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ABSTRACT

The origin of the gamma-ray emission from M 87 is currently a matter of debate. This work aims to localize the very high-energy (VHE; 100 GeV —
100 TeV) gamma-ray emission from M 87 and probe a potential extended hadronic emission component in the inner Virgo Cluster. The search for
a steady and extended gamma-ray signal around M 87 can constrain the cosmic-ray energy density and the pressure exerted by the cosmic rays
onto the intracluster medium and allow us to investigate the role of cosmic rays in the active galactic nucleus feedback as a heating mechanism in
the Virgo Cluster. The High Energy Stereoscopic System (H.E.S.S.) telescopes are sensitive to VHE gamma rays and have been used to observe
M 87 since 2004. We utilized a Bayesian block analysis to identify M 87 emission states with H.E.S.S. observations from 2004 to 2021, dividing
them into low, intermediate, and high states. Because of the causality argument, an extended (1 kpc) signal is allowed only in steady emission
states. Hence, we fitted the morphology of the 120 h low-state data and find no significant gamma-ray extension. Therefore, we derive for the low
state an upper limit of 58”(corresponding to ~4.6 kpc) in the extension of a single-component morphological model described by a rotationally
symmetric 2D Gaussian model at the 99.7% confidence level. Our results exclude the radio lobes (=30 kpc) as the principal component of the VHE
gamma-ray emission from the low state of M 87. The gamma-ray emission is compatible with a single emission region at the radio core of M 87.
These results, with the help of two multiple-component models, constrain the maximum cosmic-ray to thermal pressure ratio to Xcgr max. < 0.32 and
the total energy in cosmic-ray protons to Ucg <5 x 10°® erg in the inner 20 kpc of the Virgo Cluster for an assumed cosmic-ray proton power-law
distribution in momentum with spectral index a;, = 2.1.
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1. Introduction ies centered around the radio galaxy M 87, which is 16.5Mpc
(Blakeslee et al. 2009; Bird et al. 2010) from Earth, that extends
up to ~2.3° from its center (rso9 = 662.6 kpc; Simionescu et al.
2017). It is known as a cool core (CC) cluster, meaning its central

* Corresponding authors; region (<0.01rgp; Peterson & Fabian 2006; Urban et al. 2011) is
e-mail: contact.hess@hess-experiment.eu filled with a plasma that is colder and denser than the surrounding

Galaxy clusters are the largest gravitationally bound structures
in the Universe. The Virgo Cluster is a massive cluster of galax-
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gas. The cooling flow model has been proposed to explain the
formation of CC clusters based on the inward flow of radiatively
cooled material, which, in the absence of heating mechanisms,
results in a mass deposition of up to ~1000 M, yr~'. In contrast to
this prediction, one to two orders of magnitude lower mass depo-
sition rates are observed in CC clusters, which results in the rise of
the cooling flow problem. The discrepancy points to the need for
an additional heating mechanism to counterbalance the radiative
cooling of the intracluster medium (ICM; Churazov et al. 2002;
Jacob & Pfrommer 2017a,b).

Thermal conduction is not capable of solely heating the ICM,
since the necessary ICM conductivity would exceed the theoret-
ical maximum, the Spitzer conductivity (Zakamska & Narayan
2003). The dissipation of sound waves and turbulent motions
have also been proposed as heating sources, though their contri-
bution is likely not sufficient to account for the missing heating
source (Ruszkowski et al. 2004; Zhuravleva et al. 2014). Fur-
thermore, the mechanical heating by hot bubbles (Briiggen et al.
2002; Mathews et al. 2006) can also contribute to the ICM heat-
ing, though the energy available is limited due to the disruption
of the bubbles (Pfrommer 2013).

In addition to the aforementioned feedback channels, the
active galactic nucleus (AGN) feedback via cosmic rays (CRs;
Churazov et al. 2002; Peterson & Fabian 2006; Guo & Oh 2008)
accelerated in the central AGN region could provide the nec-
essary heat to prevent the ICM from cooling down further.
Jacob & Pfrommer (2017a,b) propose that the heating by the
AGN feedback and the thermal conduction counterbalances the
radiative cooling at any distance from the cluster center (steady-
state system). The AGN accretes cooled gas and launches rel-
ativistic jets of particles. This process transfers energy to the
surrounding gas and delays its radiative cooling. The cosmic ray
electrons (CRe) injected by the AGN suffer severe energy losses
via synchrotron and inverse Compton emission at GeV-TeV
energies. In fact, 10 GeV electrons in ~10 uG magnetic fields, as
in the M 87 radio lobes (De Gasperin et al. 2012), have a radia-
tive lifetime of ~10 Myr (Enflin et al. 2011). Cosmic ray protons
and nuclei (CRp), also accelerated in the central AGN, accumu-
late and fill the cluster over cosmic timescales due to the persis-
tent infall of cooled gas and the long radiative lifetimes of CRp.
In reality, the radiative lifetime of CRp above 10 GeV in the ICM
is at least 60 times longer than the lifetime of CRe at any energy
in the same ICM (Fig. 2 from EnBlin et al. 2011). Hadronic
interactions of the CRp with the ICM lead to the production of
charged and neutral pions. While charged pions decay into elec-
trons and positrons (hereafter secondary electrons), neutral pions
decay into gamma rays. Secondary electrons are responsible for
at least part of the extended radio halo emission seen around sev-
eral galaxy clusters (Jacob & Pfrommer 2017b). In fact, cluster
radio halos are the primary evidence for the existence of CRs
in galaxy clusters (EnBlin et al. 2011). In dense environments
(~1073-10"" cm™?) filled with CRp, such as the central region
of galaxy clusters, neutral pion decay is expected to produce a
spatially extended and steady gamma-ray signal.

There have been many attempts to predict and observe dif-
fuse GeV gamma-ray emission from galaxy clusters, for instance,
Pinzke et al. (2011), Huber et al. (2013), Prokhorov & Churazov
(2014), Ackermann et al. (2014, 2015). Xi et al. (2018) are the
first to claim the detection of GeV gamma rays from the Coma
Cluster, and Baghmanyan et al. (2022) are the first to claim that
the gamma-ray signal from the Coma Cluster is extended at GeV
energies. The extended GeV emission from the Coma Cluster is
better fitted in a hadronic ICM scenario, although other mod-
els are also able to explain the data (Adam et al. 2021). In the
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TeV regime, searches have been conducted for GeV gamma-
ray emission from the Coma, Abell 496, Abell 85, and Perseus
galaxy clusters (Aharonian et al. 2009a,b; Domainko et al. 2009;
Galante 2009; Arlen et al. 2012; Aleksi¢ et al. 2012) without suc-
cess.

Detection of extended very high-energy (VHE; 100 GeV-
100 TeV) gamma-ray emission from clusters would not only
establish a new class of VHE gamma-ray emitter but also support
the hypothesis of AGN feedback by streaming CRs in CC clus-
ters by revealing the total energy accelerated in CRp. The pres-
ence of buoyant rising bubbles in M 87 indicates that AGN feed-
back plays a significant role in the Virgo Cluster (Churazov et al.
2001). Due to its active nucleus and its proximity to Earth, M 87
is the best candidate for searching for steady and extended VHE
gamma-ray emission from a galaxy cluster. However, the highly
variable gamma-ray emission from its AGN (Aharonian et al.
2006a; Acciari et al. 2009; Abramowski et al. 2012) dominates
over a potential steady emission component. This poses a chal-
lenge when it comes to accessing an underlying steady com-
ponent (Barbiellini et al. 2014). Nevertheless, only the cluster
diffuse emission, that is, the emission that is of hadronic origin,
should extend beyond the jet and fill the inner region of the cluster
(Arlen et al. 2012). Therefore, we aim to reduce the contribution
of the variable gamma-ray emission to probe the cluster diffuse
emission through an extended gamma-ray signal in the low state
of M 87.

