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ABSTRACT

Emission from the relativistic jet located hundreds of kiloparsecs from the core of the superluminal quasar
PKS 0637752 was detected at 3.6 aBB um  with the Infrared Array Camera (IRAC) oigditzer Space
Telescope. The unprecedented sensitivity and arcsecond resolution of IRAC allows us to explore the mid-infrared
emission from kiloparsec-scale quasar jets for the first time. The mid-infrared flux from the jet knots, when
combined with radio and optical fluxes, confirms the synchrotron origin of the radio-to-optical emission and
constrains very well the high-energy end of the nonthermal electron distribution. Assuming that the X-rays are
produced in the relativistically moving knots via inverse Compton scattering of cosmic microwave background
(CMB) radiation, the infrared observation puts constraints on the matter content of the large-scale quasar jet.
Specifically, pureee” pair jet models are unfavorable based on the lack of an infrared bump associated with
the “bulk Comptonization” of CMB photons by an ultrarelativistic jet.

Subject headings: galaxies: jets — infrared: galaxies — quasars: individual (PKS 66&2) —
radiation mechanisms: nonthermal

1. INTRODUCTION by the poorly known physical conditions in quasar jets as well
as by the limited observational windows available so far.
Since the discovery of an X-ray jet of the quasar PKS N this Letter, we presenfpitzer IRAC imaging at wave-
0637-752 (Chartas et al. 2000; Schwartz et al. 2000), a number!€Ngths 3.6 and.8 um of the jet of the superluminal quasar
of X-ray jets extending distances of hundreds of kiloparsecs PKS 0637-752. With Fhe u_nprecedented sensitivity afforded
from the quasar nucleus have been unveilecChgndra (see, by IRAC, the observation aimed at measuring the mid-infrared

e.g., Sambruna et al. 2004 and Marshall et al. 2005). The X- part of the broadband nonthermal spectrum of the jet knots.

ray emission mechanism, however, still remains unsettied for IS0, we have searched for a possible infrared bump, which

most of the large-scale jets of powerful quasars. Based on thelS €XPected if the jet is indeed highly relativistic at distances
spectral energy distribution (SED) from radio, optical, and X- of hundreds of kiloparsecs from the central engine and |f_|t
ray bands, it has been argued that the X-ray intensity is too contains cold (a Lqrentz factor~ 1 ) electrons. The redshift
high to be explained by synchrotron or synchrotron self-Comp- Og PKS 0|637._75.2 |sdz_ - 0'6533(5_6“’?%% et 1""(;'281976)' sfo we
ton radiation from a single population of electrons. icogkﬂacysrmgfos'ty Wli?f:aﬂnce— OLZ; Q‘ —XO 73 ;Td_" Sr a

A currently favored hypothesis for the strong X-ray emission 71 km st M Clgy m T e A T o
is relativistically amplified inverse Compton (IC) scattering of pc-.
the cosmic microwave background (CMB), in which the bulk
flow of the jet is assumed to be relativistic, with a Lorentz
factorT" ~ 10 all the way to nearly megaparsec distances, and We have observed PKS 063752 with Spitzer IRAC on
to be directed toward the observer at a small viewing angle of 2005 March 27 as part of our Cycle-1 General Observer pro-
6 ~T'~* (Tavecchio et al. 2000; Celotti et al. 2001). However, gram Sitzer program ID 3586). IRAC is equipped with a 4-
some difficulties in this model have been recognized, and al- channel camera, InSb arrays at 3.6 drighm ,and Si:As arrays
ternative scenarios have been proposed (Aharonian 2002at 5.8 andB.0 um , each with &2 x 5.2 field of view (Fazio
Dermer & Atoyan 2002; Stawarz & Ostrowski 2002; Atoyan et al. 2004). Only the pair of 3.6 a8 um  arrays, observing
& Dermer 2004). Discussions of these models are hamperedthe same sky simultaneously, was chosen for the observation

of PKS 0637752, to obtain longer exposures in one pair of

* Yale Center for Astronomy and Astrophysics, Yale University, 260 Whit- bandpasses as opposed to two pairs with truncated exposure
ney Avenue, New Haven, CT 06520-8121; yasunobu.uchiyama@yale.edu,time. The 3.6/5.8 pair was chosen for a better spatial resolution
s sl Aeaon s hstronomy Gbseratory. oy 210 SenSitiiy. The pixel size in both aays<el'22. The
hosted by Kavli Institute for Pe{rticle Astrophysics and Cosmology, Stanford point-spread functions aré((,iﬁ and 18_8 (FWHM) for the 3.6
University, Stanford, CA 94305. and5.8 um bands, respectively (Fazio et al. 2004). A total of

