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An X-Ray Imaging Survey of Quasar Jets: The Complete Survey
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Abstract

We present Chandra X-ray imaging of a flux-limited sample of flat spectrum radio-emitting quasars with jet-like
structure X-rays are detected from 59% of 56 jetlo counter-jets were detectefihe core spectra are fitted by
power-law spectra with a photon indey Whose distribution is consistent with a normal distribution, with a mean
of 1.613-3% and dispersion of 0.18:33. We show that the distribution of,athe spectral index between the X-ray
and radio band jet fluxes, fits a Gaussian with a mean of 0.974[1+[10.012 and dispersion of 0.077[1+[10.008. We test
the model in which kiloparsec-scale X-rays result from inverse Compton scattering of cosmic microwave
background photons off the jet’s relativistic electrons (the IC-CMB model). In the IC-CMB model, a quantity Q
computed from observed fluxes and the apparent size of the emission region depends on redshiff8s\(ié1+z)
fit Q « (10+I%)finding al1=[10.88 1+ Mn@lejectat 99.5% confidence the hypothesis thtite average ¢
depends on redshifin the manner expected in the IC-CMB modelThis conclusion is mitigated by a lack of
detailed knowledge of the emission region geometry, which requires deeperor higher resolution X-ray
observationsFurthermoreif the IC-CMB model is valid for X-ray emission from kiloparsec-scale jettsen the

jets mustdecelerate on averagdaulk Lorentz factors should drop from about15 to 2-3 between parsec and
kiloparsec scalesOur results compound the problems thathe IC-CMB model has in explaining the X-ray
emission of kiloparsec-scale jets.

Key words: galaxies: active — galaxies: jets — quasars: general

1. Introduction Chandra snapshoturveys (Sambruna etl. 2004; Marshall

The parsec-scalgjets of powerful quasarsare highly et al. 2005,2011) have shown that X-rays are easily detected
relativistic, with bulk Lorentz factors (G =(1- b2y 12) of from mostradio jets in quasarsOne-zone (single-population)
10-30 (Cohen etal. 2007; Lister et al. 2009b). Since radio synchrotron and synchrotron self-Compton models generally

galaxies and quasars are generally double-lobt jets that fail to ex.plaln the emission, as found n the first Chandra
deliver energy to the lobes, hundreds of kiloparsecs (kpc) fromobservatlon of the kpc-scale jet emanating from th_e quasar
the core, must also be two-sided. Because many radio jets, anEKSD%s?_752 (Sphwartz @tl 2000) and noted in many
practically all of those emitting X-rays, appear to be One_sided,subsequgnbbservatlons o_ﬁnd|V|duaI sources For a review,
mostmodels of kpc-scale jets invoke bulk relativistic motion, see Harris & Krawczynski (2006) and Worrall (2009).

with beaming factors[0=[11/([1-B cos 6])[I>khere 6 is Due to .the. failure of single-zone s_.ynchrotron mpdelshe
X ; . X-ray emission of kpc-scale quasar jets is usually interpreted as
the angle of the jet to the line of sight.

. : inverse Compton emission of relativistic jet electrons off
On kpc scales, many fundamentalphysical propertiesof ! : X .
quasarjets remain uncertainsuch as the proton or positron cosmic microwave background photons (IC-CMB). This

content, whether the particle and magnetic field energy requires thatthe jet emission is Doppler-boosted with large

densities are near equipartition, and whether the jets have highl('garsg?c;?gtg{ arl’ azrgiogt. aCZrlrg)?tlil 2?94?’62’0%)1t)h?|-gge|8fé:\%gt
I" that are tens to hundreds of kpc from the quasar core. All of : ’ ) :

these issues bear on the flux of useful energy carried by the je mission is brighter than self-Compton emission because the
) i o . MB energy density is enhanced by a factdrifi the jet rest-
The jets typically carry a significant fraction of the quasar

: A : frame. The model was used to explain the discovery observations
2o 6 fubling and rate of growth of the cenral black hole. ©! PKSTI0B37-752 and was subsequently invoked often (o explin
bright X-ray knots in individual sources, as well as for jet surveys
- . (Sambruna etl. 2004; Marshallet al. 2005,2011; Jorstad &
Original content from this work may be used under the terms Marscher 2006|:-Iogan etal. 201 1).” valid, the modelcan be

of the Creative Commons Attribution 3.0 licence. Any further .
distribution of this work must maintain attribution to the author(s) and the titte Us€d to compute the jespeed along the flow to deduce bulk

of the work, journal citation and DOI. deceleration (Georganopoulos & Kazanas 2004; Hardcastle 2006;
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Table 1
Chandra Observation Log

Marshall et al.

Table 2
Radio Observations

Target Chandra Live Time Date Ref? Target Instrument Date Freq. 50xCJRMS Noise
ObsID (s) (uT) (uT) (GHz) (mJy beari')

0106+013 9281 8787 2007 Nov 21 2 0106+013 VLA 2000 Nov 05 1.42 4.29
0144-522 10366 5590 2009 Mar 26 1 0144-522  ATCA 2004 May 08 17.73 0.50
0256+075 10375 5604 2008 Dec 07 1 0256+075 VLA 2000 Nov 05 1.42 2.64
0402-362 10374 5582 2009 Mar 19 1 0402-362  ATCA 2002 Feb 01 8.64 2.52
0508-220 10367 5294 2009 Feb 25 1 0508-220  ATCA 2000 Nov 05 1.42 8.40
0707+476 10368 5309 2009 Jan 20 1 0707+476 VLA 2000 Nov 05 4.86 1.34
0748+126 10376 5610 2009 Feb 07 1 0748+126 VLA 2001 May 06 4.86 1.50
0833+585 7870 3771 2007 Jan 12 1 0833+585 VLA 2000 Nov 05 1.42 244
0859+470 10371 5604 2008 Dec 31 1 0859+470 VLA 2000 Nov 05 4.86 2.51
0953+254 10377 5606 2009 Jan 20 1 0953+254 VLA 2000 Nov 05 1.42 1.93
1116+128 10373 5579 2009 Feb 01 1 1116+128 VLA 2000 Nov 05 4.86 1.70
1303-827 10365 5612 2009 Nov 18 1 1303-827  ATCA 1993 Jul 13 8.64 4.17
1502+106 10378 5608 2009 Apr 09 1 1502+106 VLA 2000 Nov 05 4.86 1.94
1622-297 10370 5610 2009 Jun 17 1 1622-297  ATCA 1994 Jul 29 8.64 9.06
1823+568 10369 5578 2009 Jun 06 1 1823+568 VLA 2000 Nov 05 4.86 4.32
2201+315 9283 9167 2008 Oct 12 2 2201+315 VLA 2000 Nov 05 1.42 2.64
2230+114 10372 5450 2009 Aug 06 1 2230+114 VLA 2000 Nov 05 4.86 4.09
Note.

@ References refer to previous X-ray imaging results: (1) this paper, (2) Hogan
etal. (2011).

Marshall et al. 2006), or to infer that matteris entrained
(Tavecchio et al. 2006).
In the past 10-15 yearsioweverthere have been concerns

that the IC-CMB model is inadequate or even rejected in some

jets (Kataoka & Stawarz 2005; Hardcastle 2006; Jester

et al. 2006).0One concern with the IC-CMB modek that the
lifetimes of the electrons responsible for the X-ray emission ar
orders of magnitude longerthan those producing the radio
emission, so the X-ray structures would be expected to extend
further downstream than the radithis is just the opposite of
what is regularly observed (Tavecchio etl. 2003; Schwartz

et al. 2006). Of particular interestis the observation thathe
y-ray emission expected in the IC-CMB model (Meyer &
Georganopoulo2014; Meyer et al. 2015, 2017; Breiding

et al. 2017) is not detected,even for PKSL10637-752he
prototypicalcase for the IC-CMB modelAn alternative class

of models proposesadditional synchrotron componentso

relativistic jets in the quasarcores.If the IC-CMB model is
correct, then we may test whether the pc-scale jet has changed
directions or decelerated in propagating to kpc scales. We use a
cosmology in which =070 km'sMpc™", Q,,(0=1048nd
Q/\D=DO7

2. Sample Properties

Sample selection was described in Paper I. Briefly, 56
sources were selected from 1.64 06 GHz VLA and ATCA

Gimaging surveys (Murphy et al. 1993; Lovell 1997). The

dominantselection criterion is on radio core flux density—as
applied when creating the samplesfor the radio imaging
surveys. The flux densitiesin jet-like extendedemission
determine inclusion in our sampleSubsamples were defined

in Paper I: the “A” list is a complete flux-limited sample based
only on extended emission, while the “B” list was selected for
one-sided and linear structurBoth have the same number of
objects in each list and flux-limited selection was applied first.

We reported results for the first 20 targets in Paper |, finding

that 60% of the jets could be detected in short Chandra

explain the X-rays (Stawarz et al. 2004; Hardcastle 2006; JestefxposuresIn Paper Il, we presented results foranother19

et al. 2006). Either modelhas dramatic consequencen:the

IC-CMB case,jets should show surface brightnesses traat
largely independentof redshift (Schwartz 2002), while

synchrotron modelsrequire electronsto be accelerated to
Lorentz factors ~13 over much or allof the jet, due to their
short lifetimes.

