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1 Introduction to AGN jet

. 1 Large scale jets & lobes in Radio Galaxy
Recent Progress in the Study of

High Energy Emission from AGN jets
FRRABHSDBEIHILF IS REDEE * Mis-aligned AGN with Fermi-LAT
1 Towards AGN unification

1 Blazars in Fermi-era
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AGN = Super Massiv N; Unified Scheme

Galactic Ceqter ’ St Ghezet al 2@08 " Raio Galaxy . Quasars‘ ‘ i (~107 Mpc3)
(BLRG, NLRG) Radio-quiet or radio-loud quasars

« BL Lacertae Objects ~ (~107 Mpc?)

« Radio Galaxies (~106 Mpc3)
Broad or narrow line radio galaxies
Fanaroff-Riley class | or Il
...any many more...

Lo « Seyfert Galaxies (~10*Mpc3)

3 Each galaxy hosts SMBH (Mg, ~1051°M,) in S 8 s Seyferts type 1 - 2

its center and each SMBH accretes at some | [iSSN. NETETHUIE SHifEE

levels from surrounding interstellar medium. 400 s e * Low-Luminosity AGN  (>10-° Mpc3)

‘i ” 300 Low-lonization Nuclear Emission-
1 AGN accretesat “high rate”. line|Region|Galakics

« Extremely brig - 200 . | Radio Ouiet “Regular” spiral galaxies like our
= Liag < Lea ~ 10 (MBH/’\:IS) [erg/s] (type | +1) ; Galaxy (Sgr A¥)...

* Fast time variability: ~10%-10°¢ s : e DA TR T
> ty> RIC > Ry/c~ GMg,/c? Urry & Padovani 1995 for ar

Relativistic Jets Radio Galaxy: FR I/ FRII
1 Blandford-Znajek process is thought to be one FR = Fanaroff & Riley
of the best explanations to extract energy from

rotating BH.
{ A »
1 With rotating BH embedded in xternal \
B-field (supported by an accretion disk), electro-
magnetic currents are driven and the energy is
released in a form of magnetized jets. 3
1 For maximally spinning BH; : '
Eiot ~ Mgy €?~ 1068 (Mg /10°Ms) [erg] S
Prax ~ € B RgZ/4m~ 10 (Mg,,/10°My) [erg/s] i 3C465 (FR1) 3C 438 (FRI)

1 Interestingly, Pje,~ Ppay for g \ ® Low power (10%>44erg/s) ® High power (10*4°erg/s)
most AGN jet sources, where ®low I’ ) ® High I' )
Pje is kinetic luminosity of jets. ® Core brightened ® Edge brightened
= ® Bending (ram pressure) ® Collimated, straight jet
1 Jet content? — still unknown. ® Decelerating ® Deceleration negligible?
- (mass entrainment)




AGN Jet =Acceleration Site

Gas Disk in Nucleus of
Active Galaxy M87

Arp & Lorre 1978

1 The jet-like feature in M87 was first reported in Curtis 1918 (!) .

1 Electron synchrotron life times in equip fields  t,, ~ 100 yr,
while the projected length of jet much larger: D ~ 1.5 kpc.

1 This suggests in situ acceleration within “knots”.
v internal shock due to velocity irregularities in the beam (Rees. 1978)
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Closest vicinity of SMBH
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1 Ejection of a new-radio knot
triggered TeV flare?

1 “Limb-brightened” jet.

FRI: Velocity Shear
Shear layer model

Jiiin ]|

Observation

Liang & Bridl

1 Decelerated jet model with “shear layers” successfully explain
observation of 3C 31 and 3C 315.

1 “Velocity gradient” is naturally expected via the Jet-Matter. interaction.
v K-H instability — mass entrainment.
v Transfers momentum and energy to ambient medium.
v Mixing layer, deceleration of jet ...

Synchrotron
Wilson + 2000

1 Single SED can fit radio to X-ray: Electron sync model can work.
— X-ray emitting electrons: E. =10~ 100 TeV for B, ~ 100uG.

