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Deep X-Ray and Optical
Observations of Quasar Jets

A status report on our survey and follow-up work

Outline;
 Motivation: the case of PKS 0637-752
e Our multiwavelength survey

e Some follow-up targets:
— PKS B1421-490
— PKS 1055+201
— PKS 2101-490
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Early X-ray Jet Detections

« Before Chandra, few X-ray jets were known

« X-raysthought to originate as either
synchrotron emission or inverse Compton
scattering of radio synchrotron photons
(synchrotron self-Compton, SSC)
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Early X-ray Jet Detections
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Early X-ray Jet Detections
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PKS 0637-752

o Hirst celestial target
for Chandra

 Chosen as a point
source to refine focus

o X-ray jet discovered

e Optical knotsfound
with HST

(Schwartz et al. 2000, ApJ 540, L69)

Normalized flux

Angle from core [arcsec]
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PKS 0637-752
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Optical flux too low for
simple synchrotron models

SSC modd requires
severely non-equipartition
magnetic field and fine-
tuned parameters

Inverse Compton scattering
of CMB (IC-CMB) can fit

the SED, using ' ~ 10, B ~
15 pG, andy... ~ 10.

Parameters consistent with
VLBI jet In core.
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Our Chandra survey

Some motivating questions.

e |ISPKS0637-752 typical of high power
(FRII) quasars?

« \WWhat fraction of radio jets have strong X-
ray emission?

e What processes dominate this emission?

» What are the physical conditions within the
|ets?
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Our multiwavelength survey

o Sample of 56 flat-spectrum radio sources selected
by extended (>2”) flux at 5 GHz

— Subsample A is flux selected: highest predicted X-ray
flux assuming S/S ratio of PKS0637-752

— Subsample B is morphologically selected: one-sided,
linear radio structure

e 5ks ACIS-S snapshots to detect strong X-ray |ets
* New optical and radio observations
» Sources selected for follow-up study
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Our multiwavelength survey
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Results on first 20 Chandra
targets published this year
(Marshall et a., 2005, ApJS 156, 13)

12/20 jet detections (9/10 A,
9/16 B)

All X-ray jets are one-sided,;
varied morphologies

|C-CMB implies B ~ 1-10 pG
(I = 10 assumed)

| nsufficient datato rule out
aternative models
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Our multiwavelength survey
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See Marshall et al. poster for more
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e Now have 37 Chandra
observations

o 22/37 |et detections

e Finding more unusual
systems

* Troublefor IC-CMB?
S/S, should decrease

with increasing z...
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Our multiwavelength survey

" g iPKS 0920-397

* Highest S/N snapshots
@ examined more
carefully

e Distinct jet regions
compared

— Less blending of
disparate regions

— Test for evolution
along jets

10" = 66 kpc R1

PKS 1030-857

12"=102 kpc

Schwartz et al 2005, submitted to ApJ
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KS 0208—512 Jet PKS 0920-397 Jel
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Schwartz et al 2005, submitted to ApJ
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Follow-up observations

 Sources selected from our snapshot survey

* New Chandra observations ~10x deeper

* HST and ground-based optical observations
 New radio maps
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Follow-up target: PKS 1421-490

e Strong radio source

e Our only sample
member without a
prior identification

 Low Galactic latitude
(10.9°)

8.6GHz ATCA obs, 1.2 FWHM beamsize
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PKS 1421-490

« Magellang'-r'-I’ true-color image
o« g'=24.2,1’'=23.0 source at coordinates of A
« Radio source B coincideswith g'=17.8, I'=17.2 object
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PKS 1421-490

« Magellang'-r'-I’ true-color image
o« g'=24.2,1’'=23.0 source at coordinates of A
« Radio source B coincideswith g'=17.8, I'=17.2 object
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PKS 1421 490 observatl ons

ATCA

Magellan

Chandra

-] :

o 20 GHz radio map shows structure:

— Strongest component is unresolved (A1) with a~1" extension (A2)
— Component B lies6” SW of A; it isslightly extended
— Component Cis12” SW of A; itisclearly extended
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PKS 1421 490 observations