3 Massachusetts Institute of Technology, Kavli Institute for Astrophysicsand 50 frames per IRAC band, each with a 30 s frame time, were
Space Research, 77 Massachusetts Avenue, Cambridge, MA 02139; ccheung@btained. The 50 images of the Basic Calibrated Data processed

space.mit.edu. : . . . -
* Department of Physics and Astronomy and School of Computational Sci- In t.he Szlt.zer SCIence %enéeSrC(SSfC) were combined into a
ences, George Mason University, 4400 University Drive, Fairfax, VA 22030; Projected image using the softwarepex.

2. OBSERVATIONS AND RESULTS

rms@physics.gmu.edu. Our aims are to explore possible infrared emission of the jet
® JAXA/ISAS, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan; close &12') to the quasar core. For this purpose, the wings of
takahasi@astro.isas.jaxa.jp. the bright core must be subtracted carefully. We made use of

® Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyoku, : . . . .
Tokyo 113-0033, Japan. the point-response function (PRF) image of a bright star provided

" Osservatorio Astronomico di Brera, via Brera 28, 1-20121 Milan, Italy; DY the SSC to cancel out the PRF wings. We also employed
tavecchio@merate.mi.astro.it, maraschi@brera.mi.astro.it. three bright field stars in ou8.6 um image as PRF templates
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Fic. 1.—IRAC images false color) of the PKS 0637752 jet at3.6 um [(eft) and5.8 um ¢ight) in units of MJy sr*. An angular scale of”lcorresponds to
a 6.9 kpc projected size. Superposed on the IRAC images are ATCA 8.6 GHz radio contours (using a circular restoring be&@8 ®ifH®), starting at
0.003 mJy beant with an increment of 0.003 mJy beadm (Lovell et al. 2000). The emission east of WK5.7 in théu@ image is confused by residuals from
wing cancellation.

and found that the results from the SSC template are consistensubtraction of the PRF wings of the core. The pixel size of the
with those from the field star templates. In duB um image, projected images of both channels was set tojbe "82.1
on the other hand, there are no suitable stars for such comparRegions close to the quasar core are blanked out due to residuals
isons. In what follows, we present both the 3.6 and o8 in the wing subtraction. Mid-infrared counterparts of the main
results, making use of the SSC template alone. The infraredoptical knots, WK7.8 and WK8.9 (Schwartz et al. 2000), which
fluxes from the core of PKS 0637752 were measured as 5.0 are also the main X-ray features, are clearly visible in both
and 9.6 mJy in the 3.6 anBl.8 um  bands, respectively. Thesechannels, located8” west of the core. The two optical knots
values are below the saturation limits for a 30 s frame.

Figure 1 shows the IRAC images of PKS 063752 after
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Fic. 3.—Bulk Comptonization spectra expected from the WK5.7 regi6n (2

