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Multi-TeV flaring in nearby high energy blazars: A photohadronic scenario
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Blazars are a subclass of Active Galactic Nuclei and flaring in multi-TeV gamma-ray seems to be the major activity in high energy blazars a
subgrup of blazars. Flaring is also unpredictable and switches between quiescent and active states involving different time scales and fluxes
While in some high energy blazars a strong temporal correlation between X-ray and multi-TeV gamma-ray has been observed, outbursts ir
some other have no low energy counterparts and explanation of such extreme activity needs to be addressed through different mechanism
as it is not understood well. The extragalactic background light (EBL) plays an important role in the observation of these high energy
gamma-rays as it attenuates through pair production of electron-positron and also changes the spectral shape of the high energy photons.
the context of the photohadronic model and taking EBL correction into account, flaring can be explained very well. In a series of papers, we
have developed this model to explain multi-TeV flaring events form many blazars. In this review, the photohadronic model is discussed and
applied to explain the multi-TeV flaring from nearby high energy blazars: Markarian 421, Markarian 501 and 1ES1959+650.
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1. Introduction outcome of the leptonic models is that flaring at TeV en-
ergy should be accompanied by a simultaneous flaring in the
Blazars are a subclass of Active Galactic Nuclei (AGN) andsynchrotron peak. However, non observation/suppression of
the dominant extra galactic population in gamma-rays [1]iow energy counterparts have been observed in many flaring
These objects show rapid variability in the entire electro-p|azars, for example, flare of May 2002 from the HBL 1ES
magnetic spectrum and have non thermal spectra which imt959+650 [13-15] and 2004 flare from Markarian 421 [16].
plies that the observed photons originate within the highlyThese observations are in favor of hadronic model and/or hy-
relativistic jets oriented very close to the observers line ofprid (hadronic + leptonic) models. It is to be noted that, re-
sight [2]. Due to the small viewing angle of the jet, it is cent observation of the high energy neutrino event by Ice-
possible to observe the strong relativistic effects, such as theube neutrino observatory is correlated with a flaring blazar
boosting of the emitted power and a shortening of the charf17, 18]. So very high energy (VHE) protons/nuclei should
acteristic time scales, as short as minutes [3,4]. Thus, thesg produced by the blazar so that their interaction with the
objects are important to study the energy extraction mechsurrounding background can produce pions and subsequent
anisms from the central super-massive black hole, physicalecay of pions will produce neutrinos and gamma-rays. This

properties of the astrophysical jets, acceleration mechanismghows that hadronic models play important role here.
of the charged patrticles in the jet and production of ultra high

energy cosmic rays, very high energyrays and neutrinos.
The spectral energy distribution (SED) of these blazar
has a double peak structure in the— vF, plane. The
low energy peak corresponds to the synchrotron radiatio
from a population of relativistic electrons in the jet and the .
high energy peak believed to be due to the synchrotron se ome other have no low energy counterparts (orphan flaring)

Compton (SSC) scattering of the high energy electrons wit 15, 16] and explanation of such extreme activity needs to be

their self-produced synchrotron photons [5, 6. Dependinggddressecj throug_h different mechgnlsms. It is also very im-
mostly on the optical spectra, blazars can be divied into BL ortant to have _S|mu|taneous_mu_ltlwavelength qbservatlons
Lacertae objects (BL Lacs) and flat- spectrum radio quasargf the.fla.rlng. pepod to constrain d|.fferent theoretical models
(FSRQ) [7]. Based on the location of the first peak, BL of emission in different energy regimes.

Lacs can be further classified into low energy peaked blazars Different theoretical models have been proposed to ex-
(LBLs) (1/55;‘;’“ < 10 Hz), intermediate energy peaked plain the flaring from AGN and its subclasses. These models
blazars (IBLs) (0'* Hz < v%¢%* < 10'® Hz) and high en- are mainly clssified into two categories: the leptonic mod-
ergy peaked blazars (HBLs)gjka > 10'5 Hz) [8]. Aslep- els and the hadronic models. In the leptonic model scenario,
tons e*) are responsible for the production of the SED, thisthe high energy electrons upscatter the low energy photons
is called theleptonic modeklnd in general is very success- in the jet through the SSC process and the photons can be
ful to explain the multiwavelength emission from blazars andin the GeV-TeV region. This model has severe limitations
Fanaroff-Riley Class | galaxies (FR-1) [9-12]. The inevitableto explain VHEv-rays and the orphan flaring observed in

Flaring seems to be the major activity of the blazars
é/vhich is unpredictable and switches between quiescent and
active states involving different time scales and fluxes. While
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many blazars. The multi-zone leptonic model can explain  In this work the goal is to use the photohadronic model of
these high energy emissions, however, one has to increaSahuet al. [35] and different template EBL models [47, 48]
the number of parameters in the model. In the hadronido explain the observed GeV-TeV flares from different HBLs.
synchrotron-proton blazar model [19-21], emission of synn this article, | review the photohadronic model of Satu
chrotron photons from protons take place. In this scenariocal. and discuss about its applicability to explain the flaring
the Fermi accelerated protons in the jet magnetic field, emievents from high energy blazars. The plan of the papers is as
synchrotron radiation which will be suppressed by a factoffollows. In Sec. 2 a short account of different EBL models is
of m;4, wherem,, is the proton mass. So ultra high energy given. In Sec. 3 a detail discussion about the photohadronic
proton flux is needed to explain the VHE gamma-rays. Itmodel and the kinematical condition for the procggss— A

also needs a strong magnetic field for the synchrotron proand its subsequent decay is given. Also the relation between
cess to be effective, but a strong magnetic field in the jet ishe observed GeV-TeV gamma-ray flux and the gamma-ray
not very usual. In the jet-in-jet model of Gianniesal.[22] = from the photohadronic process is shown. Sec. 4 is dedicated
minijets are formed within the jet due to flow instabilities and to discuss the results of different flaring blazars and compare
these minijets move relativistically with respect to the mainthe results with other models. In Sec. 5 a general remark is
jet flow. The interaction of the daughter jets with the maingiven regarding the problems of different models. Finally |
jet are responsible for the production of VHE gamma rayssummarize the photohadronic model and discuss about the
While the minijets are aligned with our line of sight, the VHE future research in this field in Sec. 6.

gamma rays are beamed with large Doppler factor. This sce-

nario can exp[ain the 201_Q flare oflth_e radio gal_axy M87 but: _ EBL Models

does not provide a quantitive prediction of the light curve of

the flare. The lepto-hadronic model [23] fits to the low energya distinctive feature of the high energyray astronomy is
y-ray spectrum by Large Area Telescope (LAT) and High-that the high energy gamma-rays undergo energy dependent
Energy Stereoscopic System (H.E.S.S.) low state but not thgttenuation en route to Earth by the intervening EBL through
flaring state. Similarly, the magnetosphere model [24—26k|ectron-positron pair production [44]. This interaction pro-
can explain the hard TeV spectrum but in this case also thergess not only attenuates the absolute flux but also signifi-
is no detailed quantitive predication for the VHE light curve. cantly changes the spectral shape of the VHE photons. The
Also interaction of Fermi acclerated protons with the MeV diffuse EBL contains a record of the star formation history
photons emitted by the Wein fireball in the base of the jetof the Universe. A proper understanding of the EBL SED
can explain the orphan falring from 1ES 1959+650 and Mrkis very important for the correct interpretation of the deab-
421 [27]. 1tis well known that EBL plays an inportant role sorbed VHE spectrum from the source. The direct mea-
for the attenuation of-rays even from the nearby blazars and surement of the EBL is very difficult with high uncertainties
this model does not take into account the EBL effect. Themainly due to the contribution of zodiacal light [45, 49], and
VHE SED of blazars are modelled using different hadronicgalaxy counts result in a lower limit since the number of un-

models [28-31]. Using the hadronic models, the high energyesolved sources (faint galaxies) is unknown [50].
cosmic ray and the neutrino fluxes are also estimated [32-34]. Keeping in mind the observational constraints and the
In a series of papers Saleti al. [35-42] have explained uncertainty associated with the direct detection of the EBL
the GeV-TeV flaring from many blazars using photohadroniccontribution, several approaches with different degrees of
scenario. In this scenario, Fermi accelerated protons intecomplexity have been developed to calculate the EBL den-
act with the background photons in the jet environment tosity as a function of energy for different redshifts. A wide
produceA-resonance. Subsequent decay ofAheesonance range of models have been developed to model the EBL
to pions can produce VHE photons and neutrinos. The proSED based on our knowledge of galaxy and star formation
duced gamma-rays can explain very well the observed spectrate and at the same time incorporating the observational in-
from the flaring blazars. puts [46—-48,51-54]. Mainly three types of EBL models exist:
The TeV photons of the flare can interact with the back-backward and forward evolution models and semi-analytical
ground soft photons in the jet to produeée~ pairs. How-  galaxy formation models with a combination of information
ever, production of the lepton pair within the jet dependsabout galaxy evolution and observed properties of galaxy
on the size of the emitting region and the photon densityspectra. In the backward evolution scenarios [52], one starts
in it. Also the required target soft photon threshold energyfrom the observed properties of galaxies in the local universe
e, > 2m?/E., is needed. It has been observed that the jeind evolve them from cosmological initial conditions or ex-
medium is transparent to pair production where the opticatrapolating backward in time using parametric models of the
depth is very small [35, 43]. Also the TeV photons on theirevolution of galaxies. This extrapolation induces uncertain-
way to Earth can interact with the extragalactic backgroundies in the properties of the EBL which increases at high red-
light (EBL) to produce the lepton pair [44—-47]. TeV photons shifts. However, the forward evolution models [47,51] pre-
from the sources in the cosmologically local Universe (lowdict the temporal evolution of galaxies forward in time start-
redshift sources) are believed to propagate unimpeded by thieg from the cosmological initial conditions. Although, these
EBL, although the effect is found to be non negligible [43]. models are successful in reproducing the general character-
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istics of the observed EBL, cannot account for the detailed
evolution of important quantities such as the metallicity and
dust content, which can significantly affect the shape of the

