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Multi-wavelength variability:
Accretion and Ejection onto BHs

at the fastest timescales
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Piergiorgio Casella Accretion/Ejection at the fastest timescales

/ 29

ESA - Jun 2013

2

accreting BHs (X-ray binaries)
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BH X-ray binaries

Expected and observed
fast variability
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Light crossing 0.3 ms

Dynamical 1 ms

Thermal 0.1 ms

Viscous 1 s

characteristic timescales

Assuming M ~ 10 Msun , α~ 0.1 ,    ~ 0.1 , r ~ 6rg
_h
r

BH X-ray binaries

Expected and observed
fast variability

figure of merit:
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AGN   vs.   BHXBs

Timescale 10 Msun 108 Msun

Light crossing 0.3 ms 3000 s

Dynamical 1 ms 10 ks

Thermal 0.1 ms 1000 s

Viscous 1 s ~100 day

e.g. GX 339-4 e.g. NGC 7213

Characteristic Timescales

Assuming α~ 0.1 ,    ~ 0.1 , r ~ 6rg
_h
r



Piergiorgio Casella Accretion/Ejection at the fastest timescales

/ 29

ESA - Jun 2013

10

available Information

Figure of Merit

AGN   vs.   BHXBs

e.g. XMM 10 Msun 107 Msun

cts/s 100 1

cts/dynamical 0.1 100

typical observ. 10 ks 100 ks

viscous/observ.           104 ~0.1

for a given L/LEdd
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AGN   vs.   BHXBs

GX 339-4 ~10 Msun

380 years

NGC 7213  ~108 Msun

20 minutes
1 sec

115 days

1 msec

< 3 hours
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Figure of Merit

AGN
details of individual events

(micro-Physics)

e.g. XMM 10 Msun 107 Msun

cts/s 100 1

cts/dynamical 0.1 100

typical observ. 10 ks 100 ks

viscous/observ.           104 ~0.1

more counts/cyclemore cycles

BHXBs
average processes

(stochastic)

AGN   vs.   BHXBs

population
statistics

available Information
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BH X-ray binaries
Fluctuations propagate through the inflow...

Lyubarskii (1997); Kotov et al. (2001); Arevalo & Uttley (2006); ... 

...then reflected from corona to disk. 

Inte rpre tatio n 

At low frequencies, variatio ns in accre tio n rate  are  pro d uce d  at large r 

rad ius in d isk, mo d ulating d isk e missio n be fo re  pro pagating in to  th e  
co ro na o n th e  d isk visco us time -scale  

At high frequencies, variatio ns in accre tio n rate  are  pro d uce d  at small 

rad ius in d isk o r in co ro na itse lf.  Only a fractio n o f d isk e missio n can 
re spo nd , but all o f co ro na d o e s, and  co ro nal h e ating d o minate s 

variability ! d isk re ve rbe ratio n 

Wilkinson & Uttley et al. (2009)
Uttley et al. (2011)
Cassatella et al. (2012 a,b)
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14 Migliari, Fender & van der Klis (2005)
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and the JET ?

it correlates with X-ray variability
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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.

ν

Flux

νobs

Total spectrum results from 
summed contributions at 
each distance z along the jet    

z

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

Blandford & Konigl (1979)
picture from Markoff (2010)

but see:
Pe’er & Casella (2009)
Zdziarski et al. (2012)

Basic assumptions
n=cϒ-p~r-2

B(r ) ~ r-1

Basic synchrotron theory
   νbreak=ν|       ~ r-1

 τν=1
+ =>

Flat radio 
spectrum

Jet fast variability?
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the well known missing-energy problem

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.

ν

Flux

νobs

Total spectrum results from 
summed contributions at 
each distance z along the jet    

z

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

Blandford & Konigl (1979)
picture from Markoff (2010)

but see:
Pe’er & Casella (2009)
Zdziarski et al. (2012)

energy losses act very fast:
we should not see the radio jet

Jet fast variability?

