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Inverse Compton radiation in blazars
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Abstract. the GeV emission moves relativistically with a bulk Lorentz
We generalize previous calculations of the beaming patfactorI’ through an approximately isotropic photon field.
tern of photons produced by inverse Compton scattering. For For such a ‘blob’ of plasma moving with velocitye =
an isotropic distribution of soft photons upscattered by non-¢(1 — I'=2)~'/2, at an anglé to the observer’s line of sight,
thermal electrons with a power-law density distribution the beaming pattern of the observed power per unit solid an-
n(v) o< v~P, embedded in a plasma moving with relativistic gle and per unit frequency i for any process in which
bulk speed, we show that the observed radiation intensity ighe emission is isotropic in the frame comoving with the blob
proportional tas3*?, wheres is the Doppler boosting factor. (the ‘blob frame’), as is the case in synchrotron and SSC
This general result agrees with previous computations peremission. Herej = 1/[I'(1 — Su)] is the familiar Doppler
formed in the Thomson limit. Assuming that the soft pho- factor withy = cos 6, and« is the spectral index of the radi-
tons originate in the broad line region, we demonstrate thagtion. The situation is different for inverse Compton scatter-
the Thomson approximation describes adequately the Me\ing of photons on targets which are approximately isotropic
peak emission of the strong line emittif@fGRETdetected  not in the blob frame, but in the rest frame of the broad line
blazars, while the GeV spectrum is significantly affected byregion (‘lab. frame’). In the Thomson limit, Dermer (1995)
Klein—Nishina effects, being softer than that calculated in thehas shown that the beaming pattern in this cagéi$>. In
Thomson limit. We further show that the change in spectralterms of the power-law index of the electron distribution, this
index of the inverse Compton emission between the MeV tois equivalent ta>+?.
GeV ranges can exceed the valu@df predicted by compu-

tations performed in the Thomson limit. ) ) L
2 The beaming pattern of inverse Compton radiation

Consider a blob of plasma moving relativistically with a bulk
1 Introduction Lorentz factorl" and velocity3c, at an angle) to the ob-
server’s line of sight. In the frame of the blob the electrons
Inverse Compton scattering is commonly thought to be re-are characterized by an isotropic power-law density distribu-
sponsible for the production of gamma-ray photons in blazargijon n' (v,
It requires a source of target (seed) photons for which several
suggestions have been made: optical/UV photons from an 1
accretion disk (Dermer, Schlickeiser, & Mastichiadis, 1992), () = —~ P P(y1,72,7"), 1)
optical photons from the broad line region and infrared dust dm
photons (Sikora, Begelman, & Rees, 1994; Blazejowski etwherey’ is the Lorentz factor of the electrohjs a constant,
al., 2000). The radiation mechanism for such targets is usuand P(vy,72,7) = 1 for 14 < v < 9, and zero otherwise.
ally called external Comptonization (‘EC’). Synchrotron pho- Under the assumption that > T, one can treat the elec-
tons produced in the jet can also act as seed photons farons as a photon gas and make use of the Lorentz invariant
inverse Compton scattering, a process referred to as syrguantityn /2. The Lorentz factoty of an electron in the lab
chrotron self-Compton (‘'SSC’) scattering (Maraschi, Ghis- frame is theny = J+’ and the electron density() in the
ellini, & Celotti, 1992; Bloom & Marscher, 1996; Mastichiadis lab frame is
& Kirk, 1997). In those blazars with strong emission lines, 9
the EGRET-detected GeV emission is probably dominated n(y, p) = n(v') (7) - ﬁ52+p¢p P(716,726,7).

by inverse Compton scattering of the broad line photons ' A
(Sikora, et al., 1997). In this case, the plasma responsible for (2
Correspondence tdvl. Georganopoulos Given that the observed volunié,, of the blob isV,,s =

(markos@mickey.mpi-hd.mpg.de) Vé, whereV is the volume of the blob in the blob frame, the
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energy distribution of the total number of electralig, ) the observed photon energy..c? and by the photon number

is: densityn, = U/egmec?
kV _
Ny, 1) = =677 P(118,726,7). ©) dL sy 3kVorcU e o
dedQ) 167eg a ()