FiG. 2.—Broadband SED for knot WK7.8. IRAC 3.6 amd8 um  fluxes, long) assuming..,q = 10® ergs s* andaf I' = 12, 6 = 3°5 (solid curve),
2.7 and4.6 pJy , respectively, are shown as open circles. The radio flux at (b) I' = 12, § = 6°5 (dashed curve), and €) I' = 15, § = 83 (dotted curve).
8.6 GHz, 44 mJy, is extracted from the ATCA map centered on WK7.8 with Also shown is a synchrotron spectrusol{d horizontal line) extrapolated from
a radius of 08, while the 4.8 GHz flux is set to satisty = 0.8 . THST the radio flux at 8.6 GHz with the spectral form of the dotted line in Fig. 2.
optical 0.2 pJy at 697 nm) andhandra X-ray data (6.2 nJy at 1 keV) are The upper limits on IRAC 3.6 anB.8 um fluxes are shown as open circles.
taken from the list of Kataoka & Stawarz (2005). The solid and dashed lines The optical upper limit is obtained from the 696.9 H&T image (Schwartz
represent the synchrotreriC/CMB modeling (see text). et al. 2000).
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TABLE 1
JET POWERS IN COLD AND NONTHERMAL ELECTRONS
0 Lcold Lknol E
Case r (deg) 5 (ergs sY) (ergs s (=Luw/lcod  Neow/Ne U, /Ug
a...... 12 3.5 156 <1.0 x 10* 2.8 x 10® >2.8 <20 0.69
b...... 12 6.5 8.4 <1.6 x 10" 9.2 x 10 >5.8 <10 92
C.uus 15 8.3 53 <1.4 x 10 1.9 x 10 >14 <4 29 x 10°

are marginally separated in the infrared images. In theu6  to synchrotron radiation, because the extrapolation of the radio
image, WK8.9 appears to be brighter than WK7.8, as in the spectrum can smoothly connect with the infrared and optical
optical. In the X-ray, WK8.9 is brighter than WK7.8, but the fluxes assuming normal steepening due to radiative cooling.
fluxes are more similar (Chartas et al. 2000). No significant Specifically, we first assume that the energy distribution of the
infrared emission can be seen at WK5.7, WK9:3 {imes fainter electrons (in the jet comoving frame) followsl(y) =
than WKS8.9 in the optical), or farther components after a bending Ky exp (—v/Ymax fOr v > vmin WhereK is the normalization,
point at~10" west of the quasar. v denotes the Lorentz factor of relativistic electrons, and
Photometry was performed with’ Sliameter apertures en- s = 2.6 to match the radio slopex=0.8 sE 2«a+1 ).
closing both WK7.8 and WK8.9, which findg, = 6.5 + To reproduce the optical flux, we obtaif,,,, = 3.6 x
0.5pdyandf,; = 11 = 2 uJy for 3.6 andb.8um |, respectively. 10°(,,B_5) % whered,, = /10 andB ; = B/(10° G) are
The 10 errors include the uncertainties associated with PRF the characteristic Doppler factaand comoving magnetic field
removal, adopting 10% of the quasar’'s wing intensity at the strength (the solid line in Fig. 2). The low-energy cuteff,,
location being considered. Note that we measure the sum ofis arbitrary as long ag,,,, <2 x 10%(,,B_5) 2
infrared flux from the two optical knots. The infrared-to-optical This simple model for the synchrotron component overpredicts
slopé is «;,, = 1.6, significantly steeper than the spectral index the mid-infrared flux by a factor of2. To account for this
at either radio or X-ray wavelengths, i.e, = 0.81+ 0.01 discrepancy, we modified the form of the electron distribution
anday, = 0.85+ 0.08 (Chartas et al. 2000). to N(Y) = Ky (1 + v/y,,) ' exp Cv/vma) With s = 2.6,
Although the separation of the two knots is orhl”, we which is a smooth broken power law with an exponential cutoff,
can derive a rough flux ratio between WK7.8 and WK8.9 at taking account of possible synchrotron and IC (in the Thomson
the 3.6 um band, thanks to the high significance and better regime) cooling. Fitting the SED with this model, we obtain
PRF in this band. The flux from WK8.9 is higher by a factor v,, = 1.4 x 10°(,,B_) *? and v,,.,= 1.1 x 10, B_5) >
of 1.5 + 0.6 than WK7.8, in agreement with a factor of1.4 (the dashed line in Fig. 2).
in the optical. Here we also model the X-ray spectrum, for illustrative pur-
We can place upper limits on the IR fluxes from a “quiet” poses, by the IC/CMB model (Tavecchio et al. 2000), namely,
region preceding the nonthermal condensations WK7.8—8.9. Forby the model invoking relativistically amplified IC scattering on
the white box in Figure 1 that encloses WK5,,<2 pJy  and CMB radiation, with the Doppler factor éf = 8.4 (correspond-
f.s< 5 uly (at a 20 level) are obtained. The flux uncertainty is ing to caseb in § 3.2) andy,,,, = 20 . In order to support the
computed a®/No , wherl are the “noise pixels” taken from  X-ray flux and at the same time to suppress the optical flux by
Fazio et al. (2004) and presents the background noise in which the IC process, we obtain a tight constraib® < v,,, =< 40
PRF-removal uncertainty is also formally included. We use these Note that the IC/CMB model for the X-rays generally requires

