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introduction



jets are everywhere

and strongly related 
to accretion 

Many open questions:
•Jets: formation, SED, power, feedback ?
•Physics on different scales, coupling ? 
•Scaling laws, universality (NS, WD,, AGNs,…) ?



jets in black 
hole transients

u n i f i c a t i o n



two flavors of relativistic jets on 
two very different scales !!!!

Compact, self-absorbed jets 
(on mas scale = 10s a.u. ).

Stirling et al. 2001 Mirabel et al. 94

Discrete ejections events 
(superluminal, ~ ballistic).

+ long term action of the jets on the ISM: lobes, hot spots... 

Few mas = few 10s a.u 

Few arcsec= few 10 000s a.u 



X-ray evolution (energy 
spectrum + power 
spectrum): different states

Hardness Intensity 
Diagram: hardness = ratio 
of counts in 2 different 
bands (model independent)

Disc Fraction Luminosity 
Diagram (DFLD) : 
hardness = non thermal 
power-law/total flux. 
Allows comparison between 
different populations. 
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X-ray hardness

Luminosity 
(Eddington un.) 

<10-6

~0.01

~0.1

~1.0

Quiescence
soft 
spectrum

hard 
spectrum

HID

Jet emission 
quenched in soft 
state (up to / 700) . 

Compact jets in 
the hard state

Major radio flare(s)= 
Transient jets

Unified model of: 
Fender et al. 04 
Corbel et al. 04

Origin of the major flare ???? 
Internal shocks (Fender et al. 
04) or ejection of the 
«corona»  (Rodriguez et al. 03) ? 

the unified model



unification in galactic 
compact objects

Jets in Aql X-1or CH Cyg (Miller-Jones 
et al. 2010, Crocker et al. 2007)

Koerding et al. 2008

A uniform scheme in accreting 
galactic system 



compact jets in 
the hard state

Hard stateSoft state

Transition



 the compact jets
One important new element in the game from the last ~ 
decade  (Corbel et al. 00, Fender 01). Not only the 
transient jets!

Flat or slightly inverted radio spectra from radio up to 
near infrared: overlapping synchrotron self-absorbed 
spectra (we see emission from region with τ < 1 at 
different frequencies) à la Blandford & Konigl (1979)

Spectral break in mid-IR to near-IR : provide jets 
radiative luminosity (Corbel & Fender 2002, Rahoui et 
al. 2011, Gandhi et al. 2011,). 

Compact in size, but can be quite powerful , possibly 
more than 20% of the accretion power. Radio IR

⌧(⌫) = f(l, ⌫)

l

Image: H. Falcke

BH:  GX 339-4: Corbel & Fender  2002

NS: 4U 0614 (Migliari et al. 2006)



More spectral break 
evolution 

Russell et al. 2013



Corbel et al. 2013b



typical sed of bh in the hard 
state

Sn

Jet

Disc

Radio mm IR Opt. UV X Gamma

ν

Break frequency

“Corona”

Figure: M. Coriat
or ? Falcke et al. 2004



r/x correl. state of 
the art

Corbel et al. 2013a



Corbel et al. 2013a

the most up to date version of 
the r/x correlation 

Properties of the outliers ?  The odyssey of H 1743-322 over the course of 
seven outbursts ⇒  Steeper slope: 1.4 instead of 0.6 (Coriat et al. 11).
Transition:  now also MAXI J1659-152 (Ratti et al. 12) & XTE J1752-223 
(Jonker et al. 12). 

‘‘Standard’’ correlation LR∝
LX
0.6

Outliers

Radio

X-ray

Incl. new data of GX 339-4 over 
15 years and  multiple 
outbursts: very stable correl. 
(Corbel et al. 2013a). Hard S.
Quiescent BHs consistent with 
«standard» correl.
More and more sources below 
the std correl: the «outliers».  
(Corbel et al. 04, Coriat et al. 
11, Gallo et al 12.) 
Transition between 2 groups:  
Outliers move back to the std 
correlation @ low flux

Transition



Outliers = X-ray loud ⇒  Origin of the dichotomy: ≠ X-ray 
mechanisms have ≠ radiative efficiency. 

Possible to explain the 1.4 
correlation index with models 
such as LHAF, ADC, hot-JED. 

