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ABSTRACT

We propose a model to account for possible GeV emission from TeV blazars. In this model, the possible GeV
emission from a TeV blazar can consist of two components. One, the source component, is produced in the source
through the synchrotron self-Compton (SSC) mechanism; the other, the external component, is produced on the way
from the source to us by the inverse Compton (IC) scattering of e* pairs with the cosmic microwave background
(CMB), where the e* are created through the interaction of TeV gamma rays emitted from the TeV blazar with the
diffuse IR-UV background. We apply the model to study the possible GeV emission from Mrk 501, which is a strong
TeV emitter. We calculate self-consistently the spectra of high-energy gamma rays of these two components for three
different activities of Mrk 501 in 1997. Our results indicate that (1) the GeV gamma-ray emission of the external
component can dominate that of the source component if the intergalactic magnetic field (IGMF) strength is not
greater than 107'? G; (2) the shape of the photon spectra of the external component depends on both the observed
variation time and the IGMF strength, particularly in the lower part of GeV energy range; (3) the flux level of TeV pho-
tons determines that of the spectrum of the external component; and (4) GeV emission from different activity in Mrk 501
should be detectable by the upcoming satellite GLAST.

Subject headings: BL Lacertae objects: general — BL Lacertae objects: individual (Mrk 501) —

radiation mechanisms: nonthermal

1. INTRODUCTION

Observations of very high energy (VHE) gamma rays indicate
that nearly 20 blazars emit gamma rays in the TeV energy region
(e.g., Aharonian et al. 2005; Cui 2007; Wagner 2008). Almost all
these blazars are BL Lacertae (BL Lac) objects. There are two
kinds of models describing photon emission produced inside these
TeV blazars: leptonic and hadronic models. In the leptonic mod-
els, nonthermal photon production mechanisms are believed to
be synchrotron radiation and inverse Compton (IC) scattering
by nonthermal particles in relativistically moving jets. Synchro-
tron self-Compton (SSC) models (e.g., Maraschi et al. 1992;
Mastichiadis & Kirk 1997; Kino et al. 2002; Katarzynski et al.
2001) or external inverse Compton ( EIC) models (e.g., Sikora
et al. 1994), depending on different soft photon fields, are widely
used to explain the observed multi—-wave band emission from the
blazars. Because the lack of strong emission lines for BL Lac ob-
jects is commonly taken as evidence that ambient fields are not
important, the SSC models are more likely to explain the data
than the EIC models (e.g., Krawczynski 2004). As to the hadronic
models, high-energy gamma rays are produced by mesons and
leptons through the cascade initiated by proton-proton or proton-
photon interactions (e.g., Mannheim & Biermann 1992; Mannheim
1993; Mucke & Protheroe 2001).

It is believed that the TeV photons from the TeV blazars will
interact with the IR-UV background to form electron-positron
(e) pairs, leading to a significant fraction of them being absorbed
(e.g., Nikishov 1962; Gould & Schréder 1966). After the discov-
ery of extragalactic TeV gamma-ray sources, the effects of cos-
mological pair creation on their spectra were studied widely (e.g.,
Malkan & Stecker 1998; Konopelko et al. 1999; Primack et al.
1999; Hauser & Dwek 2001; Kneiske et al. 2002, 2004; Dwek &
Krennrich 2005; Stecker et al. 2006). Observations of blazars in
the TeV energy range can provide an ideal opportunity for deter-
mining the extragalactic background light intensity if their in-
trinsic spectral energy distribution (SED) is given (e.g., Dwek
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& Krennrich 2005), and different extragalactic background light
(EBL) models have been proposed to construct self-consistent mod-
els of TeV blazars and the EBL spectrum. For example, Konopelko
et al. (2003) solved kinetic equations of electrons and photons
simultaneously to calculate the emission spectrum of Mrk 501
and Mrk 421, using the EBL models by Malkan & Stecker (2001)
and de Jager & Stecker (2002) to calculate the optical depth for
the TeV photons. Kato et al. (2006) set constraints on the phys-
ical condition of H1426+428 with the SSC model by applying
several EBL models.

On the other hand, the ™ pairs produced inthe y + y—e™ 4 e~
process may produce a new GeV emission component in TeV
blazars through IC scattering of these e* pairs against cosmic
microwave background (CMB) photons (Dai et al. 2002). For a
blazar with an observed TeV spectrum, the e* spectrum can be
estimated if the optical depth or intergalactic gamma-ray absorp-
tion coefficient is given. Dai et al. (2002) studied this new GeV
emission from TeV blazars and estimated the scattered photon
flux of Mrk 501, using the intrinsic TeV spectra of Mrk 501 dur-
ing its 1997 high state taken from de Jager & Stecker (2002).
They predicted strong GeV emission produced by this process
for Mrk 501 when the intergalactic magnetic field (IGMF) is
weak enough. Following Dai et al. (2002), Fan et al. (2004)
studied the blazar H1426+428 with a relatively high redshift
z = 0.129. They numerically calculated the scattered photon
spectra for different IGMF strengths and predicted very strong
GeV emission with flux far above the detection sensitivity of the
upcoming satellite GLAST (Gamma-Ray Large Area Space Tele-
scope) if the IGMF is about 10~!® G or weaker.

