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Origin of very high energy emission in galaxy clusters
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Abstract. The Perseus cluster of galaxies with the central galaxy NGC 1275 is ideally suitable for studying
both the physics of relativistic jets from Active Galactic Nuclei and for revealing the feedback role of the
central galaxy. We present the results of fifteen-year-long observations of the AGN NGC 1275 at energies
800 GeV—40TeV discovered by the SHALON telescope in 1996. The data obtained at very high energies by
SHALON, namely the images of the galaxy and its surroundings, and the flux variability indicate that TeV
y-ray emission is produced by a number of processes: in particular, part of this emission is generated by
relativistic jets in the nucleus of NGC 1275 itself. Unique data on GK Per(Nova 1901) and the IC 310 radio
galaxy TeV y-ray emission were obtained with the SHALON experiment for the first time.

1. Introduction

Clusters of galaxies have long been considered as possible
candidates for the sources of TeV gamma rays emitted by
protons and electrons accelerated at large-scale shocks or
by a galactic wind or active galactic nuclei (AGNs) [1-9].
The cluster of galaxies in Perseus is one of the best-
studied clusters owing to its relative proximity (its distance
~100 Mpc or redshift z = 0.0179) and brightness. The
dominant galaxy in the Perseus cluster is NGC 1275
(Figs. 1, 2, 3).

NGC 1275 has been classified in various ways,
for example, as a Seyfert 1.5 galaxy, because broad
emission lines were detected in its spectrum at optical
wavelengths [10]. However, within the unified model of
active galactic nuclei [11, 12], it also belongs to the main
class of BL Lacertae objects owing to its large and fast
flux variability and polarization [13]. It should be noted
that there is evidence that the mentioned AGN unification
scheme can be even simplified [14].

NGC 1275 is a powerful source of radio and X-ray
emission. In the radio band, the object found in NGC
1275, also known as Perseus A and 3C 84, has a powerful
and compact core that has been well studied with VLBI
[15-17]. NGC 1275 is extremely bright in the radio band
and was classified as an FR I radio galaxy; it has a
prominent structure that consists of a compact central
source and an extended jet [15, 18]. Having a supermassive
black hole (with a mass of 3.4 x 108 M) at its center [19],
NGC 1275 also exhibits jet precession, which can be
interpreted as a possible manifestation of the fact that NGC
1275 is the result of a merger between two galaxies [20].
The radio emission extends to great distances and shows
a clear interaction with the gas inside the Perseus cluster
of galaxies. ROSAT [8] and, subsequently, Chandra [9]
observations revealed cavities in the gas located inside the
cluster, whose presence suggests that the jets from 3C 84
sweep up numerous “bubbles” in the atmosphere of the
Perseus cluster (Fig. 1).
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NGC 1275 surrounded by extended filamentary
structures historically aroused great interest owing to both
its position at the center of the Perseus cluster and its
possible “feedback” role [21]. Evidence for the “feedback”
role of NGC 1275 can be obtained from ROSAT and
Chandra observations, which reveal shells of hot gas and
cavities that spatially coincide with the radio structures
(Fig. 3) extending from the central, active part of the
AGN. NGC 1275 also arouses interest owing to its close
proximity to the Earth at redshift z = 0.0179 [22], making
it possible to study the physics of relativistic jets.

2. NGC 1275 viewed in TeV gamma-rays

Extragalactic sources of very high energy y -rays have been
searched for in the SHALON experiment from the very
beginning of its operation [23,24]. In 1996, observations
with the SHALON mirror Cherenkov telescope revealed
a new metagalactic source of y-ray emission at very
high energies E > 800GeV [25,26] (Figs. 2, 3). The
coordinates of an emission source detected in our
experiment coincides with the Seyfert galaxy NGC
1275 [25-33]. NGC 1275 was observed by the SHALON
telescope for 271.2 h in different years (from 1996 to 2012)
during clear moonless nights at zenith angles from 3° to
33°. Gamma-ray emission from NGC 1275 was detected
by the SHALON telescope at energies above 800 GeV
at a 31.40 confidence level determined according to Li
& Ma [34]. The average integral flux at energies above
800 GeV for NGC 1275 is (7.8 £0.5) x 1073 ecm=2 571,
The y-ray energy spectrum in the observed energy range
is well described by a power law F(E, > 0.8 TeV) o< E*r
where k, = —2.24 4 0.09 (see Fig. 2). Figure 2 shows the
source’s image at TeV energies observed by the SHALON
experiment. The color scale in Fig. 2 right is in units of the
excess above the minimum detected signal.

