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ABSTRACT

We consider the evolution of a spherically expanding plasma cloud, where there is a continuous injection of
nonthermal electrons. We compute the time-dependent electron distribution and resultant photon spectra taking
into account synchrotron, adiabatic, and inverse Compton cooling. This model is different from previous works
where, instead of a continuous injection of particles, a short injection period was assumed. We apply this model
to the radio/optical knots in the large-scale jets of active galactic nuclei, detected in X-raisahgira, and
find that the overall broadband spectral features can be reproduced. It is shown that for some sources, constraints
on the X-ray spectral index (by a long€handra observation) will be able to differentiate between the different
models. This in turn will put a strong constraint on the acceleration mechanism active in these sources.

Subject headings. galaxies: active — galaxies: jets — X-rays: galaxies

1. INTRODUCTION The interpretation of X-ray emission for some sources as
. . . . , being due to synchrotron emission is interesting, since in this
The detection of kiloparsec-scale jets with knots in several ¢a5e the X-rays are produced by particles having much higher
active galactic nuclei (AGNs) by th€handra X-Ray Obser- energies (by a factor 6¢10%) than those emitting in the radio.
V?tory (Chr;rtas etal. 5000, Tavec_:cgm etal. ﬁOOO' Samb;un;]a elThe presence of high-energy electrons puts constraints on the
aH 2002) has r(])pene a new W":c ow on the |3at§ur3 or t er?eage of the knot: since these electrons cool efficiently, they are
phenomena. The X-ray emission from jets could be due 10 the ygpjeted in time unless they are replenished. The depletion
Comptonization of the optical/radio synchrotron photons (i.€., |ga4s to a time-dependent high-energy cutoff in the nonthermal
syf/nchrofcron .self-ComEtonklzanong, tﬁe mverls(,:e/ Ccl\zlrgnptomzanon electron distribution that reflects as a high-frequency exponen-
Of cosmic microwave background pr otons( : ), Or an €x- a| cutoff in the observed spectra. Since the observed X-ray
tension of the s_ynchrotron rad|o/opt|cal_em|35|o_n. Earlier obser- flux is less than the extrapolation of radio/optical flux in these
vations b_y theEmstelln and ROSAT.:;a.tellltes, having compara- sources, this exponential high-frequency cutoff is constrained
tively limited resolution and sensitivity, had not been generally to be in the soft X-ray regime. This can be translated to a high-
able to d'ﬁefe”“ate_ among these mechanisms (e.g., Blretta'energy cutoff in the electron distribution, which in turn gives
Stern, & Harris 1991; Harris & Stern 1987). Based on the recent an estimate of the age of the knot. In this model, a knot is
Chandra observation, it has been argued that the synchrotron o4 \when a short-duration acceleration process enhances
seli-Compton interpretation would require large jet powers and the nonthermal electron density in a jet. These nonthermal elec-

magnetic fields much lower than the equipartition values (Tav- : ;
. ) . .~ _trons move with a bulk spead=~ c along the jet. Thus, from
ecchio et al. 2000; Schwartz et al. 2000). A plausible attractive the age of the knot, one can determine the location in the jet

alternative is to interpret the X-ray emission as being due to IC/ . .
CMB or direct synchrotron, in which case a significantly smaller of 'the short acceleration Process. The distance from the central
object and the short duration (much less than the age of the

jet power and near-equipartition magnetic fields are required .
(Celotti, Ghisellini, & Chiaberge 2001; Pesce et al. 2001; Sam- knot) naturally puts strong constraints on any models of the
! ¢ ’ ’ ’ acceleration process.

bruna et al. 2002). For knots where the X-ray flux is greater The model outlined above may be confirmed (or ruled out)
than the extrapolation of the radio/optical spectra to X-ray wave- by future long-duratiorChandra observations. The model pre-

lengths, the emission cannot be due to synchrotron emission,?;: .
and hence, the IC/CMB model is favored. On the other hand, dicts that the X-ray spectra of the knots should be exponential