Outer jet
EBL. Finally, semi-analytical models have been developed SR
which follow the formation of large scale structures driven
by cold dark matter in the universe by using the cosmologi-
Inner jet

cal parameters from observations. This method also accounts
for the merging of the dark matter halos and the emergence of
galaxies which form as baryonic matter falls into the potential
wells of these halos. Such models are successful in reproduc-
ing observed properties of galaxies from local universe up to
z ~ 6.

Accretion disk

. . Central BH
3. Photohadronic Scenario e

In general, in the leptonic one-zone synchrotron and SSC jet
model the emitting region is a blob with comoving radigs
(where’ implies the jet comoving frame and without prime
are in the observer frame), moving with a velocity cor-
responding to a bulk Lorentz factdt and seen at an an- F|GUR_E 1.. Geometry of the flaring _of HBL: the interior compact
gle 6,, by an observer which results with a Doppler factor cone (jet) is responsible for the flaring event and the exterior cone
D =T"Y1— B.cosb) ! [10,15]. The emitting region is corresponds to the normal jet.

filled with an isotropic electron population and a randomlyWhiCh has a cross sections ~ 5 x 10-2% cm?. Subse-

H H 1 /
oriented magnetic field’. The electrons ha\_/e a power-law quently, the charged and neutral pions will decay through
spectrum. The energy spectrum of the Fermi-accelerated pro-, i _ 0 . ;
. o2 T+ — eTv.v,v, andr’ — vy respectively. The inner com-
tons in the blazar jet is also assumed to be of power-law. Du'-?

act region has a photon density much higher than the outer
‘egion. Due to the adiabatic expansion of the inner jet, the
aphoton density will decrease when it crosses into the outer

:Isgrz Energy (UHE) through the same acceleration meChaFegion. We assume the scaling behavior of the photon den-

. . . sities in the inner and the outer regions. Mathematically we
The photohadronic model discussed here relies on th g y

Ean express this as
above standard interpretation of the leptonic model to explain P

to high radiative losses, electron acceleration is limited. O

both low and high energy peaks by synchrotron and SSC pho- n’ . (ey,) ' (e4,)

i i v, fAT Ty (€41
tons respectively as in the case of any other AGN. Thereatfter, 7 (o) = (@) )
it is assumed that the flaring occurs within a compact and v, f A2 V2

confined volume of siz&’, inside the blob of radiug;. The o the ratio of photon densities at two different background
geometrical description of the jet structure during a flare '%nergies% ande,, in the flaring @/7 ) and in the non-

shown in Fig. 1. In this scenario the internal and the eXterTIaring (n’.) states remains almost the same. The photon den-

nal jets are moving with almost the same bulk Lorentz factorsity in thVe outer region is known to us from the observed

Lip = Teyy =~ T' and the Doppler factoP as the blob (for g, S0 by using the above relation, we can express the

blazarsI' ~ D). Within the confined volume, the injected \;nknown inner photon density in terms of the known outer

spectrum of the Fermi accelerated charged particles have @unsity which can be calculated from the observed flux in the

power-law, and for the protons with energy itis givenas ;53] way using the observedfitted spectral energy distribu-
AN tion (SED). Henceforth, for our calculation, we shall uge
d—Ep x B, (1) and its corresponding flux rather than the one from the inner

p jet region which is not known.

where the spectral index > 2 [5]. Also in this small vol-
ume, the comoving photon number densit}{f (flaring) is  3.1. Kinematical condition
much higher than rest of the blmjY (non-flaring).
The dominant mechanism through which the high energy~or the above process in Eq. (2) to take place, the center-
protons interact with the background photons in the inner jepf-mass energy of the interaction has to exceedhmass

region is given by 1.232 GeV which corresponds to the kinematical condition
pr0, fraction 2/3 (m% —m2)

(2) E'e ~ (.32 GeV?, 4)

+ — A
pty—A _>{ P 2(1 — By cosh)

nnT, fraction 1/3 °
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whereE}, and¢/, are the proton and the background photonThe efficiency of thery process depends on the physical con-
energies in the comoving frame of the jet, respectively. Alsaditions of the interaction region, such as the size, the distance
for high energy protons we takg, ~ 1. Since in the comov- from the base of the jet, the photon density and their distribu-
ing frame the protons collide with the SSC photons from alltion in the region of interest.

directions, in our calculation we consider an average value In the inner region we compare the dynamical time
(1 —cos@) ~ 1 (0 inthe range of 0 ana). In the observer scalet; = R’ with the py interaction time scalg),, =

frame, one can re-write the matching condition as (n, ;oaK,,)~" to constrain the seed photon density so that
multi-TeV photons can be produced. For a moderate effi-

Eye, ~0.32 72)2 GeV? . (5)  ciency of this process, we can assuthe> ¢, and this gives
(1+2) Tpy < 2, Where the inelasticity parameter is assigned with the

usual value of,,, = 0.5. Also by assuming the Eddington

luminosity is equally shared by the jet and the counter jet, the
. _ Del, ©6) luminosity within the inner region for a seed photon energy
T (14 2) e, will satisfy (4mn, R'se)) < Lgaqq/2. This puts an upper
limit on the seed photon density as

Here

is the observed background photon energy, while

Lgaa
! _ 11
TE, - "I S SrRZe a1
Po(l42) From Eqg. (11), we can estimate the photon density in this

is the energy of the proton as measured by the observer d gion. In terms of SSC photon energy and its luminosity, the
oton number density,, is expressed as

Earth, if it could escape the source and reach earth withol!
energy loss and is the redshift of the object. , L, ssc(l+2)

In the comoving frame, each pion carries 0.2 of the s (ey) = D*rarR 2, (12)
proton energy. Considering that eachdecays into twoy-
rays, ther’-decay~-ray energy in the observer frame.y)
can be written as

wheren is the efficiency of SSC process arddescribes
whether the jet is continuous (= 0) or discrete £ = 1).
In this work, we take; = 1 for 100% efficiency. The SSC

1 D , D B (®) photon luminosity is expressed in terms of the observed flux
T10(1+2) P 100" (®ssc(ey) = €dN, /de,) and is given by
The matching condition between th&-decay photon energy Lyssc = Ard] Psse(ey) (13)
E., and the target photon energy is therefore " (1+2)?
Using the Egs. (12) and (13) we can simplify the ratio of pho-
DU S A
E,e, ~0.032 ﬁ GeV2. (9) tondensities given in Eq. (3) to
+z
nl(€y,) _ ®ssolen) By (14)
So from the known flare energdy., of a blazar the seed pho- nl(ey,)  Psscley2) By,
ton energye, can be calculated when the Doppler factor and 0 _
the bulk Lorentz factor is known from the leptonic model fit 1he7-ray flux from ther™ decay is deduced to be
to the blazar SED. F,(E,) = B2 AN(E,)  p2dN(Ep) (15)

Y4B, " dE, T
The EBL effect attenuates the VHE flux by a factoeof~~,
The observed VHE~-ray flux depends on the back- wherer, ., is the optical depth which depends on the energy of

the propagating VHE-ray and the redshift of the source.

ground seed photon density and the differential power- ; ;
spectrum of the Fermi accelerated protons giverfasx Including the EBL effect, the relation between observed

nl(E2dN/dE,). Itis to be noted that, the photohadronic flux %, and the intrinsic flux7,. is given as
process in a standard blazar jet environment is inefficient Fy(Ey) = Finy(Ey)e™ ™ (B2, (16)
due to low seed photon density . So to explain the multi- )
TeV emission from the flaring in the photohadronic scenario, Nen the EBL corrected observed multi-TeV photon flux
jet kinetic power has to be increased to the super-Eddingtofo™ m°-decay at two different observed photon enerdies
limit [55,98]. However, the inner compact jet scenario evade@Nd E-2 can be expressed as
this problem due to the higher photon density [35]. F,(E,) ®sscley,)

The optical depth of thé\-resonance process in the inner F,(E,,) ®sscley,)
jet region is given by