In order to find good cases for detailed studwe started a
large, shallow survey using Chandra to find X-ray emission
from kpc-scale radio jets. This paperis a continuation of
Marshall et al. (2005, hereafterPaperl) and Marshallet al.
(2011, hereafter,Paperll) and presents observations ofthe
remainder of the quasars from the originabmple of 56.We
use this sample for a population tesif the IC-CMB model’s
primary predictions. Following Paper Il and Hogan et al.
(2011), we include results from VLBI observations from the
MOJAVE program that indicate the directions and speeds of

" See the MOJAVE web page: http://www.physics.purdue.edu/astro/
MOJAVE/ and Lister et al. (2009b).

quasars in the sample and got the same detection rate. Here, the
observations ofthe remaining 17 quasars ofthe sample are
presentedThe radio fluxes of the extended emission in these
additional targets were somewhat lower than those for the first
39, but were observed for about the same X-ray exposure time
(5.8 ks on average). Fourteen of the new Chandra images were
obtained as part of the completion of our survey and the other
three were taken from the Chandra archive-or the 14 new
observations, we also obtained Hubble Space Telescope (HST)
images.

As reported in Paper Il, a significant fraction of the sample is
being monitored with VLBI, mostly in the northern hemi-
sphere.Superluminalmotions have been detected forevery
object in our sample that was observed in the MOJAVE
program (see Table 10As in Paper Il,the distribution of the
apparentvelocities, cB,pp, is comparableto those of the
remaining MOJAVE sources,indicating that quasars in our
sample have a distribution of speeds and line-of-sigahgles
that is consistent with that of the MOJAVE program.
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Figure 1. X-ray images from Chandra observations, with contours from Australia Telescope Compact Array or Very Large Array (VLA) images. The radio surface
brightness contours increase by a factor of 2 and start at 5 times the rms noise, as given in Table 2. The X-ray images were convolved with 1” Gaussians and then
binned at ¢f 0492, a tenth of a Chandra pixel. The color scale for all images is logarithmic, from 0.5 counts/beam (yellow) to 2500 counts/beam (black). See the tex
for comments on individual object# readout streak is apparent in the X-ray map of 2201+315.

Five redshifts were unknown as of Paperlh Paper Il,we Table 2 lists the radio data used here and radio flux contours
reported thatthe redshiftof PKS 1421-490 was 0.662.We are overlaid on the X-ray images in Figure 1.X-ray images
now include PKS 1145-676 in our overall analysis,with a were registered to radio imagess in Paper |.

redshift of 0.21 (Sbarufatti et al. 2009), PKS 0144-522 with a
redshift of 0.098 (Schechter & Dressler 198apd PKS 1302
-82, with a redshift of 0.87 (Burgess & Hunstead 2006 As
noted in Paper I, PKS 1145-676 shows X-ray emission from a The X-ray spectrum of the nucleus for each source was

5" long region.The redshift is still unknown for one objectin  measured using the CIAO v4.7 software (Fruscione et al. 2006)

3.1. Core Spectral Fits

the sample for which we have an X-ray image: PKS 1251 and CALDB 4.6.5 calibration database. On-source counts were
—-713. We excluded this source from sample analyseghat extracted from a circle of radius 425 with local background
require redshifts. sampled from a source-centered annulusing a pie slice to

exclude resolved X-ray jeemission where detecte&pectral
data between 0.4 and 7 keV were binned to a minimum of
25 counts per bin and were fitted using the x 2 statistic in
The Chandra observation listis given in Table 1. As in XSPEC (Arnaud 1996), initially to a power-law model of fixed
Papers | and Il X-ray images were formed from events in the Galactic absorption. If the fit was good (the majority of cases)
0.5-7.0 keV band (see Figure 1). The images of a few sourcesno additional componentswere added. If not, intrinsic
show readout streaks,which do not interfere with the jets absorption ora thermal componentwas added to the model
because we selected a suitable range of observatory roll angleto find an improved fit, and in some cases a pileup model was

3. Observations and Data Reduction

3
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Figure 1. (Continued.)

required.The results are given in Table 3yhere the notesto  componenthatis flatter in spectrum than other emissiohhe

the table or an entry in thed)\; column identify cases where a model of a radio-loud quasar’s X-ray spectrum being comprised

model more complex than a power law with  Galactic of both an isotropic and a beamed jet componentwas first

absorption was usedlhe power-law slope] ,, is the photon proposed based on Einstein data due to a larger X-ray-to-radio

spectral index, and so is al1+[11, where a is the energy spectfaix ratio with increasing core dominance (Worehll. 1987),

index more commonly used in radio astronomy | 7 ). and the model is supported by more recent flux comparisons for
The X-ray spectralindices are plotted againstredshiftin larger samples (Miller et al. 2011).

Figure 2. We follow the practice from the Einstein Observatory inFigure 2 hints at decreased § and o at high redshift: the

which we assume thalhe underlying spectral-index distribution seven objects above z[1=[11.5 (five of which have X-ray jets)

has a normal distribution, and maximize the likelihood to find thgive G = 1.53 338 and o I=10Y&. Figure 3 compares 90%

best-fit underlying mean and dispersion (Maccacaio £988; joint-confidence contours in spectraidex and dispersion for
Worrall 1989).For the 51 objects atz[1>[10w#th 90% joint- the 7 quasars at z[1>[11.5 and the 44 at 0.200<z[0<[1.5. The |
confidence uncertainties,we find G =1.610 0.05 and implies that the probability that the two subsamples are drawn

oO=0098% These uncertainties are improved with resfmect  from the same parent distribution is <1%he two caveats to
Paper |,and further confirm the flatter spectriadex found in this result are thatthe choice of a dividing redshiftof 1.5 is
radio-loud quasarss compared with radio-quietquasarsfor guided by the observationand the dependence of luminosity
which G » 1.9 (Reeves& Turner 2000). Our results are on redshiftin the sample means thatiny tendency toward a
consistentvith Belsole et al. (2006),who, from studying the flatter spectralindex and a tighter distribution may be more
X-ray spectra of radio-loud quasars and radio galaxies matchedssociated with higher luminosity than higher redshift. Figure 4
extended radio power, concluded that the X-ray emission of costtows the dependence of luminosity with redshift in the radio
dominated quasars is dominated by a beamed inverse Comptofwjigh core and extended jet emission shown separately) and the

4
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Figure 1. (Continued.)

X-ray. The trend is most obvious in the core radio, as expecteddistributions (SEDs) spanning radio and y-rays are “bluer” as
from the flux-density thresholds applied during sample bolometric luminosity increases(Fossati et al. 1998). As
selection, but can also be seen in the X-ray, and with somewhatith the luminosities shown in Figure 4, blazar-sequence
larger scatterin the extended radio emissiofrigures 2 and 4 bolometric luminosities are calculated assuming that the

both differentiate by color the sources thatappearas Fermi emission is isotropic, and the sequence is modeled as a growth
y-ray detectionsin the LAT 3LAC catalog (Ackermann of the inverse Compton relative to the lower-energy synchro-
et al. 2015), and by symbolthe sources with extended X-ray  tron hump in the SED, such that y-rag/ emission dominates the
jet emission,as found in this paper. Note that the Fermi luminosity for powers above about0*® W. While a physical
detections (57%) are distributed across the redshift, luminosityunderstanding of the blazar sequence and the exterwhich

and X-ray spectral-index range of our sources rather than beingelection effects contribute remain matters for debate (see e.g.,
clustered in any particularrange. There is also no obvious Giommi et al. 2012), Ghisellini et al. (2017) have argued
association between the detection of y-rays and resolved X-rayempirically from the average SEDs of radio-loud quasars in the
jets. Radio-loud quasars detected in y-rays have been found toy-ray-selected 3LAC catalog thdhe observed X-ray spectral
participate with BL Lac objects in what has been termed index becomes flatter with increasing isotropic bolometric