In this paper, we make a self-consistent study of the possible
origin of GeV emission from Mrk 501. The GeV emission from
TeV blazars consists of two components: one, the source compo-
nent, comes from the source; and the other, the external com-
ponent, comes from IC scattering of high-energy pairs produced
through pair-production process of TeV photons and the IR-UV
background against the CMB photons. We use the SSC model
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given by Mastichiadis & Kirk (1997) to calculate the nonthermal
photon spectrum of the source component for a given TeV blazar.
For the external component, unlike Dai et al. (2002) and Fan et al.
(2004), we use the predicted results, which fit the observed data
very well, within the frame of the SSC model to derive the in-
trinsic photon spectrum by using recent models for the optical
depth, estimate the spectrum of high-energy pairs, and then cal-
culate the nonthermal photon spectrum of the external compo-
nent. We use two kinds of models for the optical depth in our
calculations: one is the analytic approximation for the optical
depth given by Stecker et al. (2006, 2007), and the other is given
by Kneiske et al. (2004), in which the optical depth is calculated
based on a semiempirical model for the EBL. The paper is orga-
nized as follows: We describe the model briefly in § 2. In § 3, we
apply the model to Mrk 501, and finally we give our conclusion
and discussion in § 4.

2. THE MODEL

We now describe the model for possible GeV emission from a
TeV blazar that is observable from the Earth. As mentionedin § 1,
the GeV emission consists of source and external components. We
calculate the nonthermal photon spectra of the source component
within the frame of SSC model and those of the external compo-
nent by using the method given by Fan et al. (2004). We now
briefly describe the production processes.

2.1. Nonthermal Photons Produced in the Source

For the nonthermal photons produced in TeV blazars, we adopt
the SSC model described in Mastichiadis & Kirk (1997). In this
model, it is assumed that a single homogeneous emission region
both emits synchrotron photons directly and scatters them to high
(gamma-ray) energy before emission (i.e., SSC model), and full
time-dependent evolution of the electron and photon spectra are
followed by assuming a power-law form of the electron injec-
tion, i.e., Q. = g7 eXp (— Y/ Ymax) 10T Ymin < ¥ < Ymax, Where
~ is the electron Lorentz factor, s is the spectral index, and i, and
Ymax are the minimum and maximum electron Lorentz factors,
respectively.

The equations governing the evolution of the electron distri-
bution 7, and photon distribution 7, are given by Mastichiadis &
Kirk (1997):

Bn@ , 1 ne(7,t
a(ry ) + (7 ) = Qe(nevn'w’y’ [) +Le(ne,n7,fy, t)’ (l)
t Tesc
on(x,t)  n,(x,t
ﬂ’( ) -+ /( ) = Q,‘,,(nwl’le,x, t) +L'y(n'yyneyxa t)7 (2)
ot Ty esc

respectively, where f. is average residence time of electrons, L,
describes the electron loss terms, x = hv/(m.c?) is the dimen-
sionless photon frequency, £, ¢ is the time that photons leave the
source in units of the light crossing time #.,,ss = R/c (Where R is
source radius), O, represents photon source terms, and L., is the
photon loss term. The details of the above equations are described
in Mastichiadis & Kirk (1995, 1997); here we neglect them.

In this model, once the injection function for relativistic elec-
trons is given, the two time-dependent kinetic equations for the
electron and photon distributions are solved. The parameters in-
clude the Doppler factor 8, source radius R, magnetic field strength
B, electron spectral index s, electron maximum Lorentz factor Y,
electron injection compactness [, = tmecorR* [[° dv (dvy — 1)Q.,
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and effective escape time f.s.. Mastichiadis & Kirk (1997) used
their model to account for the multiwavelength spectra of Mrk 421
during quiescent and flaring states. Their method was to find de-
tailed fits to the quiescent spectrum at first, and then to explain the
flaring activity by changing the electron parameters g, and/or ~max
or by changing the magnetic field. In other words, the full time-
dependent behavior of flares was obtained by fitting the quies-
cent spectrum of the source and then varying one of the free
parameters. Mastichiadis & Kirk (1997) have shown that the time
dependence of the keV/TeV flare could be the result of a sudden
increase in the maximum energy of the injected electrons.