3.2. Flux calculation

E —a+3
X <E’Yl > e*Tvv(E’v1vz)+T'w(E'y2’Z)’ (17)

Toy = 1, pO R (10) e
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where we have used where the intrinsic flux is given in Ref. [40] as,
& - & (18) E —a—B+3
Ep, By, Fyin(Ey) = A, & (Tg/) , (26)

The ®55¢ at different energies are calculated using the lep-

tonic model. Here, the multi-TeV flux is proportional to whereA, is a dimensionless normalization constant and can

E;‘X+3 and®ssc(ey). In the photohadronic processy), be fixed by fitting the observed VHE data. As discussed

the multi-TeV photon flux is expressed as above the power indeX is fixed from the tail region of the

a3 SSC SED for a given leptonic model which fits the low en-
F(E,) = Ay®ssc(ey) < Ey ) e~ (Ev2) - (19)  ergydatawell. Sothe Fermiaccelerated proton spectral index
TeV « is the only free parameter to fit the intrinsic spectrum.
Bothe, and E, satisfy the condition given in Eq. (9) and the
dimensionless constadt, is given by

—a+3
A7_< PBa) )(Tev) er (P22 (20)

cI)SSC'(G')'?) E’Yz

4. Results

From the continuous monitoring and dedicated multi-
] o o wavelength observations of the nearest HBLs Markarian 421
Comparing Egs. (16) and (19), the intrinsic flBY,; is given (Mrk 421, z=0.0308 [57, 58]), Mrk 501 (z=0.033 [58, 59])
as and 1ES 1959+650 (z=0.047 [60]), several major multi-TeV
—ot3 flares have been observed [61-65]. Strong temporal cor-
Fint(Ey) = Ay®ssc(ey) (T;/> - (21)  relation in different wavebands, particularly in X-rays and
VHE ~-rays has been observed in some flaring events. How-
Using Eq. (19), we can calculate the EBL corrected multi-ever, in some other flaring events no such correlation is ob-
TeV flux WhereA,, can be fixed from observed flare data. served [15' 16], which seems unusual for a |ept0nic Origin
We can calculate the Fermi accelerated high energy protop 10,12, 66] of the multi-TeV emissions and needs to be ad-
flux F,, from the TeVy-ray flux through the relation [36] dressed through other alternative mechanisms [55,67—71,98].
F(E.) Below we shall discuss the flaring of Mrk 421, Mrk 501 and
F,(E,) =75 x —1—1. (22)  1ES1959+650 separately.
Tpy (Ep)
The optical depthr,, is given in Eqg. (10). For the observed 4
highest energyy-ray, E, corresponding to a proton energy

£, the proton fluxt?,(E,) will be always smaller than the ;1 451 was the first extragalactic source detected in the
Eddington fluxFgqq. This condition puts a lower imit on i Tev domain [72] and also it is one of the fastest vary-
the optical depth of the process and is given by ing y-ray sources. It has a luminosity distante of about
F.,(E,) 129.8 Mpc and its central supermassive black hole is assumed
Ty (Ep) > 7.5 % o, (23) {0 have a mass8/py ~ (2 —9) x 10® My correspond-

Edd
, , _ ing to a Schwarzschild radius ¢6.6 — 2.7) x 10'* cm and
From the comparison of different times scales and fromy,, Eddington luminosity pag = (2.5 — 11.3) x 10% erg

Eg. .(23) we wiII' be aple to constrain the seed photon deng-1 1o synchrotron peak (1st peak) of its SED is in the
sity in the inner jet region. soft to medium X-ray range and the SSC peak (2nd peak)
Itis obgerved th&_‘t' for the observed_ ﬂarg enefgythe g iy the Gev range. Through dedicated multi wavelength
range Ofe,, is always in the low energy tail region of the SSC sy ations, the source has been studied intensively. These
band and the gorrespondmg SSC flux in this range of Seegtudies show a correlation between X-rays and VHEys.
photon energy is exactly a power-law given &ysc o« ;A one-zone SSC model explains the observed SED reason-
with § > 0. Again, from the kinematical condition 10 5y \ve|| [73]. Several large flares were observed in 2000 -
produceA-resonance througpry mte_ractlon,q can be ex- 5501 [74-76] and 2003 - 2004 [16, 77]. During April 2004,
pressed in terms df, and can be written as a large flare took place both in the X-rays and the TeV en-
Dgsc(ey) = Do E;ﬁ. (24) ergy_pands._The flare lasted for more than two weeks (from
Modified Julian Date (MJD) 53,104 to roughly MJD 53,120).
From the leptonic model fit to the observed multiwavelengthDue to a large data gap between MJD 53,093 and 53,104, it
data (up to second peak) during a quiescent/flaring state wis difficult to exactly quantify the duration. The source was
can get the SED for the SSC region from whieh and3  observed simultaneously at TeV energies with the Whipple
can be obtained easily. By expressing the observedAlux 10 m telescope and at X-ray energies with the Rossi X-ray
in terms of the intrinsic flux, ,,, and the EBL correction as  Timing Explorer (RXTE) [16]. It was also observed simulta-
(B 2) neously at lower wavelengths (both radio and optical). Dur-
Fy(Ey) = Fyin(Ey) e 7%, (25)  ing the flaring it was observed that, the TeV flares had no

.1. Markarian 421
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coincident counterparts at longer wavelengths. Also it was . R
observed that the X-ray flux reached its peak 1.5 days before ™ T — -
the TeV flux did during this outburst. Remarkable similarities = N
between the orphan TeV flare in 1ES 1959+650 and Mrk 421 \\
were observed, including similar variation patterns in the X-  *°
ray spectrum. A strong outburst in multi-TeV energy in Mrk

421 was first detected by Very Energetic Radiation Imaging *f ]
Telescope Array System (VERITAS) observatory on 16th of ©?1°
February 2010 and follow up observations were done by the
HESS telescopes during four subsequent nights [61].

A six month long multi-instrument campaign by the e

Major Atmospheric Gamma Imaging Cherenkov Telescopes
(MAGIC) telescopes observed VHE flaring from Mrk 421 — B
on 25th of April 2014 and the flux (above 300 GeV) was 105 10 10°
about 16 times brighter than the usual one. This triggered a B, [GeV]
joint ToO program by X-ray Multi-mirror Mission - New- Figure 2. At a redshift ofz = 0.031, the attenuation factor as a
ton (XMM-Newton), VERITAS, and MAGIC instruments. function of £, for different EBL models are shown for comparison.
These three instruments individually observed approximately
3 h each day on April 29, May 1, and May 3 of 2014 [78].
The simultaneous VERITAS-XMM-Newton observation is 103
published recently and it is shown that the observed multi-
wavelength spectra are consistent with one-zone synchrotror
self-Compton model [78].

The observed multi-TeV flux from the above flaring
events are EBL corrected and for this correction well known
EBL models of Domingueet al.[46] (EBL-D) and Inoueet
al. [48] (EBL-I) are used. In Fig. 1 the attenuation factor for
these two models as functions of observed gamma-ray energ).-.c
E., are shown and both are practically the same in all the en- -,
ergy ranges (there is a minor difference in the energy range
600 GeV< E, <1TeV).
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4.1.1. The flare of April 2004
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The mglti-TeV flare of April 200_4 was the first flgre observed FIGURE 3. The fit to the tail region of the SSC SED (lep-1)
in multiwavelength by the Whipple telescope in the energy|;g) with the power-law as given in Eq. (24) withy = 6.0 x
range0.25 TeV (6.0 x 10°°Hz) < E, < 16.85TeV(4.1 X 19-19 grgcn2 s~! and3 = 0.48 (red curve).
10%7 Hz) and it was difficult to explain by one-zone leptonic
model [16]. As discussed above, the photohadronic interthan the EBL-l. To compare the photohadronic model fit
pretation of the flare data needs the leptonic model as inpwiithout EBL correction but with an exponential cut-off
and here the one-zone leptonic model of Ref. [16] (lep-1XdN/dE, EZ“exp(—E,/E.)) [38], and the multi-zone
is used. In this model the bulk Lorentzis = D = 14.  leptonic model fit (magenta curve) [16] are also shown in
The above range df., corresponds to the Fermi acceleratedthe same figure (red curve). It can be seen from Fig. 3 that
proton energy in the range5TeV < E, < 168TeV and  the multi-zone fit is not so good compared to other fits for
the corresponding background photon energy is in the rangg, < 15 TeV. However, for higher energy it has the same
23.6 MeV(5.7x 10! Hz) > €, > 0.35 MeV (8.4x10'9Hz).  behavior as EBL-D and EBL-I. With the exponential cut-off
This range of, is in the low energy tail region of the SSC scenario, a good fit is obtained for the spectral index 2.7
SED and its flux is expressed as power-law given in Eq. (24and the cut-off energy. = 6.2 TeV. Again comparing this
with @5 = 6.0 x 10712 ergem =25~ ! and3 = 0.48 whichis  with the EBL corrected models, below 4 TeV, all these fits
shown in Fig. 2. are exactly the same. However, above 4 TeV we observe
Very good fit to the multi-TeV flare data is obtained for some discrepancy among these fits and above 10 TeV the fits
a = 2.7, and the normalization constadt, for EBL-Dis 2.3  of EBL-D and EBL-I fall faster than the exponential cut-off
and for EBL-I is 2.5 respectively which are shown in Fig. 3. scenario. Comparison of EBL-I with the exponential cut-off
Below 4 TeV both these EBL models fit the data very well, scenario shows that, fa., < 10 TeV bothe=%+/F< and
above this energy there is a slight difference due to the change ™~ are almost the same and above 10 TeV the attenuation
in the attenuation factor. It is observed that EBL-D fits betterfactor falls faster than the exponential cut-off. The intrinsic
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TABLE |. The parameters used in the photohadronic fits for the ob-
served data taken from the observations of Whipple in 2004 and

