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Mass/variability timescales

jetted AGN

stellar binaries

From quasars to microquasars

BH masses: 108-109 Msun 
duty cycles: 107 yrs

BH masses: 10s Msun 
duty cycles: month-to-yrs 
Lradio~1028-32 erg/s



Jet Flavors in Microquasars
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Stirling+’01

Mirabel & Rodriguez’94 Mirabel & Rodriguez+’92 Russell+’07

CygX-1 CygX-1GRS1915+105 1E 140.7-2942

milli-arcsec arcsec arcmin ->degree

compact, persistent 
radio jets (~10 AU)

transient, relativistic 
radio jets (~100s AU)

large scale jets, hot spots &  
(up to~10s pc)

radio lobes/
cavities

accretion & ejection  
relation

jet power & radio duty cycle 
interaction with the ISM  

Tetarenko+’18



ljet~0.5 pc jets in 10 Msun BH  

ljet~5-50 Mpc jets in 108-9 Msun BH 

rg=2MBHG/c2

ljet/rg

Jets through the BH mass scale

as observing Mpc jets of a 
radio galaxy moving, varying 
and changing morphology!(*)

(*: jet’s thrust ratio is not the same, 
Heinz+2013)

Circus X-1 
Sell+’10
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A Galactic perspective: 
(micro)quasar large-scale X-ray jets 

S.Corbel, J. Tomsick, P. Kaaret, R. Fender,  T. Tzioumis, M. Coriat, J. Orosz



XTE J1550-564 large scale jets
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Corbel'et'al.'2002'

Corbel+’02Low Mass X-ray Binary:  
• BH mass: 9.1+/-0.6 Msun 

(Orosz+’11); 
• distance: 4.4+/-0.6 kpc; 
• inclination: 75+/-4 degree; 
• September 1998: X-ray  

outburst followed by the 
detection of relativistic 
compact jets (vapp~1.7c, 
Hannikainen+09);

Discovery of large scale (~0.5pc) decelerating jets following the 1998 outburst 



Corbel'et'al.'2002'

low density cavity

approaching 
eastern jet

receding 
western jet

X-ray/Chandra

Dynamical Model:  
the jets propagate unseen in an under-dense ISM  cavity and become visible when 

they impact the cavity’s boundaries (Wang ’03; Hao&Zhang ’09, Steiner+’12).

XTE J1550-564 large scale jets

6

✓X-ray follow-up: 8 Chandra observations; 
★Radio follow-up: 24 ATCA observations at 4 frequencies 

(1.4 GHz, 2.5 GHz, 4.8 GHz, 8.6 GHz).

nISM: 1 cm-3



Jets’ dynamics

eastern jet

western jet
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Fig. 7.— Fit of the radio spectrum of obs17 (upper panel) and obs18 (lower panel). The flux densities are reported in Table 1.

Fig. 8.— Natural weighted ATCA map at 8.6 GHz of the field of XTE J1550-564 on 2001 February 9 and 20. Crosses

indicate the position of XTE J1550-564 (center), the eastern (left) and western (right) jets. Contours are plotted at �3,

3, 4, 5, 6, 7, 9, 11, 13, 15, 18, 21, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 times the rms noise level of 0.035 mJy beam
�1

.

The synthesize beam (lower right corner) is 12.8⇥10.5 arcsec
2
.

first detection 
of the western 
jet in 2001

cavity’s eastern boundary

cavity’s western boundary

(quasi) ballistic motion jet deceleration

beginning of the deceleration phase  
<vapp,eastjet>=1.0c to 0.1c; 

<vapp,westjet>=0.55c to 0.4c.



 March 11 2002

0ct. 23 2003

 June 19 2002

 Sept 24 2002

 June 28 2003

 XTE J1550-564  western jet

0.3-8.0 keV

Western Jet: X-ray morphology

Spatially resolved, 
evolving X-ray morphology

~23’’/0.5pc

 Migliori+2017



Jet–Environment Interactions as Diagnostics of Jet Physics

2.1.1 Jet Stopping

For jet material to be affected meaningfully by its interaction with the environment, a sig-
nificant fraction of its momentum must be transferred to environmental gas. Before this
happens, the jet simply bores through the environment unhindered, creating a strong bow
shock ahead of it but not slowing down. Let us first consider a magnetized jet fluid that is
kept from mixing with the gas it is interacting with by flux freezing. In this case, the two
fluids (jet and ISM) will occupy separate volumes. This approximation is appropriate for
the discussion of lobe/cocoon formation, but jet propagation itself may be affected by mass
loading (see Sect. 2.2).

The propagation of the leading edge of the jet, henceforth referred to as the jet “head”,
is governed by ram pressure balance in the bow shock. Roughly speaking, the momentum
flux of the jet into the bow shock is pram,jet ≈ P/(π l2θ2

jetc), where P is the power and l is
the length of the jet. The ram pressure of the ISM that must balance this momentum flux is
pram,ism ≈ ρISMv2

head. These non-relativistic expressions assume that the head moves slowly
compared to the jet, i.e., that the jet is effectively slowed down by the ISM; before that,
the jet deposits relativily little plasma along its path which slowly expands sideways into a
cocoon that shrouds the jet (see cartoon in the left panel of Fig. 1). The propagation velocity
of the head is then simply

vhead ∼
√

P

πρISMc

1
lθjet

(1)

and the condition that the jet is stopped by the ISM is simply that vhead ≪ c. The jet head
then propagates with a velocity vhead ∝ t−1/2. The stopping length for a relativistic jet can
then be defined as

ls ≡
√

P

πρISMc3θ2
jet

(2)

Fig. 1 Left: Cartoon of the early momentum-driven phase of jet head propagation (production of a narrow
cocoon) at close to the jet velocity; Right: cartoon of the “dentist drill effect”, which explains the observed
aspect ratios of lobes (close to unity) by dynamical instabilities or precession spreading the jet thrust effec-
tively over a much larger are than the jet cross section and leading to an earlier onset of the energy drive phase
of lobe evolution

407 Reprinted from the journal

Heinz+’13
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• progressive deceleration of 
the main peak 
(vapp~0.06c); 

• formation of an apparently 
receding tail  (vapp~-0.10c);

16 Migliori G. et al.

Fig. 3.— Comparison between the X-ray morphologies of the eastern and western jets: in the left panel, the smoothed Chandra ACIS-S
image of the eastern jet observed September 11th 2000 and on the right panel the western jet observed on January 28th, 2003.
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Fig. 4.— Longitudinal profiles of the western X-ray jet in the 0.3-8 keV energy range for the five Chandra detections, using a bin size
of 0.2500. The dashed red line is the profile of XTE J1550-564 at the same epoch, which has been shifted and re-normalized to match the
western X-ray jet peak. The vertical solid orange line and dashed cyan line mark the positions of the peak and of tail, respectively, at the
epoch of the first detection.
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vapp~-0.10c vapp~0.06c

Western Jet: X-ray profiles



Radiative Model:   
• radiating particles accelerated by the reverse shock (Wang 2003; Hao & Zhang 2009); 
• X-ray from synchrotron mechanism; 
• energy losses dominated by adiabatic expansion losses. 