Following the method of Mastichiadis & Kirk (1997), we can
numerically calculate equations (1) and (2) using reasonable
parameters and obtain the nonthermal photon spectrum for a
given TeV blazar (e.g., Mrk 501). In other words, the intrinsic
photon spectrum, dNW‘,“t/dEh,, for a TeV blazar is given by cal-
culating equations (1) and (2). Furthermore, a significant fraction
of photons will be absorbed when high-energy photons propa-
gate through the extragalactic background light field. If 7 (£ ;, z)
is the optical depth due to the absorption of extragalactic back-
ground light, where z is the redshift, E[, = (1 + 2) E, is the pho-
ton energy in the local frame, and E, is the observed energy, then
the observed spectrum is given by

=gy o5 ®)

We use equation (3) to fit the observed data of a given TeV
blazar. From equation (3), we can see that an important quantity
in deriving the observed photon spectrum is the optical depth or
intergalactic gamma-ray absorption coefficient, T(Ef/,z), which
is a function of the redshift z for a given energy.

Various models for the optical depth T(E;, z) have been pro-
posed (e.g., Stecker et al. 1992, 1996, 2006, 2007; Stecker &
de Jager 1998; Primack et al. 1999; de Jager & Stecker 2002;
Kneiske et al. 2004; Dwek & Krennrich 2005). Here we use two
kinds of models for the optical depth to calculate 7(E' ; ,Z). One is
the analytic fit with numerical coefficients for the approximation
of the optical depth given by Stecker et al. (2006, 2007) for gamma
rays having energies from 4 GeV to 100 TeV emitted by sources
at redshifts from 0 to 5. The analytic approximation is (Stecker
et al. 2006)

logT(Ef/,z> = Ax* + BX + Cx* + Dx + E, (4)

where x = log Eg,(eV), and the coefficients A through E depend
on the redshift and have been given in Table 1 in Stecker et al.
(2006; see also Stecker et al. 2007). Equation (4) can be used
over the range 0.01 < 7 < 100. The other is the model given by
Kneiske et al. (2004), in which the optical depth for a given TeV
blazar can be calculated based on the model for the time-dependent
EBL, where the redshift evolution of the EBL has been included
(for the details of this model see Kneiske et al. 2004). As an ex-
ample, we show the comparison of the change of the optical depth
with photon energy in both models for redshift z = 0.03 (cor-
responding to the redshift value of Mrk 501) in Figure 1, where
the solid line represents the optical depth by using Stecker et al.
(2006), and the dash-dotted, dashed, and dotted lines denote the
upper, averaged, and lower values of the optical depth given by
Kneiske et al. (2004), respectively. It can be seen that the range
bounded by the model of Kneiske et al. (2004) contains the main
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Fic. 1.—Optical depth at redshift z = 0.03. The solid line represents the
optical depth calculated using the approximation given by Stecker et al. (2006).
The dash-dotted, dashed, and dotted lines denote the upper, averaged, and lower
values of optical depth given by Kneiske et al. (2004), respectively.

part of the result of Stecker et al. (2006), although the variations
of the optical depth with photon energy in both models are different.

2.2. Nonthermal Photons Produced QOutside the Source

As mentioned in § 2.1, since the interaction of high-energy
photons with low-energy photons will produce electron /positron
pairs, a significant fraction of very high energy (VHE) photons
from a distant object will be absorbed when they propagate from
the object to us. Following Dai et al. (2002) and Fan et al. (2004),
we describe the model of GeV emission of TeV blazars. In this
model, the main physical inputs include (1) an estimate of how
many electron/positron pairs will be produced, (2) the interga-
lactic magnetic field (IGMF), and (3) the CMB photon field. In
other words, using inputs 1, 2, and 3, we can estimate the possible
GeV emission by inverse Compton scattering of the high-energy
pairs off the CMB photon field. We now describe these processes.

According to equations (1)—(3), we can estimate absorbed VHE
photon spectrum, dN. ;‘bs/dE’ = dN"/dE!, — dN{™/dE,. The ab-
sorbed VHE photons will become hlgh energy electron /positron
pairs. We assume that dN,/d", is the spectrum of hlgh—energy elec-
trons with a Lorentz factor y, ~ E’ /(2mec ), where m, is electron
mass and c is the light speed. Therefore using E’ (dN. abb/dE’ =
3 L ~.dN,/d~,, we have

= (BT B0 e

These high-energy e pairs will emit high-energy photons through
inverse Compton scattering off the ambient CMB photons. As-
suming the mean energy of the CMB photons is € = 2.7kT with
T ~ 2.73(1 + z) K, where £ is the Boltzmann constant, we have
an average value of the boosting energy through the IC process
of E, ~~2€~0.63(1 +z)(En/1 TeV)? (Fan et al. 2004).

