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M87 is a giant radio galaxy located in the Virgo Cluster, known to be a very high energy (VHE)
gamma-ray source. As radio galaxies are considered the misaligned low-redshift counterparts
of blazars, they are excellent laboratories for testing AGN emission models. M87 has been
detected and monitored by Fermi-LAT and several atmospheric Cherenkov telescopes. Recently,
the HAWC Collaboration presented marginal evidence of 4.5 year TeV gamma-ray emission from
this object. The HAWC data has the potential to constrain the average VHE emission of sources
of complex behavior, like M87, for which the physical origin of the VHE gamma-ray emission is
still uncertain. We fitted a lepto-hadronic scenario to the broadband spectral energy distribution
of M87 to model its non-flaring VHE emission using HAWC data.
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1. Introduction

M87 is a supergiant elliptical galaxy with an active nucleus (AGN). It is classified as a radio
galaxy (RDG) of type Fanaroff-Riley I (FR-I) and is located in the Virgo Cluster at a distance of 16.7
± 0.2 Mpc [1]. Its prominent jet was first discovered in 1918 [2] and has been studied in multiple
wavelengths and scales [3]. The Event Horizon Telescope (EHT) observed the supermassive black
hole (SMBH) M87*, which engines the AGN of M87. producing an image of its shadow [4]. This
result was used to constrain the black hole mass [5], spin and recently, the magnetic field structure
near the event horizon [6].

M87 is a well-established MeV, GeV and TeV gamma-ray source [7, 8]. It was the first RDG
detected in the TeV gamma-ray range and some TeV flares have been observed [9–11]. In non-flaring
state, this source has also shown complicated gamma-ray spectral and flux variability [12]. The
zone where this emission is produced is not well determined, being the inner jet or core its most
likely origin [11, 12]. Other candidates are the jet feature HST-I and the SMBH vicinity [11, 12].
The physical mechanism that produces this emission is not known either. It is commonly accepted
that an one-zone synchrotron self Compton (SSC) scenario is not enough to explain this emission
i.e, [13, 14]. This is supported by the evidence of a spectral turnover at energies of ∼ 10 GeV,
which could be produced by the transition between two different emission processes [12]. One of
the proposed alternatives to explain this emission are the lepto-hadronic scenarios, which explain
the spectral energy distribution (SED) combining leptonic models with photo-hadronic interactions
[13, 29].

The High Energy Water Cherenkov (HAWC) gamma-ray observatory marginally detected this
source at � > 0.5 TeV [15]. This long-term 1523 days observation represents a good constraint
of the average TeV emission of M87. In this work we fit a lepto-hadronic model to a SED built to
include the HAWC observations for the first time.

2. Data

An average SED of M87 was constructed using historical archive data [7, 16–26]. We also
included Fermi-LAT observations from the 4FGL catalog [27]. As it was mentioned above, HAWC
data from [15] were used to consider the VHE emission. These observations were already corrected
by an Extra-galactic background light (EBL) absorption model [28]. Therefore, we do not consider
this effect during the fitting process.

3. Model and Methodology

The model that we use postulates an electron population contained in spherical region in the
inner jet [30]. The spectral electron distribution (as a function of W′, the electron comoving Lorentz
factor) is a broken power law given by Equation 1 :
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Parameter Value
Magnetic Field intensity (mG) � 46 ± 3

Doppler Factor � 4.3 ± 0.2
Electron spectral parameters

Broken PL index ?1 1.52+0.02
−0.01

Broken PL index ?2 3.53 ± 0.02
Break Lorentz factor (×103) W′2 3.80+0.07

−0.05
Photo-hadronic Component

Proton spectral index U 3.0 ± 0.2
Normalization log(�W) −0.5 ± 0.2
j2
a(d.o.f) 25.8 (22)

Table 1: Best fit values of the fitting parameters

#4 (W′) ∝
{
W′−?1for W′ < W′2
W′−?2for W′ > W′2

, (1)

where ?1,?2 correspond to the power law indices, and W′2 to the break Lorentz factor, which is
one of the fitting parameters of the model. Other two model parameters are B, the magnetic field
intensity and �, the Doppler factor of the emission zone. The one-zone SSC scenario explains
the SED range from radio to X-rays as synchrotron emission produced by electrons moving in
the magnetic field. A second energy component, from X-rays to gamma rays, is produced when
electrons Compton scatter synchrotron photons [30].

