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Kinetic energy deposition into environment (feedback) can:

Stop cooling in gas reservoir

Blow away IGM  −  Lkin up to 1046 ergs s-1

Disrupt accretion flow

Seed magnetic field/relativistic particles into environment

Induce large scale motions & turbulence into environment

The importance of 
AGNjet-igm interactions
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Cygnus X-1 ???

Cygnus A



XRBs make jets

Jet power can be significant fraction of   LEdd

XRB jets must run into the ISM

What happens then?

Radio lobes

Thermal shells

Hot spots (termination shocks)

Radio Source 
Dynamics



Lobes



“Microquasar” radio lobes: 
Do they exist?

Are they detectable?

Probes of jet physics & environment
Calorimeters

Chronometers

Particle sources

Impact on the Galaxy:
Cosmic rays

Magnetic field

Looking for Lobes in 
All the Right Places



Circinus X-1 (Fender et al. 1999)
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Critical quantities:

Dimensionless number:
ISM ram
pressure

Jet thrust
M

2

BH
MBH

Looking for Lobes in 
All the Right Places

η ≡

ρ c3
s

Wjet/R2
jet

∝ MBH p csη ≡
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Wjet/R2
jet

∝ MBH p cs

Wjet, Rjet, pext, ρext

Heinz 2002



Critical quantities:

Dimensionless number:

η  the same only if   

Looking for Lobes in 
All the Right Places

Wjet, Rjet, pext, ρext

pextcextMBH = const.
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Critical quantities:

Dimensionless number:

η  the same only if   

But:

Looking for Lobes in 
All the Right Places

Wjet, Rjet, pext, ρext

(p cs M)
AGN

> 104 (p cs M)
XRB

pextcextMBH = const.

η ≡

ρ c3
s

Wjet/R2
jet

∝ MBH p cs

Heinz 2002



ηXRB  <  10-4 ηAGN

XRB environment (ISM):                                                                        

low pressure, low density  compared to AGN environment (IGM)

XRB radio lobes must be larger        relative to rg

XRB radio lobes must be dimmer
Heinz 2002

Looking for Lobes in 
All the Right Places



Radio lobe size:

R ≈ 10 pc
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13
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Radio lobe size:

Radio luminosity:

L5GHz ≈ 1 Jy
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Radio lobe size:

Radio luminosity:

Surface brightness:

L5GHz ≈ 1 Jy
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TB ≈ 50 mK
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Shells



F  (Jy)
!

1 arcmin (2 light years)

Gallo et al. 2005

lobe

collimated jet

bremsstrahlung
            gas

bow shock front

synchrotron 

v > 2×106 cm s-1

Cygnus X-1
The Ring of Fire

5 pc



Size:
 5 pc (diameter)

Shock temperature:
 104 K < T < 3×106 K

Shock velocity:
 20 km s-1 < v < 360 km s-1

Source age:
 2×104 yrs < t < 3.2×105 yrs

Power: 
 1036 ergs/s  <  W  <  1037 ergs/s

For comparison:
 Lbol ~ 1037 ergs s-1

Gallo et al. 2005

Cygnus X-1
The Ring of Fire



Heinz 2006

VLBA jet:

 

 

Low synchrotron filling factor:  f < 10-4

Proton loaded jet: > 500 protons per radio electron

⇒ 
That explains why the cavity is not filled by radio emission

Stirling et al. 2001

Wjet ≈ 2 × 1033 ergs s−1fp+f
−2/3
fill

Wlobe > 1036 ergs s−1

20 AU

Cygnus X-1
The Ring of Fire



Radio-X-ray Relation
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Figure 2. Radio flux density (mJy) is plotted against X–ray flux density (Crab) for a sample of ten hard state BHs (see Table 1), scaled
to a distance of 1 kpc and absorption corrected (this means that the axes are proportional to luminosities). On the top horizontal axis
we indicate luminosity, in Eddington units for a 10M! BH, corresponding to the underlying X–ray flux density. An evident correlation
between these two bands appears and holds over more than three orders of magnitude in luminosity. The dashed line indicates the best–fit
to the correlation, that is Sradio = k × (SX) +0.7, with k = 223 ± 156 (obtained by fixing the slope at +0.7, as found individually for
both GX 339–4 and V 404 Cygni; see Section 4.1). Errors are given at 3–σ confidence level, and arrows also represent 3–σ upper limits.

