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Outline

• The jet depends on the accretion state

• Radio/X-ray correlation

• Black holes

• Neutron stars

• Accretion rates and jet powers

• efficient and inefficient accretion flows

• Towards non-relativitic objects: White dwarfs

• Spin powered jets?

• Summary
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Accretion power

Jet power

White dwarfs

Neutron stars

BH XRBs
Supermassive 
black holes 

(AGN)

Young stellar 
objects (optical)

Accretion and jets

Stellar 
black holes

Images in the radio regime: 
One would expect points, but .... 

Tudose et al. 2008, Sterling et al. 2001, Crocker et al. 2007
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Accretion states in 
black hole X-ray binaries

• All basic parameters of the black hole stay fixed: 
mass, inclination, orbital period etc., except the 
accretion rate.

• Study of the accretion disc/jet system under 
evolution of the accretion rate
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 Jet power depends 
on

 Accretion rate

 Accretion state 
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Körding et al., Science 2008 

Accretion states in stellar accreting objects

Generalized spectral hardness
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XRB Monitoring of the neutron 
star Aql X-1

• Radio jet quenched when going into the 
soft state as in black holes

JACPOT, Miller-Jones et al.
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Radio X-ray correlation

• Tight correlation 
between X-rays and 
radio emision (e.g., 
V404 5 orders of 
magnitude)

• Radio: Jet
X-rays: Corona or 
base of the jet

V404 Cyg in quiescence 5

1999b). In addition, it is worth noting that other black holes
have also shown indication of softening at these intermedi-
ate luminosities (see section 4.3 in Corbel et al. 2006 and
references therein).

Black hole systems at luminosity below 10−4 to 10−5

LEdd may, therefore, enter a quiescent state with different
properties (at least a softer X-ray spectrum) than the hard
state. This is contrary the standard view that the quiescent
state is an extension of the hard state, which has arisen
due to the continuous evolution of some of the X-ray prop-
erties (e.g. timing) at low luminosity (e.g. Tomsick et al.
2004). The quiescent state may be related to new accre-
tion disk properties or other characteristics of the outflow,
e.g. inefficient particle acceleration. Further observations of
black holes during the decay of their outbursts would (as in
Kalemci et al. (2006)) be important to constrain the prop-
erties of the quiescent state.

4.2 Revisiting the radio/X-ray flux correlation in
V404 Cyg

V404 Cyg was the second galactic black hole for which a
strong correlation between radio and X-ray emission was
observed (Gallo et al. 2003). As outlined in section 2.3, we
have reanalyzed some of the data from its 1989 outburst,
allowing us to obtain a more precise estimate of the X-ray
flux during the decay of the outburst, as well as almost dou-
ble the number of pairs of near simultaneous radio/X-ray
fluxes. With the 2003 Chandra/VLA observations and the
2000 Ginga/VLA observations, we are able to provide two
precise and simultaneous fluxes while V404 Cyg was in qui-
escence. This allow us to revisit the correlation found by
Gallo et al. (2003) in much finer detail than before.

For that purpose, we only consider the radio observa-
tions after TJD 7685 (1989 June 8) as a secondary X-ray
and optical re-flare was observed during the decay (see light-
curves in Brocksopp et al. 2004). This ensures that we are
considering observations that are in the hard state, as con-
firmed by the flat or inverted radio spectrum after this date
that is a characteristic of the self-absorbed compact jets
(Blandford & Konigl 1979). In figure 4, we plot the radio
flux density FRad at 8.4 GHz versus the unabsorbed 3–9 keV
flux FX, indicating (as originally observed for V404 Cyg by
Gallo et al. 2003) that a strong correlation between these
two frequency domains is present.

We fit the correlation with a power law of the form
Frad = k F b

X in log-space, taking the uncertainties in both
the measured radio and X-ray flux into account. A fit to all
the data with the measured uncertainties yields k = 4.6±0.3
and b = 0.51 ± 0.02, with a merit function of 102 for
17 degrees of freedom. Thus, there are some deviations
from the power law fit exceeding the uncertainties. We can
parametrise these deviations by adding some isotropic excess
scatter to the data. To obtain a good fit we have to introduce
0.068 dex scatter. With the excess scatter, we find for the fit
parameters k = 4.6 ± 0.4 and b = 0.51 ± 0.03 (in log space,
we obtain log Frad = (0.66 ± 0.04) log F b