Possible correlations between the emission regions of
TeV y-rays and low-energy (radio and X-ray) photons
should be established to elucidate the mechanisms of the
generation of very high energy emission in the source and
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1 arcmin

Figure 1. Left: ROSAT X-ray (0.1-2.4keV) image of NGC 1275 [8]. The contours represent the source’s radio structure from VLA
radio observations. Right: VLBA 15 GHz image of NGC 1275.
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Figure 2. Left: gamma-ray spectrum of NGC 1275 with a power-law index k, = —2.24 4 0.09. Right: the image of the gamma-ray
source NGC 1275 at energies > 0.8 TeV by SHALON.

5 "wer—rr—r—"r+—"—"r—"—"T+""—T

€C E
NGC 1275 0L NGC 1275

41d32' 3

@ 10" g@

: ST g L
& 1 s Sr .

T GAVE ¥ S N

e 5 AN [ NN I - ]

- OF - NN A

R S NN

> & i AN :

¥ 1 LY E

41d30 10"3 L ; .;'!-' N =

E L A a SHALON' 9612 N 3

10’“; | /1 O Femi'1l Upper limits: N _

: % Magic' 11 = Whipple : 3

41d29" L < archive data ¢ EGRET ¢ Veritas' 09 i ]

10"5 L 1 I} 1 1 1 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 h
10 14 18 22 26
3R19'55" 3h19'50"  3h194S"  3h19'40" p o 10 10 10 10 10
v, Hz

Figure 3. Left: Chandra X-ray (1.5-3.5keV) image of NGC 1275 [35]; the red contours indicate the SHALON image of NGC 1275
in the energy range 800 GeV—40 TeV. Right: spectral energy distribution of the y-ray emission from NGC 1275. A and A represent the
data from the SHALON Cherenkov telescope in comparison with experimental data (see [33]). The dashed, dash-dotted, and dash-dotted
with two dots curves indicate the spectral energy distributions of NGC 1275 obtained in the CM model [36] and see text below.
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to test the models describing them. Figure 1 left shows a
ROSAT X-ray image of NGC 1275; the contours represent
the source’s radio structure from VLA radio observations
and the right is the VLBA 15 GHz image of NGC 1275
with jets (taken from MOJAVE'). The radio and X-ray
emission maxima coincide with AGN NGC 1275 (Fig. 3).
But, the X-ray emission disappears almost completely
near the bright areas of the radio components located
symmetrically relative to the core in the north and the
south [8]. We also combined the SHALON-1 (0.8-40 TeV)
and Chandra (1.5-3.5 keV X-ray) images. Figure 3 (black-
and-white scale) presents a Chandra X-ray (1.5-3.5keV)
image for the central part of the Perseus cluster centered
on NGC 1275 with a size of ~5.5 arcmin [35]. In the
X-ray energy range, the core of the Perseus cluster, on the
whole, appears as a clear circularly symmetric structure
with a distinct maximum on NGC 1275 (Fig. 3).

The clearly seen dimming in X-ray flux, along with the
dip NW of the center correlates with the components of
the extended double radio structure 3C 84 (Fig. 3). These
dips are surrounded by bright (at energies 1.5-3.5keV)
arc regions from the north and the south. The simplest
interpretation is that the intense emission from these rims
comes from the shells surrounding the radio lobes [35]. A
bright emission spot is also observed to the east.

The emission regions of very high energy y-rays
observed by SHALON from NGC 1275 have a structure
similar to that described above (see [35]) and well
correlates with the photon emission regions in the energy
range 1.5-3.5keV (Fig. 3). A correlation of the emission
with energies 0.8—40 TeV [28-30] and the X-ray emission
in the range 0.3-7 keV [35] was also found. Thus, the TeV
y-ray emission recorded by SHALON from NGC 1275 has
an extended structure with a distinct core centered at the
source’s position.

To analyze the emission related to this core, we
additionally identified the emission component corre-
sponding to the central region of NGC 1275 with a
size of 32”. The emission from the central region of
NGC 1275 was detected at energies above 0.8 TeV
at a 13.50 confidence level determined by the Li
& Ma method [34] with an average integral flux
(3.26 £0.30) x 1073 cm~2s7!. The y-ray energy spec-
trum of the central component in the entire energy range
from 0.8 to 40 TeV is described by a power law with an
exponential cutoff, I(> E,) = (2.92+0.11) x 10713 x
E~1953010 5 exp(—E, /10 TeV) cm ™2 s~!. The SHALON
spectrum corresponding to the emission from the central
region of NGC 1275 is represented in Fig. 3 with the black
triangles.