Imaging atmospheric Cherenkov telescopes (IACTs) are
sensitive to VHE gamma rays from astrophysical sources
(Hinton & Hofmann 2009). These telescopes can detect extra-
galactic extended gamma-ray emission (Abdalla et al. 2020a)
with the High Energy Stereoscopic System (H.E.S.S.). This
study uses observations of M 87 with H.E.S.S. from 2004 to
2021 to probe the origin and size of the gamma-ray emission
in the low state of M 87. We first tested for deviations from a
single point source by fitting a point-like model and a rotation-
ally symmetric 2D Gaussian model to the emission. Afterward,
we compared the morphology results to known features from the
radio and X-ray emissions. Finally, we considered two scenar-
ios for a multiple-component emission to interpret the results in
terms of the CR pressure in the inner Virgo Cluster.

This paper is organized as follows. In Sect. 2 we introduce
the H.E.S.S. observations of M 87 and the analysis methods. In
Sect. 3 we present the results regarding the origin and morphol-
ogy of M 87 gamma-ray emission. In Sect. 4 we interpret the
results in terms of the CRp pressure in the inner Virgo Cluster
and the total energy in CRp. Finally, in Sect. 5 we summarize the
results and consider future prospects.

2. Methods
2.1. H.E.S.S. experiment and data analysis

H.E.S.S. (Aharonian et al. 2006b) is an array of five IACTs
located in the Khomas Highland in Namibia, 1800 m above
sea level. The experiment has operated since 2003 with four
12m telescopes (CT 1-4) and since 2012 with an additional
28 m telescope (CTS5), not utilized in this analysis. In 2017
a major upgrade of the cameras of the first four telescopes
(CT 1-4) improved the read-out and the stability of the system
(Ashton et al. 2020).

M 87 has been observed with H.E.S.S. since 2004 during
several monitoring campaigns and in reaction to alerts of flaring
activities. The data utilized in this work span from 2004 up to
2021 and were selected considering the following selection cuts:
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at least three telescopes participating in the observation, a max-
imum zenith angle of observation of 50°, and an energy thresh-
old of 300 GeV for all the reconstructed events. These selection
cuts ensure that the later reconstructed gamma-ray events have
improved angular resolution. Since the majority of the obser-
vations are from the first phase of the experiment (CT 1-4),
CT5 data were not utilized in the analysis to avoid including
different sources of systematic uncertainties. Finally, a total of
194 h of observations was obtained after the application of the
quality criteria suitable for spectral and morphological analyses
(Aharonian et al. 2006b).

We analyzed the data with the H.E.S.S. analysis software
applying the template-based reconstruction technique ImPACT
(Parsons & Hinton 2014). The gamma-hadron separation was
performed through a multivariate analysis method (Ohm et al.
2009). The ring background and the reflected-region background
(Berge et al. 2007) techniques provided an estimation of the
remaining background. While the first method is ideal for study-
ing the morphology of the emission, the second method is opti-
mized for spectral studies. The point spread function (PSF), that
is, the response of the instrument to a point-like source, was esti-
mated based on Monte Carlo simulations that accounted for the
observation conditions. With the template reconstruction, the PSF
reaches a 68% containment radius of approximately 0.05° for
energies above 1TeV. We estimated the flux and spectrum of
M 87 from a region within § < 0.071° around the radio core
of M 87, that is, where the supermassive black hole (SMBH) is
located. The exact position of the M 87 radio core is at right ascen-
sion (RA) 12h30m49.423s and declination (Dec) 12°23'28.04"
(Massaro et al. 2013). The region is defined to optimize the tele-
scope’s sensitivity toward a point-like source (Parsons & Hinton
2014). A forward-folding method (Piron et al. 2001) yielded the
best power-law (PL) spectrum that fits the data above a safe energy
threshold (Aharonian et al. 2006b).

2.2. The light curve and Bayesian blocks

Based on the gamma-ray flux derived for the individual obser-
vations, we binned the flux data points in time, weighting them
according to their statistical uncertainties. The result is the long-
term light curve of the source.

To identify the low flux state, we utilized a Bayesian blocks
algorithm (Scargle 1998; Scargle et al. 2013) on the 30-day-
binned light curve. We also investigated other bin sizes for
the light curve; these are shown in Appendix A. The Bayesian
block analysis is a method for detecting statistically significant
changes in data from counting detectors and can be utilized to
estimate flux levels assuming a piecewise-constant representa-
tion of time series data. It is effective also for non-constant
sampling rates and hence is a very useful method for VHE
gamma-ray astronomy (Ahnen et al. 2016). The method requires
setting a prior function that directly influences the expected total
number of blocks. We chose the prior function such that the
false-positive rate, that is, the chance of wrongly detecting a flux
change, is at the level of 5% (Scargle et al. 2013). Studies that
directly rely on the data points to define the low state, that is,
without the use of the Bayesian blocks, cannot assure a low false-
positive rate, leading to an unreliable low-state data set.

To assign the Bayesian blocks to distinct source states, we
inspected Fig. 1 and identified that Block 3 contains the 2008
VHE gamma-ray flare (Acciari et al. 2009). Furthermore, block
8 contains one data point more than 1o above the average flux.
Therefore, blocks 3 and 8 are not allowed in the low state, which
was then defined as the blocks below the average flux. Blocks
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Fig. 1. Thirty-day-binned H.E.S.S. light curve above 300 GeV with its
Bayesian blocks and source states. The H.E.S.S. data points are repre-
sented by the black data points and a constant fit by the solid orange
line. Dashed orange lines indicate a change in the flux level. The blue
blocks represent the low state, the light gray the intermediate state, and
the dark gray blocks the high state blocks. The orange numbers at the
bottom indicate the labels of the blocks.

3 and 8 were assigned to the intermediate state since they are
slightly (<30%) higher than the average flux. The remaining
blocks were assigned to the high state. Dividing the Bayesian
blocks into three states helps us achieve a clear distinction
between the low and high-state data sets, which minimizes the
variable emission present in the low state. The definition of
source states utilized in this study is focused on retrieving a low-
state data set from the 30-day-binned light curve with a mini-
mum contribution from a variable component and might not be
representative for flaring studies.

The low state is our prime target for probing extended
gamma-ray emission in M 87 data. In the low state, the contribu-
tion from the tails of the PSF distribution from a point-like com-
ponent at the (variable) core of M 87 is minimized. Therefore,
H.E.S.S. is most sensitive to detecting a diffuse emission from
the inner Virgo Cluster in the low state. In addition to probing
for extended emission in the low state of M 87, we also tested if
the source states have compatible emission regions through the
morphology fit (Sect. 2.3).