The proton population in the emission zone is assumed to have a single power law spectral
distribution (Equation 2):

#? (W′?) ∝ W′−U? , (2)

where U? is the proton spectral index, which is a fitting parameter of the model. This sce-
nario postulates that gamma-ray emission is produced in particle cascades generated by interaction
between SSC photons and accelerated protons [31]. The other fitting parameter of this model is a
normalization constant �W [31].

The methodology consisted of developing a Python code to fit the emission model to the SED.
First, the one-zone SSC model [30] was fitted to the data between radio and MeV-GeV gamma rays.
Then, the photo-hadronic [31] component was added to fit the VHE emission. The best fit values of
the model parameters were obtained with chi-square minimization and errors were estimated with
Monte Carlo simulations.

3



P
o
S
(
I
C
R
C
2
0
2
1
)
8
4
1

Modeling the non-flaring VHE emission from M87 Fernando Ureña-Mena

Figure 1: Spectral Energy Distribution (SED) of the RDGM87 with the SSC model fit. Archive data points
are shown black. The violet curve corresponds to the synchrotron component and the blue curve to the
inverse Compton one. The red curve corresponds to the total emission. The HAWC 1f error band is shown
in light blue.

4. Results and Discussion

The best fit model for the SSC scenario is shown in Figure 1. At first glance, it seems that the
VHE spectral region shows a spectral hardening which cannot be explained with the SSC compo-
nents. This agrees with the spectral turnover reported by [12], which would explain that the VHE
SSC flux prediction is well below the HAWC observed spectrum.

The best fit model for the entire lepto-hadronic scenario is shown in Figure 2. As can be seen,
this component is necessary to fit both GeV and TeV gamma-ray observations. A slight spectral
hardening is seen at � ∼ 10 GeV, which agrees with the results obtained in [12]. The fit results are
shown in Table 1.

A similar spectral hardening is also observed in the gamma-ray emitter RDGCentaurus A [32].
The existence of an additional emission component in TeV emitter RDGs could be expected due to
their low Doppler factors (� . 10)[33], compared to those of blazars whose gamma-ray emission
is enhanced by their substantial Doppler-boosting. Moreover, the possible detection of neutrino
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Figure 2: Spectral Energy Distribution (SED) of the RDG M87, including HAWC data, with the lepto-
hadronic model fit. Archive data points are shown black. The violet curve corresponds to the synchrotron
component, the blue curve to the inverse Compton component and the green curve to photo-hadronic one.
The red curve corresponds to the total emission. The HAWC 1f error band is shown in light blue.

emission from blazars suggests that similar mechanismsmay be present in other types of AGNs [34].

The goal of this work is explaining the VHE emission of M87, but specific features in the
rest of the bands need a more detailed analysis [35]. Multi-zone models are probably needed, as
well as some specific data sets. In case of themmbands, the recent EHT results could be very helpful.

HAWC data correspond to the first long-term continuous TeV observation of this source. Pre-
vious air Cherenkov campaigns constrained very well the average TeV emission, however they
could be affected by short-term spectral and flux variations. For example, in the MAGIC two-year
campaign reported in [36] no evidence of the gamma-ray spectral turnover was found. However, this
campaign was coincident with a high activity period reported by [12], where the spectral turnover
seems to have temporarily disappeared. A more detailed analysis would be needed to know if these
short term variations could be explained with the photo-hadronic scenario.

HAWC is still continuously taken data, which can be used in a near future to improve the results
of this analysis, as well as to test other physical scenarios.
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4.1 Summary and conclusions

M87 is a giant RDG that emits in gamma rays up to TeV bands. The physical mechanism that
produces the VHE emission has yet to be determined. The lepto-hadronic scenario explains this
emission with photo-hadronic interactions, whereas the rest of the broadband SED is attributed to
a leptonic mechanism. The HAWC Collaboration recently reported a marginal detection of this
source that can be used to constrain its average VHE emission, which can be used to test possible
physical scenarios. In this work we fit a lepto-hadronic model to a SED which includes the results
from HAWC. We obtained best values for the fitting parameters, which are the mean magnetic field
intensity (� = 46 ± 3 mG), the Doppler factor (� = 4.3 ± 0.2), the electron spectral parameters
(?1 = 1.52+0.02

−0.01, ?2 = 3.53 ± 0.02, W′2 = 3.80+0.07
−0.05 × 103) and the photo-hadronic parameters

(U = 3.0 ± 0.2, log(�W) = −0.5 ± 0.2). We concluded that this scenario could explain the M87
VHE emission, including some spectral features like a possible turnover at ∼ 10 GeV.
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