuSTAR model is
the sum of all the other spatial components. We derive uncer-
tainties using a Markov Chain Monte Carlo (MCMC) sampler
emcee (Foreman-Mackey et al. 2013) set to run for 60,000 steps
with 10 walkers for each of 37 parameters (a total of 22.2 million
model evaluations). We discarded the first 185000 evaluations
for calculating chain statistics. Unless otherwise noted, quoted
uncertainties represent minimum width intervals containing 90%
of the probability function for each spectral parameter.

B.3.2. Swift-XRT observations and analysis

The standard pipeline xrtpipeline version 0.13.5 was
used to create level 3 cleaned event files for each Swift-XRT
observation. We use a circular source region of radius 35" for
spectral extraction, encompassing all three of the X-ray sources
examined individually in the Chandra analysis. For background
extraction, we create an annular background region with inner
and outer radii of 130" and 150", respectively. Using xselect
(version 2.4k), we extract spectra for the source and background
regions after correcting for pile-up in the source region. If the
source region count rate exceeded 0.5 cts™' for any observa-
tions, we applied a pile-up correction by using an annular region
to exclude central pixels affected by pile-up.

Creating ancillary response files for each spectrum with the
xrtmkarf task, we grouped the spectral files for each epoch to
a minimum of 20 counts per bin using the grppha command to
facilitate y? fitting using xspec. Since the spectral resolution of
Chandra is better than Swift-XRT, we adopted the source and
background model fitted in the Chandra analysis. All spectral
parameters of that model were frozen at the Chandra best-fit
values (see Sect. 2.3.1) except the normalisation of the APEC
and line emission backgrounds and the joint normalisation of the
three power law components for the core, the HST-1 knot, and
jet emission. The relative normalisation between the two APEC
background components and between the three PL source com-
ponents were kept frozen at the Chandra values. We use y? fit-
ting via xspec to conduct this X-ray analysis. In this way, we
evaluate the changing total and small-scale components (core,
the HST-1 knot and inner jet) fluxes from the source.

B.3.3. AstroSat-SXT observations and analysis

We used sxtpipeline (version 1.4b) along with the stan-
dard filtering criteria to generate the cleaned events file. The
standard procedure includes time-tagging of events, removing
hot pixels, bias corrections, coordinate transformation, filter-
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Fig. B.1. AstroSat UVIT observations of M87. Left: M87 in BaF2 band. Right: Difference image of M87. The patched area is basically the masked

region of the jet.

ing (South Atlantic Anomaly passage, Sun-angle, Moon-angle),
charge transfer inefficiency corrections, and generation of full-
frame products. The processed event lists obtained in this way
were then input to xselect to extract spectra, light curves, and
images.

We used a circular source region of radius of 15’ cen-
tred on the brightest pixel in the SXT image (o =12:30:50.41,
0 =+12:22:32.4), that is consistent with the peak of the flux dis-
tribution in Chandra and NuSTAR images. From the PSF size
of the SXT we estimate that this region includes over 97% of
the total number of detected photons. The background spectrum
extracted using deep blank sky observations and distributed by
the instrument team '’ is used to model the spectrum. We used the
tool sxtARFModule (version 0.3) along with the full-frame ARF
(sxt_pc_exclO®O_v04.arf) distributed by the SXT Payload
Operation Center'! to create ARF for the specific source region
selection. We utilised the RMF file sxt_pc_mat_gOtol2.rmf
corresponding to the default 0—12 grade selection.

For spectral fitting we used a model defined with the
following expression in xspec: TBabs X (vvapec +
vvapec + cutoffpl + TBabs X powerlaw + powerlaw
+ powerlaw + Gaussian + vvapec). This is similar to the
model adopted for Chandra and NuSTAR spectral analysis,
except one Gaussian component, that is added in order to fit
the broad hump-like residuals around 1.4keV. An additional
vvapec component is included to account for the diffuse
emission from cluster gas in the outer regions because the SXT
samples a larger portion of it (radius ~15") than other focusing
X-ray instruments considered in this work. The parameters
of the three vvapec components, except the temperature and
normalisation, are fixed to the values obtained from joint
Chandra and NuSTAR spectral modelling (Sect. 2.3.1). To
reduce the number of free parameters, we tied together the
temperature and normalisation parameters of the vvapec
components with a multiplicative factor. We adopt the sum of
these three components with different temperatures to represent
the large-scale emission from hot gas in the galaxy and the
surrounding cluster. Three PL components are representative
of the core, the HST-1 knot, and jet contributions; their PL
photon indices are kept fixed based on values determined
from the analysis of Chandra and NuSTAR data. We keep the
normalisation of the core contribution free in the fitting, while

