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RETION-JET CONNECTION

AT O MBH 1 hr in GRS 1915+105 = 30 yr in SgrA* Mirabel et al. 1998
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*THE TRIGGERS OF JETS ARE INSTABILITIES IN THE ACCRETION DISK
(TRANSITION LOW HARD TO HIGH THE X-RAY “SPIKE” MARKS THE ONSET OF
A SHOCK THROUGH THE COMPACT, STEADY JET

*ANALOGOUS ACCRETION-JET CONNECTION IN 3C 120 Marscher (2002)



Table 1. XEB systems with resolved radio jets.

Name Companion Accretor Jet size (AL
HMXBs

LST+61 303 BOWV NS/BH? 10="700

V 4641 Sgr BOlll Black Hole -

LS 5039 O6.5V((f)) NS/BH? 10— 1000

55433 evolved A NS/BH? 10*~10°

Cygnus X-1 09, 7lab Black Hole 40

Cygnus X-3 Whe NS/BH? 107
LMXBs

Circinus X-1 Subgiant Neutron Star  10°

XTE J1550-564  G8-K5V Black Hole 10°

Scorpius X-1 Subgiant Neutron Star 40

GRO J1655-40 F3/51V Black Hole 8000

GRS 19154105 K-M III Black Hole 10-10¢

GX 339-4 Black Hole <4000

IE 1740.7-2942 NS/BH? 10°

XTE J1745-288 NS/BH? 107

GRS 1758-258 NS/BH? 10°

Massi (2005); Paredes (2005); Casares (2005).
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COMPACT STEADY JETS

GRS 1915+105: Dhawan, Ribo & Mirabel (2006)
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 ~100 AU IN LENGTH PRESENT DURING LOW HARD STATE
* SPEED OF THE FLOW < 0.4c (Dhawan, Ribo & Mirabel 2006)




SUPERLUMINAL MOTION IN THE GALAXY
Mirabel & Rodriguez, 1994

QUASAR 3C279
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- HQSO JETS MOVE ON THE SKY ~102 TIMES FASTER THAN QSO JETS

- IN AGN AT D<100 Mpc JETS ARE RESOLVED AT ~50 R, (e.g. M87,Biretta)
PHYSICS: NEED TO STUDY BHs ACROSS ALL MASS SCALES



Relativistic Jets

jets
known for many
years in AGN
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I i'l'_i|' rEsoURIon radio
maps can resolve delails
as small as a thousandth
o a second of arc

Images of quasar 3C273
recorded over a number
of years show gas being

1979.44

Al the distance of the
quasar, the gas appears

o be moving 12 times
fastar than lahtl

Superluminal Motid®

Individual radio knots in quasar jets:

Sometimes apparently moving
faster than speed of light!

Light-travel
time effect:

To Earth

Material in the
jet is almost
catching up

with the light it ‘

emits

Energy that will Energy that will
reach Earth reach Earth
in 2005 in 2006

Direction
’ of jet
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vLapparent) = t(1 —vcosf/c)

Fsinf

1 — Bcosh (5F1)

8, (apparent) —

For a fixed (3, there is an angle € that maximizes 3 (apparent). That angle satisfies

93, (apparent) e
o0 - (1 — B cosh)?

Beosh — 3% cos®f — B sin” B =0
Becosh — 3 =0

Thus

B =cosf | (HF2)

and

(1— Bcosb)Bcosh — (3sinh)”




3 sind

3, (apparent) = T Geosd

(5F1)

For a fixed (3, there is an angle 6 that maximizes 3 (apparent). That angle satisfies

98, (apparent) 0— (1 — Bcosf)Bcosh — (Bsinh)?
o0 - (1 — B cosh)? '

Beosf — 3 cos® @ — 37 sin® 3 =0
Beosh - F =0

Thus

B =cosf | (5F2)

and

sinfl = (1 —cos’0)'? = (1— 8)"* =~ | (5F3)

Inserting cosd = 3 and sinf = ')-'_1 into our equation for the (3 0 (a,ppa,rent) yields the highest apparent transverse speed of a source
whose actual speed is 3:



Thus

G=rcosf | (5F2)

and

sinf = (1—cos’ )2 =(1- ) =41 | (5F3)

Inserting cosf! = (3 and sinfl = 7“1 into our equation for the (3 L(apparent) yields the highest apparent transverse speed of a source
whose actual speed is (3

B(1— )2

max|( (apparent)| = - 1 ' 7
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SUPERLUMINAL MOTIONS IN QSOs & AGN