T: _ T _ HESS in 2010 are given. The parametersind A., are spectral
o 0 index and normalization constant respectively.
1S C ]
; [ i lep-1 lep-2
e 3 3 D (Doppler factor) 14 25
= |5§" h— EBL-| Whipple 2004 a— 2.7, A — 2.3 ] Rg (Blob radius) 0.7 x 10'% cm 0.9 x 10'% cm
Byl eorowmme 200a0- 27, 4,- 25 : R} (Inner blob radius) ~ 3 x 10" cm  ~ 3 x 10'° cm
= Sopomeon o - sui, i B’ (Magnetic field) 0.26 G 017G
5w whione 000 . . EBL Model a, A, a, A,
19207 10° 10* EBL-I 27,23 26,24
E, [TeV]
‘ EBL-D 27,25 26,25

FIGURE 4. Fit to the observed flux of April 2004 flare with the
photohadronic model using two different EBL models are shown.

It is also compared with the power-law with exponential cut-off o7 ) . !
without EBL correction fit [38] and with the multi-zone leptonic 20.95TeV (5.0 x 10°" Hz). During this period there was

fit [16]. The multi-zone leptonic model accounts for the attenu- no observation of multiwavelength SED, particularly in the
ation of the very high energy gamma-rays by the diffuse infrared SSC band. So to interpret the observed flare data, the ob-

background.The intrinsic fluxes for both the EBL models are alsoServed SED at an earlier and later epochs were used. The
shown. first one is the lep-1, which is used for the interpretation of

the April 2004 flare and the second leptonic SED is from
flux in EBL-D and EBL-I are almost the same and havingthe multiwavelength observation of Mrk 421 during January
power-law behavior with¥, ;,, oc E; '8, Even though all to March 2013, undertaken by GLAST-AGILE Support Pro-
these models fit quite well to the observed data below 20 Te\gram of the Whole Earth Blazar Telescope (GASp-WEBT)
energy range, the deviation is appreciable above 20 TeV beSwift NUSTAR Fermi-LAT, MAGIC, VERITAS [79] and fit-
tween the EBL corrected plots and the exponential cut-offted with one-zone leptonic model where the bulk Lorentz fac-
So observation of VHE flux above 30 TeV will be a good torT" = 25 is used (lep-2). The parameters of lep-1 and lep-2
test to constrain the EBL effect on the VHE gamma-rays fromare shown in Table .

Mrk 421. Again, the above range df, corresponds to the proton
By comparing different time scal@se. expansion time energy inthe rang#.7 TeV < E, < 210 TeV. Using lep-1,
scale, interaction time scale pfy interaction and using the wherel’ = D = 14, the seed photon energy lies in the range

fact that the high energy proton luminosity to be smaller0.28 MeV (6.8 x 10'° Hz) < e, < 3.53 MeV (8.5 x 10%° Hz)
than the Eddington luminosity in the inner jet region of sizewhich is again in the tail region of the SSC SED as shown in
R; =~ 3 x 10" m, the range of optical depth for th&-  Fig. 2. Very good fit to the multi-TeV spectrum is obtained by
resonance production is estimated0a®2 < 7,, < 0.13.  using the EBL-D and EBL-I and the parameters are respec-
This corresponds to a photon density in the inner jet retively o = 3.1 and A, = 58.0 for EBL-D anda = 3.2 and
gion as1.3 x 10°%cm™® < n/ . < 89 x 10 em™3. A, = 28.0 for EBL-I which correspond to very soft spec-
The TeV photons produced from the neutral pion decayrum and the intrinsic spectrum is also soft (between -0.68 to
will mostly encounter the SSC photons in the energy range0.58). In the low energy limit the spectrum shoots up very
0.35MeV < e, < 23.6 MeV. The pair production cross sec- high and this behavior is not seen by HESS. So we can ig-
tion fore, > 0.35 MeV is very small ¢, < 1073° cm=2)  nore the fit for whicha > 3. This soft power-law problem
which corresponds to a mean free patihgf > 10'® cmfor  arises because = 0.48 is small and we can use the leptonic
the multi-TeV gamma-rays, larger than the outer jet size. Somodels which havgd > 0.48 as a result of which we should
the TeV photons will not be attenuated much due taethe™ geta < 3. The time averaged differential energy spectrum

in the energy rangd.67 TeV (4.0 x 10*°Hz) < E, <

pair production. of this observation is also fitted with a power-law with expo-
nential cut-off having four parameters [61].
4.1.2. The flare of February 2010 For lep-2 withl' = D = 25, the energy range

1.67TeV(4.0 x 10*°Hz) < E, < 20.95TeV(5.0 x
On 16th of February 2010, a strong outburst in multi-TeV 102" Hz) corresponds to the seed photon energy in the range
gamma-rays from Mrk 421 was observed by VERITAS tele-0.90 MeV(2.17 x 10*°Hz) < e, < 11.26 MeV(2.72 x
scopes and follow up observations were carried out by HES$0%! Hz), which is again in the tail region of the SSC SED as
telescopes from 17th to 20th of February a total of 6.5 hshown in Fig. 5. This is fitted with a power-law with= 1.1
These data were taken in 11 runs with each+uR8 min-  and®, = 4.37 x 1072 TeVem~2s~!. Again EBL-D and
utes duration [61]. The HESS telescopes observed the flareEBL-I are used to fit the 2010 flare data in the photohadronic
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the observed data. A minor difference between EBL-D and
EBL-I predictions for0.6 TeV < E. < 20TeV is observed

for 2010 flare data as shown in Fig. 6 and the intrinsic flux
is Fy in o< E707. Comparison of the intrinsic flu, ;, of
2004 and 2010 multi-TeV flaring shows that different spectral
shape of the observed events are solely due to the diversity in
the shape of the seed photon density distribution (particularly
in the SSC tail region) during different epochs.

B *
10-19] ‘é‘_

10~ !z ===+ One zone fit (lep-1)
===+ One zone fit (lep-2)
— Power law fit § = 0.48
Power law fit #= 1.1
o] —— EBL-IHESS 2010 0 =256, A, =24
3 EBL-I Whipple 2004
EBL-D HESS 2010
—— EBL-D Whipple 200:
— Cutoff: I' = 2,05, & = 1.96¢ — 11, Ey = 2.739, Epe = 3.4
10~ 3= Multi-Zone Leptopnic Fit
@ HESS 2010
#1" Whipple 2004

2 dN, o
Ef’ o lerg em™2 571
2

4.2. Markarian 501

Markarian 501 (RA251.46°, DEC:39.76°) is one of the
= S & s & brightest extragalactic sources in X-ray/TeV sky [43] and also
E, [Hz] the second extragalactic object (after Mrk 421) identified as
VHE emitter by Whipple telescope in 1996. Since its dis-
law fit to the SSC tail region witl¥ = 1.1. The best fit to the flare covery, the multiwavelength correlation of Mrk 501 has been

of 2010 using EBL-D and EBL-I are also shown. For comparison, studied m}enswily and dulrlng thls perlold It ha; unqctierfglone
we have also shown the SED of lep-1, the power-law fit to the sscmany ma1_or outbursts on ong_ time scales and rapid flares
tail region with 3 = 0.48 and the best fit to the flare data of 2004 ON Short times scales mostly in the X-rays and TeV ener-

by Whipple telescope [16]. The low energy observed data are takerdi€s [80—-90]. In the year 2009, Mrk 501 was observed as
from ref. [16,79]. a part of large scale multiwavelength campaign covering a

period of 4.5 months (from March 9 to August 1, 2009) [63].
The scientific goal of this extended observation was to col-
E lect a simultaneous, complete multifrequency data set to test
the current theoretical models of broadband blazar emission
mechanism. Between April 17 to May 5, this HBL was ob-
served by both space and ground based observatories, cov-
ering the entire electromagnetic spectrum even including the
variation in optical polarization [63]. A very strong VHE
flare was detected on May 1st first by Whipple telescope and
1.5 hours later with VERITAS. Both of these telescopes con-
tinued simultaneous observation of this VHE flare until the
end of the night and the detected flux was enhanced by a
factor of ~ 10 above the average baseline flux. Also a dra-
matic increase in the flux by a facter 4 in 25 minutes and
T — a falling time of~ 50 minutes was observed. The flux mea-
E, [Tev] sured at lower energies before and after the VHE flare did not