10" AstroSat Science Support Cell: http://astrosat-ssc.iucaa.in
' TIFR, Mumbai: www.tifr.res.in/~astrosat_sxt
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the normalisation of the HST-1 knot and jet components is tied
with the core normalisation using the multiplicative factors also
employed in Swift-XRT spectral modelling in Sect. 2.3.2, as
well as in M87 MWL2017.

As in Sect. 2.3.1, we used the Cash statistic to find the best-
fitting composite model. To account for the systematics intro-
duced by the procedures related to ARF generation (such as
vignetting model and PSF-based scaling of the effective area,
etc.), we included an additional 1% uncertainty to the observed
spectra. Constraints on the free parameters of the model are
given in Table C.9. Figure B.2 shows the AstroSar-SXT individ-
ual PL components to be interpreted as upper limits due to the
angular resolution of the instrument.

B.4. y-ray observations
B.4.1. Fermi-LAT observations

Fermi-LAT (Atwood et al. 2009) is a y-ray telescope that detects
photons by conversion into electron-positron pairs, and it has an
operational energy range from 20 MeV to more than 300 GeV.
Since its launch in June 2008, it mostly works in survey mode
covering the whole sky in about three hours and with a remark-
able overall uptime of 99.8% (Ajello et al. 2021).

Regarding the data selection, we used PSR3 (v3) SOURCE
class events (Bruel etal. 2018), in the energy range between
100 MeV and 1 TeV, in a region of interest (ROI) of 15° x 15°
centred on the position of M87. The low-energy threshold is
motivated by the large uncertainties in the arrival directions
of the photons below 100 MeV, leading to possible confusion
between point-like sources and the Galactic diffuse component
(see Principe et al. (2018) for a different analysis implementa-
tion to solve this and other issues at low energies with Fermi-
LAT).

The analysis (that consists of the following steps: model opti-
misation, source localisation, spectrum and emission variabil-
ity studies) was performed with Fermipy!'? (v1.0.1; Wood et al.
2017), that uses the Fermi Tools, version 2-0-18. We created
counts maps using a pixel size of 0.1°. All y-rays with zenith
angle larger than 95° were excluded in order to limit the contam-
ination from secondary y-rays from the Earth’s limb (Abdo et al.
2009). In order to optimise the analysis, we applied different
cuts for the data selections at low energies and selected event

2 http://fermipy.readthedocs.io/en/latest/
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Fig. B.2. AstroSat-SXT observations of M87 with SED estimates from
spectral modelling. Dashed-dotted and dotted lines are representative of
observations made in February and March 2018, respectively. The grey,
light-blue and light-red shaded regions around the lines are 1o~ uncer-
tainty regime derived using parameter estimations, each representing
core, jet and the HST-1 knot sub-components, respectively. The down-
ward arrows are indicative that given the limitations of the instrumental
capabilities, these estimations should be treated as upper limits for fur-
ther investigations.

types with the best PSF'3. In particular, for energies below 300
MeV, we excluded events with zenith angle larger than 85°, as
well as photons from PSFO and PSF1 event types. Between 300
MeV and 1 GeV we excluded events with zenith angle larger
than 95°, as well as photons from the PSFO event type. Above 1
GeV we used all events with zenith angles less than 105°. The
P8R3_Source_V3 instrument response functions (IRFs) were
used. The model used to describe the sky includes all point-like
and extended sources located at a distance <15° from the source
position and listed in the 4FGL-DR2 (Abdollahi et al. 2020) as
well as the Galactic diffuse and isotropic emission. For the latter
contributions, we used the same templates'* adopted to derive
the 4FGL catalogue.

We performed the spectral analysis, allowing the diffuse
background template normalisation and the spectral parameters
of the sources to vary within 3° from our targets. For the sources
in a radius between 3°-5° and all variable sources only the
normalisation was fit, while we fixed to their 4FGL values the
parameters of all the remaining sources within the ROI at larger
angular distances from our target. We modelled the spectrum of
M87 with a PL function.