the “blazar sequence,” whereby the spectral energy luminosity. In time, more of the sources in our radio-selected
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Table 3
Quasar X-Ray Core Parameters
B1950 z 0OBSID Count Rate Streak Rate Nygal® Tx Nijint S8 x2/(dof)
(cps) (cps) (16?" emi ) (1072 cm2) (ndy)
0106+013 2.099 10380,10799 0.10800+010.004 0.0900+[10.06 0.280 1.6000+[10.03 L 1540+04  330.8/300
0144-527 0.098 10366 0.08901+010.004 0.070+00.07 0.339 2.50+00.1 L 9400+014 7.2/16
0208-512"¢ 0.999 4813 0.30500+010.008 0.540+00.15 0.294 17183 L 2450+004  236.6/206
0229+13 2.059 3109 0.1110+00.005 0.0800+010.10 0.83 1.4500+[0.07 L 10600+[16 19.3/24
0234+285 1.213 4898 0.28300+010.007 0.3000+[10.09 0.842 1.720+00.06  0.500+[10.1 317712 60.6/73
0256+075 0.893 10375 0.15500+010.005 0.100+00.07 1.147 1.340+010.11 L 13018 30.6/28
0402-362 1.417 10374 1.3370+00.016 1.400+00.23 0.080 1.080+00.02 L 85700+[014  196.9/196
0413-21¢" 0.808 3110 0.06300010.004 0.0900+00.11 0.239 1.483:33 L 570+004 6.3/11
0454-463 0.858 4893 0.3610+010.008 0.4600+010.13 0.235 1.6400+10.04 L 3270+09 85.5/64
0508-220 0.172 10367 0.01000£010.001  -0.010+10.04 0.257 1.898 L 10§ 0.711
0707+476 1.292 10368 0.10300+010.004 0.110+00.07 0.806 1.540+010.09 L 9001+[16 22.1/17
0745+241 0.410 3111 0.16001+[10.006 0.2300+010.16 0.516 1.353:37 L 13177 23.5/22
0748+126 0.889 10376 0.44900+00.009 0.340+00.12 0.360 1.600+00.03 L 38500019 61.9/76
0820+225 0.951 4897 0.03400+00.003 0.110+00.07 0.390 141312 L 270+03 4.8/4
0833+585 2.101 7870 0.16001+010.007 0.010+00.05 0.443 1.450+[0.08 L 122007 31.5/19
0858-771 0.490 3112 0.13000+010.005 0.520+[30.21 1.021 1.878:32 L 145%° 18.1/17
0859+470 1.462 10371 0.07500+010.004 0.010+00.04 0.192 1.720+00.09 L 6300+04 12.1/14
0903-573 0.695 3113 0.1230+00.005 0.0000£[70.08 3.212 1.978:3% L 19928 14.9/16
0920-397 0.591 5732,7220-1,7223 0.10500+010.005 0.110+00.12 2.147 1.630+010.03 L 1493 173.4/174
0923+392 0.695 3048 0.65500+10.006 0.840+10.10 0.143 1.640+010.01 L 5140+05  207.3/209
0953+254 0.712 10377 0.13400+010.005 0.06[1+[10.06 0.267 1.750+[10.06 L 121005 15.9/26
0954+556 0.909 4842 0.10900+00.002 0.1000+[10.03 0.089 1.880+[10.03 L 910+02  110.5/112
1030-357 1.455 5730 0.06900+010.004 0.140+00.14 0.609 1.640+00.04 L 5200+002 57.8/52
1040+123 1.029 2136 0.1780+00.004 0.0900£[10.05 0.287 1.630+00.04 L 1390+03 58.0/62
1046-409 0.620 3116 0.1960+[10.007  -0.0100+[10.09 0.829 17238 L 20244 16.4/23
1055+018 0.888 2137 0.59400+010.008 0.5800+[10.13 0.396 1.570+00.02 L 44200+006  143.5/149
1055+20F 1.110 5733 0.21402+00.007 0.120+010.08 0.182 1.740+00.02 L 2470+03  163.3/176
1116+128 2.118 10373 0.08300+010.004 0.1000+00.07 0.240 1.560+[10.09 L 700+04 15.0/15
1116-462 0.713 4891 0.20700+00.006 0.320+00.11 1.040 1.6900+[10.06 L 2100018 27.6/39
1145-676"° 0.210 3117 0.29200+00.008 0.490+00.23 3.189 2.030+00.06 L 54000+0025  119.3/111
1202-262 0.789 3118 0.14700+00.005 0.1600+00.13 0.708 1.6001+10.06 L 1370006 19.5/26
1251-713 L 4892 0.0430£00.003  -0.0400+[10.03 2.119 1.780+00.18 L 530+006 6.6/6
1258-321° 0.01704 3119 0.0110200.002 0.0900+[10.16 0.575 1.96'0:48 L 14'§ 6.5/2
1303-827 0.870 10365 0.13200+010.005 0.06[0+[10.06 0.720 1.600+[0.07 L 1220+05 16.0/24
1343-601° 0.01292 3120 0.252[0+010.007 0.530+010.27 10.6 1.6331% 1.080£[0.24 870349 35.1/35
1354+195"¢ 0.720 2140 0.5830+[10.008 0.930+00.15 0.223 1.669:%% L 51900+0023 165.1/142
1421-490 0.662 5729 0.04901+010.003 0.0701+[10.06 1.457 1.710+00.04 L 4700+02 72.0/62
1424-418 1.522 3121 0.18900+00.007 0.0800+00.12 0.805 157833 L 18139 13.8/23
1502+106 1.839 10378 0.20400+00.006 0.190+[10.09 0.237 1.540+00.05 L 1670+006 39.2/39
1622-297 0.815 10370 0.14900+010.005 0.0900+[0.07 1.528 1.380+00.07 L 1380+08 22.7/27
1641+399 0.5928 10379 0.6250+[10.008 1.140+00.16 0.104 1.669:93 L 48900+05 238.6/245
1642+690 0.751 2142 0.15400+010.004 0.120+00.06 0.434 1.570+010.04 L 11900+04 38.7/42
1655+077 0.621 3122 0.16500+00.006 0.0900+010.14 0.626 1.560:13 L 15321 38.3/22
1655-776° 0.0947 3123 0.03102+00.003 0.020+00.11 0.830 1.033:43 L 41:3° 4.2/2
1823+568 0.664 10369 0.51600+00.010 0.640+00.16 0.411 1.500+00.05 0.1600+00.05 44901+0020 81.6/84
1828+487° 0.692 3124 0.4210+00.009 0.730+00.25 0.66 1.610+010.09 L 34400+0110 74.6/61
1928+738 0.302 2145 0.7810+00.010 1.0800+10.16 0.800 1.6900+[10.02 L 70500+010  195.2/162
2007+777 0.342 5709 0.22600+010.003 0.2900+00.11 0.879 1.800+00.11 0.130+00.03  146000+[1200 177.1/189
2052-474 1.489 3125 0.1130200.005 0.4800+00.21 0.404 151013 L 10978 10.3/15
2101-49¢" 1.040 5731 0.0600+[10.003 0.0700+0.11 0.341 1.793% L 8473 90.0/106
2123-463 1.67 4890 0.09801+[10.004 0.070+[10.06 0.330 1.4500+[0.07 L 80+14 19.9/21
2201+315" 0.295 9283 0.58001+[10.008 0.7500+010.13 1.170 1.710+00.04 L 58600+[116  135.7/141
2230+114 1.037 10372 0.4730+00.009 0.2300+00.10 0.499 1.370+00.03 L 37400176 76.5/79
2251+158"° 0.859 3127 0.65600+00.012 2.8900+[10.50 0.713 1.530:% L 1225378 126.6/121
2255-282 0.926 4894 0.3830+00.007 0.1800+[10.08 0.228 1.610+00.03 L 3280+007 88.7/82
2326-477 1.299 4896 0.19901+[10.005 0.150+00.07 0.169 1.66[0+[10.04 L 174005 46.3/54

Notes.Count rates and streak rates are for the OBSIDs used for the extended anaBmis.spectra use deeper exposures where avail&ters in spectral parameters are 1a.

2 From the COLDEN program provided by the CXC, using data from Dickey & Lockman (1990), except for 0229+131 (from Murphy et al. 1996) and 1828+487 and 2251+158 (from Elvis et al. 1989).

® S is the flux density at 1 keV from spectral fit¥One may roughly estimate, Sy scaling the count rate by 1000 nJy/(count/s).
¢ Not quasar; it is a low-redshift object.
9 Results updated from Paperusing either longer exposure and/or an improved pileup or absorption model.

¢ The pileup model iXSPEChas been applied. The ratio of the streak rate to the count rate is a guide to the relative importance of the pileup correction; it also depends on the window mode of the OBS|

used.

f Results from Paper I.

9 Variability between this OBSID and 7795/7796 taken in a less favorable window mode with regards to pileup.

. Other OBSIDs are availabldut in less favorable window modes with regards to pileup.
' Structured residuals were improved significantly here with the inclusion of a thermal (apec) component of kTO=[0.3 keV.
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Figure 2. X-ray spectralindices of the cores plotted againsédshift. Objects
with X-ray jet emission (this paper) are shown as triangles, and those withou
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3.2.Imaging Results

We tested for the detection of X-rays from a jet using a
simple Poisson testas in Paper I.for counts in a rectangular
region of appropriate width extending over a specific angular
range (8, 6,) from the core at a specific position angleThe
radio images were used to define the position angles and
lengths of possible jetsMost jets are clearly defined as one-
sided structuresput in a few ambiguous cases the pc-scale
images were used to define the jet directiomhen available.
The parameters of the selection regions are given in Table 4.
The width of the rectangle was 3", exceptfor 0144-522,
0505-220, 0748+126, 0953+254, 1116+128, and 2201
+315, where the jets bend substantially,so the rectangles
were widened to 4"-8". Profiles of the radio emission along
the jets are shown in Figure 5. In order to eliminate X-ray
counts from the wings of the quasarcore, a profile was
computed at 90° to the jet and subtracted giving the net
counts, C,,e, in Table 4. Exceptfor Q0106+013, there was
insufficient signal to provide interesting limits on the X-ray
spectral indices of the jet without contamination by the much
brighter quasar core. CIAO was used to extract the jet
spectrum of Q0106+013,which was fit to a power law (as

+ used for quasar core fitting in Section 3.1) using i¥igiving

0.46

such emission are plotted as circles. The unfilled symbols mark the five objectd§, = 1.60" 557 and negligible Ny. The X-ray counts in the

at z[0<[10.2 thae excluded from the calculation of the centralalue of the
distribution (dotted line). The 32 sources that appear as y-ray detections in the
Fermi LAT 3LAC catalog (Ackermann et al. 2015) are shown in blue; the other

24 are in red.