FIGURE 6. Fit to the observed flux of 2010 flare by HESS using show any si.gnifica.lnt var.iation. BUBWIftXRT (in X'ray) .
photohadronic model and EBL correction to it by EBL-D and EBL- @nd UVOT (in optical) did observe moderate flux variabil-

I are shown. The corresponding intrinsic fluxes are also given. ity [63]. Using the one-zone SSC model, the average SED of
this multiwavelength (up to second peak) campaign of Mrk

model which are also shown in Fig. 5. The best fit param-501 is interpreted satisfactorily [63].
eters arex = 2.6 and A, = 2.5 for EBL-D anda = 2.6 The very strong VHE flare data of May 1st observed
and A, = 2.4 for EBL-I respectively also the flux decreases by Whipple telescope and the long outburst observed by
towards low energy regime as expected. Both the EBL-DHEGRA telescopes in 1997 were modeled using the photo-
and EBL-I corrections to the photohadronic model give prachadronic model of Ref. [39]. The model of Dominguetz
tically the same result. al. [46] is used to correct for the EBL effect on the observed
In the low energy regime, the lep-1 fit flux increases dras-data. Here we shall discuss about the fit to this flare data by
tically but this behavior is absent with the lep-2 fit. It is to different models. To explain the VHE flare of May 1st, 2009,
be noted that, lep-1 corresponds to the observation duringe use the parameters of the one-zone leptonic model [63]
the year 2003-2004 and lep-2 is the recent one of Januamyhose parameters are shown in Table II.
2013. So we believe that during each observation period, The observed VHE flare of May 1st was in the range
the photon density distribution in the jet changes and thisv 317 GeV < E, < 5 TeV. Inthe present context, the above
change in the seed photon changes the spectral behavior @inge ofE.,, corresponds to the Fermi accelerated proton en-
the observed multi-TeV gamma-rays. This implies almost siergy in the rangg.2 TeV < E, < 50 TeV which interacts
multaneous observation in multiwavelength is essential to fitvith the inner jet background SSC photons in the energy

ool ol |||||,|,|,|i croond vl ol

FIGURE 5. The SED of lep-2 [79] is shown along with the power-
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4 Whipple very high state -
TABLE Il. The parameters (up tB’) are taken from the one-zone ol " Whipple low state
synchrotron model of Ref. [63] which are used to fit the SED of 10 A Veritas high state E
Mrk 501. The last two parameters are obtained from the best fit to - - 3
the observed Whipple high state flare data from Ref. [39]. 2 - .
| = =
Parameter Description Value é
Mgy Black hole mass (0.9 — 3.5) x 10° Mg g v E E
z Redshift 0.034 & - .
r Bulk Lorentz Factor 12 3_ R -
D Doppler Factor 12 % 1012 -
R}, Blob Radius 1.2 x 10'° cm W F 3
B’ Magnetic Field 0.03G N ]
R Inner blob Radius 5 x 10'° cm B 7]
a Spectral index 2.4 1o=% ml—v ml—o m[ 1!10
E, [TeV]
107 T T - -
o FIGURE 8. The average SED of Mrk 501 is shown in all the en-
107 B Realanalysis HEGRA 1997 ergy bands which are taken from Ref. [63]. The SED of low state
===~ Whipple fit (MJD 54936-54951; blue squares) and high state (MJD 54952-55;

10° - red circles) of the 3-week period are shown. The leptonic model
% 3 fit to the low state (blue curve) and high state (red curve) are also
f 107 = shown. The blue dotted curve corresponds to the optical emission
£ 3 from the host galaxy. The black curve is the photohadronic fit to
Wo® E the Whipple very high state data (red circles).
Z H =|

o R the EBL corrected fit and the exponential it differ from the

10710 11 7; Whipple fit. Again the EBL fit and the exponential fit differ

PO S BT o v ool

above 10 TeV and the former one falls faster than the latter
101 . as clearly shown in Fig. 7. Even though all these fit very
5 " ey ° well with the Whipple data, deviation is obvious in the VHE
FIGURE 7. The black curve is the hadronic model fit which in- limit. Again, between March 16th and October 1st, 1997,
cludes the EBL attenuation using the EBL model of Domingetez  Mrk 501 was in a flaring state which was monitored in TeV
al. [46] to the Whipple very high state flare data (red filled circles) y-rays with the HEGRA stereoscopic system of imaging at-
of Mrk 501 and the red continuous curve is the intrinsic flux in the mospheric Cherenkov telescopes (IACTs). During this long
same model. For comparison we have also shown the Whipple fitoutburst period (a total exposure time of 110 h) more than
to the data (dashed curve) and the exponential fit _(dashed dotte@3 000 TeV photons were detected and the energy spectrum
curve). We have z’?1|SO show_n the HEGR_A observqtlon of the out-of the source was above 10 TeV. A time-averaged energy
2:;:;?]:{;”5?3 ]\-/3it9h7imcgg‘gzigtlsgs:g?/nrzlzs;3ti(:rf)?gluCeIr?ill?es(i S[ii]a‘:‘:;spectrum of this observation period was fitted with a power-
[90]. The shedded region is the region of uncertainty in the EBL law accompanied with f';m exponentlal cutoff [89]. Thg same
model. data was reanalyzed with an improved energy resolution [90]
and found that except for the highest energy, the two analy-
range13.6 MeV(3.29 x 102' Hz) > ¢, > 0.86MeV(2.1 x sis were in very good agreement. At the highest energy the
1029 Hz) and finally produce the observed VHE photons. TheSPectrum was found to be much steeper than the conventional
range ofe., lies in the beginning of the SSC spectrum. A analysis. In Fig. 7, along with the 2009 flare spectrum, we
very good fit to the data is obtained for = 2.4 and havealso shovyn the con_ventlonal analysis and the improved
A, = 89inin Eq. (19). For comparison we have fitted €Nergy resolution analysis of the 1997 outburst observed by
the data with an exponential cut-off function (dashed dotted{EGRA telescopes. The photohadronic model of Ref. [39]
curve) and the best fit is obtained for= 2.6, £, = 30 Tev fits very well with the reanalysis result of 1997 flare data be-
andA., = 66. Also we have shown the Whipple fit (dashed Yond 10 TeV. The entire SED (from low to VHE) is shown in
AN, /dE, = 9.1x 107 7(E,/1TeV)" 2! phm2s ! Tev ', show the EBL contribution.
It is observed that the EBL correction to the VHEray is By comparing different time scales and the Eddington lu-
small but not insignificant (black curve in Fig. 7) which has aminosity (as done for Mrk 421), the optical depth is in the
faster fall above 10 TeV. The Whipple data fit very well with range0.04 < 7,, < 0.13 and this corresponds to the range
the above three scenarios. However, above 5 TeV, both thef photon density in the inner jet region B x 101% cm=3 <

-
o
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nl ;< 5.1 x 10" cm~?. Due to the adiabatic expansion of

the inner jet, the photon density will be reducednto and 10-19
also the optical depth,, < 1. This will drastically reduce

the A-resonance production efficiency from the process.

TeV flare
Avg. Suzaku-+Swift 2002
UVOT Swift

of the central black hole is estimated to be 1.5 x 10%
Mg. In 1998, VHE gamma-ray from 1ES 1959+650 was
observed by the Seven Telescope Array in Utah and later on 10 , , : H , :
other observations were also reported. In May 2002, 1ES 10" o 10" 107 107 107
1959+650 had a strong TeV outburst which was observed g 2]

by Whipple [13] and HEGRA experiments [14] as well as _

in the X-ray range by RXTE experiments. The X-ray flux F|GUR;9. The multlvyavelength SED measured at the end.of 2006
smoothly declined throughout the following month. How- May with other historical data from Ref. [95] are shown. Different

. . . . symbols are observations with different sources marked within the
ever, during this smooth decline period, a second TeV flar .
0x, and the curves are model fits: The curve (from low energy to

was observed after few days (on 4th of June) of the initialhigh energy) is synchrotron + SSC fit from Tagliafesti al. [95],

one without a X-ray counterpart [15]. As this flare was notyyhjje the second curve (extreme right) is the photohadronic fit to
accompanied by low energy counterparts, it is catlggthan e flare data.