X-ray emission decay

No. 2, 2009 LARGE-SCALE CAVITIES SURROUNDING MICROQUASAR JETS 1655

the charge and mass of the electron, B⊥, the magnetic field
strength perpendicular to the electron velocity, and ν ′

m and ν ′
M,

the characteristic frequencies for electrons with γm and γM.
Assuming that the reverse shock heats the ejecta at time t0 at

the radius R0 (with the assumptions of no synchrotron cooling,
conservation of the total number of electrons, and the magnetic
field being frozen into the plasma), the physical quantities in the
adiabatically expanding ejecta with radius R evolve as (van der
Laan 1966)

γm = γm(t0)
R0

R
, γM = γM(t0)

R0

R
, (6)

K = K(t0)
(

R

R0

)− (2+p)

, B⊥ = B⊥(t0)
(

R

R0

)− 2

, (7)

where the initial values of these quantities are free parameters
to be fitted in the calculation.

With these assumptions, we can then calculate the predicted
flux evolution of the jets. The comoving frequency ν ′ relates
to our observer frequency ν by ν = Dν ′, where D is the
Doppler factor and we have Da = 1/Γ(1 − β cos θ ) and
Dr = 1/Γ(1 + β cos θ ) for the approaching and receding jets,
respectively. Considering the geometry of the emission region,
the observed X-ray flux in 0.3–8 keV band could be estimated
by

F (0.3–8 keV) =
∫ ν2

ν1

[
θ2
j

4

(
R

d

)
∆RD3jν ′

]

dν, (8)

where ∆R is the width of the shock region and is assumed to be
∆R = R/10, after Wang et al. (2003) in the calculation.

To reduce the number of free parameters, we set γm = 100
in our calculation because the results are quite insensitive to
this value. According to our kinematic model in Section 4.1, we
choose the time that the reverse shock takes place to be the time
that the Lorentz factor reduced to 1/

√
2 of its original value,

which is called deceleration timescale tdec in the GRB external
shock model, which is supposed to be the strongest point of
the external shock (X. Y. Wang 2007, private communication).
Then, we fit the data to find out the initial values of K and B⊥.

Just like the fitting to the kinematics of the jets, we could not
decide the best-fitting result only using the flux data since we
could always find one group of parameters that fits the flux data
approximately well for each parameter r. Thus, we combine
the kinematic and light-curve fitting together to find some more
useful hints.

We know that the energy and the number density of the gas
in the preshock and postshock regions are connected by the
jump conditions n′ = ζ (Γ)n and e′ = η(Γ)nmpc2, where ζ (Γ)
and η(Γ) are coefficients related to the jet velocity (Wang et al.
2003). Therefore, if we assume the shocked electrons and the
magnetic field acquire constant fractions (ϵe and ϵB) of the total
shock energy, we have

γm = ϵe
p − 2
p − 1

mp

me
(Γ − 1), K = (p − 1)n′γ p− 1

m , (9)

and
B⊥ =

√
8πϵBe′ (10)

for p > 2. Since we have assumed that p and Γ0 (so that
1/

√
2Γ0) are equal for the two jets, if we further assume that

factor ϵe of the eastern and the western jets is also the same,
we may infer that K ∝ e′ ∝ n for the two jets. We therefore
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Figure 5. Model fittings to the X-ray light curves of the eastern and western
jets. A power-law plus Galactic absorption spectral model is used to obtain the
energy flux in the 0.3–8 keV band. The two solid lines are the theoretical model
fittings for the reverse shock heated ejecta emission.
(A color version of this figure is available in the online journal.)

search for the combination of parameters that could satisfy the
kinematic and light-curve fitting, as well as the relationship
Ke/Kw ∼ ne/nw.

To search for the best parameters fitting the data, we follow
the following procedure. With numerical calculations, for the
19 data points (including 10 kinematic data and nine light-curve
data), we build a large eight-dimensional database for the eight
parameters to be estimated, with one constraining relationship,
Ke/Kw ∼ ne/nw. Intuitively, it looks very difficult to determine
so many parameters from so few data points. However, one
approach we take is that we divide the fittings into two stages:
we first fit the kinematic data regardless of the light-curve
information and get a series of (r, n) all of which describe
the data almost equally well. Then, for each set of (r, n),
we fit the light curve and calculate the joint χ2 value to
choose the group of parameters yielding the least χ2 value. The
advantage of this approach is that, since (r, n) is fixed every time
in the fitting of the light curve, we consider the kinematic fittings
to be independent of the light-curve fittings in calculating χ2.
At each search step, the total χ2 is calculated corresponding to
the 19 data points.

A set of parameters that yields the minimum total χ2 is
taken as our best-fitting parameters. The resulting total χ2

is 7.05 and the errors are estimated by searching for the
range for one parameter that can change the χ2 value by a
given delta while keeping all the other parameters fixed (Press
et al. 1992; “Constant Chi-Squared Boundaries as Confidence
Limits”). The result corresponding to the light-curve fitting is
shown in Figure 5 and the corresponding kinematic fitting is
shown in panel (c) in Figure 4. The best-fitting parameters are
listed in Table 4. From the parameters, we conclude that
the boundary of the cavity lies at r ∼ 12 arcsec to the
east and ∼17 arcsec to the west of the central source. The
corresponding number density of the ISM outside this boundary
is ∼0.0034 cm− 3 and ∼0.12 cm− 3, respectively. These values
are both lower than the canonical ISM value of ∼1 cm− 3,
although the value in the western region is much higher than
in the eastern region. The asymmetry of the density on the

Hao & Zhang 2009

Heinz & Sunyaev’02

   Forward shock => ISM 
Reverse shock => jet plasma



SED consistent with radio-X-ray synchrotron emission:  
Beq~0.2-0.1 mG, Emin~1042 erg, Pjet~1037 erg/s
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Not consistent with dominant adiabatic or radiative losses

Western jet: X-ray & radio light curves

• steep (~2.0) power-law decay 
consistent with a reverse 
shock operating only once on 
the jet plasma (Wang’03, Genet, 
Daigne & Mochkovitch 2007,Hao & 
Zhang ’09) 

• Chromatic decay: faster 
decay of the emission in radio 
than in X-rays (same for the 
jets of H1743-322, Corbel+’05)



- evidence of spectral changes at the time of a radio flare 
- flattening of the radio spectrum + break @1015 Hz; 
- different radio and X-ray morphologies & peak offsets?

