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The High Altitude Water Cherenkov (HAWC) Gamma-Ray Observatory is an extensive
air shower array located in Puebla, Mexico. The closest radio galaxy within the HAWC
field of view, M87, has been detected in very high energies. In this work we report upper
limits on the TeV p-ray flux of the radio galaxy M&87. At a distance of 16 Mpc, M87 is a
supergiant elliptical galaxy located in the Virgo Cluster that has been observed from radio
wavelengths to TeV p-rays. Although a single-zone synchrotron self-Compton model has
been successfully used to explain the spectral energy distribution of this source up to a few
GeV, the y-ray spectrum at TeV has been interpreted within different theoretical models.
We discuss the implications of these upper limits on the photo-hadronic interactions, as

well as the number of neutrino events expected in the IceCube neutrino telescope.
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1. Introduction

Active Galaxy nuclei (AGN) are one of the most powerful objects in the Universe. They
are extraordinarily luminous across the entire electromagnetic spectrum, from radio to
gamma rays. Radio galaxies, a type of AGN, are galaxies with non-thermal radio emission
and lobes and jets emanating from the vicinity of the black hole. The spectral energy
distribution (SED) is usually described by leptonic and hadronic models. Leptonic models
can explain emission up to GeV energy range by means of synchrotron self-Compton (SSC)
emission [1] and hadronic models at TeV energies by photo-hadronic processes [2, 3]. In
accordance with the morphology, Fanaroff and Riley proposed two classifications [4]. Class
I with the bright radio emission close to its center and Class II with the radio emission
peak further away. The radio galaxy M87 being one the four radio galaxies observed in TeV
~-rays is of interest due to its closeness to the Earth affording us an excellent opportunity
for detecting very-high-energy (VHE) photons. It is worth noting that this radio galaxy
is the closest one in the field of view of the High Altitude Water Cherenkov (HAWC)
Observatory. HAWC is continually monitoring M87 and although no detection has been
detected yet, upper limits on its VHE flux have been obtained.

In this paper, upper limits on VHE flux are reported and a hadronic model is presented
in order to constrain the amount of protons in the jet and then, the number of high-energy
neutrinos that could be detected by IceCube. This work is arranged as follows. In Section
2, we introduce the HAWC detector. In Section 3, we give a brief description of the radio
galaxy M87. In Section 4 and 5 we show the data analysis and upper limits to the VHE
flux, respectively. In Section 6 the proposed hadronic model and the neutrino expectation
are displayed and finally, brief conclusions are given in Section 7.

2. The HAWC Observatory

The High Altitude Water Cherenkov Observatory is an array of 300 Water Cherenkov
Detectors (WCDs) located in Sierra Negra, Mexico at an altitude of 4100 meter above sea
level. It is designed to detect extensive air showers (EAS) produced in the atmosphere by
VHE gamma-rays and/or cosmic rays via the Cherenkov light generated by the secondary
charged particles passing through the WCDs. Each WCD has a 7.3m diameter tank with
a 4.5m depth, and is filled with 200,000 liters of purified water. In addition, each tank is
instrumented with 4 Photomultiplier Tubes (PMT), a 10-inch PMT located at its center,
and other three 8-inch PMTs located around it. HAWC is sensitive to gamma rays with
energies in the range from 1 to 100TeV with a duty cycle > 95% and an instantaneous
field of view of 2sr. This observatory has already detected gamma-ray fluxes from different
sources [5] such as the Crab Nebula [6], Markarian 421 and Markarian 501 [7] among others.

3. M87

MS8T7 located near the center of the Virgo cluster at a distance of 16.7Mpc (z = 0.0044)
[8] is classified as Fanaroff-Riley Class I (FRI) source. The supermassive black hole in its
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nucleus has a mass of My ~ 3 —6 x 10°M [9]. It has a relativistic jet emerging from its
nucleus that extends up to 2 kpc which has been studied in the X-rays by Chandra satellite
[10]. VHE emission has been detected by different detectors such as MAGIC, HESS and
VERITAS [11, 12]. In particular, VERITAS reported a photon index of 2.31 £0.175,; +
0.24ys and a flux normalization of 7.4 £ 1.3 £ 1.5y, X 107 Bem =251 TeV 1 [13].