is characterised by a flat or slightly inverted (α >
∼ 0) ra-

dio spectrum (see Corbel et al. 2000) and its synchrotron
power has been shown to correlate with soft and hard X–
ray fluxes (Hannikainen et al. 1998; Corbel et al. 2000). By
means of simultaneous radio:X–ray obsevations of GX 339–
4, Corbel et al. (2003) have recently found extremely inter-
esting correlations between these two bands: in particular,
S8.6GHz ∝ S +0.71±0.01

3−9keV (slightly different slopes – within the
hard state – have been found depending on the X–ray en-
ergy interval). When fitted in mJy vs. Crab (scaled to 1 kpc
and absorption corrected), the relation displays the form:

Sradio = kGX339−4 × (SX) +0.71±0.01 (3)

kGX339−4 = 126 ± 3

The correlation appears to hold over a period of three years
– 1997 and between 1999–2000 – during which the source
remained almost constantly in a spectral hard state (with a

transition to the high/soft state, Belloni et al. 1999, when
the radio emission declined below detectable levels). Fig-
ure 1 shows radio against X–ray flux densities of GX 339–4
corresponding to simultaneous ATCA/RXTE observations
performed between 1997 and 2000 (Corbel et al. 2000, 2003).
Note that points above 1 Crab (scaled), which all correspond
to RXTE–ASM detections, clearly show a sharp decreas-
ing in the radio power (see next Section). The correlation
reported by Corbel et al. (2003) actually refers to RXTE–
PCA data only; it is worth mentioning that, when ASM
detections below 1 Crab (i.e. below the radio quenching)
are fitted together with PCA points, the final result is con-
sistent, within the errors, with the fit reported by Corbel on
PCA data alone (that is, a slope of 0.70±0.06 is obtained in
this case).

Remarkably, we have found that detections of V 404 Cygni,
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Jet power is related to synchrotron core luminosity as:

Radio power
vs

Kinetic Power

Lr ∝ W
1.42+ 2

3
αr

jet M
−αr

Heinz & Sunyaev 2003



Impact on the ISM

Grimm et al. 2004
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Impact on the ISM

Maccarone & Fender 2005,Heinz & Grimm 2005
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X-ray  →  radio  →  jet power  ∝  Lx0.42
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Impact on the ISM

Heinz et al. 2004, Maccarone & Fender 2005,Heinz & Grimm 2005

X-ray  →  radio  →  jet power  ∝  Lx0.42

Normalization:


 ✦  AGN jets (M87, Cyg A, Perseus A, ...) 


 ✦  XRB radio lobes: Cyg X-1
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GRS 1915+105
Textbook Example of 
Superluminal motion

Γ = const

300 mas ≈ 0.02 pc ≈ 4 × 1010
rg
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source contains far fewer counts than the western jet, and so
we concentrate on the position and flux of the source.

The proper motion of the eastern jet is shown in Figure 7.
The figure includes the three data points from Tomsick et al.

(2002) and our new data point for 2002 March 11. Tomsick
et al. (2002) showed that the apparent velocity of the eastern
jet in 2000 was lower than the minimum velocity allowed
during the superluminal ejection (Hannikainen et al. 2001),
thus indicating that the eastern jet has decelerated. The 2002
March point is inconsistent with an extrapolation of the
velocity measured from the 2000 data and indicates that this
deceleration has continued.

We fitted the proper motion data with a model in which
the jet has a deceleration proportional to its velocity relative
to the X-ray binary (which we assume to be roughly at rest
relative to the ISM). The velocity profile is then a decaying
exponential, and the observed position evolution is modi-
fied by light-travel delays. Our model has three fitted param-
eters: the initial jet speed divided by the speed of light !0, the
timescale (1/e-folding time) for the velocity decay " , and the
jet angle relative to the line of sight h. The assumed source
distance affects the fitted parameters. For a source distance
of 4 kpc, we find an adequate fit (shown in Fig. 7) with
!0 ¼ 0:94, " ¼ 1030 days, and # ¼ 62". For source distances
larger than 5.1 kpc, the best-fit initial speed is larger than
the speed of light. However, we do not consider this a con-
straint on the distance as the model is rather ad hoc. For a
distance of 3 kpc, the best fit is !0 ¼ 0:82, " ¼ 960 days, and
# ¼ 50". Both of these fits are consistent with the lower
bound on the initial jet speed from the VLBI observations
(Hannikainen et al. 2001).

