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Black-Hole X-ray binaries

adding further complexity (?) 

- Complex objects, variable on many timescales 

- Complex objects, variable at many wavelengths 

- Complex objects, data sometimes insufficient 

- Complex Physics, models sometimes oversold 

- Complex Physics, sometimes revealed by simple exercises 

the problem of the jet missing energy 

“come ti individuo il getto” (how I tell you where the jet is) 

on the efficiency of the accretion flow

SUMMARY 
(of a highly biased, shallow, subjective and incomplete review)
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a possible geometry for the SOFT state

courtesy of A. Zdziarski
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a possible geometry for the HARD state
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real data

Corbel & Fender 2002
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real data + complex model

Markoff, Falcke & Fender 2001
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steady flat radio jet



and study  this variability, and use it as an exciting new tool to study the physics of astrophysical 

jets.

Fig.2: Average de-reddened energy spectrum  of GX 339-4 (from Gandhi et al. 2011). WISE data points 
are in red; red curves represent the envelope of extreme variations during the WISE observation. The 
near-infrared and optical/ultraviolet points are plotted in orange and radio in green. The optically thin jet 
power law is shown as the solid black line, and 1! fit uncertainties on this slope by the dotted lines. The 
dashed and dot-dashed lines represent the thermal disk and optically-thick synchrotron power laws, 
respectively.

 This field is at its dawn, and the constraints derived from the very first data have been 

obtained with very simple timing techniques, and are affected by possible systematics and key 

interpretative assumptions. Further steps are required to fully harness the method, which include:

- to study the evolution of the above constraint. This will reduce significantly the impact of 

systematics. For example, a different evolution for the break frequency and the time delay  (see Fig. 

1) would have important implications, since both the speed of the jet and its confinement are though 

to be related to the magnetic field at the base of the jet, albeit through different physical processes;

- to define more sophisticated statistical and timing techniques to extract further information from 

the data;

- to make dedicated and focussed theoretical/numerical efforts to explore the possible scenarios and 

quantify the consequences of different sets of assumptions.
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more real data

Gandhi et al. 2010

Black-Hole X-ray binaries

1 day

non flat

non steady



6 Sera Markoff

right “conspiracy” where each region of the jet contributes roughly the same spec-
tral shape, with peak flux occurring lower in frequency the further out in the jet it
originates (see Fig. 1). As a direct result, the photosphere changes in location on the
jet as a function of observing frequency. Such an effect has been empirically tested,
and is known as core shift. The extent of inversion in the radio slope depends on the
exact scaling of density and magnetic field with distance from the launching point,
the radiating lepton particle distribution, the cooling and reacceleration functions,
and the jet dynamics.
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Fig. 1. Schematic illustrating the stratified spectrum and frequency-dependent pho-
tosphere of an idealized, self-absorbed synchrotron jet. Each segment of the jet con-
tributes approximately the same peaked, self-absorbed spectrum that combine to
give the “hallmark” flat total spectrum. A telescope observing at νobs will see the
largest contribution from the segment whose individual spectrum peaks at that fre-
quency, and increasingly smaller contributions from neighboring segments (fluxes of
each segment at νobs indicated by black circles), generally producing an elongated
Gaussian ellipse-like photosphere. The visible jet at a particular frequency is thus
much smaller in scale than the actual jet in the case of high optical depth. Figure
clearer in color (electronic version).

Generally, imaging the jets responsible for detected flat/inverted radio spectra is
challenging because of the optical depth. At a given frequency, one cannot observe
the entire jet but just the photosphere, which will look rather more like a Gaussian
ellipse implying elongation beyond what is expected from, e.g., an accretion flow.
For instruments with very good sensitivity, a deep look at a flat spectrum source will

standard jet model

Blandford & Konigl 1979

Basic assumptions  
n=cϒ-p~r-2 
B(r ) ~ r-1

Basic synchrotron theory 
   νbreak=ν|       ~ r-1

 τν=1
+ => Flat radio 

spectrum

Markoff et al. 2001
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standard jet model

Blandford & Konigl 1979

Basic assumptions  
n=cϒ-p~r-2 
B(r ) ~ r-1

Basic synchrotron theory 
   νbreak=ν|       ~ r-1

 τν=1
+ => Flat radio 

spectrum
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*problem* 

cooling 
is 

missing
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Pe’er & Casella 2009; Casella & Pe’er 2009

if cooling included...no radio emission  
(obviously: the electrons can’t have infinite energy)

We need EXTRA energy  (i.e. electrons re-heating)

Black-Hole X-ray binaries



a possible key ingredient: 
 

variability

Black-Hole X-ray binaries



Internal shocks in jets 395

Figure 1. An illustration of shells in our jet model. If the outer boundary of the inner shell, (j), contacts the inner boundary of the outer shell, (j − 1), a
collision is said to occur. The lateral expansion is due to jet opening angle; the longitudinal expansion is due to the shell walls expanding within the jet. The
illustration is not to scale.

2 T HE M OD EL

Our model is based on the Spada et al. (2001) internal shocks model
for radio-loud quasar. Many modifications, however, have been car-
ried out to make the model more flexible, and applicable to different
scales and scenarios. In our model, the jet is simulated using discrete
packets of plasma or shells. For simplicity, only the jets at relatively
large angle of sight are treated. Each shell represents the smallest
emitting region and the resolution in the model is limited to the shell
size. While the simulation is running, the jet can ‘grow’ with the
addition of shells at the base as the previously added shells move
further down the jet. If the time interval between consecutive shell
injections is kept small, a continuous-jet approximation is achieved.
The variations in shell injection time gap and velocity cause faster
shells to catch up with slower ones, leading to collisions: the internal
shocks, discussed later, are a result of shell collisions. A schematic
of the model setup is shown in Fig. 1: the two conical frusta shown
represent the shells.