Consider now that this electron distribution will Compton— 0o
scatter seed photons of an arbitrary angular distribution. For / N~ ) £(2) P(710, 720, ) dry.
~ > 1, only electrons moving in the direction of the observer 1
contribute to the Compton luminosity. Since the number of|n the Thomson case, for energiesinr < € < €man.1
these electrons is proportional 6™, the Compton specific wheree, i, + = 4€07202, the lower limit of the integration
luminosity (observed luminosity per energy interval per solid jn equation (9) iSymin = (€/4€0)'/2, and the upper limit

angle) is also proportional & *?. Different seed photonan- is ...~ = ~,5. Performing the elementary integral using
gular distributions will introduce an angle—dependent mul-equation (7) we obtain:

tiplication term in the calculation of the external Compton

luminosity.
We now consider a plasma blob propagating through an L — §3tp kVorcU e % (9)

environment permeated by an isotropic monoenergetic pho- dedS 8meo €0

ton field of energy density/ and photon number density (72&,(1“,) < € 1 )

n, = U/eom.c?, wheree, is the energy of the seed photons deg(3+p)(120)2 1+p

in units of m.c?. (Energy units ofn.c? are used through- ¢\ (Fp)/2 9

out). The lab frame rate of scatterings per final photon energy + (—) — .

interval for an electron of Lorentz facteris: deo (1+p)B+p)
de 3UTC Forp > —1 ande < €mazx,T we haverin < VYmaz- Since
dtde ~ Teg)? (z), (4)  the integrand is then steeper than!, the above result sim-

plifies to
whereo is the Thomson cross section. Jones (1968) intro-
duced the ‘head-on’ approximation in which the seed pho- dL ., kVopcU2r—! ( € >(p1)/2 (10)
tons are treated as coming from the direction opposite to the  dedQ meo(14+p)(3 +p) '
electron velocity. Using this, which is valid for for > 1,
and the full KN cross-section for inelastic Compton scatter-
ing, he showed that

€0
The beaming of the observed radiation is the direct outcome
of the electron beaming, and it is characterized by the elec-
tron indexp. In the Thomson limit, the resulting spectrum is
(4egyz)? a simple power law with a spectral index= (p — 1)/2 and
2(1 + 4egyr) () one can substitute fgrin equation (10) to recover thig+2«
€ beaming pattern (equation 7 of D95).
M' In the EC process the maximum observed energy. r,
~y as well as any other energy scale characteristic of the spec-
trum, scale quite generally as §2, whereas in synchrotron
and SSC they scale as If, instead of observing at a fixed
degr26? energy, we are interested in the specific luminosity measured
(6)  at a break or cut-off in the spectrum, then #fescaling of
the break energy introduces an additiofrat® factor, so that
In the case of Thomson scatteringe§ < 1), Rybicki & the specific luminosity at the break scalessas The lumi-
L|ghtman (1979), assuming isotropic Scattering in the e|ec_nosity per |Ogarithmic energy interval of the Spectra| feature,

flz)=|2rInz+x+1—22%+
xP(1/4v*1,2), x=
The maximum observed energy is

677 xr - T o
war, KN (1+460’725)

tron frame, showed that given bye dL/dedf?, then scales a&’, sincee oc 62.
In the KN case, for energies,in. kv < € < €maz, kN,
f) = 200 PO ), =S (1) WReretmny = deyo?/ (1 + cg7,0), the lower imitof
3 4v2%¢q integration in equation (9) is found by settimg= 1
and 2th2at the maximum observed final energy,is..r = e+ /76263 T eeo 1
degy50°. Ymin = . (11)

2¢
We now make the approximation that the outgoing photons 0

are directed along the direction of the scattering electrons|n this case the integrand is also steeper tjtat, and for
which is justified provided the electron angular distribution v,,,;, < ¥20 = € < €m0,k N, the integration is dominated
varies slowly over angular scales1/~. To obtain the spe- by the lower limity,,;,, which is independent @f. Therefore,
cific luminosity one integrates the scattering rate (4) over thethe beaming patterf®*? is also valid in the general case of
electron energy distribution (3), and multiplies the result by KN scattering. The maximum energy is given by equation