The M87 Jet

*OBSERVED IN > 30 QSOs & AGN

*IN RADIO & OPTICAL WAVES

* PROPER MOTION SEEN IN YEARS

*V,,, UP TO 30c in blazars

*One sided because of Doppler boosting



Fig. 1. ‘Fﬁhfjﬁ%mdismays most of the important features of relativistic jets. T
ipproaching northwest jet is Doppler boosted, whereas the southeast one is virtually undete al
>ecause it radiates away from Earth. The lobes, consisting of decelerated jet material, radi:
sotropically, and therefore both are visible. The full extent of the source ojected on the sky

:his image is —~80 arc sec or 6 kpc. Because the source is at an angle of “)to our line of sig
ts deprojected length must be at least 20 kpc. Deep in the core (inset), theJet shows an initial wi
»pening angle (60°) that decreases with distance from the core. This indicates that the accelerati
ind collimation region may be resolved. The length of the jet emission in the inset is ~0.001 :
;ec or 16,000 astronomical units, which is only ~250 times the Schwarzschild radius of the cent
3 X 10° Mg, black hole. [Images were made with the National Radio Astronomy Observatory’s Vi

.arge Array and Very Long BaselinesArray and are courtesy of J. Biretta and W. Junor; reprinted
>ermission from Nature (37)-copyright (‘I 999) Macmillan Magazines Ltd.




AHMMA.J

(‘DOPPLEA 5&9;1—-{7?(3"*‘\

po_% ’_J.

= & —
¥ (1~ bo1®)

_50‘- - 50 ‘_:f________. UETS
¥ (- BomO)
k=h
Sib = 50 1 ___.}
Y( i+ .bcs\e')

‘G'(H*Pme')

(IH}BC«%@)
rooTe. L2
BiD
+.D_s£. i
{-= \{z(o) e (p-°)
=
P g(o\‘;ouo

Vp | N
\ff i 42p p 'E?>_ (?~|Ebcm%)_ (I~ﬁ¢> (“C%f'?’)—&
= S L s

£i/ = Q%G“AJO
P

,’\
=)

Wit > os®)

' =dp i et

Gy G-
o b T ek B e g
. ; C; e A e B
[adr 4 gos b
; o




W Scpanlimival motrus |) 76
W _Seperrlemicat motaes |\ | i

)

U e mselr
'\_%C" ﬂﬁc (1 - /3@59)




S e Es e L

AR

6 M. Massi et al.: One-sided jet at m

Appendix A: Lower limit of 3

The ratio of observed flux densities from a twin pair of ;

optically-thin emitting jets (approaching and receding),

with intrinsic velocity Sc and angle between the ejection

and the line of sight 8, is:

Sa _ 1+ Bcosf i
1— fcosh >

- (A1)

where k is 2 for a continuous jet and 3 for discrete con-
densations, and « is the spectral index of the source.

If we assume that the twin jets are gaussian like, then
the density flux is:

Pea.lc{m.]y/beam) source

S =
Qbea.m

(A2)

where Qsource and lpeam are the solid angles of source
and beam. Hence, the ratio of the flux densities of the
twin components can be expressed as:

ﬁ i Peak,(mJy/beam)Qsource. (A3)
o =% Pea.l-:r(mJy,/bea-ﬂl]ﬂsou:cer

If in a map we deal with the approaching jet only, we
can set as upper limit for the Peak, the 3o level of the
map. An upper limit for Q, is 2,, because the receding
component is expected to be compressed with respect to
the approaching one. Then we can write:

S, _ Peakiy(mJy/beam)

Combining eq. Al and eq. A4 we obtain:

(Peak,)?r—l“e? e |

Bcosf > 3= (A5)
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Relativistic electrons in a magnetic field

¢ 2 y>>1

)
For one electron, max frequency i

Electron energy distribution is a power law: N (E)dE=kE"dE
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N(E)dE = CE "dE

In this case, we have

p-1

Sy )t 2



Flux density vs frequency
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Synchrotron Self-absorption

According to the principle of detailled balance, to every emission process there is a
corresponding absorption process — in the case of synchrotron radiation, this is
known as synchrofron self-absorption.

Suppose a source of synchrotron radiation has a power law spectrum, S oo 27",
where the spectral index oo = (p — 1)/2. lts brighiness femperature is defined 1o be
Ty, = (A2/2E)( 5, /€2), and is proportional to »—(212) where S, is its flux density
and 2 is the solid angle it subtends at the cbserver at frequency . We recall that
brightness temperature is the temperature of a black-body which would produce the
observed surface brightness of the source at the frequency v+ In the Rayleigh-Jeans

limit, hes <= BT, Thus, at low enough frequencies, the brightness temperature of the
source may approach the kKinetic temperature of the radiating electrons. When this
occurs, self-absorption becomes important since thermodynamically the source
cannot emit radiation of brightness temperature greater than its kinetic temperature.