0.25

0.2

0.15

-

0.1

0.05

z>15

02<z<15

1

,=\
N

same rectangular region defined by the radio data were
compared to a similar sized region on the opposite side of the
core for the Poisson test.We set the critical probability for
detection of an X-ray jet to 0.0025, which yields a 5% chance
that there might be one false detection in a set of 20 sources.
Histograms of the X-ray emission along the jets are shown in
Figure 5. The jet and counter-jet position angles are
compared, providing a qualitative view of the X-ray emission
along the jets. No counter-jets are apparentin the X-ray
images.

JetX-ray flux densities (Table 4) were computed from count
rates using the conversionfactor 1 counts C0=[01 pJ¥his
conversion isaccurateto within 10% for typical power-law

spectra. The spectral index from radio to X-ray is computed using

arx = -log(S/S)/log(r/n), where v,[1=[12.420%HA0
and v depends on the map used.

3.3. Optical Jet Measurements

Images were obtained using the HST Wide Field Camera 3
(WFC3) IR channel and the F160W filter (Table 5). The
drizzled images were examined using SAOImage ds9 v7.6;
Figure 6 shows the HST images overlaid with contours from
the radio maps after registering images to the cores. Simple IR
flux limits for point-like knots were determined using ds9 by
placing a 5 radius aperture at the location of the peak radio
flux for each jet. Often, these positions suffered from some
confusion with foreground source#he hostgalaxy, or stellar

A 0 . - diffraction spikes. In order to take such confusion into account
igure 3. 90% confidence contours (4.61 above the minimum value of -2 In . .

likelihood) for the two interesting parametersof mean spectralindex and to first _order, a background _a_perture thhe same size was
intrinsic dispersion. A comparison between the 7 quasars at zCI>[11.5 and thepl@ced in @ comparableposition relative to the source of

at 0.200<Oz[0<01.5 finds a less than 1% probability that they are drawn fromctmfusion_e_g_, on the opposite side of the galaxy or
same parent distribution. diffraction spike.The ds9 Analysis/Statistics tool I

Samp|e may gather Fermi detections, and allow the core X-ray 2 An excellent collection of isis scripts  is maintained at http://www.
. . . . sternwarte.uni-erlangen.de/isis/.
spectral index to be looked at in a statistically more meaningfulis . . X . o
. . . . . This tool is found in ds9 v7 as a contextual menu item after selecting “Get
way in the context of radio to y-ray SED, luminosity, redshift,

i o ’ Information...” from Regions on the main menu for each region.
extended jet characteristicand beaming parameters. page with the features of v7 can be found at[d http:/ds9.si.edu/doc/new.html.
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Table 4
Quasar Jet X-Ray Measurements
Target P 8 8 s° Ve Cret Count Rate S Urx Piet® X?°
@] () (") (mJy) (GHz) (10°° cps) (ndy)
0106+013 -175 1.5 6.0 487.80x02.7 1.42 87 9.900+01.11 9.9 0.94[0+[10.01 1.00e-10 Y
0144-522 100 1.5 20.0 15.70+001.6 17.73 12 2.150+00.91 21 0.96[0+[10.03 1.30e-04 Y
0256+075 100 1.5 6.0 5.800+01.7 1.42 2 0.3600+10.50 <1.9 >0.79 1.85e-01 N
0402-362 170 1.5 14.0 47.40+01.6 8.64 22 4.120+[02.23 4.1 0.9500+[10.03 2.32e-03 Y
0508-220 150 1.5 25.0 516.30+15.5 1.42 -5 -0.940+[J0.78 <1.4 >1.04 9.62e-01 N
0707+476 85 1.5 6.0 12.70+02.5 4.86 -2 -0.3800+00.46 <1.0 >0.92 9.08e-01 N
0748+126 130 1.5 15.0 14.50+21 4.86 22 3.92[0+[1.55 3.9 0.8500+[10.02 8.98e-05 Y
0833+585 90 1.5 5.0 9.00+11.4 1.42 17 4.510+001.27 4.5 0.7700+00.02 1.00e-10 Y
0859+470 -20 1.0 4.0 114.00+04.1 4.86 10 1.780+[J0.76 1.8 1.0100+00.02 7.63e-05 Y
0953+254 -115 1.5 15.0 30.30+02.3 1.42 4 0.710+00.71 <29 >0.85 8.39e-02 N
1116+128 -45 1.5 10.0 101.600+02.8 4.86 2 0.3600+00.57 <21 >1.00 2.15e-01 N
1303-827 140 1.5 8.0 77.20+03.2 8.64 2 0.3600+[10.56 <2.0 >1.02 2.15e-01 N
1502+106 160 1.5 9.0 6.40+[2.4 4.86 6 1.2500+[70.69 1.2 0.870+[10.04 2.84e-03 Y
1622-297 -160 1.5 10.0 69.900+[15.6 8.64 4 0.71000.71 <2.9 >0.99 8.39e-02 N
1823+568 90 1.0 4.0 113.50+06.2 4.86 60 10.750+02.20 10.8 0.910+00.01 1.00e-10 Y
2201+315 -110 1.5 40.0 158.10+05.1 1.42 27 2.9500+[11.35 29 0.94[0+[10.02 3.35e-04 Y
2230+114 140 1.0 4.0 86.20+[16.4 4.86 6 1.2800+[01.63 <6.2 >0.82 1.40e-01 N

Notes. The jet radio flux density is measured &bnthe same region as for the X-ray count rate, given by the;Pfdg values. The X-ray flux density is given at

1 keV, assuming a conversion of 1 pJy/(count/syyhich is good to ~10% for power-law spectra with low column densities and X-ray spectral indices near 0.5.

@ The quantity R is defined as the chance that there are more counts than observed in the specified region under the null hypothesis that the counts are backgrou
events.

® The jet is defined to be detected if Rr1<[10.0026 (see the text).

reports the totalelectron ratey (in e “[0¢), and the region’s F \ \ \ I
variance per pixel, V, for n pixels, where n[1=[148 fdhe o 38 - N N A’ A A A’f
drizzled image scale of 071283 per pixel. For ry, inthe = 5 w 1
background region,rin the knot, and associated variances V.. = 36 |- OA L0 -
and \,, the background noise(%)'?, and the net source rate @ r % ]
is rOd-EIEKM, + nV)'2 The result is scaled by - 34ra core radio (5 GHz) 7
1.5050x010y s/e™, the inverse sensitivity ofthe F160W T
filter (as found in the image header’s photfnu keyword). The ag [- E
fluxes are given in Table 6. Without confusion, the typical flux = C A A &0
noise for point-like sources is abou.014 pJy,so a 30 flux < 36 [ %“.?} AQ® A’ L4 A
limit would be about 0.05 pJy at the so-called pivot wavelength L OQA o® ° ]
of 1.537 um, or v(=01.951%Hx1 Fluxes were corrected for 2 34 [ . 4 .
enclosed energy by dividing by 0.854, based on the online o | extended radio (5 GHz) ]
WFC3 encircled energy table for 0’5 radius apertures at a SRy ‘A" ‘A‘ NS
wavelength of 1.5 pnd? Limits to the spectralindex between o 38 e ® 5“; s -
the radio and IR bands are given as g, whereS = Sg . = r ave ]
Limits to S |gr were set to 30yt plus the measured flux, if > 36 Al B
positive. In almost all cases; @& greater than 0.8, a commonly & S ]
observedspectralindex in the radio band for jet knots, -8 FA core X-ray (1 keV) B
indicating thata synchrotron modeWould break between the (‘) : ‘0‘5‘ : 1‘1 — 1% —— é

radio and IR bands for these knots.
In two (.':a.ses’m44_522 and_050_8_—220,the hO_St galaxies Figure 4. Rest-frame isotropic luminositiegdisregarding beamingpgainst
We':e S_UfﬂCIently _b”ght that it is d!fﬂ?u't to see jet-related redshift for emissionsin 5 GHz core radio (top), 5 GHz extended radio
emission on the images. Purely elliptical models of each of theggiddle),and 1 keV X-ray (bottom),showing the extento which luminosity
galaxies were created using the iraf ellipse tasks, after and redshift are related in our sample. The colors and symbols are the same as
masking brightstars and galaxies thaian distortthe fits. The in Figure 2.
results from fitting these two observationsare shown in
Figures 7 and 10. See the notes on individual sources for detailbe directions of any pc-scale jets.Profiles of the radio and
X-ray emission along the jets are given in Figure 5. All position
angles (PAs) are defined as positive when ea$horth, with
due north defining zero. Unless noted, VLBI imaging
In this section, we presentqualitative descriptions ofthe information comesfrom the MOJAVE project Lister et al.
X-ray and radio morphologies shown in Figure 1 and describe (2009b).
0106+013 (4C+01.02). The X-ray image was first published
' The table is available atTIhttp:/www.stsci.edu/hstwfc3/analysis/ir_ee. by Hogan etal. (2011).The jet extends almosdirectly south

Z

3.4. Notes on Individual Sources
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Figure 5. Profiles of the radio emission (left) and X-ray counts from Chandra (right) along the jet. The position angles of the jets are defined in Table 4. The vertical
dashed lines demarcate the jet regions. The dotted lines in the radio panels give the profiles at a position angle 90° clockwise from the jet to avoid counter-jets. Th
bold, solid lines (left) give the differences between the profiles along the jet and perpendicular to it, nulling the core effectively. The horizontal dashed-dotted lines
(left) are set to the average noise levels in each radio map. Because there are no clearly detected counter-jets in the X-ray images, dotted lines (right) give the pro
a position angle 180° clockwise from the jet.
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Figure 5. (Continued.)