108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019

Frequency [Hz]

10-6

10-5

10-4

10-3

10-2

10-1

100

101

Fl
ux

 D
en

sit
y 

(m
Jy

)

Chandra, ObsID 3807
ATCA, obs17

September 2002
17

Fig. 5.— Comparison between the X-ray and radio morphologies of the western jet. The X-ray images are for the 0.3-8 keV band, the
overlaid radio contours are for the closest-in-time ATCA observation at 8.6 GHz (in green) or 4.8 GHz (in cyan). The contour levels are 3,
4, 5, 7, 9, 11, 13, 15, 18, 20, 25, 30, 35, 40 the rms noise level.
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Fig. 6.— Upper panel: radio lightcurves at 8.6 GHz (red points), 4.8 GHz (blue squares), 2.5 GHz (green diamonds) and 1.3 GHz (yellow
triangles) of the western jet of XTE J1550-564. The dotted vertical line marks the observed re-flare at 8.6 GHz. Lower panel: radio spectral
indexes, ↵r: the black solid dots are the ↵r obtained by fitting of the radio (3 or 4 frequencies) SED, the empty dots are derived from the
4.8 to 8.6 GHz spectrum.

Radio-X-ray SED
Pictor A hot spot 
Hardcastle+2016

3C445 hot spot 
Orienti+2011

FRII hot spots:



1994

2014

Meyer+’15

AGNs: colliding plasma knots in the kpc 
jet of the radio galaxy 3C 264

Emission produced by internal shocks 
formed by colliding plasma shells  

compact jets of microquasars, prompt 
emission of GRBs, blazars (Kaiser+’00, 
Jamil+’10, Malzac+’14,Sari&Piran’97,Spada+’01)

Γ↘︎

ISM

X-ray Tail: colliding shells



Polarized radio emission

16

19

Fig. 8.— The 4.8 GHz polarization map of the western jet of the ATCA observations 4 (upper left panel), 10 (upper right panel), 11
(lower left panel) and 16 (lower right panel) performed in 2002 (see in Table 1). The linear polarization (grey scale) is shown only in regions
where it has �3 � significance, with the exception of observation 10 where a �4 � threshold has been used. The total intensity contours
are overlaid. The orange lines correspond to the orientation of the EVPA. No correction for the Faraday rotation within our Galaxy has
been applied.

Fig. 9.— The 8.6 GHz polarization map of the western jet of the merged 8 and 9 observations (left panel, obs8+9 in Table 1) and of
the observation 11 (right panel). The linear polarization (grey scale) is shown only in regions where it has �3 � significance. The total
intensity contours are overlaid. The orange lines correspond to the orientation of the EVPA. No correction for the Faraday rotation within
our Galaxy has been applied.

4.8 GHz 
May 22 2002

4.8 GHz 
May 5 2002

• up to 9% linearly polarized flux @4.8 GHz 
and 8.6 GHz; 

• E vector parallel to the jet axis; 
• polarization angle changes on <month 

timescales.

shock-compressed B field  
+ 

evolution of the jet internal 
structure

ALMA image at 97.5 GHz of 3C445 hot spot 
(Orienti+2017)

FRII hot spots:



Conclusions

Radio & X-ray monitoring of the large scale jets of XTE 
J1550-564 unveiled jet-ISM and particle acceleration in action. 

For now we need intense/time-expensive monitoring to discover 
these jets but..  

future facilities (SKA, LSST…) will allow systematic studies. 

Microquasars can help us understand many aspects of the 
radio activity of BH. 



Western jet: X-ray & radio light curves
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Fig. 5.— Comparison between the X-ray and radio morphologies of the western jet. The X-ray images are for the 0.3-8 keV band, the
overlaid radio contours are for the closest-in-time ATCA observation at 8.6 GHz (in green) or 4.8 GHz (in cyan). The contour levels are 3,
4, 5, 7, 9, 11, 13, 15, 18, 20, 25, 30, 35, 40 the rms noise level.
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tdecay=127±6 days
tdecay=167±5 days

@8.6 GHz: flux re-
brightening + spectral 
flattening in 
September 2002

newly accelerated 
low-energy particles?



S. Heinz

Setting the stopping length in relation to the fundamental scale of the accreting system,
given by the gravitational radius rg = GM/c2, defines one of the fundamental dimensionless
numbers for jet dynamics (Heinz 2002), which we shall call the thrust ratio ηjet:

ηjet ≡
ls

rg
= P 1/2

ρ
1/2
ISMM

c1/2

π1/2Gθjet
∝

√
1

ρISMM
(3)

where we may expect θjet to be independent of black hole mass (though it may depend on
accretion rate and spin).

Let us compare the thrust ratio for microquasars and typical radio galaxies. For micro-
quasars, it is reasonable to assume ISM density of nISM ∼ 1 cm−3, while the density in the
intergalactic medium ranges from similar densities within the host galaxies of the AGN to
nISM ∼ 10−3 cm−3 in clusters and lower densities yet in the environments of field galaxies.
For representative black hole masses of MBH ∼ 10 M⊙ and MBH ∼ 109 M⊙ for microquasars
and AGN jets, respectively, the thrust ratios for microquasars are much larger than those for
AGN jets:

ηmicroquasar ∼ 103 to 104ηAGN (4)

Thus, the ISM provides a much weaker barrier to microquasar jets than it does to AGN jets.
One important consequence of this is that the structures generated by the interaction of

microquasar jets with the ISM will appear on observable scales on the sky, despite the fact
that the angular scales of Galactic X-ray Binary (XRB) accretion disks on the sky are many
orders of magnitude smaller than those of nearby AGN.