1979
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re-heating from internal shocks
shells with different velocity

recent works on XBs: Jamil, Fender & Kaiser 2010; Malzac 2013
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 TH E MODEL

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

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

best to study variability: X-ray Binaries

Jet fast variability?
the well known missing-energy problem

RE-HEATING  linked to  INFLOW VARIABILITY?

GRB jet emission theory              blazars (Spada et al. 2001)
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 GX 339-4  - ISAAC@VLT - 62.5ms -  K=12.5
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Light Curves

X-rays

infrared
IS

AAC

RXTE

RXTE

IS
AAC

variability at >  5 Hz  : emitting region < 6 109 cm
if thermal emission, unique solution (black body)

-> it would emit much more in X-rays

DEFINITELY NOT THERMAL

fourier spectra

Jet fast variability
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 GX 339-4  - ISAAC@VLT - 62.5ms -  K=12.5
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Light Curves

X-rays

infrared
IS

AAC

RXTE

they CORRELATE: it’s a JET
infrared lags X-rays by 0.1 seconds

-> physical measurements

CCF

Jet fast variability
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 GX 339-4  - ISAAC@VLT - 62.5ms -  K=12.5
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(1) IR: thick      X-rays: thin           Γ jet > 2

(2) IR: thin          X-rays: thin           B~104G  and   Γelec. ~104     50

(3) IR: thin          X-rays: inflow         ejection timescale < 0.1 s

(4) IR: thick      X-rays: inflow         Γ jet >> 2 and ejec. timesc. << 0.1s

From the 0.1s delay, we can estimate:

infrared

X-rays

thin

inflow
(corona)

thick thin
outflow

(jet)

physical measurements

IF: THEN:

(all model dependent)

Jet fast variability
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different accretion regimes

HARD states

Quasi Periodic Oscillation faster
variability

novariability

peculiar
variability

variability
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one-zone model

νbreak ~ 1.4x1014 Hz

B ~ 104 G
R ~ 6x107 h-0.5 cm

NON THERMAL

different accretion regimes

no QPO

QPO

QPO
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CCF IR/X-rays

correlation

?
ANTIcorrelation

IR lead

?
X-ray lead

GX 339-4

IR and X
shifted by

~π

IR

X-ray

precession?
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different accretion regimes
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CCF IR/X-rays Phase lags IR/X-rays

GX 339-4

correlation IR lead

R=20 Rs   H~RR=60 Rs H=R/10

2 hypothesis

inflow (on top of disc) jet base (transient one)

...precessing...
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Which instruments?

Growing field

HgCdTe e-APD (mercury-cadmium-telluride Avalanche Photodiode Detectors)

MKID (microwave kinetic induction devices)

STJ (superconducting tunnel junctions)

...and widening the energy range

getting rid of that readout noise...
EMCCDs (“expanded” normal optical CCD)

near

future

available
now

ASTROSAT: X-rays (+ UV) (2014)

New technologies

27

LOFT: population statistics + full outburst coverage

                      + much broader energy range

(HAWK-I)

(20% of) RXTE:  ~50 cts/s       statistics limited

 ISAAC   @ VLT: ~50.000 cts/s    technology limited
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A mission proposal selected by ESA as a candidate CV M3 mission  

Devoted to X-ray timing and designed to investigate 
the space-time around collapsed objects
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LOFT

ASTROSAT-LAXPCRXTE-PCA
XMM-EPIC-pn

(5x)20x RXTE:  ~5.000 cts/s    statistics!     LOFT

 Upcoming technology  @4 or 8  meters               

Which instruments?
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Fast variability from the inner regions
                             at other wavelengths than X-rays

We observe matter along the jet.  
tracking the variability  >> Geometry Constraints

                                               Physical quantities

conclusions - future

THEORETICAL EFFORTS

Variable JET emission - internal shocks implemented:

 Self-consistent code,  spectral evolution of each internal shock

        joined approaches: Pe’er & Casella (2009) + Jamil et al. (2010)

New technologies/instruments at all wavelengths

29