1 But, we should always keep in mind various assumptions;
(1) “B ~ B,y" to get various jet parameters.
(2) emitting volume is “same” for all wavebands.
(3) filling factor ~ 1 and uniformity... etc

Inner Knot iy Emission 2
Hardcastle+ 2003

E
(8) 50-80 asec
5

LkeV flux [ndy]

1 Not only bright X-ray knots, but continuous, diffuse emission
between knots . Log N-log S also confirms “diffuse” emission.

1 For the nearest FR-I Cen-A, “double-horn” profile in trans. direction.
v Stratified jet — fast spine & slow sheath ?
v Turbulent acceleration (Fermi Il) at work over the jet volume ?

Turbulent Acceleration

1 Stratified jet — “spine” + “layer”.

2 Unlike Fermi-I, turbulent acceleration
(Fermi 1) can produce very hard electron
distribution.

1 If field is very turbulent (¢~ 1), electrons
“pile-up” as it never escape from the region.
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FR I1I/QSOs: bright >

PKS0637-752

X-ray: radio 100 kpc
Radio: contour

1 Ultra-luminous X-ray jets:

« NOT smoothly connecting w/ radio-optical synchrotron.
*IC/CMB is more likely if Fiet ~10 on Mpc scale (o< I“Je‘2 Ucwe)-
1 Consistent w/ VLBI observation (8,,, ~ 13.3: Edwards+ 06)

1 More and more samples: http:/hea-www.harvard.edu/XJET/

FR II: X-rays from Lobe

e & Croston 2005, Croston et al. 2005

suw Pictor A

Prediction
from U, =Ug

1 X-ray emission is most likely due to IC/CMB under approximate
equipartition between U, and Ug (0.3 < Bic/Beq< 1.3)

1 Several “warnings”, however, due to (1) extrapolation of radio
spectrumto lower energy, (2) unknown filling factor,
(3) contamination of cluster gas (s n in Worrall et al. 2009)
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hotspot
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log: TkeV luminosity [erg/s]
RIS

36 38 40 a2 44 o
log: 5GHz luminosity [erg/s] : beaming factor &

2 Distribution of 44 AGNs (56 knots, 24 hotspots, 18 radio lobes)

1 A very simple assumption: apparent deviation from equipartition is
due to Doppler enhancement, i.e. beaming factor .

1 Actually, extremely X-ray bright knots can be explained if 6 ~ 10,
which is consistent w/ PKS0637-752 (classified also as blazars.)

FR II: Hotspots
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1 X-ray emission of hot-spots in high-power FR Il jet is consistent w/
synchrotron self-Compton (SSC) model close to U, = Ug.

1 The hot-spots in low-power jets is too bright in X- ray, suggesting
instead synchrotron in origin (Har a

1 Multiple structures often observed; relic? swing ofJet-head?

Calorimetry & Jet Content
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SN

102 _FRIl lobe
Tlom don 10w 10%
Non-thermal pressure [pa]

1 It has often been suggested that min. pressure in FRI/FRII jets
is normally below that of external X-ray emitting medium.

1 Maybe significant contribution from protons and/or thermal electrons,
but still premature (e.g., Croston+ 08)

1 Independent approach from “cocoon-dynamics” also suggests
invisible matter in FR Il jets (e.g., Ito+ 08)

yama+

T
(g} Inner Knets spitzer
3C273
In X-ray

vy oy Hal

1 IR imaging of the jet of 3C 273 by SPITZER clearly confirms that
optical jet emission is dominated by the 29, high E component.

1 Both the radio and optical components are linearly polarized to a
similar degree of ~15% - “double” synchrotron???

% Smooth connection between X-ray and optical: same origin?




