
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Relativistic jets from stellar black holes

Gallo, E.

Publication date
2005

Link to publication

Citation for published version (APA):
Gallo, E. (2005). Relativistic jets from stellar black holes. [Thesis, fully internal, Universiteit
van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:23 May 2023

https://dare.uva.nl/personal/pure/en/publications/relativistic-jets-from-stellar-black-holes(7542ab14-b7bc-41fc-982d-1a9edb9c1ccd).html


CHAPTER 9

EPILOGUE

9.1 Relativistic jets from stellar black holes: summary

The work presented in this thesis deals with relativistic jets powered by stellar
mass black holes in X-ray binary systems, with the primary aim of quantifying
the jet importance for the overall energetics of the accretion process and as a
source of energy input into the interstellar medium.

The key observational aspect of BHXB jets lies in their synchrotron radio
emission. Such jets appear to come in two types: milliarcsec-scale continuous
jets with flat radio-mm spectra, and arcsec-scale optically thin jets resolved into
discrete plasmons moving away from the binary core with relativistic velocities.
The former type – referred to as ‘steady’ – is persistently detected when the
source X-ray spectrum is dominated by a hard power-law component and shows
little or no evidence for a disc contribution (in the hard X-ray state). The latter
type – referred to as ‘transient’ – is only observed after major X-ray outbursts.

In Chapter 2 we demonstrate the existence of a fundamental coupling be-
tween accretion and the production of steady jets in hard state BHXBs, in terms
of a tight non-linear radio/X-ray correlation of the form Lradio ∝ L0.7±0.1

X . The
correlation extends over more than three orders of magnitude in LX and breaks
down around a few per cent of the Eddington X-ray luminosity for a 10 so-
lar mass black hole, above which the sources enter the ‘soft’ X-ray state, with
some 90 per cent of the X-ray luminosity ascribed to a thin accretion disc. In
this regime the radio emission drops below detectable levels, probably due to the
physical disappearance of the jet. The observed spread to the best-fit relation can
be interpreted in terms of a distribution in Doppler factors and hence used to con-
strain the bulk Lorentz factors Γ of the steady jet (assuming random inclinations).
Employing Monte Carlo techniques, we have shown that in case of little or no X-
ray beaming, the measured scatter in radio power implies Γ <∼ 1.7 for the steady
jets (for which no upper limits were available in the literature). When combined
radio and X-ray beaming is considered, the range of possible jet bulk velocities
significantly broadens, allowing highly relativistic outflows, but implying there-
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CHAPTER 9

fore severe X-ray selection effects. Probably the most notable implication of this
non-linear relation is the predicted existence of ‘jet-dominated states’, i.e. ac-
cretion modes in which most of the liberated accretion power would be carried
away by the radiatively inefficient outflow, rather than being dissipated locally
by the inflow of matter.

In Chapter 3 we argue that the transition from an accretion- to a jet-
dominated regime should occur at LX/LEdd no lower than a few 10−5, thereby
encompassing the whole ‘quiescent’ state – i.e. the overwhelming majority –
of BHXBs. In addition, we show that if the same empirical radio/X-ray corre-
lation holds for neutron star (NS) X-ray binaries too, in combination with the
fact that BHXBs are more ‘radio-loud’ NS X-ray binaries, then quiescent NSs
should be up to two orders of magnitude more luminous in X-rays than quiescent
BHXBs (this is because they would enter the jet-dominated regime at two orders
of magnitude lower accretion rates). Such LX/LEdd ratio is indeed observed;
as a consequence, the relative dimness of quiescent BHXBs compared to NSs
should no longer be interpreted as evidence for the existence of black hole event
horizons.

Remarkably, the same radio/X-ray scaling found for BHXBs holds for su-
permassive black holes in active galactic nuclei (AGN) when a mass term is in-
cluded in the analysis: Merloni, Heinz, Di Matteo (2003) and Falcke, Körding &
Markoff (2004), have proved that accreting black holes (the binaries plus a sam-
ple of some 100 AGN) form a fundamental plane (FP) in the log(Lradio, LX,M)
domain (see Figure 9.1). In Chapter 4 we show that when the AGN FP is pro-
jected in terms of ‘mass-corrected’ Lradio vs. broadband LX, a downturn in the ra-
dio is visible in the same Eddington range where the radio emission from BHXBs
is suppressed, suggesting the presence of a critical regime for the jet formation,
and also pointing towards a mass-independent description of the jet-accretion
coupling.