We now consider the mlnlmum (’ye min) and maximum (e, max)
values of the hlgh -energy e pairs, i.e., the energy regime where
equation (5) is available. As to the minimum value of Lorentz
factor of high-energy electrons, generally v, min > 1. As pointed
out by Fan et al. (2004; see also Dai et al. 2002), however, there is
a lower limit on the Lorentz factor of high-energy electrons, v :
the photons produced by high-energy electrons with v, < ., con-
tribute little to GeV emission considered here. The estimate of
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Ye,. depends on GeV photon durations. There are four time-
scales involved in the GeV emission process: (1) the observed
variability time of the source emission, tyarobs; (2) the well-
known angular spreading time, At b ~ 960(1 + 2)(7./10%) 2
(mgr/0.1 cm ~3), where njg ~ 0.1 cm ™3 is the intergalactic infra-
red photon number density (e.g., Dai & Lu 2002); (3) the IC
cooling time, A#cobs, Which is approximated as Afic obs =
38(1 + 2) >(7./106)~3 s (e.g., Fan et al. 2004); and (4) the mag-
netic deflection time, Atg gps ~ 6.1 x 10%(7,/10%) > (Bi/1072 G)?
(1 4 2)~'" s (Plaga1995; Dai et al. 2002; Fan et al. 2004), where Bjg
is the intergalactic magnetic field in units of gauss. Following
Fan et al. (2004), the duration estimate of the IC emission from
electron/positron pairs scattering off the CMB is

At = maX(AIIC,obw Al‘ArobS7 AtB,ob57 tvar,obs) . (6)

They argued that the typical duration of GeV emission is esti-
mated by the source activity time and the energy-dependent
magnetic deflection time, and introduced the critical Lorentz
factor 7, . by putting ¢4 obs = tyar,obs, Which is (Fan et al. 2004)

6 ( tvar,obs S B VP ~11/5
Ve =5.9%x10 T day 020G (142 . (D

We now consider the initial Lorentz factor of the electrons. We
have 7, ~ E/ /(2m.c?), but this is only valid at the beginning
because v, decrease with 7, so we let 7.9 = E’,/(2m.c?), and
electron energy loss rate by the IC scatter with CMB photons in
propagation is dE./dt = by? with b = § orUcumsc, where Ucwp
is background photon energy density, ot is Thomson cross sec-
tion, and c is the light speed. Therefore, the electron Lorentz fac-
tor changing with time is given by

1

_— 8
1 +b79.0 ( )

Ye(t) = Yeo

and 7, max 18 assumed to be the initial electron maximum Lorentz
factor according to e, max Eé max/(2mec?), which also changes
with ¢ Just as equation (8), where £ ! nax 18 the maximum emissive
energy in the blob. For the electrons Yer < Ve(t) < Ve, max(?);
therefore, the magnetic deflection angle is so small that most of
the scattered CMB photons that contribute to GeV emission
can reach the observer in finite time #y,r obs.

After determining the spectrum of high-energy electrons
thatsatisfies equation (5) with v, . < Ye(f) < Ve,max(?), the time-
averaged scattered photon spectrum through the IC process is
given by (e.g., Blumenthal & Gould 1970; Dai et al. 2002; Fan
et al. 2004)

] (6

where E, is the externally scattered photon energy, D; is
the luminosity distance to the source, # is the time measured in
the local rest frame, and n(e) de is the differential number density
of the CMB photons, which is approximated by a blackbody law,

F(EW,%, €)dtdy., (9)

62

n(e) = [ﬂz(hcﬂ_]m. (10)
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Fi. 2.—Evolution of the spectra at three energies, 15 keV (solid line), 20 GeV
(dashed line), and 2 TeV (dotted line), with time for the LF of Mrk 501. The
model parameters are listed in Table 1.

The function F(E,, 7., €) is given by

2
) = 258
e

E. E?
2E. In(—L-) + E, + 4+%e — —2
Y n(4,yez€> + "r+ ryee 272617

where 7 is the electron classical radius. In equation (9), fol-
lowing Fan et al. (2004), the integration for the variable ¢ ranges
from 0 to 7.7 x 10'3(1 + z)_4(’yeﬁc/106)_] s, and the integration
for the variable 7,(f) ranges from 7y, . t0 Ve max(?).

We use (dN/dE )4y to denote the nonthermal spectrum of
photons produced in the source by the SSC model [i.e., the source
component, (AN/dE ) yree = (dNA/‘,’bS/dEw,)] and (dN/dE),, to rep-
resent the spectrum of photons produced outside the source
through IC scattering of high-energy pairs produced through
pair-production process of TeV photons and the IR-UV back-
ground against the CMB photons [i.e., the external component,
(AN/dE)o = (dN)°/dE.)]. Therefore, the photon spectrum that
is observable from the Earth is given by

AN  (dN AN
o () () . (12)
dE dE source dE [9:¢

3. APPLICATION TO MRK 501

We now apply the model to Mrk 501, an extragalactic TeV
gamma-ray source with rapid variations and a redshift of z =
0.034. It was discovered at the TeV energy range by the Whipple
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Observatory (Quinn et al. 1996) and confirmed by HEGRA
(Bradbury et al. 1997). Djannati-Atai et al. (1999) reported VHE
gamma-ray spectral properties of Mrk 501 from CAT observa-
tions in 1997. Since the TeV emission from Mrk 501 was discov-
ered, observations in different energy ranges have been performed
and long-term X-ray and TeV variability of Mrk 501 have been
observed (e.g., Gliozzi et al. 2006). Here we use the data of VHE
gamma-ray spectra given by Djannati-Atai et al. (1999), because
of simultaneous and quasi-simultaneous observations of CAT
VHE gamma rays and BeppoSAX hard X-rays during 1997.