for about 6”. The X-ray emission appears to end in the middle PA of —120° with the greatest superluminalmotion of the

of the terminal hotspot,which peaks atabout4’5 from the quasars in our sample: 24.4c.

core. The quasar was not part of our observing program, so we 0144-522 (PKS B0144-522). The radio emission from the
do not have an HST image of it. VLBI mapping shows a jet at get extends 20" to the easturving northeastvhile becoming

11
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Figure 5. (Continued.)

significantly more diffuseand shows no hotspotieminiscent image. There is a clear detection of the inner 3" of the jein

of an FR | type morphology but one-sided.Simple galaxy both the X-ray and optical. The galaxy-subtracted HST data
modeling and subtraction (Figure 7)was done with ellipse were analyzed separately using regions defined in Figure 8,
fitting in IRAF because the host galaxy is so bright in the HST with background regions comparably placed with regard to the

12
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Figure 5. (Continued.)

core’s diffraction spikes.Results are given in Table 7. The Table 4 and totaling the IR fluxes from Table 7. We find
regions are notcircular, so we applied an estimated aperture  a,;[l1=[]0.76 using these data, indicating that a single-population
correction of 15% to the measured fluxdsigure 9 shows the  synchrotron modelcould explain the radio to IR SED. The
SED that one obtains using the radio and X-ray fluxes from  X-ray fluxis well below the extrapolation of the radio-IR

13
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Figure 5. (Continued.)

spectrum, indicating that there must be a break in the spectrunihe core and defines the region of intere&ir X-ray analysis.

still consistent with a single-population synchrotron model. No X-ray emission was detected from the radio jékhe HST
0256+075 (PKS B0256+075). The VLA image shows faint, image shows what may be a knot about 1" due west of the core

small lobes to the northeast and due west. The latter is closer tbut the radio map shows no clear extension in this direction.

14
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Figure 5. (Continued.)
0402-362 (PKS B0402-362). The Chandra data show a Table 5 .
marginally detected excess of flux in the box defined to include Hubble Space Telescope Observations
the southern radio hotspothe HST image shows an edge-on  Target HST ID Exposure (s) Date
§p|ral _galaxy at the _edge of the south hotsp(_)t, so the detection 0144522 59402 28454 2010 Apr 12
listed in Table 6 is likely to be a vastoverestimate of any IR (556,075 ib9412 2545 4 2010 Jan 13
flux from the hotspot. _ _ 0402-362 ib9411 2695.4 2010 Jul 16
0508-220 (PKS B0508-220).The primary radio structure  0508-220 ib9403 2695.4 2010 Jul 18
starts about 5" south of the core and curves to the east, ending707+476 ib9405 2695.4 2009 Oct 04
25" from the core. A lobe is found to the northwest extending 0748+126 ib9415 25454 2009 Oct 12
aboutas far as the southern lobeThe Chandra data do not ~ 9859+470 9408 2695.4 2009 Oct 01
o : . : y 0953+254 ib9413 2695.4 2010 Nov 21
show a significantdetection.There is a rather brightlliptical 1116+128 69410 2545 4 2010 Feb 21
galaxy at the location of the core in the HST image, so elliptical393-g>7 ib9404 2095.4 2010 May 18
contours were fit in a manner similar to that for 0144-522. The 1502+106 ib9414 2545.4 2010 Mar 14
resultof the galaxy subtraction is shown in Figure 10There 1622-297 ib9406 2695.4 2010 May 08
are two faint sources near radio knots abod0” to the south 1823+568 ib9407 2845.4 2009 Oct 12
of the core. The fluxes of these possible knots and their 2230+114 ib3409 2545.4 2009 Oct 12

positions were measured from the HST image using ds9 and

results are given in Table 8. It is not clear if these sources are about 3" from the core. The jet continues beyond the east knot

related to the radio-emitting knots. about 6” (apparentin the radio profile), so we somewhat
0707+476 (B3 0707+476). There are weak knots to the eastarbitrarily define the jet direction to be toward the ea¥LBI

and west of the core, with the west one being slightly farther atimaging shows a pc-scale jet to the northeast (Kellermann

15
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Figure 6. Overlays of radio contours on drizzled infrared images (grayscale) in the F160W filter with the HST Wide Field Camera 3. The radio contours are the san
as in Figure 1. Even without subtracting galaxy models or point source functions for the quasar cores, there are very few detections of kpc-scale jet emission. For C
—-522, the kpc-scale jet is observed within the profile of the bright host galaxy and in 0859+470, there is a possible feature associated with a knot about 1" from the

core to the northwestGalaxy-subtracted images of 0144-522 and 0508-220 are shown in Figures 7 and 10.
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Figure 6. (Continued.)
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' g *

.
Figure 7. WFC3 image of 0144-522 after subtracting elliptical flux contours to eliminate the host galaxy light. No attempt was made to model the quasar core. The
radio contours start at 0.3 mJy beahand increase by a factor of'? per contour.

et al. 2004), but the apparentelocities given by Kellermann Table 6

et al. (2004) are negative (butmarginally significant),so we IR Knot Fluxes

quote the absolute value and assume tlthé core location is

not precisely known. The core lies quite close to a bright star infarget See noise Sinot Qi

the HST imageavoiding its southern diffraction spike but the (1dy) (1)

bright eastern knot lies practically on top of the spike, so no jetg;gg‘g% 8-3;2 3-07 ;‘;‘S;—'Dmggff >8~gg

f f + - >

features are apparent in the HST image. . 0402-362 0.015 633400010535 072
0748+126 (PKS B0748+126). The source has a straight 0508-220 0.014 0.16601010.025 116

radio jet to the southeast ending at a hotspot 15" from the coreg;47.476 1121 0.67900+01.858 >0.67

The PA of the VLBI jet is only 15° from that of the kpc-scale  o748+126 0.338 ~1.26000+070.463 >0.76

jet and superluminal motion at just under 20c was foufithe 0859+470 0.225 0.032[0£[10.281 >1.10

jet and hotspot are both clearly detectedin the 5.6 ks 0953+254 0.046 -0.0661+[10.081 >0.87

observation.No features are apparentin the HST image at 1;;2*;23 8-8?; ‘%%2127%’—;%%%52% :g;

any of the radio jet knots. : Py o ‘
0833+585 (SBS 0833+585)The radio jet starts out to the ;00208 o022 oo 0%

east,but goes through an apparent bend at a right angle about 1g>3+565 0.379 ~1.07100+000.577 >0.96

4" from the core. The section before the bend is clearly detectegh3o+114 0.167 -0.6260+[10.249 >1.07

in X-rays and there is also a marginal detection of the hotspot at

the end,about 10” to the southwest. Note. Jetknot flux densities were measured ir’0 5 radius circles centered at

0859+470 (4C+47.29). The extended radio emission the peak of the radio emission, while the 1g background noise fluxes are from
consists of a single knoat 3" northwestof the core.detected locations with comparable confusion. Limits to the spectral index between the
. . ' radio and IR bands are given as . Confusion involves quasaand stellar
?y Cr;ra]\ndra. T.hetr: |sHaSnTe_xtended ge?r:ure slightly fatrthber Ou;[. ?iffraction spikes and foreground galaxies (as in the case of 0402-362). These
rom the core In the Image an €re appears 1o be oplca ;) es are meant to be indicativerimarily; more accurate measurements for

emission associated with the knot. two sources are given in Tables 8 and Zee the text for details.
0953+254 (B2 0954+25A). The radio jet starts out at a PA

of -115°, as in VLBI images, and wiggles a few times before

ending at a hotspot 15" from the core. No corresponding 1303-827 (PKS 1302-82). The extended radio emission
features are detected in the X-ray band. Similarly, there are noconsists of a single knot at 6 5 southeast of the core and a knot
clear knot associations in the HST image. pair about 16” north-northwestof the core. The X-ray jet

11164128 (4C+12.39). The extended radio emission searched was set to the southeast to include the closest knot. No
consists ofa single knot at 2”5 northwest of the core. The knots are detected by Chandra. In the HST image, there is faint,
knot is not detected in the Chandra data. No features are resolved flux from the closer of the north-northwest knot pair,
apparent in the HST image at the radio knot. shown in a inset in Figure 6.
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Figure 8. Same as Figure 7 but with regions used for jet analysis (to the east) and for the background (to the north, west, and south). The fluxes in the different anr
arcs of the jet are given in Table 7.

Table 7 109
IR Measurements of 0144-522 Jet Regions r
Region 6 SN Sr
@) (" (ndy) ~ A
WK1.5 1.0 2.0 2.1500+[10.38 T
WK2.35 2.0 2.7 2.030+[0.34 ; 9| |
WK3.1 2.7 35 3260:0034 > U
WK4.1 35 4.7 6.220+[0.67 N
% A A
AN
Note. The jet optical flux densities were measured in the regions shown in rA
Figure 8,defined by § and &, measured from the quasar core in an annular
region between position angles 97° and 119° E of N. &
l‘ O L 1 L 1 L 1 I
L . 10 12 14 16 18
1502+106 (B2 0954+25A). The VLBI jet is oriented ata 10 10 10 10 10
PA of 120°, while the kpc-scale jetis at a PA of 160° (see Frequency (Hz)

Tabl_e 10) and is marglnaIIy detected. The VLA '_mage O_f the Je‘[Figure 9. Spectral energy distribution for the total jet in 0144-522. A single-

published by Cooper et al. (2007) shows a continuous jet all thgopulation synchrotron model would require a break between the IR and X-ray

way to the termination,about9” from the core. Lister et al. bands.