NGC 1275 was detected at high energies of
100 MeV-300 GeV, by the Fermi LAT experiment [37].
Recently, the AGN NGC 1275 was also recorded by the
MAGIC ground-based mirror Cherenkov telescope at en-
ergies above 100 GeV in the 2010-2011 observations [38].

Figure 3 compares the integral y-ray spectrum of
NGC 1275 (A) and its central region (A) obtained
from SHALON data (1996-2012) [33] with the Fermi
LAT (2009-2011) [37] and MAGIC (2010-2011) [38]
experimental data.

I http://www.physics.purdue.edu/astro/MOJAVE/

3. Flaring activity of NGC 1275 in high
and very high energies

The revealing correlations between the emissions in
different energy ranges, comparing the emission regions,
and, in particular, the detection of the flux changes remains
necessary, because it makes it possible to judge the nature
of the source, its evolution, and the emission generation
mechanisms in various objects.

The observed y-ray flux variations do not, on
average, exceed 20% of (7.8 £0.5) x 10713 ecm™2s7!.
The SHALON mirror Cherenkov telescope has detected
three short-time (within five days) increases and one
decrease of the very high energy y-ray flux in the entire
time of observations of NGC 1275. Given these variations,
the flux decrease below the average was recorded in 1999
and the integral flux was (4.7 4 1.3) x 10713 cm=2s71.
The increases were detected in late Jan. 2001, late Nov.
early Dec. 2005, and late Oct. 2009. The fluxes in these pe-
riods were (21.24+7.5) x 10713, (35.5 £ 12.4) x 10~ 13,
and (23.4+4.5) x 10713 cm™2s™!, respectively. The
duration of the flux increase in October 2009 was 3 days.
No duration of intervals of flux increase were found in
2001 and 2005, because the observations were interrupted
due to weather conditions in both cases.

To reveal possible correlations of the emissions in
various energy ranges, including those at high and very
high energies, we compared the NGC 1275 y-ray fluxes
from SHALON in the periods when the observations were
simultaneous with the ones by the Fermi LAT experiment.
The published Fermi LAT data were obtained from
August 4, 2008, to September 30, 2010 [37]. SHALON
observations of NGC 1275 were performed in November
2008 with a break for the Moon’s time, October 2009, and
mid-November-early December 2010. In this time, only
one y-ray flux increase to (23.4 +4.5) x 10713 cm™2s~!
was detected in the period of October 18-20, 2009. These
periods of SHALON observations do not coincide with
the times of the main flares observed at Fermi LAT [37].
A slight local flux increase can be seen in the period of
mid-October 2009 [37], which corresponds to the above-
mentioned y-ray flux increase observed by SHALON.

4. Sources during observations of
NGC 1275

Additionally an analysis of the region around NGC 1275
was performed in order to search for TeV gamma-ray
sources in the SHALON telescope field of view during the
observation of the Perseus Cluster.

4.1. SN2006 gy

The flux increase was detected from the region NGC 1275
in autumn 2006. The detailed analysis of y-shower
direction turned out to be the detection of a metagalactic
object. This object was identified with the supernova
SN2006 gy (see [39]) that is about 10 minutes away from
NGC 1275 (see details in [40]).

Observations had been made in 2006 September,
October, November, December and then during the winter
of 2007. No flux increase was found in the September
observations. In the flare, observed on October 22, the
flux increased 6 times from the NGC 1275 average flux



EPJ Web of Conferences 145, 04001 (2017)

DOI: 10.1051/epjconf/201714504001

ISVHECRI 2016
- Dec
“-‘; 10 ¢ 41d21.6'
3}
Eﬂ:\m-ls
A
S
.
10" 41d16.8'
10"
10™° L : 41d12.0'
12 13

10 10

E,ev 10"

3h16.8'

3h16.5' RA

Figure 4. Left: gamma-ray spectrum of IC 310 by SHALON. Right: the image of the gamma-ray source IC 310 at energies > 0.8 TeV

by SHALON.

and stayed at this level throughout the October moonless
period. The integral y -ray flux for SN 2006gy was found to
be (3.71 £ 0.65) x 107'2 cm~2 5! [40,41] at energies of
> (.8 TeV. Follow-up observations at the end of November
showed that the flux of SN2006 gy had dropped to a level
of about (0.69 £ 0.17) x 10~"?2 cm~2s~! and was constant
during the November, December period. The results of
observation analysis of 2007 have not revealed any TeV
gamma-ray emission from the region of SN 2006gy. So,
the explosion of extragalactic supernova was observed
at TeV energies for the first time with the SHALON
Cherenkov telescope.