Since the choice of the light curve bin size also influences
the defined source states, we also analyzed the data and fitted
the morphology of a low state derived from a daily binned light
curve. The results were rather poor due to the lack of event statis-
tics in the low state (~24h lifetime of observations). This test
and the results shown in Appendix A favor the choice of a bin
size larger than 15 days. We decided on a light curve with a bin
size of 30 days since it provides good event statistics in the low
state for a morphology fit, that is, the statistical uncertainties are
at the same level as the systematic uncertainties in the position
determination of 20" (Acero et al. 2010). Therefore, by binning
the flux points in time we intentionally allowed a certain contri-
bution from variable emission into the low state in favor of larger
event statistics. We later accounted for and estimated the contri-
bution of a varying source component to the low state through
the introduction of hybrid models (Sect. 4).

2.3. The morphology fit procedure

After dividing the data set into three different source states, we
analyzed the individual states separately with the H.E.S.S. analy-
sis software (Sect. 2.1). We obtained 2D distributions (sky maps)
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for the estimated background, the exposure time of the obser-
vations, the H.E.S.S. PSF, and the detected events. The PSF
was convolved with the H.E.S.S. systematic uncertainty of 20"
(Acero et al. 2010), although we tested the effect of the convo-
lution on the final results and determined that it is minor. The
sky maps, derived using a pixel size of 36" centered at the M 87
radio core, were included in the spatial model of the emission.

We utilized predefined spatial models for the distribution of
the intrinsic gamma-ray emission: a point-like model and a rota-
tionally symmetric 2D Gaussian model given by

(x = x0)? +(y—yo)2]’ )

f(x,}’)zA’eXP(_ 20_2G

where x and y are variables, xo and y are the center of the func-
tion, A is the amplitude, and o is the extension (width). While
the point-like model represents the emission limited to the core
region, the centrally peaked Gaussian model allows us to probe
the radiative cooling of the CRs during their transport from the
AGN core toward the ICM. Alternatively, extended models such
as a top-hat function could also be utilized, although they are less
physically motivated than a Gaussian distribution for the case of
CRp accelerated in the central AGN.

The region inside a circle of 0.5° radius from the radio core
defines the region of interest in the M 87 low-state data, that
is, the region considered in the fit. Since counts are sampled
from Poisson distributions, the fit algorithm is based on the Cash
statistic (Cash 1979). Afterward, the model that results in the
smallest test statistic (TS) is determined to be the one that best
describes the data'.

A set of systematic checks confirms the stability of the results
toward different configurations®. We analyzed the M 87 low-state
data several times under different circumstances: (1) with the
maximum zenith angle of observation set at 45°; (2) with the
energy threshold set at 0.7 TeV; (3) with a sky map bin size of
18" and (4) with a shift of 18" in the center of the sky map. The
checks show that the results are stable against these changes. Fur-
thermore, we reanalyzed the gamma-ray extension of the Crab
Nebula (Abdalla et al. 2020b) with the same procedure described
here and obtained compatible (within 1 o) results.

A cross-check analysis with an independent analysis chain
based on a semi-analytical shower model (de Naurois & Rolland
2009) also confirms the robustness of the results of this work
from the H.E.S.S. data analysis (Sect. 2.1) up to the morphology
fit (Sect. 2.3).

3. Results

In this section we present the results of the analysis of
the H.E.S.S. observations of M 87 following the procedure
described in Sect. 2. First, we derive the light curve and source
states in Sect. 3.1. Afterward, we present the results of the mor-
phology fit of the low state in Sect. 3.2 and derive conclusions
about its origin in Sect. 3.3.

! We utilized the following Python packages throughout the analysis:
NumPy 1.17.2 (Harris et al. 2020), SciPy 1.3.1 (Virtanen et al. 2020),
Matplotlib 3.5.2 (Hunter 2007), Astropy 3.2.2 (Astropy Collaboration
2013, 2018), Gammapy 0.17 (Deil et al. 2017; Nigro et al. 2019), and
Sherpa 4.12.0 (Freeman et al. 2001; Refsdal et al. 2009).

2 More details in the Ph.D. Thesis Barbosa Martins (2022).
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Table 1. Bayesian blocks of the 30-day-binned H.E.S.S. light curve with
its classification into low, intermediate, and high flux states.

Block State Start date End date

0 Low 2004-02-16  2005-02-25
1 High 2005-02-25 2005-03-27
2 High 2005-03-27 2005-11-07
3 Intermediate  2005-11-07 2008-03-11
4 Low 2008-03-11 2009-03-21
5 High 2009-03-21 2012-10-31
6 Low 2012-10-31 2017-10-20
7 High 2017-10-20 2018-10-15
8 Intermediate  2018-10-15 2021-04-17

3.1. Bayesian blocks and source states

We applied the Bayesian blocks technique to the 30-day-binned
light curve as discussed in Sect. 2.2. Figure 1 shows the M 87
light curve with the derived Bayesian blocks and source states.
The start and end dates of the blocks are given in Table 1 and the
average gamma-ray flux above 300 GeV throughout the entire
period is ~1.8 x 10712cm™2 57!

We stacked data from the individual blocks according to the
defined source states and analyzed them separately. The results
are summarized in Table 2. The low state has the largest data
set (=120h), while the high state has the highest significance
of detection (=190°). The spectral index of a PL energy distri-
bution® hardens from the low to the high state, consistent with
previous results (Aharonian et al. 2006a; MAGIC Collaboration
2020).

3.2. The morphology of the low state of M 87

We performed a morphology fit to the M 87 low-state gamma-
ray emission to probe its extension. No indication of a spa-
tially extended emission component is found when comparing
a point-like and an extended model as described in Sect. 2.3. An
upper limit (UL) on the Gaussian o extension of 58" is derived
at the 99.7% confidence level (c.l.). This translates to a physi-
cal extension limit of ~4.6 kpc, assuming a distance to M 87 of
~16.5 Mpc (Blakeslee et al. 2009; Bird et al. 2010). This result
improves by a factor of approximately two over the latest results
(MAGIC Collaboration 2020). Previous measurements for the
best-fit position (Aharonian et al. 2006a; Acciari et al. 2008) are
in agreement with our results as shown in Fig. 2 (left).

3.3. The origin of the gamma-ray emission of M 87

The results of the best-fit position of a point-like and Gaus-
sian model are given in Table 3 for the low state. A slight shift
of ~25” in the best-fit position of the point-like model from
the radio core is present. To investigate this apparent shift, we
derived the 30 uncertainty contours. Figure 2 (right) shows the
best-fit position of the point-like model with its 30 statistical
uncertainty contours and the 99.7% c.1. extension UL of the low
state. We also plot the Very Large Array (VLA) radio 21 cm
emission in color scale, since it traces the energetic electrons
in the inner radio cocoon (<2 kpc). The shift between the best-fit
position of the low state and the radio core is less than 30~ even
without including the systematic uncertainty of 20”. Therefore,

3 d¢/dE = ¢po(E/TeV)™", where I is the spectral index, E the gamma-
ray energy and ¢, the normalization at 1 TeV.
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Table 2. Results of the H.E.S.S. analysis for the low, intermediate, and high flux states.

