Qrit 2 A17ST

Tun; ¢

£

417

LEARNING ABOUT JET PHYSICS FROM GAMMA-RAY BLAZARS

M. Sikora, R. Moderski, N. Copernicus Astron. Ctr., Warsaw, Poland;
G. Madejski, NASA /Goddard, USA; J. Poutanen, Stockholm Observatory, Sweden

ABSTRACT

We use spectral properties of the MeV-radiation
dominated blazars to put constraints on physical pa-
rameters of relativistic jets in quasars. Specifically,
using the luminosities and positions of high energy
and low energy spectral components, we derive con-
straints on the jet speeds, magnetic fields, and the
distances at which most of nonthermal radiation is
produced. By comparing the theoretically predicted
bulk-Compton radiation with the observed soft X-—
ray luminosities, we find upper limits on the optical
thickness, and lower limits on the distance where the
relativistic jet is formed and collimated.

Our results show that these jets should be Thom-
son optically thin and, in the case of y-ray pro-
duction dominated by the ERC (External-Radiation-
Compton) process, favor proton-electron jets. Much
weaker constraints on the pair plasma content are
provided if the y—ray production is dominated by the
SSC (Synchrotron Self-Compton) process. However,
the SSC models predict too small jet Lorentz factors
T'; (~ 3) as compared with those observed by VLBI
in quasars (~ 10), and require jets to be very weakly
magnetized.

Keywords: quasars; high energy astrophysics;
gamma-rays;

1. INTRODUCTION

Typical spectrum of a y-ray blazar consists of two
components (cf. Fig. 1), the low energy one (LE)
peaking at IR-optical wavelengths, and the high en-
ergy one (HE) which in many quasar-hosted blazars
peaks at MeV energies (see, e.g., von Montigny et
al. 1995). The high polarization, large amplitude
of variability, and the non-thermal shape imply that
the LE-component is most likely due to emission via
the synchrotron process from a jet pointing closely
to the line of sight (Blandford & Rees 1978). The
HE-component, on the other hand, is most likely due
to the inverse-Compton process by the same elec-
trons that produce the synchrotron photons. The
seed photons for the inverse-Compton process can be
provided by synchrotron radiation in the jet and/or
by radiation from the central source, scattered or re-
processed by the broad emission line clouds and inter-
cloud medium.

The most extreme blazars are those dominated by
MeV radiation, and so far, these are always observed
to be hosted in quasars. We use the spectral proper-
ties of these objects to derive physical parameters of
their jets. Specifically: from the ratio of the peak
luminosities, we derive constraints on ratio of the
Poynting flux to the kinetic energy flux and on jet
Lorentz factors (§2); from location of the spectral
peaks we derive distance in a jet at which the peaks
are produced (§3); and from the deficit of flux in the
X-ray regime, we derive upper limits on the optical
thickness and the pair content of a jet plasma (§4).
Our analysis is performed seperately for two extreme
cases: where the y-ray production is strongly dom-
inated by Comptonization of synchrotron radiation
ghe SSC models: Rees 1967; Konigl 1981; Marscher

Gear 1985; Ghisellini & Maraschi 1989), and where
v-tays result mostly from Comptonization of exter-
nal radiation (the ERC models: Dermer & Schlick-
eiser 1993; Sikora, Begelman, & Rees 1994; Blandford
& Levinson 1995; Ghisellini & Madau 1996). Our re-
sults are summarized in §5.

2. LUMINOSITIES OF THE HE- AND THE
LE-PEAK

We assume that jet is steady-state, and has conical
geometry with the opening half-angle 8; > 1/T';. We
also assume that: both the LE and the HE spectral
peaks are produced in the same jet region and by the
same electrons; pair cascades are not involved; and
the change of the spectral slope around the peaks
results from the break in the electron injection spec-
trum (a homogeneous case), or from superposition
of partial spectra produced over wider range of dis-
tances (an inhomogeneous case). Since our analysis is
based only on the values of luminosities at the spec-
tral peaks, our results will be the same for both cases.

2.1. ERC process vs. SSC process

In the comoving frame of a jet, energy densities of
synchrotron radiation and external radiation are
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respectively, where £ is the fraction of the central
source UV radiation being isotropized at a distance
r due to reprocessing by broad emission line clouds
and intercloud medium (Sikora et al. 1994; 1996),
and Lg is the observed synchrotron luminosity.

Since Compton energy losses of relativistic electrons
in SSC and ERC processes scale respectively with uj
and up, egs. (1) and (2) imply that the production
of y-rays in blazars is dominated by the SSC process
rather than by ERC process, only if I'; < T'y, where

_( Ls 1/4~ ( Loar \4
F"‘(st) =3 (sLUV)45) L)

where Ls 47 = Lg/1047 ergs s71, and (éLyv)ss =
€Lyy /10%° ergs s1.