flare. So the observation of the orphan flare in 1ES 1959+650

is in striking disagreement with the predictions of the Iep'which the parameters used dre- D = 18, R} = 7.3 x 1015

tonic models thus challenging the SSC interpretation of th%m andB’ = 0.25 G. To explain the VHE spectrum of the
TeV emission. Similar behavior also observed in the flare ' '

i ) ) orphan flare in photohadronic model [33], = 18 is also
of April 2004 from Markarian 421. Non observation of a used.
significant X-ray activity could naturally be interpreted by i
the suppression of electron acceleration and inverse Comp- 1he observed flare energy was in the range
ton scattering as production mechanism for very high energy-26 TeV(3.05.>< 10_26HZ) SEy S 9'4.T9V(2'3 x 10*"Hz).
(VHE) gamma rays in favor of alternative scenarios. To ex->amma-ray in this energy range is produced when pro-
plain the orphan flare, A hadronic synchrotron mirror modeltons in the energy range2TeV < E, < 94TeV col-
was proposed by &tcher [93] to explain this orphan TeV lide with the background photons in the energy interval
flare from 1ES1959+650 [94]. In this model, the flare is ex-7-5 MeV(1.8 x 10° Hz) > e, > 1MeV(2.4 x 10* Hz).
plained through the decay of neutral pions to gamma rayd N€ range ot, lies exactly in the low energy tail of the SSC
when the former are produced due to the interaction of higiPhotons as shown in Fig. 9, calculated using the one-zone
energy cosmic ray (HECR) protons with the primary Syr]_Iepton!c model and flux in FhIS region also has a power-law
chrotron photons that have been reflected off clouds locateBehavior®ssc o ¢5. As discussed for Mrk 421 and Mrk
at a few pc above the accretion disk. These photons are bligP1: We can relate the photon density in the inner region to
shifted in the jet frame so that there will be substantial delhe outer region and calculate the observed high energy flux.
crease in the HECR proton energy to overcome the threshold Best fit to the observed VHE spectrum is obtained with
for A-resonance and, at the same time, it is an alternativéhe values ofx = 2.83 andE, = 4.2 TeV [14] for power-
to the standard scenario where HECR protons interact withaw with exponential cut-off. The-ray cut-off energy of 4.2
the synchrotron photons, where one needs HECR protons eV corresponds td, . = 42 TeV and above the cut-off
be Fermi accelerated to very high energy. However, how effienergy the flux decreases. For power-law with EBL correc-
ciently these photons will be reflected from the cloud is rathetion, the best fit is obtained fer = 2.8 and A, = 87 (black
unclear. curve) using Eg. (19). For comparison, both the exponential
The SED of the 1IES1959+650 is fitted quite well with the and the EBL fits are shown in Fig. 10. The exponential fit
leptonic one-zone synchrotron and SSC model [95,96]. In alfalls faster than the EBL fit above 16 TeV. The time averaged
these models, although the blob size differ by about 1 to 2 orTeV energy spectrum (above 1.4 TeV) of the flaring state of
ders of magnitudesi(4 x 101 ecm < R < 1.4 x 10*cm),  the 1ES 1959+650 was well fitted with pure power-law by
the bulk Lorentz factof® andD are almost the samé{ < the HEGRA collaboration and the power-law spectral index
I' ¥~ D < 20). The multiwvavelength observation of 1ES is o = 2.83 & 0.144a; £ 0.084y¢ Or by a power-law with an
1959+650 was performed in May, 2006 and the SED fittedexponential cut-off afZ, = (4.2¥55 . +0.9.,.) TeVand a
with the above one-zone model by Tagliafesti al[95], for spectral index ol.83 = 0.154,¢ & 0.084ys [14, 97].

T,
4.3. 1ES1959+650 T: I .
3 - ]
The AGN 1ES 1959+650z( = 0.047) was first detected & [ X Moy 24 2002 ]
in the Einstein IPC Slew Survey [91] and classified as a :m B N x&%%g 1
HBL subclass, based on its X-ray to radio flux ratio [92] :: 1012 o Optical UV ground
with a luminosity distance of, = 210 Mpc and the mass R § P
i
i
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ergy neutrino event from nearby HBLe.¢ Mrk 401, Mrk
501 etc.) when they were flaring and also the extragalac-
tic magnetic field seems to be weak. However, in the pho-
tohadronic model discussed aboye, — A process takes
place in the hidden inner jet region where the photon density
is order of magnitude higher than the normal jet and over-
comes the super-Eddington energy budget. Also, the energy
of the Fermi accelerated protonis, = 10 £, which can be
achieved easily in the jet.
e Normally it is difficult to explain the GeV-TeV emission

E, [TeV] from HBLs through one-zone leptonic model. On the other
hand, multi-zone leptonic models overcome this problem and
explain the multi-TeV data but one has to increase the num-
ber of parameters. A power-law with an exponential cut-off
energyFE, is the conventional method used in the literature
to explain the exponential fall of the multi-TeV flare from
flaring blazars where the free paramefierdepends on some
unknown mechanism. The EBL correction does the same job
as the exponential decay factor. So the inclusion of EBL ef-