Transition = possible switch 
LHAF to ADAF like, due change in α parameter (henceforth m dot 
critical in LHAF) for different sources (Xie & Yuan 2012)
Outliers = radio faint. Origin of the dichotomy related to jet properties. 
⇒                          (e.g. Falcke & Biermann 95).  If fj variable for 
outliers(e.g.                ) then X-ray emission for both population could 
still be related to radiatively inefficient accretion flow in the hard state. 

interpretation of the 
correlationS
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fundamental plane 
of bh activity

Plotkin et al. 2011                                             



prospect with the ska

Corbel et al. 2014

Quiescence Hard Soft

SKA: probing a significant fraction of the whole outburst duration for 
almost all BHs in our Galaxy

All flaring transient BHs accessible in the local Universe (possibly also up 
to Virgo @ 15 Mpc)

We still need an active 
sensitive X-ray monitor

ThunderKAT will start 
in 2017 



he emission from 
the jets of v404 

cyg

Hard stateSoft state

Transition



Search for HE gamma 
rays from V404 Cyg

Variability analysis MJD 57140 - 57225
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Gamma rays detected 
from V404 Cyg ?

Peak flux = (2.3±0.8) x 10
-6

 ph cm
-2

 s
-1

 

or L(>100 MeV) ~ 2 x 10
35

 erg s
-1

Photon spectrum very soft dN/

dE~E
-3.5±0.8

TS~15.3 not significant on its own to 

claim a detection but association with 

period of brightest radio/ X-ray 

activity followed by marked change in 

MWL properties makes it compelling

Loh et al. 2016, MNRAS, 462, L11

AMI 16 GHz 

GeV

X-rays

optical

K. Mooley & col.

22
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taping rotation 
energy from bh ?

Pair production (opacity) implies GeV away in jets. 

Spin of black hole a>0.98 from reflection spectrum 
(Walton et al. 2016).

Gamma rays only for magnetically-arrested disks 
(MAD, McKinney et al. 2012) tapping BH rotational 
energy (Blandford & Znajek 1977)

Accumulation of poloidal magnetic flux in inner 
region close to BH. 

Destruction of MAD by accretion of B opposite 
polarity: X-ray state changes  ?  (Dexter et al. 2014)

Gamma-ray flux variability & mildly relativistic 
ejection as MAD destroyed & rebuilt (O’Riordan+ 
2016a)

Bright gamma-ray emission from jets after ejection

10 O’ Riordan, Pe’er, & McKinney

Fig. 8.— Non-MAD model spectra calculated with (Rd, Rj) =
(10, 3). The top panel shows the spectrum with Ṁ = 10≠6ṀEdd,
while the bottom panel has Ṁ = 10≠5ṀEdd. Synchrotron emis-
sion and scattering from the disk dominate most of the spectrum.
Similar to the MAD case, the high-energy “-ray emission above
≥ 1022 Hz is due to scattering in the jet.
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Fig. 9.— Optical, X-ray, and “-ray variability during a global
magnetic field inversion. These lightcurves were calculated with
Rd = 10, Rj = 3. The “-ray luminosity varies by nearly two orders
of magnitude, and the ratio of the “-ray to X-ray luminosities,
L“/LX , varies such that L“/LX > 1 in the steady BZ jet and
L“/LX < 1 during the transient outburst.

netosphere and disk exhibit significant quasi-periodic os-
cillations (QPOs) in dynamical quantities including the
mass density and magnetic energy density. These QPOs
result from instabilities at the jet-disk interface and
strongly a�ect the jet dynamics. The e�ects on the jet
can clearly be seen in Figure 1 as density enhancements
in the funnel region.

Shcherbakov & McKinney (2013) tested the observabil-

Fig. 10.— Lightcurves at 1015 Hz, 1019 Hz, and 1023 Hz corre-
sponding to synchrotron from the disk, synchrotron from the jet,
and scattering from the jet, respectively. These were calculated
with Rd = 10, Rj = 3.

Fig. 11.— Power spectral densities for the lightcurves shown in
Figure 10.
ity of the QPOs in the context of Sgr A* for synchrotron
emission at submillimeter wavelengths. In the present
work, we investigate the detectability at higher frequen-
cies in the case of XRBs, and extend the previous analysis
to include Comptonization. The lightcurves in Figure 10
show variability at 1015 Hz, 1019 Hz, and 1023 Hz, dur-
ing a quasi-steady period of the MAD simulation (i.e.,
well after t ¥ 8000rg/c). In Figure 11, we show the
power spectral density of these curves. We find that the
lightcurves are very noisy and show no clear QPO signal.
The lack of a clear QPO signal with Comptonization is
an interesting result, and could have important implica-
tions for future e�orts aimed at detecting QPOs at high
frequencies.