4.2. GK Per

During the observations of NGC 1275 the SHALON field
of view contains the source of non-thermal radio and
X-ray emission GK Per (Nova 1901) of classical nova type
as it is located at ~3° SW from NGC 1275. So due to
the large telescopic field of view (> 8°) all observations
of NGC 1275 are naturally followed by the tracking of
GK Per. These long-term observations of the Perseus
Cluster revealed y-ray emission from a nearby object
—GK Per (see details in [42]). The y-ray source associated
with GK Per was detected above 800 GeV with average
y-lux Igg per(> 0.8TeV)=(2,9+1,3)x10" B cm=2s~!
with a statistical significance [34] of 9.2¢. The analysis
of y-ray shower arrival direction revealed the main
TeV-emission region coinciding with the position of the
central source of GK Per and the weak emission of shell,
that is also observed in X-ray by Chandra [43].

The TeV y-ray emission of classical nova GK Per,
that could be a shell-type supernova remnant in the
early evolution stage, was detected for the first time by
SHALON. Also, very high energy y-rays from the shell of
GK Per, visible in X-rays, were detected with SHALON
experiment for the first time.

43. IC 310

The radio galaxy IC 310 (redshift z = 0.0189) is located in
the Perseus Cluster at 0.6° (about 1Mpc) from the cluster’s
central galaxy, NGC 1275. It is one of the brightest objects

of this Cluster of galaxies at radio frequencies and at
X-ray energies. It has been detected in the high energy
y-ray band above 30 GeV with Fermi LAT [44] and above
260 GeV with the MAGIC telescopes [45].

The radio morphology of such types of galaxies
consists of a bright “head”, which is located at the core
of the galaxy, and the “tail” of a radio lobe pointing away
from the center of the cluster (Fig. 5). The jet direction is
determined by the motion of galaxy through the medium
of the cluster. In the case of IC 310, the radio lobe with a
length of about 400 kpc extends in the direction parallel to
the line connecting IC 310 with the center of the Perseus
cluster.

A recent investigation of the radio structure of IC 310
by VLBA shows that the “head” contains a parsec-scale
core-jet structure oriented in the same direction as the
kiloparsec structure of the “tail”. That means that there is
no evidence of an interaction with the intracluster medium
determining the direction of the “tail” [46]. In X-rays IC
310 looks as a point source at the position of the radio
“head” [47].

IC 310 as a source accompanying NGC 1275 was
observed with SHALON telescope between 1996 and 2012
for a total of 157 hours. The y-ray source associated with
IC 310 was detected above 0.8 TeV by SHALON with
a statistical significance 17.20 determined by the Li &
Ma method [34]. The signal significance for this source
is less then one for the source with a similar flux and
spectrum index obtained in the same observation hours
because of smaller collection field of view relative to
the standard procedure of the SHALON experiment [33].
Corrections for the effective field of view were made
to calculate the source flux and energy spectrum. The
average integral flux at energies above 0.8 TeV for IC 310
is (0.8940.09) x 1073 ecm™2s~! (Fig. 4). Taking into
account the proximity to a nearby source NGC 1275, we
made the observation data procession first associated with
NGC 1275 and then with IC 310. We found that 5% of
showers are common for both sources. After the detailed
analysis of the arrival direction of these showers and
angular distance [33], less than 2% of NGC 1275 showers
were recognized to be IC 310 showers. This didn’t change
the average flux of NGC 1275 [33]. The energy spectrum



EPJ Web of Conferences 145, 04001 (2017)

DOI: 10.1051/epjconf/201714504001

ISVHECRI 2016
d41a24' 10° ——— —
Dec
10"k 35 IC 310 -
- 10"t * O et 4
I 2 R
o " 2 e et
& [ T8
L7 Y . 4
~10° -
PN [
e - g ¢ O Archivedata  ® Fermi LAT 3FGL
v AIWISE Catalogue 0O Fermi LAT 2FHL
a1z [ ® Swift BAT P Magic( [ high state
10 F > INTEGRAL A SHALON 3
10' 15 1 L L L — 1 L 1 L L L 1 - L 1 1 L 1 1 L Iq
10" 10" 10" 10” 10

3h17.4' 3h16.8 3h16.2"

RA 3hi5.6'

v, Hz

Figure 5. Left: radio image of IC 310 from WENSS sky survey; the red contours indicate the SHALON image of IC 310 in the energy
range 800 GeV-50 TeV. Right: Spectral energy distribution of the y-ray emission from IC310. A represent the data from the SHALON

Cherenkov telescope.

of y-rays in the observed energy region from 0.8 to 40 TeV
is well described by a hard power law with an exponential
cutoff (> E,) = (0.89 £0.09) x 10712 x 084010 »
exp(—E, /12.5TeV) ecm2s! (see Fig. 4). The spectral
energy distribution and detailed images of IC 310 are
shown in Fig. 5.