ATCA

Magellan

3 | Chandra

Optical image (SDSS 1’ filter):
— A (i’ =23)and B (I’ = 17) are both detected; unresolved

— BJ/A flux ratio is~300
— Cisundetected
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PKS 1421 490 observatl ons

ATCA M agel lan Chandra
-
Al / B
A2 / L] ‘
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0.5-7.0 keV X-ray iImage:

— A and B are both detected; unresolved
— BJ/A flux ratiois 3.7

— Cisundetected
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PKS 1421 490 coir ponents

ATCA Magellan Chandra
L 2
N / B :
A2 / .
~ o 0
C—_ \ N

e Propertiesof A:
— Flat radio spectrum: o, = 0.448 + 0.005 (where S, I v)

— Aland A2 resemble acore + jet; o of A2 is stegper than that of Al

— VLBI: formaly unresolved (< 24 mas) at 8.425 GHz; provides 35% of
overall flux (35% of blend of A1, A2, and any diffuse flux at 8.5 GHz)

— Bluer than stars in surrounding field (g'-i’ = 0.76; o, = 1.5+ 0.7)
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PKS 1421 490 coir ponents

ATCA M agel lan Chandra
N4

* Properties of B:

— Even flatter radio spectrum: a. = 0.05 + 0.10
— Resolved in radio band; no VLBI data (yet)

— Optically-dominated SED: o, = 0.20 o, = 1.62
— Flat optical spectrum lacking strong lines (o, = 0.22 + 0.23; g’-i’ = 0.11)
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I\/Iagellan spectrum of 1421-490B

v v v L egend:
o 4088-4849 A . . ’_)” — Tentatlve
absorption
i ) c feature at 5825A
= oL 4867-5642 A |
= b A ey ‘0 = telluric residuals
2 Lscemr, 7 e ve ee v | | “v”=cosmicray residuals
P g " = abod colum
, [ 6465-7250 A ® |
[t gy peptrceainmiint | | From the top down, spectra
| | | | | | are shifted by 2100, 1400,
° 6200 6400 6600 6800 7000 7200 700, &. O A, 6, 4, 2, &. O mJy
Wavelength (angstroms)

* No strong linesin optical spectrum of B (S/N ~ 8)

* The presence of aLyman forest below A > 4370 A isruled out, requiring
that B havez< 2.6
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PKS 1421 490 coir ponents
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e Propertiesof B:

— Even flatter radio spectrum: o, = 0.05 + 0.10
— Resolved in radio band; no VLBI data (yet)

— Optically-dominated SED: a,=0.20 a,, = 1.62
— Flat optical spectrum lacking strong lines (o, = 0.22 £ 0.23; g'-i’ = 0.11)
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PKS 1421 490 coir ponents

ATCA

Magellan

Chandra

* Propertiesof C:

— Steep radio spectrum: o, = 1.15+ 0.03
— Whell-resolved radio structure
— No optical or X-ray emission

Gelbord et al.: Degp Observations of Quasar Jets
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PKS 1421 490 mterpretatl ons

ATCA Magellan Chandra
o .
Al / B
A2 / . '
-
SR , N
|

* Possibly aone-sided core-jet system:

— coreat VLBI component within Al
— Jet through A2

— Jet knot at B - avery unusual knot...
— terminal hot spot at C
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PKS 1421-490 interpretations

ATCA o || Magellan Chandra
o .
Al / B
A2 / "
SR N
5 ]

* Possibly aone-sided core-jet system:

— Pros: VLBI hints at core-jet morphol ogy within Al; explainsflat radio
spectrum at A1, steeper spectrum at AZ, predicts featurel ess optical
spectrum at B

— Cons: knot B with optically-dominated, flat spectrum is unprecedented;
optical knot-to-core ratio ~ 300 would be unique
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PKS 1421 490 mterpretatl ons
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e Alternative interpretation: core at B, hotspotsat A & C