4. SUMMARY AND DISCUSSION

In this work, we calculated the spectrum of a RIAF
in the context of the low/hard state in XRBs, with the
goal of identifying high-energy signatures of jets in these
systems. We investigated both MAD and non-MAD
RIAFs, and find the following observational signatures
of jet emission: (i) A significant peak in the “-rays at

O’Riordan et al. 2016a+b
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state transition 
and the unified 

model

Hard stateSoft state

Transition



transient jets

Yang et al. 2010, 2011

Miller-Jones et al. 
2011Mirabel & Rodriguez 1994

Fender et al. 1999



jets interaction with 
the ism

Origin of the event = big flare during the 1998 outburst

Jets deceleration + Particles re-acceleration up to TeV energy. 
Synchrotron X-rays. Few more cases now. 

XTE J1550-564 Western jet
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evolution of the jet 
 March 11 2002

0ct. 23 2003
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 Sept 24 2002

 June 28 2003

0ct. 23 2003

 June 19 2002

 Sept 24 2002

 June 28 2003

 XTE J1550-564  western jet

0ct. 23 2003

 Sept 24 2002

 June 28 2003
0ct. 23 2003

 June 28 2003

0ct. 23 2003

 June 19 2002

 Sept 24 2002

0ct. 23 2003

 XTE J1550-564

 western jet

16 Migliori G. et al.

Fig. 3.— Comparison between the X-ray morphologies of the eastern and western jets: in the left panel, the smoothed Chandra ACIS-S
image of the eastern jet observed September 11th 2000 and on the right panel the western jet observed on January 28th, 2003.
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Fig. 4.— Longitudinal profiles of the western X-ray jet in the 0.3-8 keV energy range for the five Chandra detections, using a bin size
of 0.2500. The dashed red line is the profile of XTE J1550-564 at the same epoch, which has been shifted and re-normalized to match the
western X-ray jet peak. The vertical solid orange line and dashed cyan line mark the positions of the peak and of tail, respectively, at the
epoch of the first detection.
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peaktail

vapp vapp

Formation of a receding X-ray tail & 
polarized radio emission: signature of 

particle acceleration process in action. 
Direct obs. of reverse shock ?  

Chandra: 0.3-8 keV
0.3-8 keV

0.3-8 keV

 western jet
May 2002

 western jet

The evolving polarised jet of Swift J1745−26 9

Figure 4. Schematic of the various magnetic field (B) geometries, electric vector position angles (EVPA) and bulk motions (represented
by arrow orientation and size) discussed in section 3.2. Top: the basic magnetic field geometry along the jet and at the ejecta shock front
due to compression. Bottom: four possible geometries due to i) a helical field, ii) lateral expansion and compression, iii) velocity shear
and iv) bow shock. All these may cause a dominant magnetic field orientation, and hence EVPA, that may deviate significantly from
that expected in the simplest geometry.

along the shock front to illuminate the jet-aligned mag-
netic field behind the shock (Dreher et al. 1987). These field
variations can also explain increases (or decreases, depend-
ing on magnetic field direction) in the measured RM at
late times. Such spatially dependent magnetic variations
have been directly imaged and resolved by interferometry
in both LMXBs (e.g., Miller-Jones et al. 2008) and, more
commonly, AGN (e.g., Lister & Homan 2005; Gómez et al.
2008; Homan et al. 2009), but it is not possible to do so for
the unresolved jets of Swift J1745−26.

3.3 Flare energetics

While there are 3 clear peaks in the 5 and 5.5GHz light
curve at MJD ∼ 56195, ∼ 56214 and ∼ 56233 (Figure 1), we
identify only the last as a flare, or discrete ejection event,
because of its optically-thin spectrum and high fractional
polarization. Using the approximations and formulation of
Fender (2006), and assuming equipartition (i.e., the energy
is approximately equally divided between emitting electrons
and the magnetic field), the minimum internal energy re-
quired to launch a discrete flaring event is

Emin ∼ 7× 1039
(

∆t
d

)9/7
( ν
GHz

)2/7
(

Fν

mJy

)4/7 (
d

kpc

)8/7

erg,

where ∆t is the rise time and d is distance to the source. The
related mean power of the ejection event is Pmin = Emin/∆t,
the magnetic field strength at minimum energy is

Beq ∼ 2

(

∆t
d

)−6/7
( ν
GHz

)1/7
(

Fν

mJy

)2/7 (
d

kpc

)4/7

mG,

and the corresponding Lorentz factor of the synchrotron
emitting electrons is

γe ∼ 950
( ν
GHz

)1/2
(

B
mG

)−1/2

.

Because of the approximately linear dependency (Emin ∝

d1.14), the unknown distance to this source (see section 3.4)
will only have a modest effect when calculating the min-
imum energy. For a rise time of 1.83 days and distances
in the range 5 to 8.5 kpc, we find Emin ∼ 1042 erg and
Pmin ∼ 1037 erg s−1, which imply an equipartition magnetic
field strength of ∼ 10mG and emitting electrons of Lorentz
factors, γe ∼ 650. Without constraints on the bulk motion
(i.e., bulk Lorentz factor, Γ) of the ejecta, we cannot correct

Curran+2014

Shock-compressed B-field

Migliori, Corbel et al., to be submitted



jets’ dynamics

28

east jet

west jet

18 Migliori G. et al.

Fig. 7.— Fit of the radio spectrum of obs17 (upper panel) and obs18 (lower panel). The flux densities are reported in Table 1.