for those knots whose X-ray flux is lower than this extrapolation, (-€- Ste€p). The photon spectral slope measured during pre-
it is also possible to interpret the emission as being due to syn-iminary short-duration observations of 3C 371 (Pesce et al.
chrotron from a nonthermal electron distribution with a high- 2901) is around’ = 1.7+ 0.4 , in apparent contradiction to
energy cutoff. In fact, it has been argued (Pesce et al. 2001) thafnis prediction. However, longer observations are required to
for the knots of 3C 271, this is a more plausible explanation, confirm this result. Moreover, the model requires the coinci-
since the IC/CMB model requires for this source an exceptionally dence that the age of the knot be equal to the time required
large Doppler factor. In low-power FR | jets also, synchrotron for X-ray—emitting electrons to cool. A larger survey of X-ray
origin of X-rays is currently accepted (Worrall, Birkinshaw, & Jets has to be sampled to confirm whether this is statistically
Hardcastle 2001). However, for the gigahertz-peaked spectrumplausible. In this model, it is assumed that the acceleration
radio source PKS 1127145, which is suspected to be a young timescale is short (i.et,..< 10" s) and the possible expansion

FR | radio galaxy, the X-ray emission is probably due to IC/ Of the plasma is not taken into account. The acceleration mech-
CMB (Siemiginowska et al. 2002). anism of these knots is largely unknown, but if the acceleration

is due to internal shocks (e.g., Spada et al. 2001), then the
 Nuclear R h Laboratorv. Bhabha Atomic R h Center. Mumb _acceleration timescale,.~ R/c , wheRe is a typical shell
Nuclear Research Laboratory, Bhabha Atomic Research Center, Mumbai, i 0 1t R~ 1 kpc, thert could be as large 280" s.
India; sunder@apsara.barc.ernet.in. .S acc .
2 Inter-University Center for Astronomy and Astrophysics, Post Bag 4, Ga- N t_h|5 Letter, we present an alternative mOdel where the
neshkhind, Pune 411 007, India; rmisra@iucaa.ernet.in. knot is assumed to be a uniform expanding sphere with
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continuous injection of nonthermal particles. The time-

dependent electron distribution and the resultant spectra arecomputed at an observing tinme= t,

computed, taking into account synchrotron, IC/CMB, and
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and the resultant synchrotron and inverse Compton spectra are
. As shown by Dermer
(1995), since the CMB radiation is not isotropic in the rest frame

adiabatic cooling due to the expansion of the sphere. Sinceof the plasma, the inverse Compton spectrum is also beamed.

there is continuous injection of particles, there is no high-

Finally, the flux at the Earth is computed taking into account

energy cutoff but, instead, there is a time-dependent breakthe Doppler boosting (e.g., Begelman & Blandford 1984), char-

in the electron distribution where synchrotron/adiabatic
cooling is important. Our motivation here is to show that

acterized by the Doppler factér= [I'(1 — B cosf)]* , where
gc is the bulk velocity and is the angle between the jet and

this model also explains the observed spectra and can behe line of sight.

distinguished from one-time injection models, by future ob-
servational constraints on the X-ray spectral index.

While the total nonthermal particle distribution has to be
computed numerically, a qualitative description is possible by

In § 2, the model is described and the predicted spectral energycomparing cooling timescales with the observation tigne . The

distributions are compared with observations. Section 3 sum-

cooling timescale due to synchrotron and inverse Compton

marizes and discusses the main results. Throughout this Lettercooling at a given time and Lorentz factory is t.(t, v) =

H, = 75km s* Mpc* andg, = 0.5 are adopted.

2. SPHERICALLY EXPANDING PLASMA MODEL

We consider a plasma cloud moving relativistically along
the jet with a bulk Lorentz factoF'. In the rest frame, it is

assumed that the plasma uniformly occupies an expanding

sphere of radiuR(t) = R, + B Ct , wheR, isthe initial size
of the sphere and,,, <1 . At= 0 , there are no nonthermal

particles in the system. A continuous and constant particle in-

jection rate (i.e., number of particles injected per unit time) for
t> 0 is assumed, with a power-law distribution of energy,

(1)

where v is the Lorentz factor of the electrons. The kinetic
equation describing the evolution of the total number of non-
thermal particles in the systeN(y, t) ,is