The FP, for AGN, extends to Eddington ratios as low as ∼10−7, where the
very existence of BHXBs jets remains to be proven, mainly because of sensitiv-
ity limitations on the existing radio telescopes. In Chapter 6 we argue that the
broadband radio spectrum of a ‘quiescent’ stellar mass black hole closely resem-
bles that of ‘canonical’ hard state sources emitting at ∼104 times higher X-ray
levels (and where the jets are actually resolved), suggesting that a steady jet is
being formed down to at least a few 10−6LEdd.

In Chapter 5 we provide definitive evidence for an association between the
transient jets and X-ray outbursts associated with hard-to-soft X-ray state tran-
sitions in BHXBs. Tight radio monitoring of the prototypical system GX339-4
during its 2002 outburst led to the detection of a bright radio flare simultaneous
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Figure 9.1: An edge-on view of the ‘Fundamental Plane of black hole activity’ (FP;
from Merloni, Heinz & Di Matteo 2003; see also Falcke, Körding & Markoff 2004).
The same correlation (within the errors) found to hold in BHXBs (Chapter 2) has
been proven to apply in supermassive black holes when a mass term is included in
the analysis.

with the X-ray peak, followed by the formation of a large-scale optically thin
relativistic jet. From minimum energy arguments, we estimate that the power
content in the transient jet was comparable to that inferred for the steady jet.

In Chapter 7 we address the issue whether the steady and transient jets of
BHXBs have a different origin or are somewhat different manifestations of the
same phenomenon, showing that: i) the power content of the steady and tran-
sient jets are consistent with a monotonically increasing function of LX; ii) the
measured bulk Lorentz factors of the transient jets are systematically higher than
those inferred for the steady jets. Based upon these arguments, the first uni-
fied model for the jet/accretion coupling in BHXBs has been put forward. The
key idea is that, as the disc inner boundary moves closer to the hole (hard-to-
soft state transition), the escape velocity from the inner regions increases. As a
consequence, the steady jet bulk Lorentz factor rises sharply, causing the prop-
agation of an internal shock through the slower-moving outflow in front of it.

163



CHAPTER 9

Eventually, the result of this shock is what we observe as a post-outburst, opti-
cally thin radio plasmon. No emission from the steady jet is detected until the
inner disc recedes once more, in which case a new cycle begins.

Finally, in Chapter 8 we report on the discovery of a jet-blown ring of ra-
dio and optical emission in the field of the 10 solar mass black hole in Cygnus
X-1. The ring provides us with the unprecedented possibility to perform accu-
rate calorimetry of a stellar black hole jet. Applying a fluid model developed
for extragalactic jet sources, we estimate that in order to sustain the observed
ring emission the jet of Cygnus X-1 has to carry a kinetic power that is a siz-
able fraction of the bolometric X-ray luminosity of the binary system while in
a hard X-ray state. This finding has important consequences for low-luminosity
stellar black holes as a whole. As discussed in Chapters 2 and 3, the jet power
of hard state BHXBs scales with the X-ray luminosity in a non-linear fashion,
implying the existence of a critical X-ray luminosity LX below which the power
output from accreting stellar black holes would be jet-dominated. By finding
and measuring the ring of Cygnus X-1, we have established the normalization of
such scaling, confirming that the power output from ‘quiescent’ black holes (if
not the entire hard state) would be dominated by the kinetic power of radiatively
inefficient jets, rather than by the X-ray emitting inflow.

9.2 Future prospects

A number of questions remains open; among others:

• How are jets formed? Specifically: are different jet production mecha-
nisms at work in different types of sources? What is the role of the black
hole spin?
There are reasons to believe that more than one MHD jet launching pro-
cess may occur in galactic and extragalactic jet sources. Meier (2003)
suggests that the Blandford-Payne (BP) mechanism may be responsible
for mildly relativistic outflows, e.g. for steady jets in the hard state of
BHXBs, whereas highly relativistic jets, likely powered by the Blandford-
Znajek (BZ) mechanism, would only be produced at high accretion rate
states, when rapid accretion can press the magnetic field onto the black
hole, e.g. during the very high state or even the high/soft state. The
fact that no core radio emission has ever been detected in the soft state of
BHXBs does not automatically rule out the possibility of an intrinsically
weaker, or an ultra-relativistic (and thus Doppler-dimmed) outflow. Deep
radio observations of soft state BHXBs are needed in order to address this
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issue observationally.
This also brings up the important point of the black hole spin. The effi-
ciency of the Blandford-Znajek mechanism has been put into question by
several authors (e.g. Livio, Ogilvie & Pringle 1999); the main argument
is that the extraction of energy from the black hole through this process
would be at most as efficient as the extraction of energy from the disc it-
self. This could be in favour of a ‘spine-sheath’ structure, i.e. a BZ-driven
leptonic jet embedded in a hadronic BP-driven wind/jet. As a matter of
fact though black holes with similar (inferred) mass and accretion rate can
differ in radio power by large amounts. Jet production mechanisms that
depend upon extraction of black hole rotational energy, therefore, provide
a third parameter that lifts the mass/accretion rate degeneracy and poten-
tially can explain why some sources are radio loud and some are radio
quiet. From an observational point of view, comparing the radio emission
of neutron star X-ray binaries – whose specific angular momenta are nec-
essarily lower compared to the black holes’ – and BHXBs appears as a
mandatory task (even though the neutron stars’ magnetic field could ‘poi-
son’ the comparison).