State Excess Excess-to- Significance  Livetime Flux at 1 TeV Spectral Integrated flux
(counts)  background ratio (o) (h) (1078 Tev-lecm2sh) index (1072 cm™2s7h
Low 593.6 0.49 15.6 120.4 3.4+0.2 2.63+0.09 1.50+0.13
Intermediate 198.8 0.68 10.5 28.5 4.1+0.9 2.36+0.10 1.57+0.20
High 397.1 1.34 19.4 29.0 10.4+0.5 2.25+0.05 3.76+0.22

Notes. The integrated flux is given above 300 GeV.
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Fig. 2. Results of the morphology fit in comparison to the shape of the radio emission and previous results. Left: H.E.S.S. low-state excess
counts map with the derived extension UL plotted alongside previous ULs and the radio contour from the VLA 90 cm map (Thopson et al. 1980;
Owen et al. 2000). The H.E.S.S. map is smoothed with a rotationally symmetric 2D Gaussian function with o = 18" for better visualization. The
best-fit position is shown by the blue marker for the Gaussian model, with its o extension UL at the 99.7% c.] given by the dashed dark blue
circle. The blue error bars in the position include the 1o statistical uncertainty from the fit and 20" systematic uncertainty (Acero et al. 2010).
Previous results by H.E.S.S. (Aharonian et al. 2006a), VERITAS (Acciari et al. 2008), and MAGIC (MAGIC Collaboration 2020) are shown with
the orange, light blue, and purple circles, respectively. The radio core of M 87 is marked by the black cross (Massaro et al. 2013). The dotted
black square indicates the region depicted in the right figure. Right: The VLA 21 cm (Becker et al. 1995; The FIRST Project Team 1994) radio
map of M 87 with the best-fit position for the point-like model for low, intermediate, and high flux states, shown with the blue, green, and pink
triangles, respectively. The solid line contours represent 3¢ statistical uncertainties for the respective source states. The dashed blue circle shows
the resulting 99.7% c.1. of the Gaussian o extension UL in the low state. The best-fit positions of the source states are consistent with one another

and with the M 87 radio core, and they agree with previous results.

Table 3. Best-fit parameters of the morphology fit.

Model RA(°) Dec (°) ac(”)
Point-like  187.707+0.005 12.398+0.003 -
Gaussian  187.711+0.002  12.397+0003 12413

Notes. The best-fit parameters of the low state of M 87 (see Table 1)
considering the point-like and the rotationally symmetric 2D Gaussian
models. 1o statistical errors are given. The lower limit in the o does
not reach the 1o level within the valid interval (og > 0).

the best-fit position of the point-like model is consistent with the
radio core.

Our extension UL on the low state of M 87 excludes the radio
lobes (=30kpc; black contours in Fig. 2 left) as the principal
component of the low state of M 87 gamma-ray emission. Since
the radio emission of the inner cocoon is still contained within
the extension UL (Fig. 2 right), we conclude that the inner radio
cocoon cannot be excluded as the principal component. Further
observations of the low state of M 87 will improve the extension
UL and probe the region inside the inner radio cocoon.

Since the sizes of the kiloparsec-scale jet (<1kpc)
and the X-ray knots are smaller than the H.E.S.S. exten-
sion UL, they could still contribute to (part of) M87
gamma-ray low-state emission. Furthermore, the results from
The EHT MWL Science Working Group (2021) show that the
VHE emission during the low state of M 87 cannot originate
from a single zone leptonic scenario in the very close vicinity
of the SMBH (<10rg~0.003 pc, where r, is the SMBH gravi-
tational radius). On the other hand, the addition of a hadronic
emission component in the close vicinity of the SMBH can
indeed explain the broadband spectral emission (Alfaro et al.
2022; Boughelilba et al. 2022; Xue et al. 2022). Figure 3 sum-
marizes the scales of some known structures in M 87, highlight-
ing the region excluded by this work.

Despite the lack of an extension detected in the M 87 low-
state gamma-ray emission, we tested the hypothesis that the
same emission region is responsible for the gamma rays in the
different source states. Hence, we also fitted the morphology of
the intermediate and high-flux states. None of the source states
show significant extended emission and the best-fit positions of
the point-like model of the M 87 source states are consistent with
each other.
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Fig. 3. Physical scales and prominent (jet) components in M 87 on a logarithmic scale with the region excluded by this work shaded in gray. This
work (Sect. 3.2) excludes the region >4.6 kpc as the origin of the VHE gamma-ray emission of the low state of M 87. The half-light radius of
the stars, R;» ~ 7.2kpc (Weil et al. 1997), and the dimensions of the radio lobes are also shown. The order of magnitude of the size of the EHT
ring-like structure (~1073 pc) is shown (The Event Horizon Telescope Collaboration 2019; The EHT MWL Science Working Group 2021). The
measured extension from Centaurus A is shown for comparison (Abdalla et al. 2020a).

4. Discussion

Based on the extension UL derived in the previous section, we
explore two plausible multiple-component scenarios that could
lead to extended gamma-ray emission in the inner Virgo Cluster.
Physical properties such as the energy content in CRp and the
pressure they exert on the ICM are constrained and the role CRp
play in feedback processes is discussed.

4.1. Physical scenarios for an extended gamma-ray emission

The M 87 radio lobes extend up to 30 kpc from the core and
trace mildly relativistic electrons. The contribution from sec-
ondary electrons, that is, from the decay of charged pions, to
M 87 radio-lobe emission is subdominant (Pfrommer 2013).
Reacceleration of electrons by plasma waves (Enf3lin et al. 2011)
has been proposed to boost electrons with energies between 0.1
and 10 GeV to tens of GeV, which would complement the radio-
lobe emission. In fact, CRp would also be boosted by this reac-
celeration mechanism. Given their longer radiative lifetime in
the ICM, the CRp dominate the pressure in the inner Virgo Clus-
ter over CRe. In general, reacceleration through plasma waves is
a rather inefficient process and it is unlikely to boost electrons up
to TeV energies beyond the kiloparsec-jet region. Therefore, we
can ignore the VHE gamma-ray contribution from reaccelerated
mildly relativistic electrons in the cluster region.

On the other hand, the streaming CRp might hadronically
interact with the local target material and produce pions. The
neutral pions could generate a detectable and extended VHE
gamma-ray signal within the cluster region (Sect. 1). However,
for this to occur, a dense target material and a strong CRp com-
ponent must be present. The depletion of target material in the
X-ray cavities (Abdulla et al. 2019) could locally impede pion
production, and subsequently reduce the total gamma-ray sig-
nal. While gamma-ray production through neutral pion decay is
a promising scenario, it may face challenges due to the possible
presence of material-depleted regions.
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Particle acceleration could also take place in the lobes of
radio galaxies as evidence from Fermi Large Area Telescope
(LAT) observations of Fornax A indicates (Ackermann et al.
2016). The upscattering of the synchrotron and cosmic
microwave background photons in the radio lobes by the locally
accelerated CRe could also contribute to the VHE gamma-
ray emission of M 87 low state. As the H.E.S.S. extension UL
derived here is significantly smaller than the size of the radio
lobes, this process is very likely not the principal contributor to
the low-state gamma-ray emission. On the other hand, electrons
accelerated in the central AGN could significantly contribute to
the gamma-ray signal through inverse Compton scattering in the
photon fields of the core region. The cooling time of 10 GeV
CRe is typically ~10 Myr in a ~10 uG magnetic field and hence
orders of magnitude shorter than the p—p cooling time (see Fig. 2
in EnBlin et al. 2011). Therefore, primary CRe are expected to
mainly contribute to the emission in the close vicinity of the
SMBH, which H.E.S.S. cannot resolve. CRe accelerated in the
central AGN lose most of their energy before reaching kiloparsec
distances, but could be reaccelerated via stochastic and/or shear
particle acceleration to TeV energies (Rieger et al. 2007). These
reaccelerated electrons would scatter via the inverse Compton
process in the photon fields of the jet and produce an extended
gamma-ray jet emission (Abdalla et al. 2020a). The jet exten-
sion at radio to X-ray wavelengths is =1kpc (=13”), and also
cannot be resolved by H.E.S.S. Therefore, a potential leptonic
gamma-ray emission from the M 87 kiloparsec jet will appear
point-like and indistinguishable from the emission from the core
in this work.