Longair




g i s

Synchrotron Self-absorption

The important point is that the effective temper-
afure of the particles now becomes a function of
their energies. Since v = (v/1g) /=,

Te = (mec?/3k) (v frg) . (40)

For a self-absorbed source, the brightness tem-
perature of the radiation must be equal to the ki-
netic temperature of the emitting particles, T}, =
T, and therefore, in the Rayleigh-Jeans limit,

;= Eﬂgﬂ _ Emg E._EEJE-"EE - EEE_..'EI..-'E
g 32 3H1;2 ©opl/ze
4
(41)

where 2 is the solid angle subtended by the
source, $2 = #<. Speactra of roughly this form are
found at radio, centimetre and millimetre wave-
lengths from the nuclei of active galaxies and
quasars.
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TRANSIENT JETS

GRS 1915+105
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Figure 4. Optically thin (i.e. spectral index o < 0] radio spectma from several radio-bright X-ray binaries which were moed in the
Low (Haml X-ray state at the time of the observations, comparad with the Bat finverted spectra of the seven sonrees in Figs 1 & 4 (Tor
the transients, the later, ie. most inverted . spectra are plotted ). As well as the different spectral indices {the optically thin sources all
have —1 S o 5 —0.2, the sowrce in the Low /Hard stute all have 0.0 < o < 008), note also the much wider range of fuxes observed from
optically thin emission.

Fender et al. 2001, 2004,2006

STEADY JETS
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www.astro.isas.ac.jp/conference/bh2003/program/ppt/20031 029am/KyotoBH2003_Falcke.ppt

The radio-optical spectrum of XRBs

* Radio-to-NIR spectrum is flat

In the hard state.
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RADIO SPECTRUM:
WHY IS IT "FLAT" ?




Voea % 3.2 % 107 sim H(I Muﬂ‘lr'

i-1.

X [E.T x 107 —NL
sin

nE)=KE™,

E )[M = 11ii+ 4

2184 4
E|EI- = 1jid+4)

where K is related to N, the number of electrons per cubic centimeter

Dulk (1985), Ann. Rev. Astronomy & Astrophysics, 23, 183



Blandford & Konigl 1979;
Hjellming & Johnston 1988;
Falcke et al. 1996;

Kaiser 2006;

Pe'er &Casella 2009)

Vbreak

Change of the plasma conditions along the jet:
decay of the magnetic field

change in the electron energy distribution



dependence of the “break” frequency on the changing plasma conditions

along the jet

Blandford & Konigl 1979;
Hjellming & Johnston 1988; Falcke et al. 1996; Kaiser 2006; Pe'er &Casella 2009



www.astro.isas.ac.jp/conference/bh2003/program/ppt/20031029am/KyotoBH2003 Falcke.ppt
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turnover frequency in stellar black holes > blazars ( By;z>>B ,n)



Steady Radio Jet slow velocity

~0.1 ¢

Dhawan et al.
2000

Continuous
conical jet
centered on the

system,
flat radio
spectrum

Compact jets
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Two distinct radio emission states

radio emission _attached to.....................

D 1998 Apr1l Zem

v

and detached from the center

60 AU

: midscsec =

GRS 1915+105

Dhawan et al.
2000

GRS 1915+105
Mirabel .& Rodrigez 1994
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Energy spectra from McClintock & Remillard (2006)

Accretion states
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Distributions in Photon Index
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Radio/X-ray Flux Correlation
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F +0.7
X Corbel et al. (2000,2003)



Radio/X-ray Flux Correlation
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Powerful jets
produced In
iz , _ transition from
: canonical
s s s ] low,/ hard’ to
' o9 ‘high/soft’ states...

luminosity / Eddington

o Fender, Belloni &
] Gallo (2004)

Gallo et al. 2004

| | Gallo et al. 2004

Homan & Belloni
2005

GX339-4

http://www.astro.lsa.umich.edu/Events/Meetings/mctpwww/contrib.html
F ender.ppf



Black Hole States: Statistics

Timescales (days) for state (all BH Binaries)

duration transitions
Steep Power Law 1-10 <1
Low/hard 3-200 1-5

Ronald Remillard



In analogy with solar flares,
magnetic energy is probably
built-up and accumulated over
long time scales and then
dissipated in very short time

On the other hand the removal of
angular momentum via the
steady jet has a dramatic effect

on the overall process of the
accretion process, further
increasing the twist of the
magnetic field and making
magnetic reconnection among
tangled field lines likely to occur.

TRANSIENT

JET
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synchrotron
——— emission

jet

Marscher & Gear
shock-1n-jet model
(1985)

propagating
shock front

Marc
Gallo et Turler's
~1al. 2004 review
New highly-relativistic ~ §
plasma catches up the
pre-existing 5
slower-moving material .that produce

of the steady jet

giving rise to_shocks... the_optically

thin outburst.

Q

RA offset {(arcsec; J2000)


http://isdc.unige.ch/~turler/jets/
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