(2013) found a maximum apparenspeed of VLBI knots of

17.5c. The HST image shows no clear detection of any part of . )

the kpc-scale jet. 22_01+315 (4C+31.63). The X-ray image was first
1622-297 (PKS B1622-297). The kpc radio jet is weak published by Hogan et al. (201 1) This quasarhas VLBI

and not detected with Chandra. There is a pc-scale jet at a PA componentswith apparent velocities up to 8.3c  along a

of =70°, with a maximum apparent speed of 18.6¢c (Lister ~ PA of =145° (Lister et al. 2013). In the VLA image, the jet is

et al. 2013). There are no apparent features in the HST image ~37" long at a PA of -110°, terminating in a hotspot (Cooper
that are associated with radio or X-ray emission. et al. 2007). To the northeast, there is a lobe about 45"

1823+568 (4C+56.27). There is a pc-scale jet at a PA from the core. The radio jet is detected in the Chandra data
of —160° with a maximum apparent speed of 26.17 ¢ (Lister only out to about4” from the core. The quasar was nopart
et al. 2013). The kpc-scale jet is first oriented almost due of our observing programso we do nothave an HST image
south, but bends about 1” from the core to the east, where it of it.

is clearly detected in the Chandra image at 2”5 from the 2230+114 (CTA 102, 4C+11.69). There is a pc-scale jet at a
core. There are no apparenfeatures in the HST image that PA of 160° with a maximum apparentspeed of 8.6¢ (Lister

are associated with radio or X-ray emission, although the et al. 2013). There are radio-emitting knots to the northwest and
southern portion lies along a diffraction spike. southeast sides of the core but no clear association with X-ray
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Figure 12. Distribution of a,x for our sample.The upper limits are handled
using the Kaplan—-Meier method. Dotted line: model obtained from integrating
a normal distribution of q, with a mean of 0.974 and g of 0.077.

Table 8
IR Measurements of Possible 0508-220 Jet Knots
Knot a o) [S] Sr
Fi . ) - @] ) ") (Hdy)
igure 10. WFC3 image of 0508-220 after subtracting elliptical flux contours
to eliminate the host galaxy lightNo attemptwas made to modethe quasar SK9.5 77.75249 -22.03465 9.49 1.05200+010.135
core. A bright star to the southwest biases the contour fits, causing SK11.9 77.75310 -22.03522 11.93 0.949[1+[10.069
oversubtraction ofthe galaxy in part of the jet re. ion. The radio contours
start at 5 mJy beanl and increase by a factor of2* per contour. Note. The jet optical flux densities were measured in 0/5 radius circles
107 ‘ ‘ 1t centered at the given coordinates (@), at distances 6 from the core.
$ Subsample éo 1 r 1077
[ * 11 L
11E PKS0637-752 A\ |1 | combine the results for the full sample of sources, as described
S % 1 in Papers | and Il and the present paper. A total of 33 jets were
RS 3 $ $ F 1078 found with X-ray emission out of 56 sources,for a 59%
10E \\; i i& % 3] o detection ratenearly identicalto the rates found in Papers |
= Lé ¥ B ~L and Il. The detection fraction is unchanged if only sources with
E % gﬁkﬁ%% ;% % 01k n z[1>[10.1 are considered.
09k & Ny 1 1077 Of the full sample,30 were in the A subsample,selected
Tk 3 + 13 % ) \% ] based on extended flux, and 26 were in the B-only list, selected
g % 3 DS based on morphology but with extended flux too faint for the A
0.8 ¥ 3 3 E R list limit. Jets were detected in 21 of the 30 sources in the A list,
g o 10 for a detection rate of 70[0+[18%. This detection rate is similar to
‘ that obtained by Sambruna et al. (2004) and in Paper I. The jet
1 2 S detection rate for the B-only subsample is not as high: 12 of 26
T+z jets are detected (46J+[110%). However, at the 90% confidence

Figure 11. Plot of q, against redshift. A value of.gof 1.0 indicates that there  level, we cannot rule out the possibility that the A and B
is equal power per logarithmic frequency interval in both the X-ray and radio subsample detection probabilities are the same.
bands.The right axis gives the ratio of the X-ray and radio flux densities

(S and S). As a reference, the result for PKS 0637-752 is indicated.The

dashed line gives the dependence of,cn z under the assumptions théte 4.2. Modeling the X-Ray Jet Emission

X-ray emission results only from inverse Compton scattering off of the cosmic . . . .

microwave background and thathe beaming parameters foall jets are the A hypothesis thatbears testing with these data is thathe
same as those of PKSJ0637-752. In this model, the X-ray-to-radio flux densitX-ray emission results from the inverse Compton scattering of
ratio would increase as (101+E1%)(where we assume aCJ=[I0Hi){ such a CMB photons by relativistic electrons and that the bulk motion
dependence is not apparent. of the jet is highly relativistic and aligned close to the line of

emission. There are no apparent features in the HST image th&ight.
are associated with the radio knots.
4.2.1.Distribution of o, and Redshift Dependence

4. Discussion Values of a,,, defined by S = §(n/mn)?*, are given in
. . Table 9 and shown in Figure 11 as a function of z.We use
4.1. Detection Statistics values of yfrom Table 2 and1=[12.40* TR0 A change of
We detected 9 X-ray emitting jets among the 17 sources thatabout 0.13 in g, results from a x10 change in the X-ray flux
complete our sample-or the remainder of the papewe will relative to the radio flux.
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Table 9

Jet-beaming Model Parameters
Target z AB Ui R? P B¢ K¢ 0° T iy Brma

(10°) (pc) (HG) ) )
0106+013 2.099 A 0.94 77.3 1.2e+12 160. 14.7 10 2.0 15
0208-512 0.999 B 0.92 132.8 1.0e+12 75. 23.6 9 25 12
0229+131 2.059 B >0.95 <55.8 1.2e+12 82. <6.5 >13 L L
0234+285 1.213 B 0.86 300.5 2.2e+12 51. 20.4 9 2.3 13
0256+075 0.893 B >0.79 <1227.3 9.4e+11 26. <31.7 >8 L L
0402-362 1.417 B 0.95 78.2 3.3e+12 69. 10.9 11 1.7 18
0413-210 0.808 A 1.04 13.0 5.7e+11 127. 13.6 10 1.9 16
0454-463 0.858 A 0.91 149.8 1.3e+12 69. 27.0 8 2.6 11
0508-220 0.172 A >1.04 <10.3 2.6e+11 45, <10.5 >11 L L
0707+476 1.292 B >0.92 <113.5 1.2e+12 53. <11.4 >11 L L
0745+241 0.410 B >0.88 <230.3 4.7e+11 34. <30.2 >8 L L
0748+126 0.889 B 0.85 385.9 2.8e+12 33. 21.0 9 2.3 13
0820+225 0.951 A >0.93 <83.3 7.7e+11 54. <13.7 >10 L L
0833+585 2.101 B 0.77 1899.7 9.0e+11 55. 30.0 8 2.8 11
0858-771 0.490 B >0.99 <40.3 5.4e+11 52. <15.7 >10 L L
0859+470 1.462 A 1.01 22.3 8.0e+11 120. 9.0 11 1.6 19
0903-573 0.695 A 1.07 10.1 6.4e+11 123. 13.1 10 1.9 16
0920-397 0.591 A 1.00 29.8 1.4e+12 64. 14.3 10 2.0 15
0923+392 0.695 A >0.98 <38.8 4.0e+11 77. <17.2 >10 L L
0953+254 0.712 B >0.85 <359.4 2.2e+12 28. <21.1 >9 L L
0954+556 0.909 A 1.03 18.4 7.4e+11 87. 10.0 11 1.7 18
1030-357 1.455 B 0.93 103.0 3.9e+12 78. 13.8 10 1.9 16
1040+123 1.029 A >1.05 <121 1.0e+12 109. <8.8 >12 L L
1046-409 0.620 A 0.95 80.0 6.2e+11 51. 18.9 9 2.2 13
1055+018 0.888 B >0.92 <1239 4.9e+12 42. <14.2 >10 L L
1055+201 1.110 A 0.93 92.2 4.5e+12 49. 11.1 11 1.7 17
1116+128 2.118 A >1.00 <28.9 2.2e+12 114. <6.0 >13 L L
1116-462 0.713 A >1.02 <22.0 4.1e+11 103. <16.5 >10 L L
1145-676 0.210 B >0.95 <77.7 6.8e+11 32. <21.3 >9 L L
1202-262 0.789 A 0.86 335.5 1.2e+12 66. 43.7 7 3.3 9
1303-827 0.870 A >1.02 <23.9 1.3e+12 74. <10.3 >11 L L
1354+195 0.720 A 0.95 64.8 3.1e+12 49. 14.2 10 2.0 15
1421-490 0.662 A 1.17 2.4 9.8e+11 216. 10.8 11 1.7 18
1424-418 1.522 B >0.91 <140.6 8.1e+11 105. <20.8 >9 L L
1502+106 1.839 B 0.87 277.4 2.0e+12 48. 10.8 11 1.7 18
1622-297 0.815 B >0.99 <36.7 1.6e+12 64. <12.1 >11 L L
1641+399 0.593 A 1.04 15.4 4.6e+11 98. 15.1 10 2.0 15
1642+690 0.751 A 0.97 46.2 7.9e+11 69. 16.0 10 21 14
1655+077 0.621 B >0.93 <94.7 4.9e+11 47. <19.1 >9 L L
1823+568 0.664 A 0.91 135.3 4.6e+11 81. 37.8 8 3.1 9
1828+487 0.692 A 0.91 145.3 2.4e+11 129. 60.3 6 3.9 7
1928+738 0.302 A 0.86 321.3 7.4e+11 28. 35.9 8 3.0 10
2007+777 0.342 B 0.82 685.0 1.0e+12 18. 32.7 8 2.9 10
2052-474 1.489 B >0.89 <214.4 6.7e+11 74. <18.9 >9 L L
2101-490 1.040 B 0.99 37.6 3.4e+12 63. 9.4 11 1.6 19
2123-463 1.670 B 0.95 87.6 1.5e+12 82. 11.1 11 1.7 17
2201+315 0.295 A 0.94 70.9 1.5e+12 28. 15.4 10 2.0 15
2230+114 1.037 A >0.82 <691.9 7.0e+11 91. <68.3 >6 L L
2251+158 0.859 A 0.95 72.9 1.1e+12 97. 255 8 2.6 1
2255-282 0.926 B 0.95 68.5 1.6e+12 53. 12.5 10 1.8 16
2326-477 1.299 B >0.79 <1111.1 1.4e+12 32. <24.4 >9 L L
Notes.