In the spectral analysis of Djannati-Atai et al. (1999), the data
set was taken from 1997 March to October, and three different
activities of Mrk 501 were defined: a high-intensity flare (HF)
with integral flux >50 x 10~'! ecm™2 s—1, a low-intensity flare
(LF) with integral flux <12 x 10~'! cm™2s~!, and a midintensity
flare (MF) with integral flux between those of the HF and the LF.
In this paper, we consider these cases.

As an example, we show in Figure 2 the evolution of the spec-
tra with time at three energies of 15 keV, 20 GeV, and 2 TeV for
the LF of Mrk 501, with the parameters listed in Table 1. From
Figure 2, the spectrum in the stationary state is obtained at roughly
several #.os. Therefore, we can use the method of Mastichiadis
& Kirk (1997) to describe the cases considered here.

We now apply the model described in § 2 to calculate the
nonthermal spectra of Mrk 501 in the GeV energy range. Ac-
cording to this model, the emission in the GeV energy range for a
given flare of Mrk 501 consists of source and external compo-
nents. Our procedure for self-consistently calculating the non-
thermal photon spectrum of these two components is as follows.
First, we calculate the spectrum of the nonthermal photons pro-
duced in the source using the SSC model given by Mastichiadis
& Kirk (1997 i.e., the source component). By solving equations
(1) and (2) with suitable model parameters, we can obtain the
intrinsic photon spectrum, and then the observed photon spec-
trum by using equation (3). We use equation (3) to fit the ob-
served data in the X-ray and TeV energy bands by adjusting the
model parameters. Therefore, we obtain the spectrum produced
inside the source. Finally, we calculate the nonthermal photon
spectrum produced outside the source (i.e., the external compo-
nent). In order to do so, we estimate the electron/positron spec-
trum produced outside the source using equation (5), and then
the photon spectrum using equation (9). We obtain the photon
spectrum that is observable from the Earth using equation (12).

The predicted nonthermal spectra of the source component for
the HF, the LF, and the MF of Mrk 501 are shown in Figure 3,
where we fit the predicted results with the observed data in both
X-ray and VHE gamma-ray bands and give the intrinsic spectra
using the approximation for the optical depth given by Stecker et
al. (2006). The model parameters of the best fits of the predicted
results with the observed data are listed in Table 1, where the x>
values correspond to the fits of the model results with the observed

TABLE 1
PARAMETERS IN THE SSC MobEL USING THE STECKER ET AL. MODEL FOR THE OPTICAL DEPTH

R B
State ) (cm) s Ymax 1, (G) teross/Tesc X 2/dof
HF oo, 20 2.5 x 10'6 1.57 9 x 10° 3.5 %1073 0.1 1 0.79
MF....coeunee. 20 2.5 x 10" 1.85 7 x 10° 1.4 x 1073 0.1 1 1.57
| ) SR 20 2.5 x 106 1.95 6 x 10° 14 x 1073 0.1 1 1.47

Nortes.—The parameters in the SSC model are given by Mastichiadis & Kirk (1997) for reproducing the observed spectra in the HF, MF,
and LF of Mrk 501 (Djannati-Atai et al. 1999). The analytic approximation for the optical depth given by Stecker et al. (2006, 2007) is used.
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FiG. 3.—Comparison of predicted multiband spectra with the observed data in
both X-ray and TeV energy ranges in the HF, MF, and LF of Mrk 501. Solid and
dashed curves represent fitting spectra and intrinsic spectra, respectively, where
the optical depth is calculated by using the formulae of Stecker et al. (2006). The
parameters of the SSC model are listed in Table 1. The observed data for the HF
(open triangles), MF ( filled triangles), and LF (filled circles) are taken from
Djannati-Atai et al. (1999).

data in these three cases. From Table 1 and the relation between the
observed minimum variation timescale ¢4 obs and the radius of the
source R, 1.€., tyarobs = R/(6¢), We have ty,r obs = 0.5 days. From
Figure 3, it can be seen that this SSC model can reproduce the
observed data well. In other words, the simultaneous observation
of the spectral properties in both the X-ray and the VHE energy
range is naturally expected in the SSC model.