Figure 8 shows the time variation of the X-ray flux of the
eastern jet. The first three points are from Tomsick et al.
(2002). For consistency with that analysis, we found the
fluxes for the 2002 March data using a circular extraction
region of 400 radius centered on the wavdetect position and
with an annulus with an inner radius of 500 and an outer
radius of 1800 for background estimation. We used a power-
law model with photon index fixed to 1.8 and an absorption
column density fixed to 9# 1021 cm$2 and corrected for the
degradation in the low-energy quantum efficiency of the
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Fig. 6.—Distribution of X-ray counts perpendicular to the jet axis from
the 2002 March observation. The solid line is for the western jet. The
dashed line is the profile of XTE J1550$564 rescaled to match the peak of
emission in the western jet. The bin size is 0>1.
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Fig. 7.—Position of the centroid of the X-ray eastern jet vs. time. The
solid line is the fit to the proper motion in the 2000 data found by Tomsick
et al. (2002). The dashed line indicates the uncertainty in the fit parameters.
The solid curve is a decelerating jet model fit described in the text.
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Fig. 8.—X-ray flux of the eastern jet vs. time. The curves are the power-
law (solid curve) and exponential (dashed curve) decays described in the text.
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source contains far fewer counts than the western jet, and so
we concentrate on the position and flux of the source.

The proper motion of the eastern jet is shown in Figure 7.
The figure includes the three data points from Tomsick et al.

(2002) and our new data point for 2002 March 11. Tomsick
et al. (2002) showed that the apparent velocity of the eastern
jet in 2000 was lower than the minimum velocity allowed
during the superluminal ejection (Hannikainen et al. 2001),
thus indicating that the eastern jet has decelerated. The 2002
March point is inconsistent with an extrapolation of the
velocity measured from the 2000 data and indicates that this
deceleration has continued.

We fitted the proper motion data with a model in which
the jet has a deceleration proportional to its velocity relative
to the X-ray binary (which we assume to be roughly at rest
relative to the ISM). The velocity profile is then a decaying
exponential, and the observed position evolution is modi-
fied by light-travel delays. Our model has three fitted param-
eters: the initial jet speed divided by the speed of light !0, the
timescale (1/e-folding time) for the velocity decay " , and the
jet angle relative to the line of sight h. The assumed source
distance affects the fitted parameters. For a source distance
of 4 kpc, we find an adequate fit (shown in Fig. 7) with
!0 ¼ 0:94, " ¼ 1030 days, and # ¼ 62". For source distances
larger than 5.1 kpc, the best-fit initial speed is larger than
the speed of light. However, we do not consider this a con-
straint on the distance as the model is rather ad hoc. For a
distance of 3 kpc, the best fit is !0 ¼ 0:82, " ¼ 960 days, and
# ¼ 50". Both of these fits are consistent with the lower
bound on the initial jet speed from the VLBI observations
(Hannikainen et al. 2001).

Figure 8 shows the time variation of the X-ray flux of the
eastern jet. The first three points are from Tomsick et al.
(2002). For consistency with that analysis, we found the
fluxes for the 2002 March data using a circular extraction
region of 400 radius centered on the wavdetect position and
with an annulus with an inner radius of 500 and an outer
radius of 1800 for background estimation. We used a power-
law model with photon index fixed to 1.8 and an absorption
column density fixed to 9# 1021 cm$2 and corrected for the
degradation in the low-energy quantum efficiency of the
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Fig. 6.—Distribution of X-ray counts perpendicular to the jet axis from
the 2002 March observation. The solid line is for the western jet. The
dashed line is the profile of XTE J1550$564 rescaled to match the peak of
emission in the western jet. The bin size is 0>1.
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Fig. 7.—Position of the centroid of the X-ray eastern jet vs. time. The
solid line is the fit to the proper motion in the 2000 data found by Tomsick
et al. (2002). The dashed line indicates the uncertainty in the fit parameters.
The solid curve is a decelerating jet model fit described in the text.
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Fig. 8.—X-ray flux of the eastern jet vs. time. The curves are the power-
law (solid curve) and exponential (dashed curve) decays described in the text.
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source contains far fewer counts than the western jet, and so
we concentrate on the position and flux of the source.

The proper motion of the eastern jet is shown in Figure 7.
The figure includes the three data points from Tomsick et al.

(2002) and our new data point for 2002 March 11. Tomsick
et al. (2002) showed that the apparent velocity of the eastern
jet in 2000 was lower than the minimum velocity allowed
during the superluminal ejection (Hannikainen et al. 2001),
thus indicating that the eastern jet has decelerated. The 2002
March point is inconsistent with an extrapolation of the
velocity measured from the 2000 data and indicates that this
deceleration has continued.