The main TeV y-ray emission region was revealed in
observations of IC 310 corresponding to the core of the
galaxy. It coincides with the position of the “head” of the
radio structure of IC 310. Figure 5, left (black-and-white
scale) shows a radio image of the IC 310 galaxy from the
WENSS survey [48] (SkyView interface?), red lines show
the TeV structure of IC 310 by SHALON.

5. NGC 1275 as a point and extended
source

As has been pointed out above, the Perseus cluster of
galaxies with the central galaxy NGC 1275 is ideally
suitable for studying both the physics of relativistic jets
from AGNs and for revealing the feedback role of the
central galaxy. Evidence for the latter was obtained in
ROSAT and Chandra observations at low energies, from
which shells of hot gas and cavities that spatially coincide
with the radio structures originating in the central, active
part of the AGN can be seen (Fig. 1 and [8,9,35,49]).
The observational data for NGC 1275 at energies
800 GeV-40 TeV, namely the images of the galaxy and its
surroundings (Figs. 2, 3), as well as the flux variations
suggest that the TeV gamma-ray emission in these regions
is produced by a number of processes.

The extended structure around NGC 1275 (Fig. 3)
that spatially coincides with the X-ray emission regions
(Fig. 3) can be produced by mechanisms related to the
generation of an X-ray structure [9,35,49]. The brightness
distribution of the X-ray emission and the observed TeV
emission shows a sharp increase in intensity right outside
the bubbles blown by the central black hole and visible
in the radio band. This suggests that the X-ray-generating
particles are swept up from the region of the radio lobes

2 http://skyview.gsfc.nasa.gov/

under the pressure of cosmic rays and magnetic fields
generated in the jets at the center of NGC 1275 [9,49].
The structures visible in TeV y-rays are formed through
the interaction of very high energy cosmic rays with the
gas inside the Perseus cluster and interstellar gas heating
at the boundary of the bubbles blown by the central black
hole in NGC 1275.

The presence of emission in the energy range 1-40 TeV
from a central region of ~32” in size around the nucleus of
NGC 1275 (see Fig. 3, the black triangles) and the short-
time flux variability [33] point to the origin of the very high
energy emission as a result of the generation of jets ejected
by the central supermassive black hole of NGC 1275.

The multifrequency spectral energy distribution for the
nucleus of NGC 1275, up to high and very high energies,
was described in the CM model [36] and is a composition
of the components of inverse Compton scattering of the
intrinsic synchrotron radiation from relativistic electrons
(synchrotron self-Compton) of three separate plasma blobs
ejected from the inner regions of the NGC 1275 nucleus
(Fig. 3, the dashed, dash-dotted, and dash-dotted-dotted
curves). The available Fermi LAT data at high energies
and the SHALON observations at very high energies in
a region < 32” around NGC 1275 are described in terms
of this model with one of the components producing
synchrotron self-Compton emission of the relativistic jets
from the nucleus itself (Fig. 3, the dash-dotted-dotted
curve).

6. Conclusion

We present the results of fifteen-year-long observations
of the AGN NGC 1275 at energies 800GeV—40TeV
discovered by the SHALON telescope in 1996. Having
analyzed the SHALON data, we have determined
characteristics of NGC 1275 such as the spectral energy
distributions and images at energies >800GeV for the
first time. The emission regions of very high energy
gamma-rays observed by SHALON from NGC 1275 well
correlates with the photon emission regions viewed in
X-rays by Chandra. Thus, the TeV gamma-ray emission
recorded by SHALON has an extended structure with a
distinct core centered at the source’s position. To analyze
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the emission related to this core, we additionally identified
the emission component corresponding to the central
region of NGC 1275, and obtained the spectral energy
distribution of this component as a result. Variations of
TeV gamma-ray fluxes were also found. The data obtained
at very high energies, namely the images of the galaxy
and its surroundings, and the flux variability indicate that
the TeV gamma-ray emission is generated by a number of
processes: in particular, part of this emission is generated
by relativistic jets in the nucleus of NGC 1275 itself. The
presence of an extended structure around NGC 1275 is
evidence of the interaction of cosmic rays and magnetic
fields generated in the jets at the galactic center with the
gas of the Perseus cluster.
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