4. Data Analysis

The likelihood method is used in order to estimate the significance of a source that has
a low signal-to-noise ratio. The significance is directly related to the log-likelihood ratio by

TS = —2In (i”) , (4.1)

where T'S is the test statistic, and £y and £ are the likelihood of the Null (no source
model) and the Alternative (source model) hypotheses, which are modeled as a Poisson
distribution of the event counts in each analysis and spatial bin i. They can be written as

(B;)Nie~(Bi)

Lo = Hln <]W> : (4.2)
and

(4.3)

(B; + Si)Nie_(Bi'f'Si)
2 — ln )
I
where S; is the sum of the expected number of signal counts corresponding to a source

with an specific spectra, B; is the number of background counts observed, and N; is the
total number of counts observed. Therefore, T'S is given by

TS = 22 [Ni In (1+ Z) - Si] : (4.4)

To set a 95% Confidence Level (CL) limit on the flux expected from the source we
found the value of S; that maximizes the T'S, T'S;,45), and then optimize AT'S =T'S(p,q5) —
TS(95), such that [14]

fS-(Tef)
2.71 = TS(maz) — TS(05) = TS (maz) — > 2 lNi In (1 + %) — sl )] . (4.5)

(3

Here, the number of expected signal counts from a source is scaled by a scale factor
&, Si(mf ) is the expected number of signal counts in a bin calculated for a reference source
spectral model and the flux normalization is (Fp)(res). The scale factor £ is then used to
set a 95% CL limit for a particular source

(Fo)(95) = & X (F0) (re) - (4.6)

The limit is independent of the value chosen for (Fp)( ). The Likelihood method is
implemented in the HAWC software utility L1FF [15].
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5. Upper Limits

The relevance of the detection of VHE gamma-rays from this radio galaxy is that it
could constrain the different models used to describe the particle accelerations in AGN as
well as the region where this occurs. Within the AGN unification models it was thought
that only blazars type were expected to be observed in the VHE emission band. The
detection of variable VHE gamma-rays from MS87 motivated the re-examination of the
acceleration processes in non-aligned AGNs [16].

Since the HAWC Observatory has not detected M87 with a statistical significance
above 50, upper limits for the flux normalization of a point like source were calculated
for M87 using 760 days of data. It was also taken into consideration the effect of Ex-
tragalactic Background Light (EBL), so that the upper limit was calculated under two
assumptions: one without EBL attenuation, since M87 is a nearby galaxy this is not an
unlikely scenario[17]; and the one which assumes the Franceschini EBL model [18].

Table 1 reports the flux normalization limit calculated with the likelihood method for
MS87. Figure 1 shows the comparison of the calculated upper limit with the observations
of other experiments.

Radio Galaxy Upper Limit UL with EBL
[107BTeV—tem=2s71] [107BTeVtem 2571
MS87 1.89 3.51

Table 1: Upper limits calculated for M87 with and without EBL.

Upper Limits M87, SI 2.31

—— 3-100 TeV
—— 3-100 TeV EBL Franceschini 2017
§ HESS 2004
VERITAS 2007
$ MAGIC 2005-2007
& VERITAS 2012 M2

107114

]

10-12 4

E20 [cm~2s~1TeV 1]

10714 4

10715 T T T
1071 10° 10t 102 10°

Energy E [TeV]

Figure 1: Upper limits calculated for M87. A comparison with the observations
from MAGIC, HESS and VERITAS is shown.

The HAWC upper limit for M87 without accounting for the EBL is below the extrap-
olation from the other experiments observations at energies beyond 1 TeV. This could
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mean that M&7 is in a very low state never detected before, or the existence of a cutoff
on its spectrum. Results based on including the Franceschini EBL model are consistent
with the observations but are not the more likely scenario because of the closeness and the
strong EBL attenuation predicted by the Franceschini’s model while observations of other
AGNs may print to a weaker EBL attenuation [19]. The most recent observation by other
experiments is the one made by VERITAS on 2012. All previous observations were made
when M87 was in a low flux state. Because HAWC sees the average emission of the source,
the upper limits account for possible flaring.