Another important consequence is that the surface brightness of the observational sig-
natures of this interaction is generally low, i.e., signatures of microquasar–ISM interaction
should generally be hard to detect. This is consistent with the fact that such signatures have
only been found in a handful of sources.

2.1.2 Lobe Formation

Once the jet is effectively stopped, the plasma transported along the jet is shed sideways
at the head pressure and deposited alongside the slowly advancing head. This plasma then
expands laterally to inflate lobes into the ISM (as the aspect ratio starts to increase at this
point, it is customary to refer to the diffuse radio structures as lobes rather than cocoons
from this point forward). Unlike the advance of the head, the expansion of the lobe is energy
driven: The internal pressure of the lobe gas pushes the ISM aside.

An energy driven expansion into a powerlaw external density profile ρISM = ρ0(r/r0)
−β

(with β < 2 for typical, non-pathological ISM density distributions) is well described by the
self similar scaling

Rlobe ∼ R0

(
t

t0

) 3
5−β

R0 ≡
(

Lt3
0

ρ0

)1/5

(5)

which, in the case of uniform density, reduces to the well known Castor solution for a wind
driven bubble by Castor et al. (1975),

Rwind ∼
(

Lt3

ρISM

)1/5

(6)

which itself is very similar to the self-similar Sedov–Taylor expansion of a blast wave. Be-
cause the expansion velocity of the lobe decreases with time for realistic distribution of ρISM,
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Table 3
Additional Model Results

Parameter Model AJ Model RAC Model RAJ

θ (◦) 86.2+2.4
− 3.1 72.8+7.4

− 5.4 81.9+5.1
− 6.8

Γ0 22+270
− 19 37+390

− 33 1.41+0.33
− 0.14

Ẽa (1045 erg) 213+83
− 65 6.1+3.8

− 2.3 80+30
− 34

D (kpc) 4.83 ± 0.36 4.49+0.43
− 0.35 3.57+0.50

− 0.44

Rcr (pc) 0.46 ± 0.05 0.63 ± 0.06 0.35+0.04
− 0.05

δ 510+1700
− 410 98+57

− 30 740+3300
− 590

ζ . . . 0.78 ± 0.03 . . .

ηb 0.065 ± 0.014 . . . 0.068+0.016
− 0.013

∆c . . . 1.9+3.2
− 1.1 1.8+5.3

− 6.5

qd . . . . . . − 0.28+0.52
− 0.35

min(χ2
℘/ν) 2.95 (14.74/5)c 1.44 (8.63/6) 3.36 (16.81/5)c

min(χ2/ν) 1.11 1.11 1.31

Notes. The values quoted are the median parameter and symmetric 68%
confidence interval (1σ equivalent) derived from the MCMC run.
a Assumes nISM = 1 cm− 3 and Θ = 1◦.
b The forms of the prior for ζ and η are identical (see Table 2).
c A flat prior is used for both ∆ and q. The former is allowed to take values
between [− 10,10] and the latter is constrained to the range [− 1,1.5].
d The penalty normalization for Model AJ is taken from Model AC; likewise
that for Model RAJ is from Model RAC.

larger jet inclination angle than Model RAC, θ ≈ 82◦, and it
implies a large difference between the eastern and western jets,
η− 1 ∼ 15. Because q ≈ 0, for this model the gross asymmetry
can be attributed to an east–west difference in the gas density
(rather than an asymmetry in the energies or opening angles of
the jets; see Section 3).

To assess the performance of Model RAC relative to Model
RAJ, we exploit the similarities in the way these models are
structured. In particular, their respective priors have identical
form. Therefore, because we attribute equal likelihood to either
type of asymmetry, we can apply the penalty normalization
from Model RAC to Model RAJ. This yields the goodness-of-
fit results shown in Table 3. Model RAJ is effectively ruled out:
min(χ2

℘,RAJ)− min(χ2
℘,RAC) = 8.2.

We now test the strength of this result by considering a
kinematic-only variant of this asymmetric-jet model, Model
AJ, which ignores the radio intensity data. Model AJ has the
virtue that it can be directly compared with our primary model,
Model AC, because both models have the same number of
parameters (seven) and their priors are identically structured.
As in the comparison above, we apply the penalty normalization
of Model AC (Section 5) to Model AJ. The fit results for the
two models are given, respectively, in Tables 2 and 3. Based on
the substantial difference in χ2

℘ , min(χ2
℘,AJ)− min(χ2

℘,AC) = 7.5,
and the even larger difference obtained when the radio-intensity
data are included, we conclude that the asymmetric cavity model
is favored over the asymmetric jet model at the 99% level of
confidence.

Unlike the manifestly asymmetric jets of GRO J1655− 40,
the available evidence indicates that the jets of J1550 are likely
intrinsically symmetric: Model AC is favored over Model AJ,
and Model RAJ implies an implausibly large (factor of 15)
difference in the density of the ISM from west to east.

In comparison with Model AJ or RAJ, our adopted Model
AC gives a reasonable and satisfying description of J1550 as
a system comprised of intrinsically symmetric jets propagating

through an evacuated cavity with eastern and western walls
located out at 0.6 pc and 0.5 pc, respectively.

7. DISCUSSION

If we assume that the jets were produced continuously over
the day-long Eddington-limited X-ray flare (Steiner et al. 2011),
then the nominal total jet energy of ≈ 1046 erg implies that a
significant fraction of the mass accreted onto J1550 during the
flare was directly used to fuel the jets. Roughly, the initial mass
in the jets was then ∼ 1024 g and the matter was accelerated to
Γ0 ∼ 10.

We note that the moderate asymmetry we find (with the
western cavity ≈ 20% smaller in radius than the eastern one)
is opposite in sense from the asymmetry determined by Hao
& Zhang (2009). We attribute this difference to several factors:
Hao & Zhang simply adopted reasonable, ad hoc values for
several key parameters (θ , Ẽ, and Γ0), and they found a high
degree of asymmetry with η− 1 ≈ 30 and ζ = 1.4. (We note that
this particular pair of values of η and ζ allowed a reasonable fit
to be achieved to their data set.) By improving the quality and
quantity of the astrometric data, we were able to determine that
just one asymmetry parameter is required to explain the data
and that the resultant asymmetry is less extreme.

Based on results obtained for the sub-pc scale (!0.1 pc) jets of
GRS 1915+105 and GRO J1655− 40, Heinz (2002) has proposed
that black hole microquasars preferentially inhabit environments
that are underdense compared to their supermassive (quasar)
counterparts. Heinz offers several explanations, notably that
microquasars may produce self-encasing low-density bubbles
either as a remnant of the birthing supernova explosion or via
persistent kinetic outflows from the compact source.