Furthermore, we calculate the photon spectra of the external
component (i.e., the spectra through the IC scattering of the
resulting e* pairs against the CMB photons) for the three flares
of Mrk 501. In our calculations for the emission of the external
component, there are three important physical quantities: the elec-
tron spectrum dN,/d",, the observed variation time #yar,obs, and
the intergalactic magnetic field (IGMF) Bjg. The shape and mag-
nitude of the electron spectrum depends on those of TeV pho-
tons for a given flare of Mrk 501 (see eq. [5]). It should be
pointed out that the estimate of the electron/positron spectrum
and the value of 4, obs used here are determined by the best fits
of the emission of the source component to the observed data;
therefore, our calculations are self-consistent. From equation (7),
we note that -, . depends on both #, obs and Big. The IGMF is
an important physical quantity but has not been determined so
far. For this object, it has been suggested that Big < 107'® G
(Aharonian et al. 2002). Theoretically, the IGMF would be of
the order of 1072° G or even as low as 1072 G (see, e.g., Sigl
et al. 1997; Fan et al. 2004). Therefore, we use the IGMF as a
parameter ranging from 10~'® to 10-22 G in our calculations.
In each active state, the spectra of the external component for
different intergalactic magnetic fields are calculated, where the
observed variation time is fixed to be 0.5 days.

In Figure 4, we show the best-fit and intrinsic spectra of the
source component (also see Fig. 3), the predicted photon spectra
of the external component for Big = 10722, 10720, 10719, and
10~'% G, the observed data in TeV energy band for the HF of
Mrk 501, and the sensitivity of GLAST with integral time of 12 hr.
It can be seen from Figure 4 that the predicted photon spectrum
of the external component depends on the value of the IGMF,
and the contribution of the external component compared to that
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Fi. 4.— Time-averaged high-energy gamma-ray spectra of Mrk 501 for the
high-intensity flare with #, obs = 0.5 days. The thick solid and dashed curves
represent the fitting and intrinsic spectra given by the SSC model, respectively
(i.e., the spectra produced inside the source); curves 1—4 represent the secondary
photon spectra produced by the resulting e = pairs interacting with CMB photons
and correspond to IGMF strength of 10722, 10720, 1071, and 10~!® G, respec-
tively (i.e., spectra produced outside the source). The filled squares represent the
data by CAT (Djannati-Atai et al. 1999). The broken line is the GLAST sensitiv-
ity with integral time of 12 hr.

of the source component decreases as the IGMF increases, par-
ticularly in the lower energy range. In fact the predicted photon
spectra of the external component for Big < 10~!° G dominates
over those of the source component in the energy range of £ <
200 GeV; however, the contribution of the component in the
energy £ < 1 GeV will become less important compared to the
source component when Big = 10~!® G. From Figure 4, the pho-
tons in the energy range of 100 MeV < E < 200 GeV are mainly
produced by the emission of the external component for Big <
107" G if GLAST can detect the GeV emission from Mrk 501
that is in the HF.

As mentioned above, the shape and the magnitude of the non-
thermal photons of the external component depend on those of
the electron spectrum, which is determined by the TeV photon
spectrum for a given active state of Mrk 501. Therefore, we cal-
culate the photon spectra of both the source and external compo-
nents for the MF and the LF of Mrk 501; the results are shown in
Figures 5 and 6, respectively. For the MF and the LF of Mrk 501,
the GeV emission of the external component has the same
properties as those of the HF. The main difference is the GeV
flux levels, which decrease as the intensity of the flare decreases.
This feature can influence the relative importance of GeV emis-
sion of the external component compared to the emission of the
source component and the detection by GLAST. In fact, in the
case of the MF of Mrk 501, the flux level in the GeV energy
range is less than that for the HF of Mrk 501 (peak flux is
~4 %1071 TeV em~2 s~! for the MF, compared to the peak flux
of ~2 x 1071 TeV ecm~2 s~ ! for the HF; see Figs. 4 and 5). From
Figure 5, the fluxes of the external component for Bjg > 1072 G
dominate over those of the source component in the energy
range of 100 MeV < E < 100 GeV, but the flux of the external
component for Big = 107'® G is less than that of the source
component in the energy range £ <4 GeV. Moreover GLAST
will detect photon emission in this energy range, which comes
mainly from the emission of the source component (see Fig. 5).
For the case of the LF of Mrk 501, the features indicated in the
case of the MF are more prominent. The predicted fluxes of
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Fic. 5.—Same as Fig. 4, but for the midintensity flare.

the external and source components for the LF are shown in Fig-
ure 6 for the parameter ranges of Big = 10~'%, 1071%,1072°, and
10720G and tvar,obs = 0.5 days. Compared to the case of the HF,
the peak flux of the external component is less than that for the
HF by a factor of ~10. It can be seen from this figure that the
GeV emission of the external component dominates over that of
the source component only if Big < 107!°, but becomes less im-
portant if Bjg > 10~'® G, and the emission detectable by GLAST
comes mainly from the source component.