Q()dy = Ky P dy for v > v

Y. L ey on 0 = Q) @
"
P(y, t) is the cooling rate, given by
P(v, 1) = —[vs(t) + nic(t) + v, 3

wherey(t), y,c(t) , andyA(t) , the cooling rates due to the syn-
chrotron, the inverse Comptonization of the CMB, and adia-
batic cooling, respectively, are given by

4 or B2(t)

Ys(t) = 3me 8r Y2 (4)

: 16 oy 2 T4 2
Held) = 3 s ToTin(@ )
ult) = Pea ©)

R

Here the evolving magnetic field is parameterized to be
B(t) = B[R()/R,]™ andT,,(2) = 2.73(1+ 2) is the temper-
ature of the CMB at the redshiftof the source. Note that the

YI(ys + Yic). Then,y, , defined as the for which this cooling
timescale is equal to the observation timgt,, v.)=t, ,
becomes

mc L
o [B2(t,)/87] + I'%4ce T2 (2)

Yo & (7)

The adiabatic cooling timescale also turns out toshg since

t, = R(t)/B.,,C =~ t, for R, < R(t,). Thus, the nonthermal par-
ticle distribution at time = t, can be divided into three distinct
regions:

1. In the regimey < v, , radiative cooling is not important
andN(y, t,) = Ky~Pt, . The corresponding spectral index for both
synchrotron and inverse Comptonizatiorwis= (p — 1)/2

2. In the regimey > v, , either synchrotron or inverse
Compton cooling is dominant ard(y, t,) oc v ®** . The cor-
responding spectral index for both synchrotron and inverse
Comptonization isx = p/2 .

3. Intheregime = v, , either synchrotron or inverse Comp-
ton cooling as well as adiabatic cooling are important, and the
spectral slope is in the rand@ — 1)/2> o > p/2

The computed spectra depend on the following 10 param-
eters: the observation timig ; the magnetic field at the time of
observatiorB, = B(t = t,) ; the magnetic field variation index
m; the radius of the knot at the time of observatidt),=
R(t = t,); the indexp; the minimum Lorentz factoty,,; the
Doppler factors; the bulk Lorentz factol'; expansion velocity
Bex» and the normalization of the injection rafe On the other
hand, there are only three observational points, namely, the
radio/optical and X-ray fluxes. Clearly, the parameters are un-
derconstrained, and it is not possible to extract meaningful
quantitative estimates. However, the motivation here is to show
that this model can explain the observed data with reasonable
values of the above parameters.

In Figure 1, the computed spectra are compared with the
data for different knots for four sources. The values of the
parameters used are tabulated in Table 1. The injected power
in nonthermal particles in the rest frame is

m.c?
p—2

—(p-2
Yo 2,

Py = f | (ym.c*)Q(y)dy = K (8)

while the power in the jet can be approximated to be (e.g.,

time t and other quantities in the above equations are in the Celotti, Padovani, & Ghisellini 1997)

rest frame of the plasma.
In this work, equation (2) has been solved numerically for
N(y, t) using the technique given by Chang & Cooper (1970)

P, = TR°T'?Bc(U, + U, + Uy), 9)
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- is attributed to IC/CMB. However, for some of the sources the
L 1136-135

optical spectral index is now, = az+ 3 , instead of being
exponential.

F 1150+497

3. SUMMARY AND DISCUSSION

In this Letter, it is shown that the observed radio, optical,
and X-ray fluxes of knots in kiloparsec-scale jets in AGNs can
be explained within a framework of a model where there is
continuous injection of nonthermal particles into an expanding
spherical plasma. This interpretation can be confirmed (or ruled
out) vis-avis one-time injection models, by future measure-
" ] ments of the radia , optical, , and X-ray, spectral indices.

In particular, the following cases are possible:

1 1. In the case oby = ay , the X-ray emission is probably
] due to IC/CMB. Both the continuous injection and one-time
injection models are equally viable.

2. In the case of, ~ ag + 3 , the X-ray emission would be
due to synchrotron emission from electrons in the cooling-
dominated region. The continuous injection scenario will be
favored.