We fitted the proper motion data with a model in which
the jet has a deceleration proportional to its velocity relative
to the X-ray binary (which we assume to be roughly at rest
relative to the ISM). The velocity profile is then a decaying
exponential, and the observed position evolution is modi-
fied by light-travel delays. Our model has three fitted param-
eters: the initial jet speed divided by the speed of light !0, the
timescale (1/e-folding time) for the velocity decay " , and the
jet angle relative to the line of sight h. The assumed source
distance affects the fitted parameters. For a source distance
of 4 kpc, we find an adequate fit (shown in Fig. 7) with
!0 ¼ 0:94, " ¼ 1030 days, and # ¼ 62". For source distances
larger than 5.1 kpc, the best-fit initial speed is larger than
the speed of light. However, we do not consider this a con-
straint on the distance as the model is rather ad hoc. For a
distance of 3 kpc, the best fit is !0 ¼ 0:82, " ¼ 960 days, and
# ¼ 50". Both of these fits are consistent with the lower
bound on the initial jet speed from the VLBI observations
(Hannikainen et al. 2001).

Figure 8 shows the time variation of the X-ray flux of the
eastern jet. The first three points are from Tomsick et al.
(2002). For consistency with that analysis, we found the
fluxes for the 2002 March data using a circular extraction
region of 400 radius centered on the wavdetect position and
with an annulus with an inner radius of 500 and an outer
radius of 1800 for background estimation. We used a power-
law model with photon index fixed to 1.8 and an absorption
column density fixed to 9# 1021 cm$2 and corrected for the
degradation in the low-energy quantum efficiency of the
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Fig. 6.—Distribution of X-ray counts perpendicular to the jet axis from
the 2002 March observation. The solid line is for the western jet. The
dashed line is the profile of XTE J1550$564 rescaled to match the peak of
emission in the western jet. The bin size is 0>1.
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Fig. 7.—Position of the centroid of the X-ray eastern jet vs. time. The
solid line is the fit to the proper motion in the 2000 data found by Tomsick
et al. (2002). The dashed line indicates the uncertainty in the fit parameters.
The solid curve is a decelerating jet model fit described in the text.
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Fig. 8.—X-ray flux of the eastern jet vs. time. The curves are the power-
law (solid curve) and exponential (dashed curve) decays described in the text.
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Bullet Dynamics

bullet

ISM
pram

 

Ram pressure (dynamical friction)

Ram pressure confinement:

d (βΓ) = −CdΓ2βc d∆M

Cd ≈ 1/3

pb ≈ pram

∆M ≈

∫
dlπR2ρISM
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GRS 1915+105
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Figure 4. Contours of the limit on the particle density of the
material the GRS 1915+105 ejections are running into. Plotted
are nram (dotted curves) and n 1

2

(dashed curves) for fp = 1 and

fM = 1. Thick grey curves show the resulting constraint on n,
which is the minimum of the two sets of curves. Unless the bullets
are severely out of equipartition and/or carry a large amount of
unseen mass, the curves imply limits of n < 10−2 cm−3 for any
reasonable combination of opening angle and distance. The black
area in the upper right corner shows the region where α > [βΓ]−1,
violating the causality condition.

now sign of slowing down even on the largest MERLIN
scales. Since we know the ejection expands at constant
rate in the ballistic phase, the total mass it swept up is
∆M = ρenv(πα2/3)z3, which must be smaller than the slow
down mass of the ejection ∆M 1

2

from eq. (20). Using the ex-

pression for L8.4GHz from eq. (32) and n = ρ/mp we arrive
at:

nenv ! n 1

2

(34)

n 1

2

≡
2 × 10−3 cm−3

fMfp
α
− 5

7

5

1
3Cd

H (35)

H ≡











D8/7
11

(0.17 + 0.83D2
11)

6/7 (53 − 52D2
11)

×10.3 ln

(

2 +

[

224 − 157D2
11

]1/2
− 16

[53 − 52D2
11]

1/2 + 8

)











where H = 1 for D11 = 1.
We have plotted contours of nramfp ! nram and

n 1
2

fpfM ! n 1
2

in Fig. 4 (dotted and dashed curves re-

spectively). The density of the environment is the nenv <
min(nram, n 1

2

) (plotted as thick grey curves). The figure also

shows the upper limit on the opening angle as a function
of distance based on the 50mas MERLIN resolution limit
(hatched area). The figure shows that the causality condi-
tion α < [βΓ]−1 is valid throughout all of the accessible
parameter space, as was assumed throughout the paper.