The enthalpy of the low-density cavity in J1550,
∼ 1040–1042 erg, is likely maintained by the steady (or quasi-
steady) AU-scale jets known to be present in the hard or qui-
escent state of black hole binaries (Remillard & McClintock
2006; Gallo et al. 2006). The ∼ 20% measured asymmetry in
the east–west extent of the cavity is unlikely to be a result of
a high proper motion of the binary because this would require
an extreme velocity ∼ 0.1c. Rather, this asymmetry is easily ex-
plained as arising from a moderate 20% variation in the density
of the ISM across the pc-scale region spanned by the jets. This
supposition is quite plausible, given that J1550 is located only
∼ 140 pc from the Galactic plane.

One interesting feature of our best-fitting model is shown in
Figure 2: the onset of X-ray emission for the western jet is first
observed after the jet has reached the outer wall of the cavity,
whereas for the eastern jet it occurs well before reaching the
outer wall. Although there are not enough data to draw a firm
conclusion, this difference in behavior suggests that our model
oversimplifies by describing a succession of low-grade density
jumps (from previous episodes of jet activity) as one single jump
at Rcr. Alternatively, perhaps one or several dense filaments of
gas breached the eastern cavity walls, causing X-ray brightening
at the shock front, but without contributing appreciable mass.

We close our discussion by noting again that our lack of
knowledge of the position angle of the binary restricts us to
testing for spin–orbit alignment along the line of sight. The test
we have performed nevertheless provides important support for
the continuum-fitting measurement of J1550’s spin, which used
the orbital inclination angle as a proxy for the inclination of the
black hole spin axis (Steiner et al. 2011). For the case of J1550,
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Figure 1. Top: the trace of θ for Model AC of Section 5. Eight parallel chains
are used; for each, the initial 104 elements are generated during the burn-in
phase and discarded from the analysis. Bottom: the convergence of the chain
over time. The chains reach convergence quickly, which is indicative of efficient
sampling.

min[1/η, η] (and likewise for ℘ζ ). As an example and stated
differently, we consider a term implying a 10-fold asymme-
try to be a priori one-tenth as likely as one that is sym-
metric. We adopt flat priors on θ and Rcr and flat priors on
the log-values of scale parameters (i.e., the jet energy, Γ0
and δ). The priors and parameter ranges4 are discussed further
and illustrated in Section 5.

In order to initialize the chain and the jump distribution, we
make starting guesses for the model parameters and step sizes.
These initial values are improved upon by running a sequence of
“training” iterations. The training phase incrementally improves
the jump function until its shape is a close approximation to
the posterior covariance matrix, thereby greatly increasing the
MCMC efficiency. The sequence becomes increasingly tuned to
the likelihood surface, simultaneously refining Σ (the covariance
estimate)5 and optimizing the solution.

The training phase continued for a minimum of 15 iterations,
each of which generated a trial chain with 2000 elements.
Training terminated either after 25 cycles were completed or
when the chain attained an acceptance fraction between 24%
and 37%.6

Upon completing the training cycle, eight chains were
generated and run in parallel using the trained jump function,
each to a length of 110 thousand elements. Seven of the starting
positions were chosen by sampling using a dispersed covariance
Σ′ = 10Σ about the final training position, and the eighth was
started directly from the end location reached by the training se-
quence. The initial 10,000 elements of each chain were rejected
as the “burn-in” phase during which the chains relax toward

4 While it is optimal to use an unbounded parameter space in performing
MCMC sampling, it is also sensible to set physically meaningful constraints
on the parameters (e.g., Γ0 > 1). To achieve both objectives, we have
transformed each parameter using a logit function to map a parameter z from
its range [zmin, zmax] onto an infinite scale:
logit(t) ≡ zmin + (zmax − zmin)/(1 + e−t ) for −∞ < t < ∞.
5 Σ is calculated from the chain positions and is used to define the jump
function for each sequence. The jump function is taken to be a t-distribution
with four degrees of freedom that is symmetric about the present position.
6 The target acceptance fraction was set at ≈32%. The optimal value ranges
from ≈23% for an infinite-dimensional problem to ≈45% for a univariate
problem (Gelman et al. 1996). Each run produced an acceptance fraction of at
least 20%.
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Figure 2. Best-fitting model and fit residuals for the eastern jet (filled circles)
and the western jet (open circles). The cavity locations are marked by dashed
horizontal lines, which indicate that the western wall (for the receding jet) is
closer to the black hole than the eastern wall. For clarity, residuals for the
coincidentally detected eastern and western jets are shown slightly offset in
time. In the top panel, the error bars are smaller than the symbols.

a stationary distribution. Our final results are based on a total
of 8 × 105 MCMC samples. Convergence of the MCMC run
is determined using the criterion of Gelman & Rubin (1992),
R̂. The closeness of this criterion to unity is the measure of
convergence.

In Figure 1, we plot a trace of our parallel runs over time for
inclination in our adopted model (see Section 5). In the bottom
panel, we show the Gelman & Rubin convergence diagnostic of
the chain over time. Typically, a chain is considered converged
if R̂ ! 1.1, or 1.2 (see, e.g., Verde et al. 2003).7 For θ , our
parameter of interest, we obtain R̂ < 1.01.

5. RESULTS

In this section we consider three symmetric-jet models,
including our adopted model. For these models, and for the
additional models discussed in the following section, we assume
that the jets were launched at the time of J1550’s giant X-ray
flare (Section 1).

5.1. Two Preliminary Models

We first consider and rule out two simple models. For
the simpler of these, which we refer to as Model S1, the
jets are symmetric and propagate through a uniform medium
(Equation (2); i.e., η = ζ = δ = 1 and Rcr = 0). The strong
deceleration of the jets at late times is not accommodated by this
model, and the best fit achieved is unacceptable, χ2

℘/ν = 68. For
Model S2, we introduce a symmetric cavity centered on J1550
with δ and Rcr as free fit parameters. The fit is significantly
improved, χ2

℘/ν = 42, but it is still far from acceptable. The
results for both models are given in Table 2.