• What is the causal connection between the presence/absence of jets and
X-ray state transitions in BHXBs?
This is a ‘chicken and egg’ problem; as pointed out in Chapter 7, while jets
are generally considered as ‘symptoms’ of the underlying accretion flow, it
is possible that the reverse may be true; it may be the growth of the steady
jet (via e.g. build up of magnetic field near the black hole) which results
in the hardening of the X-ray spectrum, perhaps via pressure it exerts on
the disc to push it back, or simply via Comptonization of the inner disc
as it spreads. Sparse radio observations of outbursting BHXBs already
indicate that in the phase prior to the outburst peak the jet radio spectral
index seems to ‘oscillate’ in an odd fashion, as if the jet was experiencing
some kind of instability as the X-ray spectrum softens. One possibility
is that, as the disc moves in, the hot Comptonizing region responsible for
producing the hard X-rays is evacuated and loaded in to the jet itself.
Livio, Pringle & King (2003) have recently proposed a model for the disc-
jet connection, in which the inner part of the accretion disc switches be-
tween two states: in one state, the accretion energy is dissipated locally
(some within the disc some within the corona) to produce the observed
disc luminosity. In the second state, the accretion energy is deposited into
the bulk flow of a relativistic jet. The transition between the two states is
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associated with the onset of a global, poloidal magnetic field generated via
a dynamo process (e.g. Tout & Pringle 1996).
Simultaneous radio/X-ray and possibly γ-ray observations of the phase
immediately prior to the luminosity peak during a state transition will pos-
sibly establish a causal connection, if any, between the jet and the hard
X-ray region.

• How ‘fundamental’ is the Fundamental Plane of black hole activity?
The FP of black hole activity (Merloni et al. 2003; Falcke et al. 2004)
appears to tell us that accreting black holes are a three parameter family,
defined by their mass, radio and X-ray luminosity, tracing respectively the
hole size, the jet power output and the accretion flow power output. The
plane unites accreting BHs over nine orders of magnitude in accretion rate
and eight orders of magnitude in BH mass. Thus it can be used as a ‘mass-
gauge’ to address the natural of the putative intermediate mass black holes
by means of radio and X-ray observations.
Testing the plane beyond its current range is the next step to be taken:
this can be done by probing the low luminosity, low-mass corner of the
distribution, i.e. by simultaneous radio/X-ray observations of very dim
nearby black holes. Failure to detect their radio (flying X-ray mission are
typically two orders of magnitude more sensitive than the existing radio
telescopes) counterparts at the predicted levels would indicate that the jet
formation process at low accretion rates may not be scale invariant, in fact
cutting of for some physical reason in relatively low mass black holes at
very low accretion rates, with important consequences for the energisation
of the interstellar medium from BHXB jets (see Fender et al. 2005).

• Is there a relation between the different states of BHXBs and the different
observational appearance of supermassive black holes in AGN?
Theoretically, there should be fundamental similarities between the be-
haviour of accretion flows on to black holes. Typically, BHXB state tran-
sitions occur on timescales of a few days: this translates into timescales
of a few 100 − 105 years when scaled to supermassive black holes. The
one (known) exception is the stellar black hole in GRS 1915+105, where
state transitions occur on timescales of seconds (Belloni et al. 2000), im-
plying 10-1000 days in an active nucleus. Indeed Marscher et al. (2002)
have presented evidence for an association between spectrally hard dips
in the X-ray light curve and subsequent superluminal ejection events in
the AGN 3C120, just as observed in GRS 1915+105 (Klein-Wolt et al.
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2002). Thus it should be really possible to build up a comprehensive,
mass-independent description of the jet/accretion coupling in accreting
black holes on all mass scales, testing whether the different accretion
regimes/radio behaviour of stellar mass objects may correspond to dif-
ferent morphologies in AGN, as if supermassive black holes were ‘snap-
shots’ of stellar black holes, frozen in a given accretion mode for millions
of years. This requires careful estimates of the duty cycles of Galactic
BHXBs, combined with with high resolution X-ray spectra in different
accretion regimes. The comparison shall be extended to X-ray binary sys-
tems in external galaxies.

It is obviously easier to raise such issues than to tackle them.
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