Finally, for the analysis on the 12 years of LAT data we
extracted a light curve using time bins of one month. Similarly,
for analysis on a one-month scale centred on EHT observations,
the light curve analysis was repeated using time intervals of two
days in order to investigate the emission variability on short time
scales. We tried also different time intervals with both fixed (1
day and 1 week) or customised duration (discriminating between

13° A measure of the quality of the direction reconstruction is used to
assign events to four quartiles. y-rays in Pass 8 data can be separated
into 4 PSF event types: 0, 1, 2, 3, where PSFO has the worst resolution
and PSF3 has the best one.

4 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

before, during and after the VHE +y-ray flare). The fluxes in each
interval were obtained by leaving only the normalisation free to
vary and freezing the other spectral parameters to the best-fit val-
ues obtained from the full range analysis.

B.4.2. Very high energy observations: H.E.S.S., MAGIC,
VERITAS

H.E.S.S. observations were performed with a wobble mode
with an offset of 0.7° from the position of MS87, that
allows for a simultaneous background estimation. The analy-
sis and reconstruction of the Cherenkov shower images were
done with the ImPACT maximum likelihood-based technique
(Parsons & Hinton 2014). The separation between y-rays and
hadrons was performed with a boosted decision tree classifica-
tion method (Ohm et al. 2009). For the signal estimation, the
background was estimated using the “ring-background model”
whereas the calculation of the light curve and the spectrum
was done using the “reflected-background model” (Berge et al.
2007). A source with 1% of the Crab Nebula’s flux can be
detected above 100 GeV in ~10 hours.

The stereoscopic MAGIC observations were conducted in
wobble mode with an offset of 0.4°. Image reconstruction and
data analysis were performed with the standard MAGIC analysis
framework MARS (MAGIC Analysis and Reconstruction Soft-
ware; Zanin 2013; Aleksic et al. 2016). To estimate the instru-
ment’s PSF in true energy we used the spatial likelihood analy-
sis package SkyPrism from Vovk et al. (2018). The observations
on MJD 58232 were taken with a strong moonlight background
present and therefore analysed as described in Ahnen et al.
(2017). MAGIC’s integral sensitivity is 1% of the Crab Nebula’s
flux in ~26 hours above an analysis energy threshold of 290 GeV.

Data analysis of the observations in 2019 was performed
identically to the aforementioned 2018 observations. The recon-
structed flux levels in 2019 are compatible with the previ-
ously observed quiescent flux (see, e.g. MAGIC Collaboration
2020; EHT MWL Science Working Group 2021). The MAGIC
fluxes published in MAGIC Collaboration (2020) use an anal-
ysis threshold of 300 GeV for the light curve. Instead of scal-
ing the VHE fluxes between 2012 and 2015 according to the
PL spectrum, we repeated the flux calculations with a thresh-
old of 350 GeV, using the original high-level analysis files of the
authors of MAGIC Collaboration (2020).

The stereoscopic VERITAS observations were conducted in
wobble mode with an offset of 0.5°. The data were analysed
using the VERITAS standard analysis procedure (Daniel 2008).
The main software package used in this work is called Event-
display. An overview of this analysis package can be found
in Maier & Holder (2018). In addition, a cross-check analysis
was performed using an independent software package called
VEGAS (Cogan 2007). VERITAS is designed to measure y rays
with energies from ~85 GeV and it is able to detect a source with
about 1% of the Crab Nebula within 25 hours (Park 2016).

To explore possible systematic flux scale offsets between
VERITAS, MAGIC, and H.E.S.S. and investigate how the uncer-
tain flux scales might affect the results in Sect. 2.4.2, we applied
two cross-normalisation factors (f; and f>) to the VERITAS
and MAGIC fluxes as extra fitting parameters. We note that
statistical errors on individual flux points were not altered. We
note that this choice is purely arbitrary and that the cross-
normalisation factors could be applied to any two of the three
IACTs. For an earlier study of systematic offsets between IACTs
see Meyer et al. (2010). In our case, the maximum flux scale off-
sets between the instruments are set to 15%. These offsets are
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Table B.1. Best fit results for a constant and a Gaussian model (Eq. 1) describing the temporal progression of the flare as seen by VERITAS,
MAGIC, and HE.S.S.

Model x*/d.o.f. p value f, f, F, F, to o
(10-12 (10-12 (MJD) (days)

phem™2s™')  phem™2s7!)