5.2. Our Adopted Model

We now consider our primary model—an extension of Model
S2 that allows the source to be positioned off-center in the
cavity. This asymmetric cavity model (Model AC) is obtained
by freeing the fit parameter ζ (while leaving η fixed at unity;

7 Larger values of R̂ suggest that either the parameter space is insufficiently
sampled or that the chains are not fully evolved.
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Figure 8. Broad-band SEDs of XTE J1550–564. On MJD 51696−7, we
show the entire, intrinsic radio through X-ray SED (the X-ray data were
unabsorbed assuming an additive continuum model; see text) which prob-
ably includes emission from the disc, the jet and thermal Comptonization.
On MJD 51718, the jet emission has been isolated; we estimate ∼ zero
contamination from other components. The jet likely contributes ∼40 and
∼100 per cent of the X-ray flux on MJD 51696–7 and MJD 51718, respec-
tively (Fig. 6).

a phenomenological multicoloured accretion disc plus power-law
continuum model. The first SED is from the hard-state decline
soon after the transition (MJD 51696–7), when the radio SED was
obtained. At this time, the jet likely contributed ∼40 per cent of the
X-ray flux (Fig. 6). For this reason, we cannot isolate the X-ray jet
spectrum in this SED; instead we plot the total SED as observed,
which includes light from the disc in OIR and probably thermal
Comptonization in X-ray, as well as the jet in these regimes and
radio. The second SED is from MJD 51718, at a time in which the
X-ray spectrum is likely dominated by the jet, at lower luminosity.
Here, we show the isolated jet spectrum (the disc has been subtracted
from the OIR). Unfortunately, no radio data were acquired at this
time so we cannot fit the SED with a jet synchrotron model. Note
the single power law from OIR to X-ray implied by the SED, and
the slight softening of the X-ray flux compared to the SED at higher
luminosity. The break between optically thick and optically thin
emission in the jet spectrum lies at a frequency lower than 1014 Hz in
both SEDs. The spectral indices of the optically thick and optically
thin regimes are α ∼ +0.15 (derived from the first SED but after
the disc emission has been subtracted) and α ∼ −0.73, respectively.
The high-energy cut-off in the jet spectrum may lie at ∼1018 Hz
(around 3–10 keV; see Section 3.4).

4 D ISCUSSION

4.1 Two separate X-ray power laws in the hard state

The data between MJD 51702 and 51730 are consistent with being
a single power law from the optically thin jet, with this component
producing ∼100 per cent of the 3–10 keV X-ray flux and a large frac-
tion of the NIR flux. This result has major implications for the origin
of the X-ray emission in the hard state of X-ray binaries. Markoff
et al. (2001) originally suggested that optically thin synchrotron
emission from the jet dominates the X-ray flux of the BHXB XTE
J1118+480; in more recent, advanced models the synchrotron jet
component produces typically ∼10 per cent of the X-ray flux in the
hard state (e.g. Markoff et al. 2005; Migliari et al. 2007). For XTE

J1550–564 during the outburst in question, if the optically thin syn-
chrotron emission does indeed dominate the X-rays, it does not do
so until the source has faded to S < 10−10 erg s−1 cm−2 (3–10 keV;
Fig. 6), which is after the source has already faded by >1 order
of magnitude in the hard-state decline. These results support the
suggestion by Fender, Gallo & Jonker (2003) that the energetics of
BHXBs become jet dominated at low luminosities in the hard state.
However, it does not appear that the synchrotron jet dominates the
X-ray flux in the hard-state rise of the outburst; this is not surprising
since it was found that the NIR jet was fainter (at a given X-ray
luminosity) on the hard-state rise compared to the decline (Russell
et al. 2007). This implies that two separate components can produce
the X-ray power law in the hard state, the jet at low luminosities (at
least for the decline of the 2000 outburst of XTE J1550–564). The
synchrotron-emitting jet then likely dominates the X-ray flux in the
range 10−10 < S < 10−11 erg s−1 cm−2 or ∼(2 × 10−4–2 × 10−3)
LEdd.

Traditionally, it is supposed that Compton upscattering of soft
photons on hot electrons in a ‘corona’ surrounding the compact
object produces the hard X-ray power law in BHXBs (e.g. Sunyaev
& Titarchuk 1980; see Gilfanov 2009 for a review). This has been
supported by the ability of Comptonization models to successfully
reproduce observed X-ray SEDs in detail. It has also been shown
(Markoff et al. 2005) that inverse Compton emission at the base
of the jet (partly fed by synchrotron photons also from the jet;
this is sometimes referred to as synchrotron self-Compton) can
also account for the hard X-ray spectrum of BHXBs. A number of
arguments were put forward illustrating that the hard X-ray power
law of BHXBs is unlikely to originate in the synchrotron jet itself.

It is claimed that the cut-off in the X-ray spectrum resides at
∼100 keV for all BHXBs in the hard state (within a factor of ∼2; e.g.
Grove et al. 1998). Zdziarski et al. (2003) argue that fine tuning of
jet model parameters would be necessary to reproduce this ubiquity.
For XTE J1550–564, we do see an apparent evolution of the cut-off
energy during times when the jet contribution to X-ray is changing.
Fine tuning of jet parameters is no longer required for this source
at this time. In addition, it was found (Joinet, Kalemci & Senziani
2008; Miyakawa et al. 2008; Motta, Belloni & Homan 2009) that the
high-energy cut-off varies between 40 and >200 keV with changing
luminosity in the hard state of GX 339–4 and between ∼100 keV
and >200 keV in the hard state of GRO J1655–40.

Maccarone (2005) estimated an expected increase of a factor
of 1000 in luminosity in transition to the soft state if the hard-
state emission was radiatively inefficient, based on 1 per cent of
the accretion energy being channelled into the jet, which radiates
10 per cent of its energy. It has now been shown that jets may extract
∼50 per cent of the accretion energy (e.g. Gallo et al. 2005), which
corresponds to an expected luminosity change of a factor of 20
over the transition, much less than the factor of 1000 estimated
previously. The jet of XTE J1550–564 seems to dominate the X-ray
flux after one order of magnitude of fading in the hard state, which is
approximately consistent with the predicted factor of 20. However,
during this fading, the mass accretion rate will probably have also
decreased, so the jet may require a high radiative efficiency to be
able to radiate so brightly in X-ray at 10−3LEdd (Tom Maccarone,
private communication).