Warning Sig , Blazars
) JK+ 08a s
Radio galaxy ~ Blazar el
\ 1000 [ radio

Jet + East Lobe

L, (102 L)

\
\
\
A
v

¢

r
r
r
b
.
r

luminosity L,

radio X-ray

log luminosity vL, (erg/s)

(s visible Xera) jamma
Eiaf 11 e | L

o ol s i
Logs Fragueney [Hz] 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

log frequency (Hz)

2 The 4% strongest FRII radio galaxy in 3C catalog.
1 Blazars: jet closely aligned to our line of sight.
* SL motion, one-sidedjet B B ~0.99¢c or Ty =10
1 “Double peaks” over two decades in v.
« Sync + Inv. Compton, but wide variety & HBL, LBL, FSRQ

» Most powerful objects peaks at low v ® “Blazar Sequence

1 First clear detection of “X-ray counter-jet” by Chandra.

v If jet is highly relativistic, 8 ~ 1/Tj, hence Doppler “de-beamed”.
1 Again, “double Sync” or “Synctail” more likely?

v E. ~ 200 (I;/10) TeV ; presence of “ultra-rel.” electrons.

Now we have Fermi ! AGN map w/ Fermi-LAT

1451 sources in 1FGL catalog.
- about 60 % sources have “association”. Abdo et al. 2010a
- clear separation between diffuse and

point sourcs.

~ 700 blazars already detected
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“Variable sky” everyday!

North South

JK+ 2001, Tanihata+ 2001, 2003
1 Rapid variability suggests: R ~c t 8~ 103 pc.
FSRO 1 Only little variability below t,, <<1d: “Internal shock”
3C 454.3 * Modulation of relativistic outflows : D ~10 I, 2 Ry ~0.01 pc
(z2=0.859) B sub-pcjet (the first site of E-dissipation)

« “Jet power” & “seed photons” control the blazar sequence.




Spectral Evolution of HBL

also Tanitaha+

LI
e Mrk 42

e g = - Log (v} {H)

1 Significant evolution *only* at X-rays, i.e., no significant variation
at UV-optical: E,~1keV — 10 keV.

1 This has been argued as sudden increase of electron 7, -
(e.g., Takahashi + 1996, 2000, JK+ 1999 )

B v, «&18v2 (& gyrofactor, 5: beaming factor, vg: shock speed)

SED of Mrk 421 (average)
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"most complete” SED ever
shown for Mrk 421
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iy _pacne) «Coincidence of y-ray flare and

Tine of sight
/ change in opt. polarization (KANATA)

moving

B - Significant drop of Polarization.
« EVPA changes by 208°

A Tevent Curved jet ??7?

Fermi Observation of Mrk 421
Flux/Photon index (€>0.3 geV)
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Preliminary

1 Significant variability, but not as impressive as those in X-rays.
1 Hard Gamma-ray spectrum with I =1.79+0.03 — nicely overlap w/
the energy ranges covered by the ground Cherenkov telescopes.

1 MAGIC data, simultaneously taken during a low state nicely
connects w/ Fermi-LAT data - spectral break at ~ 100 GeV?

28
Abdo et al. 2009

Fermi Observation of FSRQ

1 3C454.3at z =0.859
Detected by EGRET, AGILE.
Very active since 2000.

1 Fermi-LAT data show rapid, quasi-
symmetric, flares on a time scale
of ~3 days.

1 First observation of a spectral break
above 100MeV.

A possible interpretattion:

Direct signature of an intrinsic break
in the energy distribution of the
radiating particles?

VF, (erg cms')

Contact Author: G.Madejski & B.Lott
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Suzaku observation of FSRQ o
JK+ 08b

0.0
PKS1510-080 /

-

Log: vF, [erg/em®/s]

16
logv (Hz
9 ) “

Log: )"rl:qucn:y [Hz]
1 “Seed” for the ERC process is UV photons reflected by the BLR.
Egir ~ 10 €V, Ly~ 10% erg/s
1 Before the “blazar zone”, fast /slow shells up-scatter UV via
the “bulk-Comptonization”to Egc ~ g «? Egir ~ 1 keV.

1 BC luminosity depends on the jet composition:  Lgc o< (ng/np) Ligy

E> I ~20, 1pc, ny/r




Jet Launching - speculation

1 Jet is launched near a rapidly rotating black hole, presumably via
Blandford-Znajek process.

1 Such a jet, initially consisting of e-p, is accelerated by large scale
B-field stresses, and within 100 R, it can be loaded by e-e* pairs
via interactions with the coronal soft y-ray photons.