It is clear that the contribution of the external component to
GeV emission depends on the optical depth to high-energy pho-
tons. Therefore, it is necessary to use another model for the optical
depth to check the above predicted results. Here we use the model
given by Kneiske et al. (2004), and the changes of the optical
depth with photon energy for Mrk 501 (z = 0.03) are shown in
Figure 1. Following the calculation procedure described above,
we fit the model results to the observed data in both X-ray and
VHE gamma-ray bands for the HF, the LF, and the MF of Mrk 501
and obtain the corresponding intrinsic spectra. The results are
shown in Figure 7 and the model parameters of the best fits are
listed in Table 2, where the averaged value of the optical depth
is used (Fig. 1, dashed line). It can be seen that the model pa-
rameters are different for two different models of the optical
depth (see Tables 1 and 2). Moreover, the model spectra can
reproduce the observed data of Mrk 501 well within the un-

10° p—r—rrrrr

GLAST sensitivity

E*dN/JE[10™ TeV cm?s™]

E/TeV

Fic. 6.—Same as Fig. 4, but for the low-intensity flare.
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FiG. 7.— Comparison of predicted multiband spectra with the observed data in
both X-ray and TeV energy ranges in the HF, MF, and LF of Mrk 501. Solid and
dotted curves represent fitting spectra and intrinsic spectra, respectively, where
the optical depth is calculated by using the average of both the upper optical depth
and lower optical depth of Kneiske et al. (2004). The parameters of the SSC
model are listed in Table 2. The observed data for the HF (open triangles), MF
(filled triangles), and LF ( filled circles) are taken from Djannati-Atai et al. (1999).

certainty of the optical depth given by Kneiske et al. (2004). We
also note that the model result can reproduce the observed data of
the LF of Mrk 501 very well (see Fig. 7 and Table 2); therefore,
we consider this case as an example to account for the difference
of the predicted GeV emission of the external component be-
tween these two different models for the optical depth. In Fig-
ure 8, we show the comparison of the model results of the external
component in these two models for the optical depth for the LF of
Mrk 501, where the parameters of the SSC model are listed in
Table 2 and the IGMF strength of 10722 G is used. For the in-
trinsic spectrum, which is estimated for the averaged value of the
optical depth given by Kneiske et al. (2004), we calculate the ob-
served spectra for upper, averaged, and lower values of the op-
tical depth (see Fig. 8, dashed, solid, and dash-dotted lines) and
the corresponding photon spectra of the external component. For
comparison, in Figure 8 we also show the corresponding spectra
(dash—double-dotted lines) for the optical depth given by Stecker
etal. (2006), which are within the uncertainty of the model results
for the optical depth given by Kneiske et al. (2004) and very close
to those for the upper value of the optical depth. Although these
two models for the optical depth used in this paper can result in
different nonthermal photon spectra of the external component,
our conclusions on the contribution of the external component
to the GeV emission made by using the optical depth given by
Stecker et al. (2006) are roughly unchanged.

In summary, the emission of the external component depends
on the flare intensity, the IGMF, and the observed variation time.
The flare intensity influences the flux level of the external compo-
nent, and the IGMF determines the shape of the external com-
ponent. It should be noted that the GeV emission of Mrk 501 was
not detected by EGRET although it is a stronger TeV emitter. Our
results for the case of the HF of Mrk 501 are similar to that of Dai
etal. (2002); i.e., Mrk 501 is also a strong GeV emitter as long as
the IGMF is weak enough.

4. DISCUSSION AND CONCLUSION

We have developed a model for possible GeV emission from a
TeV blazar. In this model, photons produced both inside and
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TABLE 2
PARAMETERS IN THE SSC MobEL USING THE KNEISKE ET AL. MODEL FOR THE OPTICAL DEPTH

R B
State o (cm) s Ymax L G) Leross/tesc X */dof
HF ..ooooeran. 15 2 x 106 1.57 9 x 10° 2.7 x 1073 0.15 1 2.1
MF...cccooennn. 15 2 x 106 1.85 8 x 10° 2.5 %1073 0.20 1 1.9
| ) S 15 2 x 106 1.95 6 x 10° 1.5%x 1073 0.25 1 1.2

Notes.—The parameters in the SSC model are given by Mastichiadis & Kirk (1997) for reproducing the observed spectra in the HF, MF,
and LF of Mrk 501 (Djannati-Atai et al. 1999). The model for the optical depth given by Kneiske et al. (2004) is used.

outside the source contribute to the observable GeV emission;
i.e., there are two components of nonthermal photons which are
responsible for the GeV emission of the source. In the source
component, the photons are produced in the source through the
SSC process. In the external component, the photons are pro-
duced outside the source through IC scattering of high-energy
pairs produced through pair-production process of TeV photons
and the IR-UV background against the CMB photons. In our
model, we obtained the intrinsic spectra of a given TeV blazar by
using SSC model, and then the spectra of high-energy electrons
by using equation (5), which is different from the treatments of
Dai et al. (2002) and Fan et al. (2004). In order to estimate the
intrinsic spectrum, we used the observable spectrum (i.e., eq. [3])
predicted in the SSC model to fit the observed data in X-ray and
gamma-ray energy bands for a given TeV blazar (e.g., Mrk 501),
where the optical depth to high-energy photons is included. There
are different models for the optical depth. In this paper, we have
used two kinds, one given by Stecker et al. (2006, 2007) and one
by Kneiske et al. (2004), to reproduce the observable spectra. We
have applied this model to Mrk 501 to study possible GeV emis-
sion of this source during its different activities and calculated
self-consistently the photon spectra of both the source and the