T T T T T T
=== Energy cutoff (a=2.83,E.=4.2 TeV)
e === |nstrinsic flux

~~~~~ - 4 TeV Flare

RTINS ATTIT MR NTTTT M SWRTIT MW VT

FIGURE 10. The flare data are fitted with power-law with exponen-
tial decay (red dotted curve) and power-law with EBL correction
(black curve). The blue dotted curve is the intrinsic flux.

In Fig. 9, the flare data is shown along with the fit. Nor-
mally, it is observed that the flux increases foy < 1.2 TeV
due to the high proton flux in this energy range. However,
in order not to violate the Eddington luminosity, the proton L .
energy spectrum must break to a harder indexy(a ~ 2.3) fect eliminates the necessity of the extra paramgter

below 12 TeV. So a break in proton spectrum is introduced aé ; TZ?ezlt?:nesn;r:g%r?erzgteOgﬁe \(I:\gr"o?g 3vc|:lcl: Zmﬁin'ﬁgh%t?;gnh ehnc;-
E,; ~ 12 TeV below whicha = 2.3 and above this energy 9y Y P

" ) tons in the magnetic field of the jet. The energy range of
o = 2.8 sothat the gamma-ray flux falls below 12 TeV. the photons emitted lie in between the high energy end of

the synchrotron spectrum and the low energy tail of the SSC
5. General Remark spectrum, thus may not be observed due to their low flux in
this region. The secondary charged partiefesn*, 1+ pro-

A general discussion of shortcomings in different models isduced within the jet will also emit synchrotron photons and
discussed here. In proton synchrotron models [55], the intheir energy will be much smaller than the synchrotron pho-
teraction of high energy protons with the synchrotron pho1ons produced from the primary electrons accompanying the
tons in the jet can produce-rays from=® decay and can high energy protons. So even though the charged particles
explain the multi-TeV emission from blazars. Also Zdziarski €mit synchrotron radiation, their contribution will be small.

et al [98, 99] have used the hadronic model to explain the ~The problem with the photohadronic model is that, the
broad band spectra of radio-loud AGN. These scenarios re&d@mma-rays are produced from the pion decay within the in-
quire super Eddington luminosity in protons (10° times ~ Ner jet region where photon density is very high compered to
the Eddington flux ) to explain the multi-TeV emission. Also, outer region. Sey — e*e™ should be efficient, which will
synchrotron emission from the ultra high energy protons irdttenuate the propagation of multi-TeV gamma-rays from the
the jet magnetic field can explain the VHEray SED [68]  Production site. However, observation of multi-TeV gamma-
but strong magnetic field at the emission site is a necessafy events from many flaring HBLs observed by MAGIC,
requirement which is probably not there. In an alternativeVERITAS, HESS telescopes guarantees that gamma-rays do
scenario, ultra high energy protons escaping from the jet reescape from the jet without undergoing pair production, so
gion produce VHE photons by interacting with the cosmicthe pair production process can be constrained. The pho-
microwave background (CMB) photons and/or EBL which tohadronic model works well for high energy gamma-rays
avoids the absorption in the inner jet region [100]. This ex-(above~ 100 GeV), so in the lower energy regime, it is
plains the transparency of the universe to VHEays due the leptonic model which contributes to the multiwavelength
to their proximity to the Earth Compared to the one pro-SED. In principle both should coincide at some intermediate
duced in the source which travels a longer distance. Als&nergy.

the TeV spectrum is independent of the intrinsic spectrum

but depends on the output of the high energy cosmic rayg, ~Summary

in the source. This model fits very well to multi-TeV spec-

tra from many sources [69, 101-103]. However, in this sceOne-zone leptonic model is very successful to explain the
nario, it is assumed that the source produces VHE protonsynchrotron and SSC peaks of AGN. But this model has diffi-
with energiesl0'7 — 10'° eV (this is true with most of the culties to explain the multi-TeV emission/flaring from many
hadronic models) and a weak extragalactic magnetic field itdBLs. In this article, we review the photohadronic model
the rangd0~'" G < B < 10~!* G is needed. So far we have which is very successful to explain the multi-TeV flare data
not observed either high energy cosmic ray event or high erfrom the nearest HBLs Mrk 421, Mrk 501 and 1ES1959+650.
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As high energy gamma-ray is attenuated by the EBL, it ispends on®ssc, simultaneous multiwavelength observation
necessary to account for it which is considered here and conof the object during the flaring is important and in few cases
pared with the exponential cut-off scenario and other powerit has already been done. In future, accurate measurement of
law fits. The main objective here is to understand the flaringeBL contribution and observation of HBLs above 30 TeV en-
from nearby HBLs so that the mechanism to produced intrinergy range will definitely constrain severely different models
sic flux can be understood well and also it can be useful taliscussed above.

understand the flaring from far off HBLs. This model uses

the leptonic model parameters which explains the first two
peaks of the AGN very well as input. In the photohadronicAcknowledgments
scenario, the observed flux is proportional to the SSC flux

dssc Which is a power-lawd gso E;ﬁ in the lower tail

| thank my collaborators Salvador Miranda, Alberto Rosales

region. Then, measurement of SSC flux in the low energy taifle Ledn, Shigehiro Nagataki, Vladimir &fiez and Virendra
region is required. But, most of the cases this region of thé>upta for many simulating discussions. | am thankful to Car-
SED is not observed/measured due to technical difficultied0s Lopez Fortin for his help in drafting the article. The work
Hence, model calculations are used for it and different modof S. S. is partially supported by DGAPA-UNAM (Mexico)
els give slightly different3. As the photohadronic model de- Project No. IN103019.

1. V. A. Acciari et al. [VERITAS and MAGIC Collaborations], 16. M. Blazejowski et al, Astrophys. J.630, 130 (2005)
Astrophys. J.729, 2 (2011). doi:10.1088/0004-637X/729/1/2 doi:10.1086/431925 [astro-ph/0505325].

[arXiv:1012.2200 [astro-ph.HE]]. 17. M. G. Aartsen et al. [lceCube Collaboration], Science

2. C. M. Urry and P. PadovanRubl. Astron. Soc. Pad.07, 803 361, no. 6398, 147 (2018) doi:10.1126/science.aat2890
(1995) doi:10.1086/133630 [astro-ph/9506063]. [arXiv:1807.08794 [astro-ph.HE]].

3. A.A.Abdoetal.[Fermi LAT Collaboration] Astrophys. J700, 13, s, Ansoldi et al. [MAGIC Collaboration], Astrophys. J.
597 (2009) [arXiv:0902.1559 [astro-ph.HE]]. Lett. [Astrophys. J.863 L10 (2018)] doi:10.3847/2041-

4. F. AharonianAstrophys. J664, L71 (2007) [arXiv:0706.0797 8213/aad083 [arXiv:1807.04300 [astro-ph.HE]].

[astro-ph]]. 19. A. Muecke, R. J. Protheroe, R. Engel, J. P. Rachen and

5. C. D. Dermer and R. SchlickeiseAstrophys. J.416 458 T. StanevAstropart. Phys18, 593 (2003).

(1993). 20. A. Reimer, R. J. Protheroe and A. C. DonAatron. Astrophys.

6. M. Sikora, M. C. Begelman and M. J. Redstrophys. J421, 419, 89 (2004).

153 (1994).
( ) ) ) ) ~21. F. A. Aharonian,New Astron5, 377 (2000).

7. P. Padovani, M. Petropoulou, P. Giommi and E. Resconi, o
Mon. Not. Roy. Astron. Soc452 no. 2, 1877 (2015) 22. D. Giannios, D. A. Uzdensky and M. C._Begelmam;)n. Not.
doi:10.1093/mnras/stv1467 [arXiv:1506.09135 [astro-ph.HE]]. Rﬁ{'EASUO”- S0c402 (2010) 1649 arXiv:0907.5005 [astro-

8. P. Padovani and P. GiommAstrophys. J444, 567 (1995) ph.HE]

[astro-ph/9412073]. 23. M. M. Reynoso, M. C. Medina and G. E. Romero,

9. G. Fossati, L. Maraschi, A. Celotti, A. Comastri and arXiv:1005.3025 [astro-ph.HE].

G. Ghisellini, Mon. Not. Roy. Astron. So@99, 433 (1998) 24. F. M. Rieger and F. A. Aharoniastron. Astrophys479, L5
doi:10.1046/j.1365-8711.1998.01828.x [astro-ph/9804103]. (2008) arXiv:0712.2902 [astro-ph].

10. G. Ghisellini, A. Celotti, G. Fossati, L. Maraschi and 25. A. Levinson and F. RiegerAstrophys. J.730, 123 (2011)
A. Comastri, Mon. Not. Roy. Astron. So&01, 451 (1998) [arXiv:1011.5319 [astro-ph.HE]].
doi:10.1046/j.1365-8711.1998.02032.x [astro-ph/9807317]. 26. F. M. Rieger, Int. J. Mod. Phys. D20, 1547 (2011)

11. A. A. Abdoetal.[Fermi LAT Collaboration] Astrophys. J719, [arXiv:1107.2119 [astro-ph.CO]].

1433-1444 (2010). [arXiv:1006.5463 [astro-ph.HE]]. 97. N. Fraija,Astropart. Phys71, 1 (2015).

12. P. Roustazadeh and M.0oBcher, Astrophys. J.728 134 o . . .

(2011) doi:10.1088/0004-637X/728/2/134 [arXiv:1012.3923 28: M. Petropoulou, S. Dimitrakoudis, P. Padovani, E. Resconi,
i P. Giommi and A. Mastichiadis, arXiv:1601.06010 [astro-
[astro-ph.HE]]. hHE