2707

L BN L LR L B perform the integration in equation (9) numerically. The two
e>1/e 7 ] distributions deviate from each other with the KN spectrum
0" being softer. Note that the deviation is already significant at
' € ~ 10*, which corresponds approximately to electrons with
Lorentz factoryd ~ (e/ey)'/? ~ 4 x 10* in the lab frame.
Therefore, already atdey ~ 0.2, the Thomson description
is inadequate, and the KN formalism must be used. Both the
maximum and peak energy of the Thomson spectral energy
distribution scale ay,§)2. Contrary to this behavior, in the
KN case the maximum energy scalesyag, whereas the
peak energy is insensitive to variations of bétand~, and
it is located at an energc.., kv S 1/€o. The exact value
of epeqr, kv IS @ function of the electron index with steeper
electron power laws being characterized by lowgk:. x n
values. An increase in the upper cut-gffof the electron dis-
tribution by a factor of 10 affects only the steep high energy
tail of the observed KN spectral energy distribution, leaving
the peak energy and the peak luminosity unchanged. In gen-
eral, as long as the scattering is KN limiteghoeo > 1) , the
peak energy will be insensitive to variations of bathand
0, in contrast to the Thomson calculation and the synchrotron
and SSC cases.

12+
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0 ? 4 6 8 10 3 Applications to blazars

lo g € The spectra of the GRET-detected blazars (Hartman, et al.,
1999) are described by simple power laws over the energy

Fig. 1. The observed energy distribution due to inverse Comptonre.lnge30 MeV — 10 GeV W.Ith 'no indication of a cut-off at
scattering as a function of different observing angles for both thehlgh energy. The photon |nd|C_es _Of th(EGRE'Fdetected
KN (solid lines) and Thomson treatment (broken lines) for a blob blazars that display strong emission lines cluster arotind
of plasma that moves with a Lorentz factbr= 10 through an 2.2 (Mukherjee, et al., 1997), indicating that the peak en-
isotropic monoenergetic photon field. The seed photon energy i€rgy of they—ray spectral energy distribution in general lies
€0 = 5 x 107° in units of m.c?, which corresponds to optical at energies below thEGRETrange. X-ray (e.g., Kubo et
photons. The electrons in the blob frame are characterized by aal., 1998) OSSE and COMPTEL observations (McNaron-
isotropic power law distribution(y) o< v, p =22, » <7<  Brown et al., 1995) confine this peak to between alicand
72. For each case we plot in normalized units the result for both1( MeV.
72 = 10° andy, = 10°, with the line corresponding to the higher 146 shserved radiation is inverse Compton emission from
72 reaching higher photon energies. optical/UV broad line seed photong (~ 10~°), a peak at
~ 10 MeV arises from electrons withé ~ 1.5 x 103, Since
€0y = 1.5 x 1072, the scattering can be adequately approx-
(6), which is reduced t@,,q., kv = 720 when the high en-  imated by elastic Thomson scattering. Therefore, a peak at
ergy tail of the electron energy distribution is well into the ~ 10 MeV is not connected to KN effects and must result
KN regime, y2d¢9 > 1, a behavior similar to that of the from a break in the electron energy distribution. On the other
maximum energy observed from synchrotron and SSC emishand, theEGREFobserved flux is KN affected, and cannot

sion. For electron indices < 3, €,cak, kv CANNOt €XCeed  pe described by elastic Thomson scattering. The 2 GeV flux
significantly the energy at which KN effects become impor- (¢ ~ 4 x 103) results from electrons withd ~ 2 x 10%,