1 Hence, it is possible that relativistic jets may well contain more ee*
pairs than p, but are still dynamically dominated by cold p.

accreting |/
matter
(e -p)

hot corona

Comer: NGC 1275 ?

Perseus cluster e.g y: Fabian+ 03

Radio: Pedlar+ 90, Asada +06

1 Perseus cluster hosts the giant elliptical galaxy NGC 1275 at its center.

Shocks and ripples are clearly evident in deep Chandra image.

1 In radio, NGC 1275 hosts the exceptionally bright radio source Per A,
also known as 3C 84.

AGN, or dark matter annihilation ?

SED of NGC 1275

v NGC1275 (1) one-zone SSC
B=0.05G

10-10 R=0.7 pc

' ) 8=2.3,I'=18

Liet = 2.3e45 erg/s
10—
(2) Decelerating flow
B=0.2G

=12
0 D=0.2pc

Log: vF, (erg em™ s~')

10-13

Lje: = 6.0e43 erg/s

108 1012 1018 1020 1024

Log: Frequency (Hz)
1 Possible unification of BL Lac and Radio Galaxies !
1 Jet power close to the power required to inflate the

lobes of 3C 84 against the pressure of the hot cluster gas.
(0.3-1.2)x 10*4 erg/s: Dunn & Fabian 2004

Non-blazar type AGN?

me7 O

NGC1275
(3C 84)

3 month catalog

1 2 radio galaxies, NGC and Cen A have been detected
in the first 3 month catalog (Abdo et al 9)

1 Very recently, M 87 also detected at 10 o level based on
ten-months of all sky LAT data. (Abdo et al. 2010)

Fermi-LAT detection of NGC 1275

Abdo 09 (CA: J.Kataoka)

Chandra ACIS image
(Obs # 4952 166 ks)

Fermi 95 %
(50.000, 41.524)

E> 200 MeV

1 Clear excess at the position of Perseus/NGC 1275 complex .

1 About an order of magnitude brighter than EGRET UL —
significant brightening on decade time scale.

1 The positional center of the y-ray emission is only 2.3’ apart
from the nucleus, 3C 84, well within the 95% LAT error circle.

However... if NGC 12735 is “beamed”?

0.001eV 16V 1MeV 1GeV

¥ T J T
F radio i e

L (1012 Ly)

luminosity vL,

log luminosity vL, (erg/s)

(. visible  X-ra) amma 1
O B S
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

log frequency (Hz)

1 Similar to LBLs, but much brighter (L > 1048 erg/s).

% Dominated not by a jet “spine” (I';~ 10), but by the slower
jet boundary layers? (T~ a few).
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Long term variability

JK+ 2010

s.01077 Paper=| E > 100MeY
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4007
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1

L The highest energy photon was 1 Steep LAT spectrumof I'=2.67=£0.10, with detectable variability
E VISR SN G7.4G e\ with an angular separation (correlated with Swift-BAT).
of only 2.4 arcmin from the nucleus.

PH Index

. ) 1 A single, one-zone SSC fit the MW data from radio to GeV, but fails to
1 Variability detection, as expected. explain non-simultaneous HESS data.

1 Spectral cutoff at E. = 41.2+18.8 GeV, perfectly consistent or - - -
W/ VERITAS U.L. e - 1 y-rays may be originated from slower portion of the jet, i.e., sheath.

Core (nucleus) of Cen A (IT)

Cen-A Lobe in Radio-band

R =3.0x10%%cm
P;= 3.1x10%2 erg/s

~10deg !
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a
€rg s cm

VE, [
Galactic Latitude (deg)

10" 10% 10" 10" 10" 10 10% 10** 10 10® 50y
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The greencurve is a synchrotron/SSC fitto the entire data set. The dashed green curve shows this
modelwithoutyy attenuation. The violet curve is a similar fit but is designed to under fit the X-ray
data, and the brown curve is designed to fit the HESS data while not over-producing the other datain
the SED. The blue curve is the decelerating jet modelfit (Georganopoulos & Kazanas 2003).