Gamma rays can also interact with extragalactic back-
ground light photons on their way to Earth and produce
electron-positrons pairs. These will initiate electromagnetic cas-
cades, potentially producing an extended gamma-ray halo sig-
nal (Anderhub et al. 2010). Given the close distance of M 87
to Earth (=16.5Mpc; Blakeslee et al. 2009; Bird et al. 2010),
effects from the background light would become relevant to the
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gamma-ray spectrum at energies >10TeV (Franceschini et al.
2019). In fact, only 9 events above the background level are
reconstructed with energies above 10TeV in the low state, 4
in the intermediate state, and 13 in the high state. Therefore,
the contribution of such an extended gamma-ray component in
the low state of M 87 can be safely neglected for morphologi-
cal studies.

The CRp from the jet could also interact with the local pho-
ton fields and produce neutral pions, which could lead to an
extended gamma-ray signal. However, Boughelilba et al. (2022)
have shown that the accretion flow and the disk around the
SMBH can be neglected as targets for particle-photon interac-
tions in the jet.

Another strong candidate for accelerating CRs and produc-
ing an extended gamma-ray signal is cluster mergers. Giant
radio halos (2200 kpc) and relics (EnBlin et al. 2011) are typi-
cally found in clusters with recent merging activities. Neverthe-
less, the Virgo Cluster does not have any of the aforementioned
signals, although the cluster is also not yet completely dynam-
ically relaxed (Kashibadze et al. 2020). During merger events,
CRp are expected to be accelerated at shocks near the clus-
ter’s virial radius (x1.7 Mpc, that is, ~6° for the Virgo Cluster;
Ackermann et al. 2015), and they may be transported toward
the cluster center, depending on the cluster’s turbulent history.
In the absence of turbulent advective transport that counterbal-
ances diffusion, the CRp profile in galaxy clusters tends to flat-
ten (EnBlin et al. 2011). Hadronically interacting with the local
ICM, these CRp can generate a diffuse gamma-ray signal up
to the cluster’s virial radius. However, it would be difficult for
H.E.S.S. to detect such an extended gamma-ray signal, as its
sensitivity degrades significantly to almost 80% of the Crab
flux for a source diameter of ~2° (Casanova & Dingus 2008;
Mitchell et al. 2023).

In contrast to merger events, accretion events, that is, merg-
ing smaller virialized objects, might produce stronger shocks and
accelerate CRs more efficiently. Inoue et al. (2005) have shown
that for a ~uG magnetic field in the shock region, CRp can
be accelerated up to ~10'® eV. These CRp would produce pairs
of electron-positron, which would rapidly cool through inverse
Compton scattering and synchrotron losses, ultimately generat-
ing a signal in the form of gamma rays with an energy flux
of 1071210~ ergcm™2 57!, marginally detectable by H.E.S.S
given the extension of the signal. For the Virgo Cluster the shock
diameter can reach up to =1.9° around the virial radius (=6°),
that is, outside the region of interest of our analysis.

Finally, the annihilation of hypothetical weakly interacting
massive particles in the dark matter halo around M 87 could
also contribute to an extended gamma-ray signal, as investigated
in Ackermann et al. (2015) at GeV energies. The size of the
gamma-ray emission would strongly depend on the dark mat-
ter particle model. Therefore, for the sake of simplicity, the dark
matter scenario is not covered in this study.

Among the discussed scenarios for an extended VHE
gamma-ray signal in the low state of M 87, we consider the neu-
tral pion decay gamma-ray emission from p—p interactions as
the most likely one. To model the CR pressure and the gamma-
ray emission from pion decay in the inner Virgo Cluster, the
CRp energy and spatial distributions as well as the ICM den-
sity distribution have to be considered. Very little is known about
CRs in galaxy clusters and assumptions have to be made about
their energy and spatial distribution. In contrast, the ICM den-
sity distribution can be estimated using X-ray measurements
assuming an element composition of the plasma (Appendix B).
However, X-ray measurements provide no information about the

spatial distribution of the emission along the line of sight, which
makes it challenging to construct a 3D model of the ICM with-
out making further assumptions. Additionally, the X-ray sur-
face brightness of the inner Virgo Cluster exhibits a complex
morphology, featuring X-ray cavities that coincide with the inner
radio lobes, as well as X-ray arcs with the matter at lower tem-
peratures (~1 keV) than the surrounding gas (Young et al. 2002).
The composition of X-ray cavities and the nature of the sus-
taining pressure in radio galaxies are still not fully understood
(Abdulla et al. 2019). Therefore, we adopt a simplified assump-
tion of a radially symmetric ICM distribution, which does not
account for the complex X-ray morphology of the cavities in the
inner radio lobes. This approach may result in an overestimation
of the gamma rays produced by neutral pion decay in the cavities
if they are depleted of target material, which could ultimately
affect the final UL on the CRp pressure. Furthermore, averag-
ing the 2D X-ray brightness in azimuth leads to a 1o uncer-
tainty on the radial X-ray brightness of approximately 85% in the
region close to the M 87 core (within 4 kpc) and approximately
30—40% in the region up to 0.5° from the M 87 core. Since these
uncertainties propagate to the ICM density distribution, the lim-
its derived in Sect. 4.2 and Sect. 4.3 are approximations for the
case of a radially symmetric ICM distribution.

We assume that CRp are distributed in momentum space
according to a PL with spectral index a,, which we vary
from 2.1 to 2.6. PL distributions with spectral indices ap22
are characteristic of first-order Fermi acceleration (Fermi 1949;
Rieger et al. 2007). Due to the long cooling time of CRp in the
ICM (EnBlin et al. 2011), no exponential cutoff is expected in the
highest-energy part of the particle spectrum. The formalism uti-
lized in this work to interpret the morphology results in terms of
the CR to thermal pressure ratio is presented in Appendix B and
is largely based on Appendix B2 of Jacob & Pfrommer (2017b).
The parametrizations for the ICM density and temperature distri-
butions in the Virgo Cluster shown in Appendix B are extracted
from Jacob & Pfrommer (2017a,b).

Finally, we consider two multiple-component models that
lead to an extended gamma-ray component in the M 87 low state:
the magnetic confinement and the steady-state models. Both
models are discussed and derived in Appendices C.1 and C.2,
respectively. We define hybrid models composed of one dif-
fuse model and a point-like component to account for the lep-
tonic emission from the AGN. The hybrid models have two
free parameters: the amplitudes of the template and the point-
like component. The center of the point-like component is fixed
to the best-fit position of the pure point-like model, given in
Table 3. In the following, we show the results of the fit of the
hybrid models to the M 87 low-state data and discuss the impli-
cations of the results.