13. J. Holderet al. [VERITAS Collaboration],Astrophys. J583 ph-HE].

L9 (2003) [astro-ph/0212170)]. 29. M. Petropoulou, K. Nalewajko, M. Hayashida and A. Mas-

14. F. Aharoniaret al.[HEGRA Collaboration] Astron. Astrophys. tichiadis,Mon. Not. Roy. Astron. 50467, no. 1, 116 (2017).
406, L9 (2003) [astro-ph/0305275]. 30. J. P. RachemIP Conf. Proc515 no. 1, 41 (2000)

15. H. Krawczynski, S. B. Hughes, D. Horan, F. Aharonian, 31. F. A. Aharonian, A. N. Timokhin and A. V. Plyashesh-

M. F. Aller, H. Aller, P. Boltwood and J. Bucklegt al,, As-
trophys. J601, 151 (2004) [astro-ph/0310158].

nikov, Astron. Astrophys384, 834 (2002) doi:10.1051/0004-
6361:20020062 [astro-ph/0108419].

Rev. Mex. 5. 65(2019) 307-320



32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

MULTI-TEV FLARING IN NEARBY HIGH ENERGY BLAZARS: A PHOTOHADRONIC SCENARIO

F. Halzen and D. HoopeAstropart. Phys23, 537 (2005).

N. Fraija and A. Marinelli, Astrophys. J.830, no. 2, 81
(2016) doi:10.3847/0004-637X/830/2/81 [arXiv:1607.04633
[astro-ph.HE]].

M. Petropoulou, S. Coenders and S. DimitrakouAstropart.
Phys.80, 115 (2016) doi:10.1016/j.astropartphys.2016.04.001
[arXiv:1603.06954 [astro-ph.HE]].

S. Sahu, A. F. O. Oliveros and J. C. Sanalfiys. Rev. (87,
103015 (2013).

54.

55.

56.

319

J. R. Primack, J. S. Bullock and R. S. SomervilleAlP
Conf. Proc. 745 23 (2005) doi:10.1063/1.1878394 [astro-
ph/0502177].

G. Cao and J. Wang,Astrophys. J.783 108 (2014)
doi:10.1088/0004-637X/783/2/108 [arXiv:1401.3970 [astro-
ph.HE]].

A. A. Zdziarski and M. Bttcher, Mon. Not. Roy. As-
tron. Soc.450, no. 1, L21 (2015) doi:10.1093/mnrasl/slv039
[arXiv:1501.06124 [astro-ph.HE]].

57. P. W. Gorham, L. van Zee, S. C. Unwin and C. S. Ja-

S. Sahu, B. Zhang and N. Fraij@hys. Rev. D85, 043012
(2012) [arXiv:1201.4191 [astro-ph.HE]].

S. Sahu and E. Palaciogur. Phys. J. C75, no. 2, 52 (2015)
doi:10.1140/epjc/s10052-015-3286-z [arXiv:1310.1381 [astro-
ph.HE]].

S. Sahu, L. S. Miranda and S. Rajpodpr. Phys. J. C
76, no. 3, 127 (2016) doi:10.1140/epjc/s10052-016-3975-2
[arXiv:1501.00973 [astro-ph.HE]].

S. Sahu, M. V. L. ¥ez, L. S. Miranda, A. R. de ltm

and V. Gupta, Eur. Phys. J. C77, no. 1, 18 (2017)
doi:10.1140/epjc/s10052-016-4592-9 [arXiv:1610.0753361
[astro-ph.HE]].

S. Sahu, A. R. de lan and L. S. MirandaEur. Phys. J. C
77, no. 11, 741 (2017) doi:10.1140/epjc/s10052-017-5335-2
[arXiv:1610.01709 [astro-ph.HE]].

S. Sahu, A. R. de l@n and S. Nagataki, arXiv:1801.04423 4
[astro-ph.HE].

S. Sahu, A. R. de lan, S. Nagataki and V. Gupt&ur. Phys.

J. C78,no. 7,557 (2018) doi:10.1140/epjc/s10052-018-6038-z¢,

[arXiv:1801.05995 [astro-ph.HE]].

A. A. Abdoet al.[Fermi LAT Collaboration] Astrophys. J727,
129 (2011).

F. W. Stecker, O. C. de Jager and M. H. Salanfstrophys. J.
390, L49 (1992).

M. G. Hauser and E. Dweldnn. Rev. Astron. Astrophy39,
249 (2001).

A. Dominguezet al, Mon. Not. Roy. Astron. Sod10, 2556
(2011).

A. Franceschini, G. Rodighiero and M. Vaccastron. Astro-
phys.487, 837 (2008).

Y. Inoue, S. Inoue, M. A. R. Kobayashi, R. Makiya, Y. Niino
and T. TotaniAstrophys. J768 197 (2013) doi:10.1088/0004-
637X/768/2/197 [arXiv:1212.1683 [astro-ph.CO]].

69.

58.

59.

60.

65.

66.

67.

cobs,Astron. J.119 1677 (2000) doi:10.1086/301289 [astro-
ph/9908077].

M. H. Ulrich, T. D. Kinman, C. R. Lynds, G. H. Rieke,
R. D. EkersAstrophys. J198 261 (1975) doi:10.1086/153603

M. Stickel, J. W. Fried, H. KuehrAstron. Astrophys98, 393
(1993)

J. F. Schanchter, J. T Stocke, E. Perlman, M. Elvis, R. Remil-
lard, A. Granados, J. Luu, J. P. Huchra, R. Humphreys,
C. M. Urry, J. Wallin, Astrophys. J.412 541 (1993)
d0i:10.1086/172942

. M. Tluczykont [H.E.S.S. CollaborationfoS TEXAR01Q 197

(2010) [arXiv:1106.1035 [astro-ph.HE]].

62. F. Aharoniaret al.[HEGRA Collaboration] Astrophys. J546,

898 (2001) doi:10.1086/318321 [astro-ph/0008211].
501

. E. Aliu et al. [VERITAS Collaboration], Astron. Astro-

phys. 594, A76 (2016) doi:10.1051/0004-6361/201628744
[arXiv:1608.01569 [astro-ph.HE]].

P. Chandra et al, New Astron. 54, 42 (2017)
doi:10.1016/j.newast.2017.01.004 [arXiv:1701.04935 [astro-
ph.IM]].

M. Santander [VERITAS CollaborationpoS ICRC2017, 622
(2017) [arXiv:1709.02365 [astro-ph.HE]].

K. Katarzynski and G. Ghisellinstron. Astrophys463 529
(2007) doi:10.1051/0004-6361:20066448 [astro-ph/0610801].

A. Mucke, J. P. Rachen, R. Engel, R. J. Protheroe and
T. Stanev, Publ. Astron. Soc. Australl6, 160 (1999)
doi:10.1071/AS99160 [astro-ph/9808279].

. A. Mucke and R. J. Prothero@stropart. Phys15, 121 (2001)

doi:10.1016/S0927-6505(00)00141-9 [astro-ph/0004052].

W. Essey, O. Kalashev, A. Kusenko and J. F. BeacAs,
trophys. J.731, 51 (2011) doi:10.1088/0004-637X/731/1/51
[arXiv:1011.6340 [astro-ph.HE]].

70. G. Ghisellini, F. Tavecchio and M. ChiabergAstron. As-

R. R. Chary and A. Pope, arXiv:1003.1731 [astro-ph.CQ].

P. Madau and L. Pozzettilon. Not. Roy. Astron. So821, L9-
L15 (2000) doi:10.1046/j.1365-8711.2000.03268.x

T. M. Kneiske, K. Mannheim and D. H. HartmanAstron.
Astrophys.386, 1 (2002) doi:10.1051/0004-6361:20020211

[astro-ph/0202104]. 79.
F. W. Stecker, M. A. Malkan and S. T. SculBstrophys. J648
774 (2006) doi:10.1086/506188 [astro-ph/0510449]. 73.

M. Orr, F. Krennrich and E. Dwek,Astrophys. J.733

77 (2011) doi:10.1088/0004-637X/733/2/77 [arXiv:1101.3498 74.

[astro-ph.CO]].

71.

trophys. 432, 401 (2005) doi:10.1051/0004-6361:20041404
[astro-ph/0406093].

F. Tavecchio and G. GhiselliniMon. Not. Roy. Astron.
Soc. 385 98 (2008) doi:10.1111/j.1745-3933.2008.00441.x
[arXiv:0801.0593 [astro-ph]].

M. Punch et al,
doi:10.1038/358477a0

A. A. Abdo et al. [MAGIC Collaboration], Astrophys. J736,
131 (2011).

K. Okumura et al, Astrophys. J. 579 L9 (2002)
doi:10.1086/344831 [astro-ph/0209487].

Nature 358 477 (1992).

Rev. Mex. 5. 65(2019) 307-320



320

75.

76.

7.

78.

79.

80.
81.

82.
83.

84.

85.

86.
87.
88.

89.

90.

M. Elvis et al,, Astrophys.. J. Supp. 80, 257 (1992).
. J. F. Schachtest al,, Astrophys. J412 541 (1993).

M. Bottcher,Astrophys. J621, 176 (2005) [Erratum-ibid641,
1233 (2006)] [astro-ph/0411248].

A. Reimer, M. Bottcher and S. Postnikovs#ophys. J630,
186 (2005) [astro-ph/0505233].

G. Tagliaferri and L. Foschinihstrophys. J679, 1029 (2008)
[arXiv:0801.4029 [astro-ph]].

SARIRA SAHU

M. Amenomoriet al. [Tibet AS Gamma Collaborationpstro-  91.
phys. J.[Astrophys. J.598 242 (2003)] doi:10.1086/378350 92
[astro-ph/0304241].
G. Fossati et al, Astrophys. J. 677, 906 (2008) 93.
doi:10.1086/527311 [arXiv:0710.4138 [astro-ph]].
W. Cui et al.[VERITAS Collaboration], AIP Conf. Proc.745, 94.
455 (2005) doi:10.1063/1.1878445 [astro-ph/0410160].
A. U. Abeysekareet al. [VERITAS and MAGIC Collabora- 95.
tions], Astrophys. J834, no. 1, 2 (2017).

96.

M. Balokovic et al. [VERITAS and MAGIC Collabora-
tions and NuSTAR Team], Astrophys. J.819 156 (2016)

doi:10.3847/0004-637X/819/2/156 [arXiv:1512.02235 [astro-97.

ph.HE]].
E. Pianet al, ASP Conf. Sed59, 180 (1999).

H. Krawczynski, P. S. Coppi, T. Maccarone and F. A. Aharo-
nian, Astron. Astrophys353 97 (2000).

F. Tavecchio, et alApJ 554, 725-733 (2001).

G. Ghisellini, A. Celotti and L. Costamant&stron. Astrophys.
386, 833 (2002).

R. M. Sambrunat al. [HEGRA Collaboration] Astrophys. J.
538 127 (2000).

M. Gliozzi, R. Sambruna, I. Jung, H. Krawczynski, D. Horan

and F. TavecchioAstrophys. J646, 61 (2006). 10
M. Villata and C.M. RaiteriA&A, 347, 30 (1999).

K. Katarzyhski, H. Sol and A. KusA&A, 367, 809 (2001).

F. A. Aharoniaret al. [HEGRA Collaboration] Astron. Astro- 1

phys.342, 69 (1999).

F. Aharonian [HEGRA Collaborationfystron. Astrophys349,
11 (1999).

F. Aharonian [HEGRA Collaboration]Astron. Astrophys366,
62 (2001).

98.

99.

K. Gutierrezet al. [VERITAS Collaboration], Astrophys. J.
644, 742 (2006) [astro-ph/0603013].

M. K. Daniel et al. [The VERITAS Collaboration] Astrophys.
J. 621, 181 (2005) [astro-ph/0503085].

A. A. Zdziarski and M. Bttcher, Mon. Not. Roy. As-
tron. Soc.450, no. 1, L21 (2015) doi:10.1093/mnrasl/slv039
[arXiv:1501.06124 [astro-ph.HE]].

P. Pjanka, A. A. Zdziarski and M. Sikordylon. Not. Roy. As-
tron. Soc465 no. 3, 3506 (2017) doi:10.1093/mnras/stw2960
[arXiv:1607.08895 [astro-ph.HE]].

100. W. Essey and A. Kusenkdstropart. Phys.33, 81 (2010)

doi:10.1016/j.astropartphys.2009.11.007
[astro-ph.HE]].

1. W. Essey, O. E. Kalashey, A. Kusenko and
J. F. Beacom, Phys. Rev. Lett.104, 141102 (2010)
doi:10.1103/PhysRevLett.104.141102 [arXiv:0912.3976
[astro-ph.HE]].

2. A. Prosekin, W. Essey, A. Kusenko and F. Aharoni&s;
trophys. J.757, 183 (2012) doi:10.1088/0004-637X/757/2/183
[arXiv:1203.3787 [astro-ph.HE]].

[arXiv:0905.1162

103. W. Essey and A. Kusenkdéstropart. Phys57-58 30 (2014)

doi:10.1016/j.astropartphys.2014.03.008
[astro-ph.HE]].

[arXiv:1310.3440

Rev. Mex. 5. 65(2019) 307-320