tant and the scattering cannot be considered elastic. For gorresponding tayvé ~ 0.2, a regime in which the KN
given seed photon energythis sets in for electrons with en- - steepening of the spectrum relative to the Thomson case is
ergiesy ~ 1/¢9d. Setting this limiting value ofy in equation  sjgnificant.
(6) we obtainepeqr, kn < 1/€0, independent of and o, In models in which particle acceleration competes with ra-
provided the system is well into the KN regimgdeo > 1. djative losses and particle escape from the system, the elec-
We demonstrate these points in figure 1, where we plot théron energy distribution is characterized fy, the Lorentz
inverse Compton spectral energy distribution for three dif-factor at which electrons are injected, the electron Lorentz
ferent observing angles for both the Thomson and KN casegactor at which the radiative cooling time equals to the escape
and for two different values ofs. In the Thomson case we time, andy,,..., the electron Lorentz factor at which the ac-
use the analytical expression (10), while in the KN case weceleration time equals the radiative cooling time. Between
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~o and~, the electron distribution is a power law with in- % BELELEL N BN R DL R ILENL RN BRI
dex p, while abovevy, the index steepens to+ 1, in the [
case where synchrotron cooling dominates. When the elec- -
tron indexp < 2, the peak of the inverse Compton spectral 60 [
energy distribution is due to electrons withr +,,,4, in the
Thomson case, and the spectrum after the peak is expected to [
decrease abruptly. On the other hand, when the electron in- 55
dexp > 2, the peak of the inverse Compton spectral energy :
distribution is due to electrons with = -, in the Thomson
case, and the spectrum after the peak is expected to follow r
a power-law behavior, up to a cut-off energy associated with— 5.0 I
Ymaz- 1N the case of thEGRETFdetected blazars the fact that
after the Thomson dominated peak=atl0 MeV there is a (@) I
power law extension of the emission at least upto0 GeV O 4.5
indicates that the peak of the spectral energy distribution is
associated with electronsat= -, where the radiative cool-
ing time equals the escape time from the system, and that the 40
electron index > 2. .
Simple electron cooling considerations predict a spectral
break ofAa = 0.5 in the transition before and after the peak I
energye,... of the observed energy distribution, as a result 3.5
of the change in the electron indéxp = 1 for synchrotron [
dominated cooling. This appears to conflict with the com-
binedOSSECOMPTELandEGRETmeasurements of some
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blazars, which found spectral breasx > 0.5 (McNaron- -2 0 9 4 Q)
Brown et al., 1995; Collmar et al., 1997). This has been in-
terpreted as evidence for gamma-ray absorption by pair pro- lo g €

duction (Blandford & Levinson, 1995; Marcowith, Henri &

Pelletier, 1995). Fig. 2. The observed energy distribution due to inverse Comp-
However, spectral breaks 8fa: > 0.5 betweenth€ OMP-  ton scattering for both the KN (solid line) and Thomson treat-

TEL andEGRETranges are produced naturally for sources ment (broken line) for a blob of plasma that moves with a Lorentz

peaking at MeV energies, since tBERETspectrum is soft- factorI' = 5 through an isotropic monoenergetic photon field.

ened by KN effects. We demonstrate this in figure 2, whereThe electrons in the_ blgb f_rame are characte_rized by an isotropic

we plot the spectral energy distribution due to inverse Comp-Proken power law S'St”b“t'om(V) o y77, with p = 2.2 for

ton scattering of optical seed photons by a broken power law’. = 7 = 2 * 107, andp = 3.2 for 2 x 10° < v < 10°.

LS . e plot, in normalized units, the energy distribution due to inverse
electron distribution for both the KN (solid line) and Thom- Compton scattering observed at an argte 1/T. The shaded area
son calculation (broken line). The spectrum below the peaiﬂ:orresponds to thEGRETrange of observation.

has a photon index = (p + 1)/2 = 1.6, since below the
peakp = 2.2. Above the pealp = 3.2 and the Thomson
spectrum has a a photon index= 2.1, resulting in a break  jones, F. C. 1968, Phys. Rev., 167, 1159
Aa = 0.5. The KN spectrum above the peak is steeper, antHartman, R. C., et al. 1999, ApJS, 123, 79
the two-point spectral index is calculated to be= 2.30, Kubo, H., Takahashi, T., Madejski, G., Tashiro, M., Makino, F.,
which results in a spectral breadkx = 0.70. Inoue, S., & Takahara, F. 1998, ApJ, 504, 693
Maraschi, L., Ghisellini, G., & Celotti, A. 1992, ApJ, 397, L5
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