— Pros: radio spectrum, strong optical emission of B more like a core

— Cons: trades a problem at B (knot with very flat spectrum) with multiple
problemsat A (flat spectrum at hot spot A; >1/3 of lobe flux in core-like
VLBI component) and problem of 1D of B (no evidence of host galaxy in
optical spectrum; possible contradiction betw. spectrum & photometric z)
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PKS 1421 490 mterpretatl ons

ATCA

5”

Magellan

Chandra

o Alternative interpretation: A & B are distinct objects

— If Bisentirely unrelated to A and C...
» Featureless optical spectrum rules out stars, normal galaxies, most AGN
* Not awhite dwarf (wrong optical colors; proper motion < 8 mas/yr)

« BL Lac or weak-lined quasar not ruled out, but such objects are rare and
SED properties are extreme for aBL Lac

Gelbord et al.: Degp Observations of Quasar Jets
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PKS 1421 490 mterpretatl ons

ATCA

Magellan

Chandra

o Alternative interpretation: A & B are distinct objects
— If Bisentirely unrelatedto A and C...
 Chance proximity of F, > 4E-13 erg/s'cm? source improbable
(<0.1%); alignment with jet even less likely
— ...but B might not be entirely unrelated

« A neighbor within agroup or cluster?
 Still must not have strong spectral features. ..

Gelbord et al.: Degp Observations of Quasar Jets
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PKS 1421 490 mterpretatl ons

o —_— Synchrotron model O Reglon A o : —_— Synchrot.ron models EI Reglon B
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SED of A istypical of cores

SED of B Israther core-like, but flat optical spectrum
IS hard to understand

SED of C is steeper, typical of terminal hot spots
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PKS 1421 490 mterpretatl ons

o —_— Synchrotron model O Reglon A - : — Synchrot.ron models EI Reglon B
L - Non—beamed SSC A Region C L 4 Region C
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e Emission model for A: synchrotron + beamed SSC
— Modeled asajet with ' =20, ©=2.9°,r=0.5mas=4 pc.
Electron distribution with p = 2.0 from 20 <y <1.6 x 103,
P=3.0from1.6x10° <y <1.6 x 10~
— B =136
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PKS 1421 490 mterpretatl ons

— Synchrotron model O Reglon A
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e B asaknot with synchrotron X-rays?

— Requiresy >108 electrons, but radio-optical synchrotron
model (without beaming) requires B = 850 uG, 1.6 x 10* <

y <2 x10°

— Narrow y range, a second e population, and in situ

acceleration?
Gelbord et al.. Deep Observations of Quasar Jets
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PKS 1421 490 mterpretatl ons

— Synchrotron model O Reglon A : —_— Synchrot.ron models EI Reglon B
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e B asaknot with inverse Compton X-rays?

— |C-CMB requires " > 60; core model only hasl = 20
— Upstream Compton instead?

— Both require e with y <100, but radio model hasy, . ~ 10
— A second e population? Self-absorption in aknot??
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PKS 1421-490 implications

e Coreat A and et knot at B?
— Modelling the SED of B isachallenge
— B likely represents an extreme of jet phenomena

e Coreat B and hot spot at A?
— B must be an unusual, extremely weak-lined AGN

— Possibly anew type of BL Lac (some similarities to object
reported by Londish et a. 2004, MNRAS 352, 903)

A and B are both cores?
— Chance alignment highly unlikely
— Members of same cluster? An interacting system?