X). If we fit the data
without the last two points near quiescence we find the same
fit values albeit with larger uncertainties: k = 4.7 ± 0.6 and
b = 0.51 ± 0.06. The quiescent measurements are consistent
within the uncertainties with the extrapolation of this fit to
the luminous data. A fit using the radio fluxes at 4.8 GHz

Figure 4. Radio flux density FRad at 8.4 GHz versus the un-
absorbed 3-9 KeV flux FX for V404 Cyg for the decay of the
1989 outburst and the recent Chandra/VLA observations in qui-
escence. The straight line is a fit to these data-points with a func-
tion of the form FRad ∝ Fb

X
, with b = 0.51 ± 0.06. The two points

with the lowest fluxes were not included in the fit, but they agree
perfectly with the correlation observed in the decay of 1989 out-
burst.

from Han & Hjellming (1992) instead of 8.4 GHz does not
change the overall index, as one obtain k = 4.0 ± 0.4 and
b = 0.53 ± 0.04.

To test if significant spectral evolution of the source is
responsible for the low correlation index (0.51 compared to
0.7), we also fit the correlation using 1.2 to 37.2 keV X-ray
fluxes. Here, the scatter is slightly larger (0.14 dex excess
scatter) but we find similar fit values as before k = 1.94+0.93

−0.63

and b = 0.52 ± 0.10. The larger uncertainties mainly arise
due to the lower sample size for which 1.2 to 37.2 keV fluxes
are available (only 8 measurements). We therefore do not see
an evolution of the correlation index in the 1.2 to 37.2 keV
energy range.

The correlation observed during the decay of the 1989
outburst therefore holds down to deep in the quiescent state.
Contrary to the behavior observed from GX 339−4 (Corbel
et al. in prep), there is no deviation to the correlation for
V404 Cyg in quiescence, at least when comparing to the
track measured from the 1989 outburst (several tracks are
observed in GX 339−4; Corbel et al. in prep.). This consti-
tutes the best example (almost five decades in X-ray flux)
– to date – for a non-linear correlation between radio and
X-ray fluxes in the hard state of a black hole candidate. We
note that even if the dispersion of the data-points along the
fit in Figure 4 is much smaller than in Gallo et al. (2003),
there is still some fluctuation (quantified with the isotropic
excess) along the fitted line (in log space). This residual devi-
ation may possibly be related to our procedure of estimating
the X-ray fluxes of V404 Cyg (c.f. section 2.3) or possibly
to variation in the absorbing column density as observed by
Ginga (Oosterbroek et al. 1997; Życki et al. 1999a,b). The
latter is more likely as some fluctuations were also observed
at radio frequencies (Han & Hjellming 1992).

Our measured power law index of b = 0.5 is significantly
lower than the usual value of b ∼ 0.7 (Corbel et al. 2003;
Gallo et al. 2003) (but it is consistent with the value of 0.7
± 0.2 measured by Gallo et al. (2003) using only data from

Gallo et al., 2003, Corbel, EK, Kaaret 08
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The neutron star case

• Neutron stars also 
show correlated 
radio/X-ray fluxes

• Slope and 
normalization 
different (NS have 
1.4 vrs 0.6-0.7 for 
BHs)

• Neutron stars a 
less radio loud for 
a given X-ray flux 

Neutron stars’ jets 7

BHs

NSs

Soft state     Very!High state
(Steep Power!Law state)

Hard state
(Thermal state)

Figure 3. Radio (8.5 GHz) luminosity as a function of X-ray (2-10 keV) luminosity for NS and BH XRBs: GX 339-4 in hard state (open circles), transient
BHs (open squares), atoll sources steady in a hard or soft state (filled circles), MXB 1730-335 during a soft outburst (filled squares), and Z sources (filled
triangles).

the radio emission from the millisec X-ray pulsars is presented in
Migliari, Fender & van der Klis (2005), in which it is suggested
that they may be slightly less radio-loud than other atoll sources as
a result of a generally higher surface magnetic field (Chakrabarty
2005).

The high-magnetic field NSs (X Per and 4U 2206+54) have
not been detected in the radio band. The radio upper limits are still
consistent with the radio/X-ray luminosity expected extrapolating
the correlation for atoll sources to lower X-ray luminosities. This in
fact means that we cannot confidently state that the high-magnetic
field NS are significantly fainter in the radio band than ‘normal’
atoll sources, when at relatively low (< 10−2 Eddington) lumi-
nosities.