@ The ratio of the inverse Compton to synchrotron luminosities; see Paper |.

bV is the volume of the synchrotron emission region.

© B, is the minimum energy magnetic field; see Paper |.

9K is a function of observable and assumed quantities; large values indicate stronger beaming in the IC-CMB 8Seel®aper | for details.
© The bulk Lorentz factor is assumed to be 15.

T Limits to I and © are calculated only when the jet is detected in X-rays.

The observeddistribution of a,,, using the likelihood likelihood method to a Gaussian;the best-fit mean was
method thatincludes detections and limits (from Paper llis 0.9740J+[10.012 and thlispersion was c[1=[10.0771+[10.008.
shown in Figure 12.The unbinned distribution was fiwvith a The excellent fit indicatesthat S/S, follows a log-normal
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Table 10
Quasar Jet Orientatiofls

Name PApe  PAx Bapy D00 Ref® Bpo ¢ and ¢

min mid max min mid max
0106+013 -175 -97 25.8000+[12.80 1 2.2 2.4 7.2 1.1 15 6.9 0.94 10.0
0229+131 20 80 14.0000+1.20 1 3.6 4.1 1.7 1.8 2.5 11.2 >0.95 >12.5
0234+285 -20 -9 20.7200+00.97 1 0.5 1.5 2.5 0.3 0.4 1.7 0.86 9.1
0707+476 -90 2 8.33[0+[10.92 1 6.9 7.7 21.8 3.5 4.9 21.0 >0.92 >10.7
0745+241 -45 -59 6.6000+[10.72 1 2.2 4.8 9.0 1.1 1.5 6.9 >0.88 >8.1
0748+126 130 117 14.0900+[10.92 1 0.9 2.2 3.9 04 0.6 2.8 0.85 9.0
0859+470 -20 -16 16.100+[1.30 1 0.3 1.8 2.2 0.1 0.2 0.8 1.01 11.5
0923+392 75 106 2.7500+[10.54 1 10.9 15.0 34.7 5.5 7.7 31.5 >0.98 >9.5
0953+254 -115 -120 9.96[0+[10.26 1 0.5 2.9 3.8 0.3 04 1.6 >0.85 >9.0
1055+018 180 -76 6.98[1+[10.68 1 8.0 9.0 25.0 4.0 5.6 241 >0.92 >10.1
1055+201 -10 -15 7.450+[0.98 1 0.7 3.9 5.1 0.4 0.5 2.3 0.93 10.8
1202-262 -15 -19 10.7000+[3.30 1 0.5 2.7 3.5 0.2 0.3 1.5 0.86 7.2
1354+195 165 141 9.84+[10.70 2 2.3 3.7 8.4 1.2 1.6 7.3 0.95 10.1
1502+106 160 101 18.2000+[11.10 1 2.7 3.1 8.9 1.3 1.9 8.6 0.87 10.9
1622-297 -160 -84 12.000+[1.40 1 4.6 5.2 15.0 2.3 3.3 14.5 >0.99 >10.5
1641+399 -25 -86 19.2900+[70.51 3 2.6 3.0 8.7 1.3 1.9 8.3 1.04 9.9
1642+690 170 -162 14.560+[J0.40 1 1.8 2.7 6.5 0.9 1.3 5.8 0.97 9.7
1655+077 -50 -36 14.8000+J1.10 1 0.9 21 3.9 0.5 0.7 2.9 >0.93 >9.3
1823+568 90 -159 18.910+[J0.37 1 2.9 3.2 9.3 14 2.0 9.0 0.91 7.5
1828+487 -40 =37 13.070x00.14 3 0.2 2.2 2.5 0.1 0.1 0.6 0.91 6.5
1928+738 -170 -178 8.16[0+[10.21 3 1.0 3.7 5.6 0.5 0.7 3.4 0.86 7.7
2007+777 -105 -4 12.600+[2.20 1 4.5 5.0 14.5 2.2 3.2 14.0 0.82 7.9
2201+315 -110 -147 8.28[1+[10.10 3 4.2 5.4 141 2.1 29 13.1 0.94 9.9
2230+114 135 139 17.730x[0.87 1 0.3 1.6 21 0.1 0.2 0.8 >0.82 >6.2
2251+158 -50 -91 13.8000+[1J0.49 3 2.8 3.4 9.2 14 1.9 8.7 0.95 8.5
2255-282 =70 -134 4.100+00.37 1 12.7 14.4 37.0 6.3 8.9 35.3 0.95 10.5
Notes.

@ All angles are in degrees. Position angles (PAs) are defined relative to the north, and is positive is defined relative to the east. The min, mid, and max values give
minimum, 50%, and 10% probability points for the given angle.

b References for values of.§ (1) Lister et al. (2016); (2) based on four temporally spaced epochs from the MOJAVE 15 GHz VLBA archive (Lister et al. 2009b),
yielding a maximum proper motion rate of 243[+[117 parcskd$y Lister et al. (2013).

°The quantity ¢ is the angle between the pc-scale and kpc-scale jets in the frame of the q&zsaPaper II.

9 From Table 9.

distribution, but with large dispersion—a FWHM of a factor of independentf z, as shown in Paper I|.Thus, if the IC-CMB
24. The dependence of the g distribution on z or selection mechanism is responsible for most of the X-ray emission from
criterion (A or B) is weak,as found in Paper Il and shown in  quasar jets, then other jet parameters such as the magnetic field
Figure 13. or Lorentz factor mustdepend on z or d in a compensatory

As in Paper Il, we define a quantity that is derived from the fashion.
observed data for each source, @° RB!*2 where
R =8 /(S ), ais the spectral index in the radio band,

and B4 is the minimum energy magnetic field strength in 4.2.2.Angles to the Line of Sight
the rest-frame of the jeinder the assumption thaklativistic As in Papers | and II. we computed the angles to the line of
beaming is unimportanti.e., the bulk Doppler factor 8[1=[11). P ’ P 9

) i Al i sight for these kpc-scale jets undethe assumptions thaf1)

As in Paper |, By (defined originally by Harris & X-rays arise from the IC-CMB mechanism, and (2) all jets have
Krawczynski 2002) is computed using observablesuch as 5 common Lorentz factor, . For FC0=[115, we find that 8 ranges
the luminosity distance to the source(d), the observed radio  fom 6° to 13° for the quasars in our sample (see Table 9). We
flux density, and the angular size of the emission region (as ¢4 also determine limits to I and 8 under the assumption of
given in Table 4), and is mildly dependent on assumed or e |C.CMB model. From the IC-CMB solution in Paper |,
estimated quantitiessuch as a, the frequency limits of the Hogan et al. (2011) determined that there is a minimum I for a
synchrotron spectrumthe filling factor, and baryon energy detected source that is associatedwith 80=Cl(or pOs=
fraction. For this paper, we assume that all quantities exgept d qg e0=001);,/0=0K/[2(KO-3] where K is a combination

that are required to compute B are independenbf redshift. of observables (also listed in Table e Paper 1)Similarly,