320.000 310.000 300.000
Galactic Longituda (dag)

All sky @408 MHz
® Spatial extent of ~ 10 deg; (Haslam et al. 1

A possible Cosmic-ray accelerator? (Hardcastle et al. 2009)

Fermi-LAT detection of C

Abdo et al - gt+)
Gamma-ray
(Fermi-LAT
>200 MeV)

V8, [y Hzl

10" 101 10 10" 102
¥ [Hz]

*Good IC (CMB+EBL) fits of LAT spectra with B ~ 0.9 uG in both lobes.

1 South lobe immediately obvious; North lobe lower surface brightness. *Ue/Us ~ 3.6 (north) and 13 (Gott Resciosetolediparition
ool < R/C for GeV emitting electrons: accel.over allthevolume.




Why Important? (II) Relation to CR? Galactic Haze (gamma-ray bubble)

2GoV <E <5 GoV
Pierr Auger collaboration. 2007

1 Fermi-LAT reveals large y-ray bubbles,

bx‘AGN S ; extending 50° above/below Gal. plane.
X neaby \ . B : A
O E>5.7x101° CRs o o et ) 1 Correlated w/ WMAP haze, suggesting

o s IC/CMB in origin.
4 \ 3 Similar to Radio Lobe in AGN
1 Correlation to neaby AGNs?— Highest energy CRs may be - past activity of SgrA"?
accelerated in situ.

1 Anisotropic distribution of E >5.7x101° eV Cosmic Rays.

More RGs det L vs Blazars

1 The y-ray luminosities
RGs

of FRIradio galaxies
are significantly
smaller than those

of BL Lac objects
detected by the LAT.

L e s e e

1 Whilst, the y-ray
luminosities of FRII
sources are quite
similar to those of
FSRQs, which could
reflect y-ray emission
dominated by slower
sheath .

Spectral Index (I)
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RGs as a Gamma-ray Emitter Towards AGN Unification

Shisellini+ 05, also Chia e+ 2000

Log vF, [erg em-t s1]
Log vL, [erg 5]

VF, [erg cm™? 57']

: 0
1 RGs may/should be “mis-aligned” blazars e o° "

Energy [eV]
«low power FR | BL Lacs ; 1 BLRGs, a sub-category of radio galaxy,
« high power FR I FSRQs soy2 \ are i_d_eal targets sin_ce we expect
1 SED modeling on-going < 5|gmf|cantcontr!but|onfrom both
(A) jet and (B) disk & conona.

1 BLRG (radio loud) < Sy-1 (radio quiet)




“Weak Jet” in Seyfert ®

Mundell+ 2C ad+ 2005

Example Fitting of BLRG (RL)

Abdo+2011 in prep
(contact: JK)

¥l

v, [ecs em™2 s7']

1 240-pc jet in NGC 4151 (Seyfert) is two-sided and highly collimated
(diameter < 1.4 pc).

1 Knotty morphology seems to be related to shocks formed as the jet
interacts with small ISM clouds.

1 L, ~10% erg/s. No evidence for relativistic bulk velocities
(knots’ velocities < 0.03c at 0.1-10 pc scales).

Preliminary
100 104
Energy [eV]

Example Fitting of Sy-1 (RQ) Summary

Abdo+2011 in prep

| have reviewed most recent observational highlights
(contact: JK)

from AGN jets viewed at high energies.

1 Recent survey of large-scale jets with CXO have brought us
new insights on the kpc/Mpc scale jet - jet structures, turbulent
acceleration, ultrarelativistic electrons above 100 TeV.

1 Unprecedented sensitivity of Fermi/Suzaku provides new

challenges to the blazar physics - Unification of blazars and
radio galaxies are being more common.

1 Further challenge to “AGN unification (RL&RQ)” on going.
Preliminary
100 104

o More will come soon w/ Fermi-LAT!
Energy [eV