3.2 Neutron stars vs. black holes

Is the ‘fundamental plane of BH activity’ also a fundamental plane
for NSs? Put in another way, is the X-ray : radio coupling in accret-
ing black holes related exclusively to the properties of the accre-
tion flow, or also to some property unique to black holes? Clearly
we may attempt to address this question by comparing the X-ray :
radio coupling in NS XRBs with that of BH in XRBs, and AGN.

Observationally, there are clear qualitative similarities in the
disc-jet coupling between neutron stars and black holes (see Fig. 3
and Fig. 4):

• below a certain X-ray luminosity, in hard X-ray states (i.e.

LX < 0.1 × LEdd), both classes of objects seem to make steady,
self-absorbed jets (caveat very poor measurements of radio spectra
in the case of NSs) which show correlations between LX and LR.
• at higher X-ray luminosities, close to the Eddington limit,

bright, optically thin, transient events occur (specifically associated
with rapid state changes).

These similarities indicate that the coupling between the jet
and the innermost regions of the accretion disc does not depend (at
least entirely) on the nature of the compact object, but it is related
to the fundamental processes of accretion in strong gravity.

However, there are quantitative differences in the disc-jet cou-
pling also:

• The neutron stars in the hard state appear to show a steeper
dependence of LR on LX , also with a lower normalisation in LR.
• The neutron stars do not appear to show anywhere near as

much suppression of radio emission in steady soft states as the
black holes

We performed a Kolmogorov-Smirnov test on the ratios be-
tween LX and LR in the two XRB systems, to check if the BHs
and NSs X-ray/radio luminosities are drawn from the same distri-
bution. The null hypothesis that the data sets are drawn from the
same distribution is ∼ 10−3 for the observations in the hard state
only (i.e. GX 339-4 vs. 4U 1728-34 and Aql X-1) and ∼ 10−5 us-
ing the whole sample. This indicates clearly a different dependence
of LR over LX in the two systems.
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woensdag 13 oktober 2010



 
• Conical jet
• Superposition of self-absorbed 

synchrotron spectra at different 
positions of the jet yields a flat 
spectrum

• Flat spectrum flux does not 
depend on mass, only on power

• Most other components depend 
on mass, e.g., disc
• Multi-wavelength needed

Blandford & Koenigl 1979, Falcke et al. 1995
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Steady spectrum of a scale invariant jet
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• Radio luminosity follows the analytical 
prediction

• Difference of radio luminosity between 
neutron stars and black holes may be a 
factor 2.5 (without boundary layer)

• Jet power for a given accretion rate 
similar for black holes and neutron 
stars (Spin powered jets? No) 

• Radio can be used as a tracer of the 
accretion rate

Plot shows objects with known 
accretion rate

NSs BHs

Körding et al. 2007

Empirical evidence for this model
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• Accretion rate measured via radio 
luminosity

• Neutron stars + intermediate 
state black holes: 
	


efficient accretion disk

• Hard state black holes:
	


inefficient flow as expected

• Radio/X-ray correlation (Gallo et 
al.) translates to quadratic scaling 

Inefficient accretion flows for 
black holes

Körding et al. 2007
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Merloni et al. 2003, Falcke, Körding, Markoff 2004, 
Körding et al. 2006 

Radio

X-rays

X-rays

Mass

Edge-on projection of the plane

Connecting X-ray binaries and AGN:
The fundamental plane of accreting black holes
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 Fundamental plane can be 
reformulated using accretion 
measure:



Körding et al. 2007

Inefficient accretion in AGN 
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15 mas steady jet (VLBA)

●  Accretion measure yield upper limit on the total jet power! 
●  Lower limit from the jet inflated “Bubble” for Cyg X-1  and 

other measures of kinetic jet power. This gives:

Jet power limit from Cyg X-1
Gallo et al. 2005
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15 mas steady jet (VLBA)
70 mas transient jet (MERLIN)

●  Accretion measure yield upper limit on the total jet power! 
●  Lower limit from the jet inflated “Bubble” for Cyg X-1  and 

other measures of kinetic jet power. This gives:

Jet power limit from Cyg X-1
Gallo et al. 2005
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15 mas steady jet (VLBA)
70 mas transient jet (MERLIN)

5-arcmin jet-blown bubble (WSRT)