It was demonstrated (Heinz 2004) that the X-ray spectral index
must be steeper (a higher photon index "X) than is observed if the
synchrotron jet produces the X-ray luminosity and this is respon-
sible for the radio–X-ray–mass correlation in BHXBs and AGN
(the ‘Fundamental Plane’; see Section 3.3). Similarly, it was pro-
posed (Maccarone 2005) that jets cannot dominate the X-ray flux

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 405, 1759–1769

OIR observations support a 
dominant contribution of the 

compact jet to the broadband SED  
(Russell+’10)

Assuming similar travel times (~2 yrs), the new ejecta 
reached the large scale jet location in ~2002
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Fig. 5.— Comparison between the X-ray and radio morphologies of the western jet. The X-ray images are for the 0.3-8 keV band, the
overlaid radio contours are for the closest-in-time ATCA observation at 8.6 GHz (in green) or 4.8 GHz (in cyan). The contour levels are 3,
4, 5, 7, 9, 11, 13, 15, 18, 20, 25, 30, 35, 40 the rms noise level.
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Fig. 6.— Upper panel: radio lightcurves at 8.6 GHz (red points), 4.8 GHz (blue squares), 2.5 GHz (green diamonds) and 1.3 GHz (yellow
triangles) of the western jet of XTE J1550-564. The dotted vertical line marks the observed re-flare at 8.6 GHz. Lower panel: radio spectral
indexes, ↵r: the black solid dots are the ↵r obtained by fitting of the radio (3 or 4 frequencies) SED, the empty dots are derived from the
4.8 to 8.6 GHz spectrum.

Western Jet: X-ray & radio morphology



No. 2, 2009 LARGE-SCALE CAVITIES SURROUNDING MICROQUASAR JETS 1657

(a)

(b)

(c)

Figure 6. Model fittings to the proper motion of the radio and X-ray jets of
H 1743−322. Panel (a) shows the constant velocity fitting and panels (b) and
(c) are deceleration model fittings. Panel (a): dotted lines: extrapolation of
the zero-point time and the first radio detection. Solid lines: linear fittings to
the data set with constant velocity. Panel (b): deceleration in constant density
medium. Results: Γ0 = 1.65, θ = 73◦, E0 = 1 × 1044 erg, and n ∼ 3 ×
10−4 cm−3. Panel (c): deceleration in medium outside a cavity region. Results:
Γ0 = 1.65, θ = 73◦, E0 = 1 × 1044 erg, re = rw = 3 arcsec, and n ∼ 3 ×
10−3 cm−3.
(A color version of this figure is available in the online journal.)

of the ejecta

dslow ∼ 1016 cm
(
E44

/
Γ2

5nxθ
2
5

)1/3
, (11)

where Ekin ≡ 1044E44 erg is the kinetic energy, Γ5 ≡ Γ/5 is
the Lorentz factor of the jet, nx is the external gas density in
the unit of cm−3, and θ = 5◦θ5 is the opening angle of the
jet. He applied this estimation to microquasars GRS 1915+105
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Figure 7. Normalized proper motions of microquasars’ approaching jets,
obtained by dividing the actual jet length by the central compact object mass.
For the mass and distance estimations, please refer to the text, see Section 6.
Jet kinematics data are taken from Rodrı́guez & Mirabel (1999), Gallo et al.
(2004), Corbel et al. (2005), and this paper, respectively.
(A color version of this figure is available in the online journal.)

and GRO J1655−40. In both cases, he found that the upper
limit on the gas density is roughly 10−3 cm−3, given dslow of
0.05 pc, quite consistent with the ISM density found for XTE
J1550−564 and H 1743−322 in this work. For a larger dslow, a
lower nx should be required.

Heinz’s approach led to an interesting comparison between
the microquasar jets and the radio quasar jets. He claimed
that the jets length in GRS 1915+105 (l > 0.04 pc) would
correspond to a jet length of 4 Mpc when scaled by M (mass
of the central BH) to AGN conditions (such as M87 or Cyg A)
(2002). We could follow this way and infer that the jet in XTE
J1550−564 (l > 0.5 pc) will correspond to a 50 Mpc long
AGN jet, which has never been detected. This again confirms
that the environment of microquasars should be comparatively
vacuous, in a dynamical sense even (although not in the absolute
sense) less dense than the AGN environment (the intergalactic
medium of densities between 10−5 cm−3 and 10−2 cm−3),
when compared to the thrust of the jets in microquasars and
AGNs. When presented in unit of pc with the information of
source distance and scaled by the central BH mass, the proper
motions of different microquasar jets can be plotted in one figure
(Figure 7) (GRS 1915+105: 14 ± 4 M⊙ (Greiner et al. 2001),
12.5 kpc (Rodrı́guez et al. 1995); GX 339−4: 5.8 ± 0.5 M⊙
(Hynes et al. 2003), lower limit estimation of distance of 4 kpc
(Zdziarski et al. 1998); XTE J1550−564: 10.5 ± 1.0 M⊙ and
5.3 kpc (Orosz et al. 2002); H 1743−322: since no good mass
and distance observation up to date, we follow the assumption
of 10 M⊙ (Miller et al. 2006) and Galactic center origin of
8 kpc (Corbel et al. 2005)). It is interesting to notice from this
figure that although the detailed properties of the binary systems
(e.g., the compact objects and the companion stars) differ a lot
from source to source, the normalized jet proper motions are
quite consistent. This is not surprising since the jet properties
are set by the compact object (and its immediate neighborhood)
and their evolutions are mostly influenced by the surrounding
environment. Although the companion star provides the material
which is eventually launched into the jets, and thus affects the
mass transfer rate and the mass flux in the jets, it nevertheless
does not seem to play significant roles for the structure and
evolution of the large-scale jets and cavities surrounding the
microquasar. Therefore, the nature of accretion disk physics

Hao & Zhang 2009

Jet Flavors in Microquasars
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Helical pattern in 3C273 radio jet: 
KH instabilities from the jet-ISM interaction 
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initial perturbation  
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Table 2. Western Jet – X-rays: centroid, projected peak and tail positions.