N
SR

E*dN/dE[10TeV cm?® s™]
3

E/TeV

Fig. 8.— Time-averaged high-energy gamma-ray spectra of Mrk 501 for the
low-intensity flare with #,: obs = 0.5 days. The dotted curves represents intrinsic
spectra given by the SSC model (i.e., the spectra produced inside the source). The
thick solid, dashed, dash-dotted, and dash—double-dotted curves represent the fit
spectra of the average optical depth, upper optical depth, lower optical depth
(Kneiske et al. 2004), and baseline model (Stecker et al. 2006), respectively. The
thin curves show the secondary photon spectra produced by the resulting e = pairs
interacting with CMB photons corresponding to an IGMF strength of 10-22 G,
where the solid, dashed, dash-dotted, and dash—double-dotted curves are the same
as for the thick curves. The solid squares represent the data by CAT (Djannati-Atai
etal. 1999). The broken line is the GLAST sensitivity with integral time of 12 hr.

external components. The comparison of predicted multi-wave
band spectra of the source component using the two models for
the optical depth with the observed data for the HF, MF, and LF
of Mrk 501 are shown in Figures 3 and 7, respectively. The pre-
dicted GeV spectra for corresponding states of Mrk 501 are
shown in Figures 4, 5, 6, and 8. We have shown that the properties
of the GeV emission of the external component are roughly un-
changed for these two models of the optical depth. The following
can be seen from our calculations: (1) The flux shape of the ex-
ternal component depends mainly on the IGMF and becomes flat-
ter in the lower part of this energy range as the IGMF increases,
and the photons of the external component for Big < 1070 G
dominate over those of the source component in the energy range
100 MeV < E <100 GeV for the HF, MF, and LF of Mrk 501,
but the photons of the external component for Bjg = 10~ G will
be less important in the energy range £ < 1 GeV compared to
those of the source component. (2) The flux levels of the active
flare states of Mrk 501 have important roles in the photon flux
levels of the external component and influence the relative im-
portance between the photon fluxes of both external and source
components. (3) The photons produced in different active flares
of the Mrk 501 should be detectable by GLAST, and if GLAST
detects the photon emission from the Mrk 501, then the shape of
photon spectrum would give the limits of the IGMF.

In this model, an important parameter is the Lorentz factor . .
The photons produced by high-energy electrons with v, < 7.
contribute little to the GeV emission considered here, as pointed
out by Dai et al. (2002; see also Fan et al. 2004). This Lorentz
factor depends on the intergalactic magnetic field strength Bjg
and the observed time variability #arobs (s€€ €q. [7]). We have
shown the dependence of the GeV spectrum of the external com-
ponent on Byg for a given fy,. obs and indicated that the lower part
of the spectrum in the energy region from ~100 MeV to ~1 GeV
increase as the value of Bjg decreases (e.g., see Fig. 4). On the
other hand, the observed time variability also influences the shape
of the GeV spectrum. We show the spectra of the external compo-
nent in Figure 9, where we change the observed time variability
from 0.01 to 20 days for two different values of the intergalactic
magnetic field. Although the spectra are basically same for #yar gbs >
0.5 days and Bjg = 1072 G (see Fig. 9, left) and have little dif-
ference for fy4rops > 0.5 days and Big = 10~!1° G (see Fig. 9,
right), the basic property is that lower part of the spectrum for the
external component is enhanced when the value of #,,r obs increases.
From equation (7), ... decreases as fyqrobs increases, but the value
of 7., is limited by the pair-production process. In fact, simple ar-
gument of the pair-production condition gives . = m.c?/2er-uy
in order to maintain the production of the e pairs, where ep-yy
is the typical energy of the IR-UV background. Therefore, the
lower part of the spectrum for the external component does not
increase continuously with increasing #ya obs because of the limit
of the pair production to e .
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Fic. 9.—Time-averaged high-energy gamma-ray spectra of the external component in the high-intensity flare of Mrk 501 for different values of the observed variation
time, #yar,00s = 0.01,0.1,0.5, 2, and 20 days (curves fiom bottom to top, respectively). The IGMF intensity is 1 x 1072 G in the left panel and 1 x 10~ G in the right panel.

Finally, we would like to point out that although recent TeV
observations have shown models of a high level of extragalactic
background light to be inconsistent with SSC models, the low-EBL
model of Kneiske et al. (2004) can explain the observed data within
the frame of the SSC model. For example, Albert et al. (2007) fit
the observed data of Mrk 501 in the frame of the one-zone SSC
model (Tavecchio et al. 2001) using the low-EBL model of Kneiske
et al. (2004). They pointed out that slightly larger energy fluxes

above 1 TeV were obtained when using the EBL absorption of
Stecker et al. (2006, 2007).
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