●  Accretion measure yield upper limit on the total jet power! 
●  Lower limit from the jet inflated “Bubble” for Cyg X-1  and 

other measures of kinetic jet power. This gives:

Jet power limit from Cyg X-1
Gallo et al. 2005
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 At low luminosities the jet 
power completely dominates 
the radiated power

 Radiated power depends 
quadratically on the 
accretion rate:

 Jet has a linear dependence:

Körding et al. 2007

Jet dominated accretion flows

Jet dominated

PJ =
1

2
ηṀc2

Jet power
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Körding et al., Science 2008 

Accretion states in stellar accreting objects

Generalized spectral hardness
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Optical: AAVSO (Templeton)  Radio: Körding, Rupen, Knigge, Fender, 
      Dhawan, Science 2008 

Application: Cataclysmic variables have jets

• Cataclysmic variables (a 
type of accreting white 
dwarfs) have been used as a 
counterexample to universal 
jet emission

• Through analogy with X-ray 
binary evolution: 
Reproducible and variable 
radio emission (a tracer of 
the jet)

Light-curve of the cataclysmic variable SS Cygni
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Back to black holes

• Radio/X-ray 
correlation does not 
have a single track

• one track with 0.6

• one consistent 
with slope1.4 (like 
the neutron stars)

8 P. Soleri et al.

Swift J1753.5-0127
Swift J1753.5-0127 3! upper limits

1E1740.7-2942

4U 1543-47

A0620-00

GRO J0422+32
GRS 1758-258

GS 1354-64
GX 339-4
GX 339-4, 3! upper limits

IGR J17497-2821, 3! upper limits

XTE J1118+480

XTE J1550-564
XTE J1550-564, 3! upper limits

XTE J1650-500

XTE J1720-318, 3! upper limits
XTE J1720-318

V404 Cyg

Swift J1753.5-0127

detections
3! upper limits

Outliers, from Gallo (2007):

Data used in Gallo et al. (2006):

H 1743-322, from Jonker et al. (2010) and
McClintock et al. (2009):

b
G06

~0.58

b~1.0 b~1.4

Figure 3. The BHCs sample of Gallo et al. (2006) and Gallo (2007), with the addition of the Swift J1753.5-0127 data (red points).
We also included data from the BHC H 1743-322, recently reported in McClintock et al. (2009) and Jonker et al. (2010). The X-ray
scaled fluxes from McClintock et al. (2009) and Jonker et al. (2010) have been measured in the energy bands 2-20 keV and 0.5-10 keV,
respectively. The dashed line is the fit to the Gallo et al. (2006) data, a non-linear relation of the form Sradio = k(SX)b (kG06 = 224.72
and bG06 = 0.58 ± 0.16) where Sradio is the scaled radio flux density and SX is the scaled X-ray flux. The dashed-dotted line and the
dotted line represent the best-fit limits to the Swift J1753.5-0127 data, two non linear relations with b ∼ 1.0, k ∼ 13 and b ∼ 1.4, k ∼ 6,
respectively. Following Gallo et al. (2003) and Gallo et al. (2006), all the fluxes have been scaled to a distance of 1 kpc.

averaged at the position of Swift J1753.5-0127 to derive a
single flux density measurement for each full track.

2.3 OIR/ultraviolet data

2.3.1 SMARTS data

We observed Swift J1753.5–0127 using the 1.3 m tele-
scope located at Cerro Tololo Inter-American Observatory
(CTIO) with the ANDICAM instrument (DePoy et al.
2003). ANDICAM is a dual-channel imager with a dichroic
that feeds an optical CCD and an infrared (IR) imager,
which can obtain simultaneous data in one optical band (B,
V, R or I) and one IR band (J, H or K). Simultaneous I-
and H-band images of Swift J1753.5–0127 were obtained be-
tween 2007 July 09 – 2007 September 23 (this time interval
is marked in the upper panel of Figure 1). Standard flat-
fielding and sky subtraction procedures were applied to each
night’s data, and the internal dithers in the infrared were
combined as described in Buxton & Baylin (2004). Differen-
tial photometry was carried out each night with a set of ref-
erence stars in the field. Intercomparisons between reference
stars of similar brightness to the source suggest a precision
of < 0.02 mag in I and ∼ 0.03 mag in H. Calibrations to the
standard optical and IR magnitude system were carried out
using USNO and 2MAHSS stars present in the field of view
of Swift J1753.5–0127.