flux limits later in § 3.2. large power carried by nonthermal relativistic electrons,
Lo = 71 I'?Bcu,, wherer = 1 kpc is the adopted radius of
3. DISCUSSION the knot and., is the energy density of nonthermal electrons in
X ) ) . e
3.1. SED of Knot WK7.8 the jet frame, which can be written ag = {(y)m.c’n, =

[(p— /(P — 2lminMC*N,, With n, being the number density
The mid-infrared fluxes that we have measured fill central of nonthermal electrons. For example, one ndggs ~ 9.2 x
points in the SED of the jet knots and, therefore, set an im- 10 ergs s* in the case of the parameter set (chyén § 3.2
portant constraint on models of the broadband emission. In(§ = 8.4, T = 12, and~,,,, = 20).
Figure 2, we show the SED for knot WK7.8, the first bright ~ The detected mid-infrared fluxes well constrain the highest
knot that has been frequently modeled in the literature. The energy part of the electron distribution, say~ 10°—1(. In
knot is unresolved both in the radio image (Australia Telescope addition, as we show below, thndetection of infrared light
Compact Array [ATCA]) and theHubble Space Telescope from the jet preceding WK7.8 strongly constrains the lowest
(HST) image (Schwartz et al. 2000). Also, the corresponding energy § ~ 1) electrons, which have yet to be accelerated.
knot is visible in the deconvolve@handra X-ray image (Char-
tas et al. 2000). The emissio_ns in these bands most likely 3.2. Bulk Compton Radiation
emerge from the same physical volume. (In contrast, knot
WKS8.9 appears elongated along the jet in the optical, and so The relativistically amplified IC/CMB scenario raises the in-
may involve multiple knots.) Setting a flux ratio in the infrared teresting possibility that an infrared bump may appear as a result
between WK7.8 and WK8.9 to be 1.4 based on the optical (seeof “bulk Comptonization” (BC), namely, Comptonization of the
above), we associate flux densitiesd7 pJy 3.§um ) and CMB photons by “cold” ¢ ~ 1) electrons or positrons in the
4.6 pJy (5.8 um) with knot WK7.8. ultrarelativistic jet stream (Sikora et al. 1997, Georganopoulos
The radio-to-optical spectrum is now arguably attributable et al. 2005). The BC bump is expected to have a blackbody-like

® We definew,, = — log (f; /f,,)/ log (v;./v,) , withw, = 0.83 x 10" Hz (for ° The Doppler factor is defined as= [['(1 — B cosb)]* , whefe the
3.6 um) andy,, = 4.3 x 10" Hz. We takd, = 6.5 pJy and,, = 0.48 pJy velocity of the jet,I' = (1 — 8% Y2 is the bulk Lorentz factor of the jet, and
(Schwartz et al. 2000). 0 is the observing angle with respect to the jet direction.
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spectrum peaking at the energy. = 26Te.,s , independent of knot is stored in colé"e™ pairs before the first knot; therefore,
redshift, where:.,s is the mean energy of the CMB radiation £ <1 (i.e.,L 4> L nor)- HOWever, we obtaii > 1 for all cases
atz= 0. ForT' = 6 = 10, the bump appears at the infrared (see Table 1). An estimate ¢fcannot be noticeably reduced
wavelengthh g ~ 10 um . The isotropic BC luminosity from a by increasingvy,,, (through the relatioh,,,cc vy, 2¢ ) as
relativistic jet containing cold electrons, assuming a cylindrical v,,,, < 405,5 is set by the X-ray spectrum. Also, changifig
geometry of radiusand length., , is given by (Georganopoulos in a plausible rang8° <6 <9° for both = 12 and 15 does
et al. 2005) not affect our conclusion in this regard. Therefore, as long as
the IC/CMB scenario is correct, our result argues against pure
e‘e” jet models.