2.2. The case of the SSC process domination

Magnetic energy density, as measured in the jet co-
moving frame is

Lp
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where Q; = 767 is the jet solid angle, and Lp is the
Poynting flux. Then the ratio of SSC luminosity to
synchrotron luminosity (both dominated at peaks) is

Lssc v 95Ls o
Ls uy 4rLp’

Noting that for the SSC model Lssc > Lgrc, we
find that for y-ray dominated blazars (— Lssc >
Lg), the luminosity of injected relativistic electrons
is

Linj~L ~ g (6)

inj — LSSC,em = . SsC-

Combining eqgs. (5) and (6), we have the fraction of
the total jet power that is contributed by the Poynt-

ing flux
L Ls \’
€B = ‘L—l'a X €inj (f;f;) ) (7)
j

where €;nj = Linj/Lj, Lj = Lp + L is the total jet
power, and L is the kinetic energy flux. Since from
energy conservation Lin; < Lj, eq. (7) implies that
high ratios Lgssc/Ls can be achieved only for very
weakly magnetized jets.

2.3. The case of the ERC process domination

In the case of the ERC models Lgrc > Lssc, and
for y-ray dominated spectra (— Lggrc > Lsg)

Q
Linj ~ Z;':_‘LERC~ (8)

Combining this with
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Figure 1: Schematic representation of a broad-band spec-
trum of a MeV-dominated blazar

gives
T~ <€_BL?3i> i
’ €inj ELuv Ls
2 1/4

€B Lgre 48
~10| ———r , 10
(Einj (§LUV)45LS,47> (10)
where Lgrcas = Lerc/10%® ergs s~!. Thus, the
high ratio of the y-ray luminosity to other spectral

componets can be reproduced by ERC models if T'; ~
10.

Note, however, that for I'; given by eq. (10), the
domination of ERC radiation over SSC radiation
(T; > To) is satisfied for any €p > €inj(Ls/LErc)?,
and that for ep approaching the lower limit, the re-
quired T'; can be as small as T'g given by eq. (3).

3. LOCATIONS OF HE- AND LE-PEAK

3.1. The case of the SSC process domination

Let us denote the location of luminosity peaks in
the observed spectrum by zp g and zy g, where z =
hv/mec? (cf. Fig. 1). Then, in the SSC model
zpg =2 and zgp = Tjrsge, where z'g and zg g0
are energies of synchrotron and SSC photons, respec-
tively, produced by electrons with injection function
break-energy, ,, (note that in case of an inhomoge-
neous model this break-energy can correspond with
the maximum electron energies as produced in the
region where the luminosity peaks originate). Using
approximate formulae for photon energies produced
by synchrotron and SSC processes in the jet comov-
ing frame,

2
Ts =~ 7y, (B'/Ber), (11)
and )
Tssc = Tm s (12)
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where B, = m¢2c®/he ~ 4.4 x 10'® G, we obtain
| 5550 w3108 | B0 g
meN oz T zpp/10-6’
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and

1
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Pa g

Combining eq. (14) with egs. (4) and (5), one can
find the distance at which the production of syn-
chrotron and SSC radiation peaks,

[ 1s 1 [ rg
rssc = C’U,B].—QQ I';B"\ cLssc
~ o x 1017 HE/10  Lsar (15)

(zrp/107°)2 Lé'/szc,m

For black hole masses 108 —10° M, this gives rssc ~
10® — 10%r,, where ry = 2GMpp/c* is the gravita-
tional radius.

3.2. The case of the ERC process domination

Here, zyp =T a:E and, as before, zp g = T’z

External photons w1tﬁ energies Tyv and reachmg the
jet from aside have in a jet comoving frame energies ~
Tjzyv, and scattered off the electrons with energies

~/, reach energies

2
Tpre = Ym LiTuv- (16)

From eq. (16)

m— Fj.’IIUV (Fj/lO) muv/IO"s’

which together with eq. (11) gives

! Tg
B’ ~ B.,
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Now, using egs. (18) and (9) in the formula for the
Poynting flux we obtain

pone LB
BROC = cupl29;
. 2x10"%(zgp/10) (€Luv)sslsar
" (zLp/107%)(zyv /1077) LERrc,s

(19)
This gives the approximate location of the region
where according to the ERC model most of radia-

tion is produced. It is about 10 — 10?r, from the
black hole of mass 10® — 10° M.

~ 4 x 10% (T;/10

(18)
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4. SOFT X-RAYS VS. BULK-COMPTON
RADIATION PREDICTIONS

The external diffuse radiation is Comptonized not
only by relativistic electrons in a jet, but also by non-
relativistic electrons in a jet. The power of the radi-
ation produced by nonrelativistic electrons enclosed
within the jet volume element Q;r?dr is

2| =I|n, Q;ridr, (20)

dLBC,em =~ MeC 7

where n.(r) is the number density of nonrelativistic
electrons, |dT';/dt| ~ corulp/mec?, and ul, is given
by eq. (2). Let us define rp,;, to be the distance along
the jet below which the jet is assumed to be not fully
developed yet, i.e. not sufficiently accelerated, colli-
mated, or mass loaded to contribute significantly to
the bulk-Compton radiation and any other beamed
radiation components. Noting then that for a rela-
tivistic conical outflow n.(r) =~ ne(Tmin) X (Pmin/T)?,
we obtain that observer located at 6,55 < 6; will see

4

- 2

Lpc = q-Lpcem = ne(rmin)rminoréLuv Iy,
J

(21)
peaked at

zpc ~ Tizyy ~ 1073(T;/10)>. (22)

This is at ~ 1 keV, precisely where the y-ray domi-
nated blazars show strong deficiency of radiation (see
Fig. 1). As we show below, comparison of Lpc with
observed soft X-ray luminosities, Lgx, provides se-
vere constraints on jet optical thickness and on min-
imum distance from the central engine.