The observed magnitudes were converted into spectral
flux densities using E(B − V ) = 0.34 ± 0.04 (Cadolle Bel
et al. 2007), assuming a ratio of total to selective extinc-
tion, Rv = 3.1 (Rieke & Liebofsky 1985), and the extinction

law of Cardelli, Clayton & Mathis (1989). The uncertainty
on the optical extinction dominates over the intrinsic er-
rors (see e.g. Hynes et al. 2002 for a discussion). The de-
reddened flux densities obtained from the SMARTS obser-
vations which have been used to test the OIR/X-ray correla-
tion are reported in Table 3. A complete log of the SMARTS
observations is reported in the appendix (§A) in Table A2.

2.3.2 Swift/UVOT data

Swift/UVOT observed Swift J1753.5-0127 on 2007 July
08 (Obs.ID 00030090045) with the filters UVW1 (2600Å),
UVM2 (2246Å) and UVW2 (1928Å). UVOT observations
contain gaps (as the XRT ones), so for each filter we added
all the intervals in order to get one event file per filter. Using
the standard HEASOFT tasks we extracted the following
fluxes: (1.02 ± 0.03) × 10−15 erg cm−2 s−1 Å−1 (UVW1),
(7.63 ± 0.32) × 10−16 erg cm−2 s−1 Å−1 (UVM2) and
(1.20±0.03)×10−15 erg cm−2 s−1 Å−1 (UVW2), that corre-
spond to 16.47±0.03 mag, 16.94±0.05 mag and 16.63±0.03
mag, respectively.

3 RESULTS

Figure 1 shows, with the same time scale, the X-ray and
radio light curves of Swift J1753.5-0127. The time interval
in which we also had OIR observations is marked with a
horizontal line. The peculiar morphology of the X-ray light
curve has already been discussed in §1.1. VLA and MER-
LIN sampled intensively the first part of the outburst, in

Soleri et al 2010, Coriat et al. 2010
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Efficient hard state black holes?

• Slope of 1.4 expected if 
one has an efficiently 
accreting object (like 
neutron stars)

• Hard state objects are 
thought to be inefficient 
accreters!

• But - if true - why are there 
inefficient and efficient 
black holes?

0.6
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track 1.4
efficient track

nearly flat, 
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Black hole spins: 

Two techniques: 
relativisic lines                      Accretion disc fittingMeasuring BH spin I. Relativistic lines 

Cyg X-1 
Stirling et al.‘01!

GRS1915+105 
Mirabel et al. ‘94 

1E140.7-2942  
Mirabel et al. al ‘99!

SS433 
Blundell et al. 2004 

Fabian et al 2000!
!obs/!em!

Measuring BH spin II: Thermal state 
fitting 

ASCA: 1.2-10 keV RXTE: 3-25 keV 

a* = 0.988 
L/Ledd = 0.18 

a* = 0.994 
L/Ledd = 0.21 

2                         5             
Energy (keV)                     

5               10              20     
Energy (keV)                    

Fl
ux

 

Fl
ux

 

e.g. GRS1915+105, McClintock Shafee & Narayan 2006!compare talk by R. Narayan
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Jet power dependence on spins IHard state: steady jets 
Reflection ! ! !Disk!

Fender Gallo Russell 2010!

Compact Jet

Fender, Gallo, Russell 2010

Reflection fits Disc fits

“radio normalization”: measure of the jet power after the 
effects of accretion rate taken out
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Jet power dependence on spins II
State transitions: Transient jets 

Reflection ! ! !Disk!

Fender Gallo Russell 2010!

Rapid ejections

Reflection fits Disc fits

Fender, Gallo, Russell 2010
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Spinning black holes power jets?

1. One or more methods used for measuring spin 
are in error

2. One or more methods used for measuring jet 
power /velocity are in error

3. Jet power and/or velocity are not related to BH 
spin! (at least its not the dominat factor after 
accretion rate and mass)

• Also supported by the fact that NS and BH 
produce the same jet power for a given 
accretion rate (EK et al. 2006)

Fender, Gallo, Russell 2010
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Summary

• Jets are an important aspect of accretion in general

• The main parameters of jets and accretion are the accretion 
rate and accretion state as well as the mass and size of the 
compact object

• Are spins not important at all or are we unable to estimate 
them?

• For most of the parameter space and the majority of all 
sources one finds inefficient accretion which is dominated by 
the jet power
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