Fig. 8.— Natural weighted ATCA map at 8.6 GHz of the field of XTE J1550-564 on 2001 February 9 and 20. Crosses
indicate the position of XTE J1550-564 (center), the eastern (left) and western (right) jets. Contours are plotted at �3,
3, 4, 5, 6, 7, 9, 11, 13, 15, 18, 21, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 times the rms noise level of 0.035 mJy beam�1.
The synthesize beam (lower right corner) is 12.8⇥10.5 arcsec2.

17

Fig. 5.— Comparison between the X-ray and radio morphologies of the western jet. The X-ray images are for the 0.3-8 keV band, the
overlaid radio contours are for the closest-in-time ATCA observation at 8.6 GHz (in green) or 4.8 GHz (in cyan). The contour levels are 3,
4, 5, 7, 9, 11, 13, 15, 18, 20, 25, 30, 35, 40 the rms noise level.
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Fig. 6.— Upper panel: radio lightcurves at 8.6 GHz (red points), 4.8 GHz (blue squares), 2.5 GHz (green diamonds) and 1.3 GHz (yellow
triangles) of the western jet of XTE J1550-564. The dotted vertical line marks the observed re-flare at 8.6 GHz. Lower panel: radio spectral
indexes, ↵r: the black solid dots are the ↵r obtained by fitting of the radio (3 or 4 frequencies) SED, the empty dots are derived from the
4.8 to 8.6 GHz spectrum.
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Figure 2: Obs. 10, 11, 16: 3 cm (left panel), 6 cm (right panel).
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Figure 2: Obs. 10, 11, 16: 3 cm (left panel), 6 cm (right panel).
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Figure 4: Obs 21+22, 23, 24: 3 cm (left panel), 6 cm (right panel).
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Figure 1: Obs. 3, 4, 8+9: 3 cm (left panel), 6 cm (right panel).
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Figure 3: Obs. 17, 19, 20: 3 cm (left panel), 6 cm (right panel).

3

Figure 4: Obs 21+22, 23, 24: 3 cm (left panel), 6 cm (right panel).
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beginning of the deceleration phase

Migliori, Corbel et al., to be submitted

•Broadband emission most-likely of synchrotron origin;
•Evidences of spectral changes over 1.5 yrs: multiple sites of particle 
acceleration?

•Chromatic flux decay: faster in radio than in X-rays;
•Jet motion consistent with the jet-in-a cavity model
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Fig. 7.— Fit of the radio spectrum of obs17 (upper panel) and obs18 (lower panel). The flux densities are reported in Table 1.

Fig. 8.— Natural weighted ATCA map at 8.6 GHz of the field of XTE J1550-564 on 2001 February 9 and 20. Crosses
indicate the position of XTE J1550-564 (center), the eastern (left) and western (right) jets. Contours are plotted at �3,
3, 4, 5, 6, 7, 9, 11, 13, 15, 18, 21, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 times the rms noise level of 0.035 mJy beam�1.
The synthesize beam (lower right corner) is 12.8⇥10.5 arcsec2.
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Figure 2: Obs. 10, 11, 16: 3 cm (left panel), 6 cm (right panel).
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Figure 4: Obs 21+22, 23, 24: 3 cm (left panel), 6 cm (right panel).
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Figure 1: Obs. 3, 4, 8+9: 3 cm (left panel), 6 cm (right panel).
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Figure 3: Obs. 17, 19, 20: 3 cm (left panel), 6 cm (right panel).

3

Figure 4: Obs 21+22, 23, 24: 3 cm (left panel), 6 cm (right panel).
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conclusions
Compact jets in the hard state: a universal radio/X-ray correlation ⇒ 
diagnostic of emission processes. Similar coupling in AGNs (low m 
dot). 

Nature of the «outliers» = a radiative efficient flow in the hard state  ? 
Extension to AGNs ?

Transients jets in all XRBs (low B, you need a disc): uniform jet line.  
Questioning the role of central object in jet formation (BH spin, 
potential well, GR ) ? 

Jets feedback on the ISM: particles re-acceleration. Direct 
observations of a reverse shock in XTE J1550-564 ? 

 High energy emission now observed in jets  with Fermi/LAT ! 

New prospects for transients with the SKA !! But needs all sky X-ray 
monitor. 