6. Hadronic Model

Radio Galaxies have been proposed as a powerful accelerator of cosmic rays. Acceler-
ated protons can be described through a simple power law [20]

dN _
<dE>,,:ApEP , (6.1)
with A, the proportionality constant and cy, the spectral power index. The proton density

can be written as I

_ P
p 4775%1“3 ’

where 74 is the emitting region, p is the Doppler factor and L, is the proton luminosity

(6.2)

which is given by
L,=4rnd’A, / E, B0 dE,. (6.3)

Accelerated protons loss their energies by electromagnetic channels and hadronic interac-
tions. We consider that protons will be cooled down by p7vy interactions at the emitting
region. Charged (71) and neutral (7") pions are obtained from p interaction through the
following channels

pr¥  fraction 2/3,

py — AT — { (6.4)

nmt fraction 1/3,

After that a neutral pion decays into photons, ¥ — 77, carrying 20%(&,0 = 0.2) of the
proton’s energy, E,. The efficiency of the photo-pion production is [21, 22]

tdyn Td _2d7’L7
ol Td [ drz 2 (e = 1), 6.5
R [ deortgue [ dza (e =) (6.5)

where tgqyn, and t,o are the dynamical and the photo-pion timescales [22], respectively,
dn./dey is the spectrum of seed photons, or(e,) is the cross section of pion production
and 1y, is the proton Lorentz factor. Taking into account that photons are released in the
energy the range from e, to €, +de, by protons in the energy range from E, to E, +dE),
then froE,(dN/dE),dE, = €0 ,(dN/de) 0 ~deo ., then photo-pion spectrum is given by

-1

T —ap+3
v ) 70
o, ) () e
el (6.6)
d€’y ~,m0 e\ —opt2 0
(—“’) e <€
€0 v,c v
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where the proportionality constant Ay, is in the form

11—«
9 P
L'\/,IC O Aéres E(% (570)
z A

.A h—
Py
47 52D Td €pk,ic Eres

P (6.7)

€0 =1 TeV is the energy normalization, €pxic and L, ;¢ are the energy and photon lumi-
nosity of the second SSC peak, repectively, Ae€es 0.2 GeV, €15 0.3 GeV and eg?c is the

. . 0 2 €pk,ic -1
break photon-pion energy given by €7 .~ 31.87GeV 0}, (Fx7) -

Taking into consideration the upper limit derived in the previous section and the
values of Doppler factor, photon Luminosity of the second peak, emitting region and the

power index of proton distribution, derived in [23], we found that the proton density and

043

luminosity are less than 2.07 erg/cm® and 3.76 x 10*3 erg/s, respectively, when the EBL

absortion is not considered and 3.83 erg/cm?® and 6.96 x 10%3

EBL absortion.

erg/s when we consider the

6.1 High-energy neutrino expectation

Photo hadronic interactions in the emitting region also generate neutrinos through the
charged pion decay products (7% — p* +v,, /v, — e* 4+, /v, + 1V, /v, + Ve /Ve). Taking into
account the distance of M87, the neutrino flux ratio (1 : 2: 0 ) created on the source will
arrive on the standard ratio (1 : 1: 1) [24, 25]. The neutrino spectrum produced by the
photo hadronic interactions is

dN,] (E—)2 Ey <Ey.
2 ) = A, €2 E(: e EV’C B .
o R 2 B (6

€0

where the factor A, normalized through the TeV y-ray flux is A, = A, ¢, 2277, The num-
ber of neutrino events (Ney) expected in a detector considering a neutrino flux dN,/dE,
during a period T, can be derived through the following relation [23]

dN,
Ney =T Acsr(Ey)

» = dE,, (6.9)

where E! is the threshold energy and A, 7f is the effective area' of the instrument.

Taking into consideration that a neutral pion decays into two photons and a charged
pion into three (anti)neutrinos and a lepton, and also that the three neutrino flavors (ve, v,

E? ‘égﬂ ~ {eg ‘gjjh o From eq. (6.9) and the effective area

of the IceCube telescope for a point-like source in the declination of M87 [26], we found

and v,) are presented, then [

that the upper limit on the number of neutrinos detected would be (considering electron,
muon and tau neutrinos) ~ 1072. It is worth noting that the upper limit derived is far
below the IceCube sensitivity flux [26].

https://icecube.wisc.edu/science/data
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7. Summary

The 95% CL upper limits on the flux normalization for the radio galaxy M87 were
presented and discussed. The limits were calculated using 760 days of data collected
with the HAWC Observatory. Within the proposed hadronic scenario we link the upper
limits with the luminosity of accelerating protons in the jet. Considering the upper limits
we constrain the amount of protons and then, the neutrino events expected in IceCube
neutrino telescope. The HAWC observatory will continue monitoring M87 in order to
detect very-high-energy photons in the following years.
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