Under this assumption, Q « (100?92 the IC-CMB model,  there is a solution to the IC-CMB equation for B for an assumed
as shown in Paper lIHowever,our fit to Q « (10+[Fzpives value of 6:

a[1=010.881+[10.990%t confidence, Figure 14). We find

ald=030+Orejscted at better than 99.5% confidence for ; K . 4K K 3\1 2
aJ>[J0.5. Furthermore, we also reject ald=[]2 at better than 0% 1 me 28m0 (1+ im 4K it + 4K )
confidence;this value of a would result from an implicit 2K
dependenceof B; on z if path lengths through jets are (1
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1 Figure 14. Dependence of Ag on a, where §/S,0«J(10%Eg3uming that
< 0.6 o the distribution of intrinsic magnetic fields is not redshift-dependent. In the IC-
3 ] CMB model, al0=30+hlsidependence is ruled ouét better than 99.5%
N confidence for a01>[10.5.
o 0.4r .
ool ] where  is the magnitude of the jetbend in the frame of the
oL quasar host galaxy, f is a phase angle giving the rotation of the
I | 1 bent jet about the axis defined by the jet before the bend, and n
0.0 ‘ ‘ ‘ ‘ is the apparentbend, as projected on the sky (see PapeH,
0.8 0.9 1.0 1.1 1.2 Appendix C.) Howeverthe change has no effedbgcause the
Xy values in the tables here and in Paper Il were actually computed
Figure 13. Distribution of @ for our sample, split into subsets by two different using this correct expression (i.€cquation (2)).
criteria. Upper limits are handled using the Kaplan-Meier methodop: the Values of the PA of the VLBI component and its maximum
sample is divided by redshiffexcluding one with an unknown redshift].he apparent transverse Velocrtyapg:’ are taken from Lister et al.

high z subsample has marginally smaller values gfi®., the jets’ X-ray flux 15 ; ;
densities are slightly larger relative to their radio flux densities than for the low (201 3, 201 6)' For 1354+195, we estimated a maximum

z sample. Bottom: the sample is divided according to the A or B category (see aPParentspeed of 2430 1 m arcsec yr' basedon four
Section 2). The B subset shows slightly smaller valueg dfian the A subset, ~ temporally spaced epochs from the MOJAVE 15 GHz VLBA
but we cannot rule out that the A and B targets were detected at the same rategfchive (Lister et al. 2009a). The rangekggie plotted against
the 90% confidence level. 8 from the IC-CMB calculation in Figure 15. This figure shows

that the method based on SL motion of the pc-scale jets and
(Marshall et al. 2006), and there is a maximum value gf.g, 6 their bends give significantly smaller angles to the line of sight
which is obtained by finding pfor which the termin th?/r\} the ICt;QMBem?thold. CwighBy _
parenthesesin Equation (1) is zero; for large K, € can bring © Into closer agreerrlen Wit By Increasing
Grax | (K 2. These limiting values of I" and 6 are given in the value of . Our choice of NJ=[115 wamformed by

. population modeling (Cohen et al. 2007) of superluminal
Table 9 for cases where the kpc-scale jetias detectedThe sourcespn pc scales[ appears to have a broad distribution

uncertainties on K are typically 10%-20%, giving uncertainties between 0 and 30. To reduce the IC-CMB angles requires
in 8naxand fmin Of 5%-10%, so rO>001.3 at 95% confidence fofcreasing I', because & is approximately fixed by the IC-CMB
all X-ray detections. model but 100~ cos[@pproached faster than ™' can
We then compare these angles to the range of angles that  compensateWe find that FJ>[1100 imeeded to achieve
would be inferred using information from pc-scale jets  gI<[Jgfor half of the sample. If instead we require thatat

observedin VLBI studies. This method is describedin least half of the IC-CMB angles be below the maximum
appendix C of Paper || Briefly, the method assumes that one  aliowed Q. (at 10% probability),then FCI=0123 suffic@is
may use the core’s maximal apparentsuperluminal (SL)  yalue of I"is still somewhatigher than thatfound from the
motion, Bapp to estimate the angle ofthe pc-scale jetto the MOJAVE population,whose distribution of B, is consistent
line of sight via sing,c » (2bapp) '. Then,using the observed with our parent sample (Paper I).
position angles of the pc- and kpc-scale jefs, we determine As previously noted by Hogan et al. (2011) and in paper I,
the 10% probability limits on the intrinsic angle to the line of jet bends are insufficiento explain the large values of 8but
sight for the kpc-scale jet, B, These valuesare given in jets could decelerate substantially from pc to kpc scales. If the
Table 10, along with the most probable valueWe note that IC-CMB model holds for all kpc-scale jets detected in X-rays,
Equation (C2) of Paper Il was given incorrectlyand should then My [J>012 for over half of thesa, the jets would still be
have read relativistic on kpc scales, regardless of bending between pc and
tanhsing 5 : , .
tanz= — ) (2) Values in Paper |l were obtained from the MOJAVE web site, Chttp://www.
sinf - tanhcosf cosqg physics.purdue.edu/astro/MOJAVE/index.htménd have been updated.
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Angle from IC—-CMB

Angle to line of sight from SL model

Figure 15. Comparison of angles of kpc-scale jets to the line of sight for two
computation methods—one using VLBI observations of superlumingBL)
motion (6. in Table 10) and the other assuming thathe kpc-scale X-rays
result from the IC-CMB model with TC01=[115 (6 in Tables 9 and 10)The
abscissais determined from geometric constraints using the difference
between the position angles of the pc-scale and kpc-scale jets by the method
described in Paper 1. The IC-CMB model is used to derive an angle to the
line of sight. The solid line indicates where these two angles are equal.

Angles from the IC-CMB calculation are generally x2 larger than those based
on geometry and superluminal motion of the pc-scale jet. Thus, one may infer
that the jets decelerate substantially from pc scales to kpc scales, given that it

is highly unlikely that that jets predominantly bend away from the line of

Marshall et al.

Our results add to the growing evidence ofdiscrepancies
between expectations of the IC-CMB model and observations:

1. Morphologies in the radio and X-ray bands show
significant differences,perhapsindicative of clumping
(Tavecchio et al2003).

2. The X-ray and radio spectralindices do not agree for
individual knots in 3C 273 (Jester et a2006).

3. Optical polarization indicates that the spectral component
dominating the X-ray band is most likely synchrotron in
origin in PKS 1136-135 and not from the same
population that produces radio emission (Cara
et al. 2013).

. The proper motions of 3C 273 jeknots imply MJ<[12.9
(Meyer et al.2016).

5. Limits to y-ray fluxes based on Fermi observations show
severe tension with a simple extrapolation of the IC-CMB
model (e.g., Meyer & Georganopoulos 2014; Meyer
et al. 2017).

These results demonstrate the need for ancillary data such as
high-resolution opticaland sub-mm imaging, X-ray spectral
measurements, and polarimetry for testing either synchrotron or
IC-CMB models of the X-ray emission from kpc-scale jets.

On the other hand, observations of high-redshift quasars are
consistentwith and perhaps bestexplained by the IC-CMB
model (McKeough et al. 2016; Simionescu et al. 2016). There

sight between pc and kpc scales or that I' reaches values of the order of 50 onwere only 11 sources in the study by McKeough et al. (2016),

kpc scales.

who found marginally higher valuesof a,, than for low z
quasarsA larger study such as what we have done on quasar
jets with z[0<[J2.2 should also becarried out for a more

kpc scales. Hogan et al. (2011) also pointed out that jet bendingdefinitive test of the IC-CMB model.

by a few degrees is required for many caseas we also find
(see minimum values of C in Table 10). However, the solution

Support for this work was provided in part by the National

for 8 is a steep function of 0 for small I and 6 (see Figure 4 of Aeronautics and Space Administration (NASAXhrough the

Hogan et al. 2011), so I' must be very close {QJin order to
bring 6 into better agreement with,® To achieve 8L gLJfr
half of the sample requires that I be just 1.5% larger than I
essentially 'I=[{to within the statistical uncertainties under
the deceleration hypothesis.

5. Conclusions

We have reported new imaging results using the Chandra
X-ray Observatory for quasarjets selected from the radio
sample originally defined by Paper | For the larger sample,

Smithsonian AstrophysicdDbservatory (SAO) contracdV3-
73016 to MIT for supportof the Chandra X-Ray Center
(CXC), which is operated by SAO for and on behalf of NASA
under contractNAS8-03060. Supportwas also provided by
NASA under contract NAS 8-39073 to SAO. This research has
made use of data fromthe MOJAVE database that is
maintained by the MOJAVE team (Listeret al. 2009b). We
thank M. Lister for providing MOJAVE results ahead of
publication. This research has made use of the United States
Naval Observatory (USNO)Radio Reference Frame Image
Database (RRFID). The Australia Telescope Compact Array is
part of the Australia Telescope,which is funded by the

we confirm many results in Papers | and Il: (1) quasar jets can Commonwealthof Australia for operation as a National

be readily detected in X-rays using shortChandra observa-
tions, (2) no X-ray counter-jets are detected, (3) the
distribution of core photon indices is consistent with a normal
distribution with mean 1.61*3:92 and dispersion 0.15:3:33,

(4) the IC-CMB model’s prediction that a,, should evolve
strongly with z is not observed,and (5) the line-of-sight
angles of the kpc-scale jets are larger in the IC-CMB model
than inferred on pc scales, even if jet bending is allowed,
which is possibly explained by significanjet deceleration in
the IC-CMB model. For the last point, we find it important to
note that inverse Compton scattering of CMB photons by
relativistic electrons in the jet must take place at some level.
The issue at stake is whether the jet bulk Lorentz factors are
still large on kpc scales, because jet bending is insufficient to
explain the observations.
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