4.2. The magnetic confinement model

We fitted the hybrid model composed of the magnetic confine-
ment model and a point-like source at the core of M 87 to the
H.E.S.S. data. The fit converges to a point-like model, showing
that an additional diffuse component in the morphology model
does not improve the fit. To place an UL on the gamma-ray
flux from the diffuse component, we first defined a set of hybrid
models with increasing fixed amplitude of the diffuse compo-
nent. The new hybrid models have now only one free parameter
accounting for the intensity of the point-like component. Finally,
we fitted the H.E.S.S. data to this defined set of hybrid models
and compared their TS with the TS of the fit of a pure point-
like model. The maximum intensity of the diffuse component
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allowed by the morphology fit (at a 99.7% c.1.) is found when
the ATS of the morphology fit reaches 30 preference for the
point-like model in comparison to the hybrid model. The results
of our analysis show that the 30 preference is reached when the
template component accounts for 45% of the total low-state flux
of M87. This translates into a maximum gamma-ray flux above
300GeV of 6.7 x 1071* cm=2s~! for an extended gamma-ray
component in the magnetic confinement scenario. Likewise, the
contribution of the point-like component is estimated to account
for >55% of the M 87 low-state emission.

To derive the maximum CR pressure allowed by the mor-
phology fit of the hybrid model, the CRp distribution has to
be taken into account. A centrally peaked CRp distribution is
expected since we probe the source of CRp at the center of
the cluster, that is, the AGN. Based on the equations from
Appendix B (Jacob & Pfrommer 2017a,b), which describes the
assumed ICM composition, density, and temperature distribu-
tions, we estimated the CRp distribution such that the CR to
thermal pressure ratio (Xcr(r) = Pcr(r)/Pw. (7)) is constant in
the inner region of the cluster. A constant Xcg in the inner parts
of the cluster is characteristic of an equilibrium state between the
heating of the ICM by the streaming CRp and the ICM thermal
cooling (Pfrommer 2013). The results show that the CR to ther-
mal pressure ratio is Xcg < 0.17 for a proton distribution with
ap = 2.1at99.7% c.l. This estimate is directly influenced by the
assumptions on the CRp and ICM spatial distributions. If large
regions are material-depleted, as is possibly the case in the X-ray
cavities (Young et al. 2002), the UL on the Xcr obtained in this
study is underestimated, at least in the region of the cavities.

The CRp energy density ecr was estimated and integrated
within the volume to yield the total energy in CRp in the inner
20kpc of the Virgo Cluster of Ucr<5x10°8 erg. This is twice
as much energy as the total energy estimated from a theo-
retical model consisting of shocks produced by outbursts that
explains the M 87 radio and X-ray emissions (Forman et al.
2017). Briiggen et al. (2002) has shown that the buoyant gas in
a galaxy cluster can reach a distance of ~20 kpc after =15 Myr.
Therefore, for the streaming CRp to reach Ucg <5 10 erg in
15Myr, an average jet power of P; < 6 X 10¥ ergs™ is nec-
essary, considering the extreme case of 100% efficiency in the
CRp acceleration. Even though the estimates on Ucr and Pj are
rather uncertain and model dependent, the previous arguments
show that these ULs are larger than (but on the order of magni-
tude of) the values expected from the literature (Forman et al.
2017). Furthermore, the UL on the Ucg derived in this work
is twice as constraining as the result from Nizamov & Pshirkov
(2022), which placed an UL on Ucr up to 35kpc from the
M 87 core based on Fermi-LAT data (Abdollahi et al. 2020).
Our estimates above rely on the assumption that the spectral
index of the CRp is @, = 2.1. Since the spectral index of the
gamma rays from neutral pions is expected to follow the index
of the CRp population, an additional brighter and steeper com-
ponent in the M 87 low-state emission would be necessary to
account for the overall gamma-ray flux estimated with H.E.S.S.
(ay = 2.63+0.09; Table 2), possibly, the kiloparsec jet as in Cen-
taurus A (Abdalla et al. 2020a). For steeper CRp spectral indices
our ULs on Xcr and Ucgr become less constraining as seen in
Fig. 4 by the blue ULs.

4.3. The steady-state model

The fit of the M 87 low-state data to the steady-state hybrid
model converged into a pure point-like model. Nevertheless, by
fitting a set of hybrid models with increasing fixed amplitude of
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Fig. 4. UL of the maximum CR to thermal pressure ratio,
XCR max. = max(Pcr(r)/Pu (1)), within the inner 20 kpc of the cluster for
different proton spectral indices. Two different CRp spatial distributions
were considered for a set of CRp spectral indices. The blue ULs are the
result of the magnetic confinement approach (Sect. 4.2), and the orange
ULs are the result of the steady-state approach (Sect. 4.3). The predic-
tion by Jacob & Pfrommer (2017a) is also shown, in dashed black.

the diffuse component, we derive a 99.7% c.l. UL on the total
flux of the diffuse component of <8.1 x 10713 cm™2s7!, that is,
<55% of the low state of M 87 VHE gamma-ray flux (Table 2).
This UL is a factor of ~4 larger than predicted by the model.
Hence, the morphology fit was not able to probe the model
proposed in Jacob & Pfrommer (2017a) for the Virgo Cluster.
However, we could probe a scenario in which the gamma-ray
distribution from neutral pion decay resembles the one from the
steady-state model but is normalized to ~55% of the flux of M 87
low state. Afterward, we derived an UL on the maximum CR
to thermal pressure ratio (Xcrmax.) in the inner Virgo Cluster
for the set of CRp spectral indices. The results are similar to
the results of the first approach as shown by the orange ULs
in Fig. 4. The same approach as in Sect. 4.2 is used here to
account for the ICM and CRp spatial distributions. For a pro-
ton distribution with @ = 2.1, Xcrmax. < 0.32 and the total
energy in CRp in the inner 20kpc of the Virgo Cluster is also
constrained to Ucr<5x10% erg. While the steady-state model
predicts a level of Xcr max. = 0.10 (Fig. Al in Jacob & Pfrommer
2017a), the H.E.S.S. UL is XcR max. < 0.32 for @p = 2.1 and
becomes less constraining for steeper proton distributions, where
the expected flux in VHE gamma rays is lower. Therefore, the
H.E.S.S. Xcrmax. UL derived from the morphology fit of the
M 87 gamma-ray low state does not rule out the steady-state
model regardless of the spectral index of the proton distribution.

5. Summary and conclusions

In this work we aim to localize the VHE gamma-ray emission
from M 87, probing an extended emission in its low state and
testing its hadronic origin. Neutral pions are produced in p—p
interactions between the relativistic protons (CRp) from the jet
and the ICM (Churazov et al. 2002; Peterson & Fabian 2006).
The neutral pions decay almost immediately to gamma rays,
which can be detected with H.E.S.S. as an extended and steady
gamma-ray signal (Jacob & Pfrommer 2017a,b).

First, we investigated the VHE gamma-ray flux of M 87
with H.E.S.S. between 2004 and 2021 and classified the source
emission into low, intermediate, and high flux states based on
a Bayesian block analysis (Scargle 1998; Scargle et al. 2013;
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Ahnen et al. 2016). We focus our studies on the low state since
the detection of steady and extended emission could point to a
hadronic origin and provide an estimate of the CRp pressure in
the inner Virgo Cluster.