More data is needed to determine the right picture.
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New 1421-490 data

Gelbord et al.: Degp Observations of Quasar Jets

* New Chandra 54ks exposure

e 0.5-7.0 keV image, convolved to
1.2" FWHM

» Broad bridge of X-ray emission
between A & B
 No detailed analysis yet

Also pending:

e VLBI map spanning from A to B
e HST imaging

* Deeper Magellan spectroscopy(?)
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Follow-up target: PKS 1055+201

VLA 1.4 GHz HST F814W HST F475W Chandra 0.5-7.0 keV

« Ak.a 4C20.24, z=1.110
o X-raysthroughout 21" (=170 kpc) north jet
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PKS 1055+201: X-ray & radio

PKS 1055+201 = 4C 20.24

z5

PL(S 1055+201 = 4C 20.24

1.46 GHz

"1.46 GHz, Jy/beam x 200

e l—e . . ) )
0 10 15 20

Arcsec along jet Arcsec along jet

« General agreement between radio & X-ray jets; some
differencesin details

— Radio peak fades faster than X-ray after 10”: inverse Compton?
— X-ray peaks faster than radio around 17”
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The northern knot of 1055+201

VLA 14GHz VLA 84GHz HST F814W HST F475W  Chandra 0.5-7.0 keV

S - _J L] _F'_‘_‘Jr""_

o 8.4 GHz resolves knot
 HST images reveal resolved source
o X-rays strengthen upstream of knot, peak at optical source
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PKS 1055+201 jet model

VLA 1.4 GHz HST F814W HST F475W Chandra 0.5-7.0 keV

e |C-CMB model can describe integrated | et
* Model parameters. B ~ 10 uG, d ~ 6, and 6 ~ 9°
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PKS 1055+201 envelope

Gelbord et al.. Deep Observations of Quasar Jets

Extended X-ray emission
around north jet, stopping
at lobe

Similar emission between
core and south lobe, around
unseen counter-j et

Width: ~15”; length: ~45”

Direct evidence of the jet
heating the surrounding gas

Ultra Relativisitic Jets in Astrophysics, Banff, July 2005



PKS 1055+201 envelope
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Jet X-ray spectrum

data and folded model Current model
— 10565 jet, cool model: I' = 1.77 and kT = 2.7 keV 1055 jet, cool model: I' = 1.77 and kt = 2.7
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Best-fitting model includes a power law

g with [ = 1.8 and athermal component
with KT = 2.7 keV.

(244 counts)
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Envelope X-ray spectrum

data and folded model Current model
1055 fuzz, pl + mekal model: I' = 0.68 and kT = 1.94 keV ¥ 1055 fuzz model: T = 0.68 and kT = 1.94 keV
— — . v — g

B

#HJL##H +++%L+}¢J;H++ﬁ+¢¢%#++.iwa&m:

1 2 5
channel energy (keV)

0.01

1072
107°

Photons/cm? s keV

residuals normalized cts/sec/kev
1078
T

-5x107° 0 5x107%107*

Best-fitting model includes a power law

“vE with ' = 0.7 and athermal component
with KT = 1.9 keV.

(310 counts)
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Follow up target: PKS 2101-490

e Quasar at z=1.04 (Gelbord & Marshall, in prep)
e New Chandraand HST observations
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Follow up target: PKS 2101-490

e Similaritieswith PKS 1055+201:

— Diffuse X-ray flux around unseen counter-jet
— HST detection at terminal hot spot
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Follow up target: PKS 2101-490

L S iy i T e

ATCA 8.6 GHz Chandra/ACIS-5 0.5-7.0 keV

e Similaritieswith PKS 1055+201:

— Diffuse flux around unseen counter-jet
— HST detection at (Ileading edge of) terminal hot spot
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Follow up targ
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et: PKS 2101-490
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Summary (so far...)

e PKS1421-490...

— Knot B pushes the boundaries of known jet phenomena
« asecond e- population with in situ acceleration?
 knot emission from compact, self-absorbed clumps?

— If not aknot, then...
e ...Bisanewtypeof BL Lac
 ...region A pushes the limits of known hot spot phenomena
e ...possibly an interacting system with two nucle

e PKS1055+201 & PKS 2101-490

— Direct evidence of the interaction between the jet and its
surroundings?

— X-ray and optical peak lead radio at terminal hot spot
— Inverse Compton along the jet?

See http://space.mit.edu/home/jonathan/jets for
updates, preprints, Images, etc.

Gelbord et al.: Degp Observations of Quasar Jets Ultra Relativisitic Jets in Astrophysics, Banff, July 2005