Constant  33.66/14 23x107% 1.32+041 1.35+0.42 - - - -
Gaussian ~ 10.68/11 0.47 1.35+025 130+049 (1.60+0.62) (3.18+0.73) 5822899+0.26 1.11+0.36

used to constrain the fitting range of fj and f,. The results of the
fit of a constant and a Gaussian function (Eq. (1)) are shown in
Table B.1.
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Appendix C: Tabulated data

This section contains the list of tabulated data from observations described in Sect. 2, as follows:

1.

[\

[e BN e NV, I RO ]

11.
12.

Summary of radio observations and flux densities at centimetre wavelengths in Table C.1 and millimetre wavelengths in
Table C.2;

. Kanata Telescope flux densities at the optical wavelength of 634.9 nm in Table C.3 and near-infrared wavelength of 1250 nm in

Table C.4;

. Optical and ultraviolet flux densities of Swift-UVOT in Table C.5, while Table C.6 contains of the host galaxy;

. Photometry at the ultraviolet wavelength of 154 nm from AstroSat-UVIT in Table C.8;

. Optical HST observations in Table C.7;

. Parameters of the composite spectral model for AstroSat-SXT data in Table C.9;

. Summary of Swift-XRT observations and fluxes in the 2-10keV band in Table C.10;

. Summary of Chandra core fluxes for the observations performed in 2017 and 2018. in Table C.11, while the Chandra+NuSTAR

spectral values for stacked observation, normalised on 2018 emission are reported in Table C.12;

9. Summary of Fermi-LAT fluxes for the customised-bin light curve analysis on April 2018. in Table C.13;
10.

Summary of VHE y-ray observations and fluxes above energies of 350 GeV in Table C.14 and parameters of the spectral models
fitted to data from H.E.S.S., MAGIC, and VERITAS in Table C.15;

Spectral energy distribution for M87 observed during the 2018 EHT campaign in Table C.1;

In addition the spectral models (Model-A-PL, Model-A, BPL, Model-B) used to describe the MWL SED (see Sect. 4) are also
reported as supplementary material.

Tables C.1 to C.15 are available at the CDS. Furthermore, these data are provided to the community in machine-readable form via
the EHTC Data Webpage'” along with associated documentation and files needed for spectral modelling of the X-ray data.

5 https://eventhorizontelescope.org/for-astronomers/data
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Table D.1. Fractional variability of the VHE y-ray and X-ray bands during the observational campaign in March 2018. For comparison, we also
show F\, for the same bands in 2017. The calculation of F\, of the total flux in 2018 could not be performed because the calculated sample
variance was smaller than the measurement uncertainties.

F,.: in band
Year VHE vy-rays Swift-XRT total Swift-XRT core + HST-1 + jet
(2-10keV) (2-10keV)
2017 0.34 + 0.41 0.06 + 0.05 0.39 £ 0.05
2018 0.17 £ 0.25 - 0.26 £ 0.06

Appendix D: Multi-wavelength light curve variability

We estimate the degree of variability in different wavebands by calculating the fractional variability Fy, from Eq. (10) in
Vaughan et al. (2003):

2 2
N0

Fvar = I (Dl)
X

—\2 . . — . . .
where S? = ﬁ Zf\; 1 (xi —=Xx)” is the sample variance where X is the arithmetic mean of the flux measurements x; and agﬁ =

ﬁ Zf\i ] ofm. the mean squared measurement uncertainty. The uncertainties of F,, are calculated following Poutanen et al. (2008)
as:

AF o = \[F2 + err(0%ys) = Fuar (D.2)

with

2
-2 JE—
2 o2 ol 2F
2 _ err err var
err(O'NXS)— ( v = ] + \/ N =2 | D.3)

We present the calculated values of Fy,, for the 2018 observational campaign in Table D.1 and also show the same values of Fy,. dur-
ing the 2017 campaign (M87 MWL2017). As described in Sect. 2.4.2 the observed VHE flare has a time variability scale O(1 day).
Therefore, following the Nyquist-Shannon sampling theorem (Whittaker 1915), flux points closer than 0.5 days are combined using
their weighted average value. To be able to compare the fractional variabilities of different bands it is necessary to only select
simultaneous data. Therefore, we can only compare the fractional variability of the VHE y-ray instruments and Swift-XRT listed in
Table D.1.
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