We do not detect extended emission via the morphology fit of
the low state. Nevertheless, we derive an UL on the oG of a rota-
tionally symmetric 2D Gaussian model of 58" (=4.6 kpc) at the
99.7% c.1. The best-fit position of the point-like source model is
compatible with the radio core (Fig. 2) within 3¢ statistical uncer-
tainty. Furthermore, our extension UL is twice as constraining as
the latest result (MAGIC Collaboration 2020), and, considering
the uncertainties in the best-fit position, it excludes for the first
time the M 87 radio lobes (=30 kpc; Owen et al. 2000) as the main
contributor to the low state of M 87 gamma-ray emission (Fig. 2,
left). On the other hand, the inner radio cocoon (VLA 21 cm), as
shown in Fig. 2 (right), cannot be ruled out as the principal com-
ponent. Our UL on the extension already lies within the optical
extentof M 87 (R 2 = 7.2kpc; Weil et al. 1997). The origin of the
VHE gamma-ray emission from the M 87 source states is, within
the uncertainties, consistent with a single origin at the M 87 core.

We consider two plausible multiple-component scenarios
to explain the gamma-ray emission in the low state of M 87.
We derived templates for the diffuse gamma-ray components
of these two approaches and defined two hybrid models com-
posed of a point-like component centered at M 87 to account
for the AGN emission and each of the respective diffuse tem-
plates. The morphology fit of the hybrid models allow us to
constrain the CRp pressure in the inner Virgo Cluster. The first
approach (Appendix C.1) is based on the magnetic confinement
model, and the second approach (Appendix C.2) is based on
the steady-state model from Jacob & Pfrommer (2017a). The
results show that the contribution of the diffuse component is
constrained at the 99.7% c.l. to <45% of the VHE gamma-ray
flux detected from the low state of M 87 for the magnetic con-
finement hybrid model and <55% for the steady-state hybrid
model. To interpret these limits in terms of CRp pressure in
the inner Virgo Cluster, we first considered the CRp distributed
as a PL in momentum with a spectral index, «,, that we var-
ied from 2.1 to 2.6. We utilized the formalism and the ICM
parametrizations from Jacob & Pfrommer (2017a,b) for the ICM
distribution to derive ULs on the maximum CR to thermal pres-
sure ratio (XcRr max.) and the maximum energy in CRp (Ucr) in
the region up to 20 kpc from the cluster center. For a CRp dis-
tribution with spectral index ap = 2.1, Xcrmax.$0.17 for the
hybrid models with the magnetic confinement template, while
XcRrmax.$0.32 for the hybrid model with the steady-state tem-
plate. For steeper CRp distributions, the H.E.S.S. UL is less
constraining. The energy in CRp, assuming o, = 2.1, is con-
strained at the 99.7% c.l. to Ucgr <5 X 10°8 erg up to 20 kpc from
the M 87 core in both approaches. This limit is larger than, but
of the same order of magnitude as, the total energy expected
from a theoretical model consisting of shocks produced by out-
bursts from M 87 (Forman et al. 2017). Our UL on the Ucy is
also twice as constraining as the UL based on Fermi-LAT data
(Nizamov & Pshirkov 2022).
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Appendix A: The long-term light curve of M 87
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Fig. A.1. M 87 long-term light curves with their Bayesian blocks
derived according to Sect. 2.2 for 1-day- (top), 7-day- (middle), and 15-
day-binned flux points (bottom). The H.E.S.S. data points are shown in
black, and a constant fit is shown with the solid orange line. The blocks
with their flux levels are given by the blue rectangles. Dashed orange
lines indicate a change in the flux level. The orange numbers at the bot-
tom indicate the labels of the blocks.

M 87 is known to be highly variable in VHE gamma-rays, with
flares on the order of one day (Abramowski et al. 2012). There-
fore, a daily binned light curve could well identify the flares and
isolate the low-state periods. Nevertheless, M 87 is a rather weak
source in the TeV regime at low states. In fact, at least 5 hours of

observations are needed for a significant source detection (see
The EHT MWL Science Working Group 2021), hardly achiev-
able in a single night. The choice of a daily binned light curve
would lead to large statistical uncertainties in the data points,
and hence, an uncertain definition of the source states. On the
other hand, the choice of very large bin sizes, for instance 60
days, would mix high and low states and result in a flattened
light curve. Given the trade-off between reasonable statistical
uncertainties in the flux points and a low state defined with the
least variable emission in it, we chose the compromise of hav-
ing a bin size equal to 30 days. The published flares from 2005
(Aharonian et al. 2006a), 2008 (Acciari et al. 2009), and 2010
(Abramowski et al. 2012) are well visible in the 30-day-binned
light curve as shown in Fig. 1. Furthermore, we also produced
the 1-, 7-, and 15-day-binned light curves and their Bayesian
blocks as shown in Fig. A.1. In fact, the blocks with elevated flux
in these light curves mostly coincided with the elevated blocks
from the 30-day-binned light curve (Fig 1). Nevertheless, very
long blocks, for instance blocks 5 and 9 in the one-day light
curve and blocks 4 and 8 in the 7-day light curve, show that
the statistical uncertainties of the flux points are still too high
for new flux levels to emerge from the Bayesian block analy-
sis. More importantly, the VHE gamma-ray flare from 2008 falls
within blocks below the average in the light curves of Fig. A.1.
Therefore, the light curves with bin sizes up to 15-day long have
shown to be insufficient for a reliable Bayesian block analysis
with M 87 data.

Appendix B: The interplay between CR pressure
and gamma-ray emission

Following the formalism from Jacob & Pfrommer (2017b), a
single beta profile function is utilized to parametrize the elec-
tron distribution as seen by the Chandra X-Ray Observatory
(Weisskopf et al. 2000) in the inner Virgo Cluster:

ne() = o1+ ey

B.1)
where 19p=0.230cm~3, 8=0.29 and r.=0.6kpc. The equation is
valid for r<44 kpc. For a fully ionized ICM composed of a hydro-
gen mass fraction of X=0.7 and helium mass fraction of Y=0.28,
the ICM density distribution is given by

niem(r) = %ne(r), (B.2)

where p.=1.18 and u=0.62 are the mean molecular weight per
electron and per particle in the ICM, respectively.

The CRp energy and spatial distributions can be described as
a function of the distance from the cluster center, r, and the CRp
dimensionless momentum, py:

np(r, pp) = Cp(Npy "H(py = gp), (B.3)
where p, = P,/(mc), Py is the CRp momentum, m,, the proton
mass and ¢ the speed of light, C,(r) is the spatial distribution of
CRp, H is the Heaviside step function, g, = 0.5 is the dimen-
sionless lower momentum cut-off and «a;, is the spectral index of
the CRp distribution.

The gamma-ray source density distribution s,(E,,r) pro-
duced locally by the neutral pion decay can be derived based on
the nicm(r) and n,(r) distributions. The integration of s,(E,, r)
from E,=300 GeV to E,=c0, considering the p-p cross-section
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Opp 18 given by

A,(r) = f dE,s,(E,,r) =
300GeV

4C,(r) mpcoppmem(r) ( my \* 3 ap+l ap—1
3ap6y m, 2m 0 26, ° 26,

X

s

X
(B.4)

in units of cm™s™!, where o, = 3.2:10729(0.96+¢*424%) cm >
(Pfrommer & EnBlin 2004), m,o is the neutral pion mass,
Bx(a,b) is the incomplete beta function, Xj is given by

m 0C2 20y -
Xi =1+ T y
[ ( 2E7,i ) ]
where E, is the gamma-ray energy calculated at i=E/ and i=E;,
6, ~ 0.14a;"° + 0.44 is the shape factor, and Bxl[(a, b)]ﬁ? =
Bx,(a,b) — Bx,(a,b).