4.1. How optically thick are jets?

For a given distance r the optical thickness for Thom-
son scatterings in a jet is given by 1; ~ n.aor,
where a = 6;r. Using the observational constraint
LBC < LSX, we find that

Lsx 6;

_o Lsxas 106

(€Luv)as (T';/10)2
(29)
Thus, highly relativistic and collimated jets must be
very optically thin, or otherwise they would overpro-
duce soft X-rays. This imposes serious constraints on
any radiation models which involve such processes as
pair annihilation and Coulomb interactions. This is
because in such thin plasmas, the time scales of these
processes are much longer than the jet propagation
time scale (Dermer, Sturner, & Schlickeiser 1996).

< =
7 (rmin) < ELyv F2

4.2. How close to the black hole are jets formed?

The optical thickness of a conical relativistic jet at
any given distance can be calculated using the for-
mula for kinetic power. In the case of jet inertia
dominated by cold protons, this power is given by

Lg ~ nympc®Q,r?T;. (24)
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Combining this with the definition of 7;, we obtain

A e K T 25
J F]' Qj Np LEdd T ( )

where Lggq = (4nmpc®/oT)ry. Using egs. (23) and
(25), and relation

1—-e€p - 1—-€ep Yy
Lic= (= ea)ly = ——LLiny = L 2Ly,
(26)
one can find that overproduction of soft X-rays can
be avoided only if

Tmin o 4T ne Lk fLuv
Tg - Qj np LEdd LSX J

1—epne ({Luv)as Lyas T 27)

~ 10
€inj Tp LEddasr Lsxae 10’

where L, = Lgrc + Lssc. Thus, as one can see
from eq. (27), for strongly pair dominated jets, the
value of 7,;, as high as 104rg is required in order to
avoid soft X-ray radiation above the observed levels.
(Note that for n, > npmy/me the term nym, in the
formula (24) must be replaced by n.m., and then the
term n/np in egs. (25) and (26) ought to be replaced
by my/me.)

4.3. Pair content

For any model attempting to explain the large y-ray
luminosities in terms of relativistic beaming, most of
~-rays must be produced at distances > rmn. In the
case of an inhomogeneous SSC model, this implies
TSSC > Tmin, and using egs. (15) and (27) we obtain

Ne €nj Lpaa Lsx 1 rssc

n, 1—epéLlyy LsscT; g

~ 102 16inj z1-”~:1/01:j6 . LSX,46LSS}‘;7 . (28)
—ep (zLE/ ) (€Luv)asLdsc a8

This shows that in the SSC model, the overproduc-
tion of soft X-rays due to bulk-Compton process can
be serious only for highly pair-dominated jets.

In the case of the ERC model (inhomogeneous version
without pair production), the condition rgrc > rmin
combined with equations (19) and (27) gives

n, =~ 1—epéLyy Lerc Tj 14

Me  _Einj Lgaa Lsx 1 rerc

1/2
€inj zaEe/T; Lsx,a6Lg 47

~ 1-ep (zLp/107%)(zyv /1075) (gLUV)iézL%/;CAB'

(29)
This implies that the pair content of a jet is more
severely limited in the ERC models than in the SSC
models. The reason for this is that 7., limited by
rErc is ~ 100 lower than r.,;, limited by rssc (com-
pare egs. [15] and [19]).

5. CONCLUSIONS

Using the spectral properties of MeV-radiation dom-
inated blazars, we derived the following constraints
on SSC and ERC models:

e The very high ratio of peak luminosities, L.,/Ls >
10, can be reproduced by the SSC models only for
very weakly magnetized jets, eg < 0.01 (see eq. [7]),
and modest jet Lorentz factors, I'; < 3 (see eq. [3]);
o If production of the synchrotron and Compton lu-
minosity peaks is dominated by the same population
of electrons and with this same energy range, then
observed location of high energy and low energy peak
implies the production of y-rays by ERC models very
close to the black hole (see eq. [19]);

¢ All jet models with pair dominated plasmas — unless
the jet develops fully (i.e. is accelerated, collimated

and matter loaded) beyond r ~ 10*r, — predict large
radiation excesses to be produced by Comptonization
of external radiation by cold electrons in a jet. These,
expected to be observed as soft X-ray excesses at ~ 1
keV, have not been confirmed by observations so far.
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