Interestingly,on subparsec scales in radio-loud quasars, a
similar conclusion has been reached by Sikora & Madejski
(2000) that jet composition with pure’e”  pairs can be ex-
where ¢; is the Thomson cross sectiob s = 4.2 x cluded by the absence of BC radiation at X-ray energies due
1021+ 2)* ergs cm?®, andL.,, is the jet power carried by to Comptonization of UV photons. The present work is the
cold electrons that upscatter CMB radiation into the infrared, first time that jet composition on scales of many kiloparsecs
defined ag .4, = #r*I'*Bcn,,ym.C? , withn,,, being the num- has been constrained in this way.
ber density of cold electrons in the jet frame. The number density of cold electrons relative to that of non-

Along a “quiet” stream between the core and the first bright thermal electrons can be constrainedhgs/n, < 4—20 (see Ta-
knot WK7.8, it is expected that unseen cold particles are prop-ble 1), by the relatiort = {(y)n./n.,q andy) = 2.7y,,,,~ 50
agating and generating BC radiation. In Figure 3, we presentWe note that these limits are difficult to explain within the stan-
BC spectra calculated for the quiet portion of the jet, assuming dard picture of particle acceleration, namely, diffusive shock
for illustrative purposes thdt.,, = 10*® ergs s* . The length acceleration, in which it is generally expected that only a small

4

g
rnef:.;z I(:oldu CMBB‘SSL coldr

=7 ®

of this region is set to bé, , = (13.8/sind) kpc , which is
appropriate for the white box in Figure 1, where the flux upper

fraction of the cold electrons can be accelerated to nonthermal
energies, and consequently,,/n.>1 . One may need to invoke

limits were derived in § 2. We consider the three characteristic alternative models regarding the X-ray emission mechanism

cases as followsaj I' = 12,0 = 3°5, ) ' = 12,0 = 65,
and €) I' = 15, § = 823. These parameters are chosen for the
consistency with the VSOP and VLBI observations, which
found superluminal motions on milliarcsecond scateB00 pc

(namely, IC/CMB) and/or the acceleration mechanism.

A possible caveat is that the above discussion relies on the
simplified picture that the power transported by the jet is con-
stant. If the ejection of power at the base of the jet is discon-

distances from the core) with a mean apparent speed oftinuous, the emission knots may represent “power peaks,” and

BapeC = 11.4 + 0.6c, indicatingl’ > 11.4 (Lovell et al. 2000).

the average jet power could be smaller than the value of

The viewing angles are set by the well-known relation (see L., that we calculated. It should also be noted that in our
Urry & Padovani 1995)8,,, = 8sin6/(1 — 3 cosf) , with calculations of the BC spectra, we have assumed monoenergetic

Bapp = 11.4 which yields two solutions for a giveli. For
I' = 15, the smaller angle solutidgh= 1°8 requires an unlikely
long jet, exceeding a deprojected total length of 2.2 Mpc, and
therefore is omitted. From Figure 3, one can consttajp by
comparing the calculated BC spectra to the flux upper limits
obtained from the IRAC data. The results are summarized in
Table 1.

In Table 1, the jet power in nonthermal electrdns,,,  , is given
based on the IC/CMB modeling of knot WK7.8 (wit}y,, =
20), together with the lower limits onf = L, /L o4 =
{(y)n/n.oe- The ratio of the energy densities of nonthermal elec-
tronsu, and magnetic fields,
¢ has uncomfortably large, ., and/ug
also Dermer & Atoyan 2004).

The limits onL ., impose meaningful constraints on the jet
models. If the jet is dynamically dominated b{e~  pairs, one

because of sihédkee

cold electrons ofy = 1 . If instead a certain fraction of pairs
is “hot” with v of a few, the BC spectrum can be practically
different from our calculation, extending to optical energies.
Even so, the limits oh ., would be similar to, or tighter than,
what we obtained above.
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can assume that the energy flux of nonthermal electrons at theFacilities. Spitzer(IRAC)
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