3. In the case ofy > az + ;3 , When the X-ray emission is
exponentially decreasing, it should be attributed to the high-

Fic. 1.—Observed fluxes in radio, optical, and X-ray compared with model €nergy cutoff in the electron distribution. The one-time injec-
spectra using parameters given in Table 1. The data for 3C 371 are taken fromtjon scenario will be favored.
Pesce et al. (2001), while the rest are taken from Sambruna et al. (2002).
Triangles (circles) correspond to knot A (B). Errors are typically 30% or larger.

log vF (v) [ ergs cm2 s7!]
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4. In the case ofy, < oy , When the X-ray emission is ex-
ponentially increasing, it should be attributed to the low-energy
- cutoff (y,.) in the electron distribution and the X-ray emission
\évlgi'[reo%ps %n darr]nogsneatirg ]:[ig? denggégﬁ,l?meﬁe?Ltﬁehg;mgggﬁhou'd be due to IC/CMB. Both the continuous injection and

' 9 ' p Y. one-time injection models are equally viable.
assumed that the protons are cold and the number of protons

is equal to the number of electrons. The jet power ranges from Similar arguments can be put forth for the optical spectral
10 to 2 x 10 ergs s*, while the injected power is generally  indexa, as compared to the radio. It should be noted that for
3 orders of magnitude lower. This means that the nonthermalsome older systems the one-time injection would be the natural
acceleration process is inefficient and most of the jet power is scenario, while for younger systems the continuous one would
expected to be carried to the lobes. The magnetic figld  is be more probable. The technique described above will be able
nearly equal to the equipartition values. to differentiate between the two, and a generic constraint on
Like the results obtained by Sambruna et al. (2002) and Pescdahe acceleration timescales and typical age of the knots may
et al. (2001), the X-ray emission from the knots in 3C 371 and be obtained. A generic model where the injection rate decays
knot A of 1136-135 are identified as being due to synchrotron in time may then be used to fit the observations. The mea-
emission. However, in this case the predicted X-ray spectral surement of spectral indices at different wavelengths will also
index isa, = oy + 5 instead of being exponential. Note that reduce the number of unconstrained parameters in the model
this relation between the spectral indices is independent of thefitting, leading to reliable estimates of the system parameters.
parameters used to fit the data. For the rest of the sources, like Constraints on the acceleration timescale and the age of the
the earlier results (Sambruna et al. 2002), the X-ray emissionknots would be the first step toward understanding the driving

TABLE 1
PARAMETERS FOR MODEL FITTING
B, t, Pinj Pjel
Source/Knot (x10°G)  Yumin p (x 10" s) 5 r Bep (ergss?) (ergss?) BB,
(1) 2 3 @ (5) ® O © 9) (10) (11)

1136-135A...... 0.9 20 24 0.2 5 5 0.8 44.7 47.5 0.4
1136-135B....... 4.0 20.0 2.9 9 5 5 0.1 44.2 47.9 0.5
1150+497A ...... 2.5 30.0 2.85 9 5 35 0.1 44.2 47.3 0.4
1150+497B ...... 4.3 300 33 9 5 35 0.1 44.1 47.3 0.75
1354+195A....... 1.7 40.0 3.0 9 35 2 0.1 45.8 48.4 0.04
1354+195B ...... 8.0 250 3.2 9 35 2 0.1 44.7 47.5 0.63
3C371A......... 1.3 100 24 12 35 35 0.1 42.8 46.4 0.8
3C 371B.......... 1.0 100 24 1 35 35 05 43.5 46.0 0.9

NotEe.—Col. (1): Source and knot name taken from Pesce et al. 2001 for 3C 371 and the rest from Sambruna et al.
2002. Col. (2): Magnetic field at the observation tinBe = B(t = t,)

. Col. (3): Minimum Lorentz fagigr Col. (4):

Nonthermal injection indey. Col. (5): Observation tim¢, . Col. (6): Doppler factérCol. (7): Bulk Lorentz factofl.
Col. (8): Expansion velocitys,,, Col. (9): Log of the injected poweP,,. Col. (10): Log of the total jet poweP,,.

Col. (11): Ratio of the magnetic field to the equipartition value. For all cases, the magnetic field variationmirzehei
the size of the source at=t,

is fixed at 1.5 ek 10%*

cm, respectively.
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mechanism active in these sources. It will then be possible toical or numerical computations, which may finally lead to an
compare these timescales with theoretical results from analyt-understanding of the origin and nature of jets in AGNSs.
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