3.1.3 Constraining fM and fp

Formally, fp and fM are unconstrained, and thus the ex-
ternal density constraints are subject to large uncertainty.

However, these parameters can be linked to the total energy
in the ejection: The total internal energy initially carried by
the ejection is

E = 3pVb

(

Γ − 1
fM

+ 1

)

=
8.4 × 1043 ergs

fMfp
α

9

7

5 E (36)

E ≡
[

1 + (fM − 1)
√

0.83 − 0.82D2
11

]

D
8

7

11

[

0.17 + 0.83D2
11

] 9

14
[

53 − 52D2
11

]− 3

2

where E = 1 for fM = 1 and D11 = 1. It is clear from this
expression that values for fp and fM much smaller than one
lead to very large values of the total energy carried by the
ejection.

We note that the decrease of the flux from the (ap-
proaching) SE ejection is consistent with a spherical bul-
let in adiabatic expansion outward of 100 mas from the
core. This implies that the comoving longitudinal extent
∆z of the bullet (i.e., its length measured in the frame co-
moving with the bullet, called frame 3 above and in Fig.
1) when it was released at the base of the jet could not
have exceeded its cross section at 100 mas separation, i.e.,
∆z ! 1.6×1015 cm [α5

√

0.17 + 0.83D2
11 ], otherwise the bul-

let would still be elongated and expanding roughly cylindri-
cally, rather than spherically. In the observer’s frame, the
ejection of the emitting plasma from the nucleus must have
taken place over a time shorter than ∆t = ∆z/(Γβc) !

7×103 s α5

√

53 − 52D2
11. The power that must be provided

by the central engine to drive such an outburst is then

L " E/∆t " 1.3 ×
1040 ergs s−1

fMfp

α
2
7

5 E
√

53 − 52D2
11

(37)

This is well above the Eddington limit for a 10M" black
hole. While it is in principle possible for the jet power to
exceed the Eddington luminosity by an arbitrary margin, it
is difficult to imagine a scenario where this would be the case
by much more than an order of magnitude for a time span
as long as ∆t ∼ 104 s (which is of the order of 107 dynamical
times near the horizon). Thus, the crucial unknown factor
1/(fMfp) is not likely to exceed one by a large margin.

3.1.4 The environment of GRS1915+105

Summing up the discussion in this section, we find
that the density of the medium surrounding the source
GRS1915+105 is significantly lower than the typical ISM
density for the allowed range in distance to the source
(4 kpc < D < 11 kpc) and over a wide range in assumed
opening angles for the radio emitting bullets (0.1◦ < α <
6◦). This limit is consistent with the density of the hot ISM
phase nhot ∼ 10−2 cm−3 only for very small opening angles
α < 0.1◦ or if the radio plasma carries orders of magnitude
more energy in cold particles than in synchrotron emitting
plasma fMfp < 10−1. We can confidently rule out that the
material the radio ejections are running into (i.e., the direct
environment of GRS 1915+105) is made of canonical ISM
with densities nwarm ∼ 1 cm−3 or larger.

The most straight forward interpretation of this result
is that GRS 1915+105 has enshrouded itself in a halo of low
density, fossil radio plasma left over from previous episodes
of jet activity, in other words: a fossil radio lobe. At a suf-
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XTE J1550-564

True inclination unknown

Implication: low density environment  ...  n < 10-4 cm-3 

Heinz & Aloy 2006
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XTE J1550-564

For jets in GRS 1915+105, XTE J1550-564, GRO J1655-40: 

Unless microquasar jet opening angles are pathologically small:

   These jet must have excavated dark radio lobes

Heinz & Aloy 2006



Summary
Wrt. the ISM, microquasars do the same things AGN jets do - qualitatively

The ISM provides a much weaker barrier against the jet thrust

Thus: XRB lobes are bigger and dimmer

Analysis of shocked shells (e.g., Cyg X-1) powerful diagnostic

Jet power:

Composition:    > 500 protons per radio electron

Jet propagation into ISM: decelerating hot spots

dynamical probes of environment: 

fossil radio lobes (like in AGNs)

〈Wtot〉 ≈ 5 × 1038 ergs s−1