2.1 Shell properties

The shell volume is based on a conical frustum (cone opening
angle = jet opening angle, ϕ). As a shell moves down the jet, it can
expand laterally as well as longitudinally (Fig. 1). The adiabatic
energy losses are a result of the work done by a shell in expanding;
implicit assumptions are made about the pressure gradient across
the jet boundary that would result in a conical jet. The emitting
electron distribution is assumed to be power law in nature; each
shell contains its own distribution. The power-law distribution is of
the form

N (E) dE = κE−p dE , (1)

where E = γmc2 is the electron energy, p is the power-law index
and κ is the normalization factor. If the total kinetic energy density
of the electrons, Ek, is known then κ can be calculated for the two
cases of power-law index: p ̸= 2 and p = 2. When p ̸= 2, we have
(with the electron energy is expressed in terms of the Lorentz factor
with mc2 = 1)

Ek = κ

[
1

(2 − p)
(γ (2−p)

max − γ (2−p)
min )

− 1
(1 − p)

(γ (1−p)
max − γ (1−p)

min )
]

, (2)

and for p = 2

Ek = κ
{

[ln(γmax) − ln(γmin)] + [γ −1
max − γ −1

min]
}

, (3)

where the subscripts max and min denote the upper and lower en-
ergy bounds for the electron distribution. The relations given in
equations (2) and (3) can, therefore, be used to calculate the change
in electron power-law distribution when there is a change in the to-
tal kinetic energy density, assuming the power-law index and γ min

are fixed. γ min value throughout the following work is set equal to
unity, while the power-law index is assumed to be 2.1. The electron
energy distribution upper limit, γ max, is initially set to be 106, but
allowed to vary with the energy losses.

A magnetic field is essential to give rise to the synchrotron radi-
ation. In the shells, the magnetic field is assumed to be constantly
tangled in the plasma, leading to an assumption that the magnetic
field is isotropic; hence, treated like an ultrarelativistic gas (Heinz
& Begelman 2000). If the magnetic energy density (EB) is given,
the field (B) can be calculated:

EB = B2

2µ0
, (4)

where µ0 is the magnetic permeability.
Other shell properties include the bulk Lorentz factor, $, and the

shell mass, M. If there is a variation in the $ of different shells
in the jet, then the faster inner shells are able to catch up with the
slower outer ones, causing shell collisions; the shell collisions create
internal shocks, which ultimately generate the internal energy.

2.2 Internal shocks

When two shells collide, a shock forms at the contact surface. Some
of the steps involved in two-shell collision, and the subsequent
merger, are shown in Fig. 2. The collisions are considered to be
inelastic. With many shells present inside the jet, first we need to
calculate the next collision time between two shells: a collision is
said to occur when the outer boundary of the inner shell, Router

j ,
comes in contact with the inner boundary of the outer shell, Rinner

j−1 .
The following relation can be used to calculate the time interval for
two shell collision:

dtcoll =
Rinner

(j−1) − Router
(j )[

βe
(j−1) + βe

(j )

]
c +

[
β(j ) − β(j−1)

]
c

, (5)

where the subscripts j − 1, j denote two consecutive shells, βe is
the shell longitudinal expansion velocity (along the jet axis) and β

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 401, 394–404

IS THE JET POWERED 
BY VARIABILITY  

IN THE ACCRETION FLOW?

Jamil, Fender & Kaiser 2010; Malzac 2013; Drappeau et al. 2014

re-heating from internal shocks  
between discrete shells with different velocity

Black-Hole X-ray binaries



SEEMS POSSIBLE 
(still too much fine tuning)

re-heating from internal shocks  
between discrete shells with different velocity

Black-Hole X-ray binaries

Jamil, Fender & Kaiser 2010; Malzac 2013; Drappeau et al. 2014



we can go and study the variability. 
Does the jet vary? 

Is it correlated with the X-ray variability?

Black-Hole X-ray binaries
hunting for jet fast variability



    IT’S NOT THERMAL   must be a JET

The beautiful 
Brightness Temperature 

argument 

We see variability > 5 Hz 

  Maximum size of the region  
      (< 6 109 cm) 

Amplitude of such variability 

 Minimum IR flux from the region  
      

Assumption: thermal emission 

  Black Body formula gives you X-ray flux 

Check in X-rays. Do you see it?

Black-Hole X-ray binaries

NO!

Casella et al. 2010

more on JET variability 

in TALKS by: 

Federico Vincentelli (these data) 

Maithili Kalamkar (more data!)

FOUND!

hunting for jet fast variability



Complex Physics vs. simple exercises

a word on radiative efficiency
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radiatively inefficient

LR ∝
 LX 

0.6

a word on radiative efficiency
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radiatively inefficient

LR ∝
 LX 

0.6

AGN

a word on radiative efficiency

Complex Physics vs. simple exercises

XBs



Perhaps not that simple…

no clear connection with other properties 
(e.g. BH spin, orbital period, BH mass, ...)

LR ∝ LX 
0.6

outliers

Fender et al. 2011; Soleri & Fender 2011

Complex Physics vs. simple exercises



LR ∝ LX 
0.6

outliers

Fender et al. 2011; Soleri & Fender 2011

radiatively 
inefficient?

radiatively 
efficient?

Coriat et al. 2010

Perhaps not that simple…

Complex Physics vs. simple exercises

more on flux-flux correlations 

in TALKS by:

Federico Vincentelli (in IR, fast) 

Federico Bernardini (in Opt, BH vs. NS)