The uncertainty in the particle interaction model, specifi-
cally in the parametrization of the cross-section oy, results in
an uncertainty of approximately 50% in the energy-integrated
gamma-ray source function for energies ranging from 300 GeV
to tens of TeV. Additionally, the systematic uncertainty associ-
ated with the detected gamma-ray flux with H.E.S.S. is approx-
imately 20% (Aharonian et al. 2006b). As a result, estimates on
the CRp pressure and total energy in CRs should be considered
order-of-magnitude estimates. As for the gamma-ray flux esti-
mates, the CRp pressure, Pcr(r), depends on the CRp spatial
distribution, Cp(r), and on the proton spectral index, ap:

(B.5)

1
Pcr(r) = gm,,cchm B (B.6)

1

2
1+qp

2 72

(a,,—Z 3—(1,,)

The CR pressure distribution can be also represented as
an energy density distribution, considering an effective adia-
batic index for the CRs (fully relativistic value) of ycr=4/3
(Jacob & Pfrommer 2017a):

Pcr(r) = (ycr — Decr(r). (B.7)

The integral of ecr(7) in the volume around the source gives the
total energy in CRp in units of erg:

Uck = f ecr(MaV. (B.8)
1%

The representation of the CR pressure Pcr(7) in terms of the
thermal pressure Py, (r) is useful to characterize the steady state
model, in which the heating of the ICM counterbalances the
cooling:

Pcr(r)
X = , B.9
() = 52 (B.9)
The thermal pressure Py, (r) is given by
P (1) = S inekaT (1), (B.10)

where kg is the Boltzmann constant and T(r) is the tempera-
ture profile of the X-ray emitting electrons. Like the density
distribution of the electrons in the plasma, n.(r), the T(r) is
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also parametrized from X-ray Chandra data (Jacob & Pfrommer

2017a):
, —n-1 - 21-0.32
1+(—) ] 1+( ) , (B.11)
rr arop

where Top=19keV, T1=3.1keV, rn=28kpc, n=1.4, a=0.2 and
}’200:1.08Mp0.

T(r)=To+(T1-Tp)

Appendix C: The diffuse emission templates
C.1. The magnetic confinement template

We consider the LOw Frequency Array (LOFAR,;
Van Haarlem et al. 2013) study of M&7. The 140MHz
radio emission (De Gasperin etal. 2012) traces relativistic
electrons, which emit synchrotron photons giving rise to the
~30kpc micro-halos (Jacob & Pfrommer 2017a). The radio
micro-halos are very well confined within boundaries that have
the same dimensions at all radio frequencies down to 25 MHz
(De Gasperin et al. 2012). This indicates that the distribution
of nonthermal electrons is energy independent and that they
are magnetically confined in the lobes. CRp accelerated in the
central AGN populate the cluster and could also be present up
to the same boundaries as seen in the radio band. Apart from
X-ray-depleted regions (cavities) in radio galaxies, where the
composition of the material is yet unknown (Abdulla et al.
2019), the ICM at the inner Virgo cluster has a rather high
density of 0.1-0.01 cm™3 (Jacob & Pfrommer 2017a). Therefore,
assuming that the CRp mix with the ICM, the CRp could
hadronically interact with it and produce pions. While the
charged pions decay to electrons and positrons that likely
contribute to part of the radio synchrotron emission from
the micro halo, the neutral pions decay to gamma rays. The
morphology of the hadronic gamma-ray emission depends not
only on the ICM density distribution but also on the CRp energy
and spatial distributions (Appendix B). A complete model of
this emission would demand a large number of assumptions,
for instance, on the poorly known content of the X-ray cavities
and the distribution of CRp in the cluster. Therefore, for the
sake of simplicity, we assume in this approach that the gamma
rays follow the same spatial distribution as the radio emission
detected by LOFAR at 140 MHz. This allows us to probe
the contribution of an extended hadronic component to M 87
low-state emission despite the different radiation mechanisms.
Based on this assumption, we generated a 2D template for
the gamma-ray emission, the magnetic confinement template,
shown in Fig. C.1 as it would be seen with H.E.S.S. Naturally,
we do not expect that the magnetic confinement template
explains the entirety of M 87 low-state VHE emission because
the template does not account for the emission from the AGN
and this study has not measured an extension in the Gaussian
model (Sect. 3.2).

Although we utilized the template shown in Fig. C.1 for
the main analysis in Sect.4, we also tested an alternative tem-
plate. This alternative template attempted to reduce the contri-
bution of the kpc-jet to the overall shape of the emission by
masking the central bin in Fig. C.1 (top) before convolving it
with the H.E.S.S. PSF. We found that the morphology fit of
the alternative template showed a maximum allowed contribu-
tion of 30% to the total low-state gamma-ray emission of M87
(54.5x10713 cm™2s7"), compared to 45% when using the orig-
inal template. However, we opted to proceed with the origi-
nal approach since it yields a more conservative UL on the
CR pressure.
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Fig. C.1. 2D templates for the gamma-ray emission in the inner
Virgo Cluster, following the square root of the radio emission inten-
sity normalized at its maximum as seen by LOFAR (Fig. 5 from
De Gasperin et al. 2012) for better visualization: the model displayed
with a bin size of 36” (top) and the intrinsic emission convolved with
the H.E.S.S. PSF (bottom).

C.2. The steady-state template

In the second approach, we adopted the model from
Jacob & Pfrommer (2017a,b) for the AGN feedback. The
authors propose a steady-state model, in which the CRp pressure
is sufficient to counterbalance, at every distance from the cluster
center, the radiative cooling of the ICM. The CRp excite Alfvén
waves through the streaming instability and the nonlinear Landau
damping of these waves provides an efficient mechanism for
heating the ICM. In addition to the CR pressure, the thermal
pressure helps halt the cooling flow toward the cluster center.
The model solves the cooling flow problem and predicts a steady
and extended gamma-ray signal due to neutral pion decay. The
assumption of a steady state leads to an analytical estimation of
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Fig. C.2. 2D templates for the gamma-ray emission in the inner Virgo
Cluster, following the square root of the gamma-ray intensity due to 7°
decay considering the angular resolution of the H.E.S.S. sky maps: the
model displayed with a bin size of 36" (top) and the intrinsic emission
convolved with the H.E.S.S. PSF (bottom).

the CRp pressure distribution in the inner cluster. Using the CRp
pressure distribution in Fig. A.1 from Jacob & Pfrommer (2017a)
and equations from Appendix B we derived the distribution of
gamma rays above 300 GeV produced by the decay of neutral
pions for the same set of CRp distributions utilized in the first
approach of our study. Afterward, we integrated the gamma-ray
distribution along the line of sight to generate a second 2D
gamma-ray emission template as it would be seen with H.E.S.S.
The template is shown in Fig. C.2. We also integrated the gamma-
ray distribution in the volume around the source (<20 kpc) and
accounted for the distance to M 87 to obtain a predicted VHE
gamma-ray flux of 2.2 X 10~ 3cm™2s! by the steady-state model
with ap=2.1, thatis, ~15% of the low state of M 87 VHE emission
(Table 2). The predicted flux becomes smaller for steeper indices
and is, therefore, less relevant for this study.
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