ObsID MJD �t centroid Peak shifta Tail pos.a vapp.,xte vapp,3448

(days) (days) (00) (00) (00) (mas days�1) (mas days�1)
(1) (2) (3) (4) (5) (6) (7) (8)

3448 52344.62±0.14 1266.81 22.6±0.5 22.75±0.5b 19.0 17.9±0.4 –
3672 52444.38±0.10 1366.57 23.2±0.5 0.52±0.12 18.75 17.0±0.4 5.2±1.2
3807 52541.83±0.14 1464.02 23.3±0.5 0.7±0.12 18.25 15.9±0.3 3.5±0.6

18⇤

4368 52667.19±0.12 1589.38 23.9±0.5 0.85±0.22c 18.25 15.1±0.3 2.6±0.7
17.75⇤

5190 52935.30±0.27 1857.49 24.0±0.5 0.84±0.07c,d 16.75 12.9±0.3 3.0±1.0e
16.5⇤

Columns: 1- Chandra observation ID; 2- Modified Julian date of the observation, the error corresponds to half the length of the
observation; 3- time from the 1998 X-ray flare (MDJ=51077.8); 4- projected distance of the X-ray centroid (identified using wavdetect,
see Sec. 3) from XTE J1550�564; 5- projected separation of the X-ray peak of the western jet (in the brightness profile) with respect to

the initial peak position in ObsID 3448. A KS test is used to compare the western jet position between ObsID 3448 and the other
observations. In all cases, the probability of a zero o↵set is < 10

�11; 6- projected distance of the X-ray tail from XTE J1550�564.
Uncertainties are at 90% confidence bounds; 7- apparent advance velocity of the X-ray centroid with respect to XTE J1550�564; 8-

apparent velocity of the X-ray peak with respect to its position in first detection in ObsID 3448.
a : the bin size is 0.2500.

b : initial distance of the X-ray peak of western jet’s brightness profile from XTE J1550�564.
c : the KS test between ObsID 3448 and the last two observations (4368 and 5190) gives a low probability that the two samples are

drawn from the same distribution.
d : the peak o↵set measured by the KS di↵ers from the actual o↵set (1.7500±0.3500) between the peaks.

e : calculated from the actual o↵set between the peaks (1.7500±0.3500).
⇤: position of the last 1 count bin (located in a train of bins with more than 1 count).

Table 3. Western Jet – X-ray Spectral Analysis: Best Fit Model

ObsID Exp. time Counts � norm�,Tot Fa
0.3�8keV,Tot

�Tail Fa
0.3�8keV, tail

(1) (2) (3) (4) (5) (6) (7) (8)

3448 24.39 414 1.85+0.11

�0.10
6.10+0.64

�0.61
3.46+0.17

�0.22
2.04+0.18

�0.40
0.8

3672 17.66 238 1.79+0.13

�0.14
4.94+0.64

�0.60
2.90+0.19

�0.24
1.61+0.30

�0.30
0.5

3807 24.44 197 2.15+0.16

�0.14
4.14+0.57

�0.52
2.05+0.17

�0.16
2.10+0.35

�0.35
0.4

4368 22.40 110 1.98+0.22

�0.21
2.06+0.44

�0.36
1.12+0.11

�0.13
2.09+0.40

�0.40
0.4

5190 46.55 145 1.93+0.18

�0.18
1.28+0.23

�0.21
0.62+0.04

�0.06
1.67+0.25

�0.25
0.36

Columns: 1- Chandra observation ID; 2- exposure time of the observation in ksec after filtering for background flares; 3- number of
photons in the extraction region in the 0.3-8.0 keV band; 4- 0.3-8.0 keV best-fit photon index of the whole jet emission; 5- power-law

normalization of the whole jet emission in units of 10�5 photons cm�2 s�1; 6- unabsorbed 0.3-8.0 keV flux in whole jet region in units of
10�13 ergs cm�2 s�1; 7- 0.3-8.0 keV best-fit photon index of the emission in the tail region; 8- unabsorbed 0.3-8.0 keV flux in tail region

in units of 10�13 ergs cm�2 s�1.
a : a photoelectric model (xswabs in Sherpa) with the absorbing column fixed to the Galactic value, NH = 9 ⇥ 10

21 cm�2, is included in
the model.

MNRAS 000, 1–32 (2017)
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Uncertainties are at 90% confidence bounds; 7- apparent advance velocity of the X-ray centroid with respect to XTE J1550�564; 8-
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b : initial distance of the X-ray peak of western jet’s brightness profile from XTE J1550�564.
c : the KS test between ObsID 3448 and the last two observations (4368 and 5190) gives a low probability that the two samples are

drawn from the same distribution.
d : the peak o↵set measured by the KS di↵ers from the actual o↵set (1.7500±0.3500) between the peaks.
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⇤: position of the last 1 count bin (located in a train of bins with more than 1 count).
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Columns: 1- Chandra observation ID; 2- exposure time of the observation in ksec after filtering for background flares; 3- number of
photons in the extraction region in the 0.3-8.0 keV band; 4- 0.3-8.0 keV best-fit photon index of the whole jet emission; 5- power-law

normalization of the whole jet emission in units of 10�5 photons cm�2 s�1; 6- unabsorbed 0.3-8.0 keV flux in whole jet region in units of
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a : a photoelectric model (xswabs in Sherpa) with the absorbing column fixed to the Galactic value, NH = 9 ⇥ 10
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the model.
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Table 4. Western Jet – ATCA observations: angular separation & apparent velocity.

Obs MJD Separ. vapp.,xte vapp,obs1/01

days arcsec mas day�1 mas day�1

(1) (2) (3) (4) (5)

Year 2001
1/01 51949.99±0.15 20.7±0.5 23.7±0.6 –

Year 2002
1 52290.86±0.07 22.55±0.33 18.6±0.3 5.4±1.8
2 52292.86±0.15 22.12±0.20 18.2±0.2 4.1±1.6
3 52303.72±0.12 22.75±0.19 18.6±0.2 5.8±1.5
4 52306.90±0.10 22.58±0.19 18.4±0.2 5.3±1.5
5 52319.73±0.08 22.04±0.38 17.7±0.3 3.6±1.7
6 52339.80±0.08 22.32±0.58 17.7±0.5 4.2±2.0
8 52372.56±0.08 23.30±0.20 18.0±0.2 6.1±1.3
9 52373.71±0.07 23.23±0.25 17.9±0.2 6.0±1.3
10 52396.58±0.17 23.21±0.21 17.6±0.2 5.6±1.2
11 52416.55±0.17 23.24±0.29 17.4±0.2 5.5±1.2
12 52434.30±0.05 22.70±0.53 16.7±0.4 4.1±1.5
13 52460.48±0.12 23.08±0.31 16.7±0.2 4.6±1.1
14 52483.38±0.11 23.21±0.33 16.5±0.2 4.7±1.1
15 52488.41±0.09 22.87±0.41 16.2±0.3 4.0±1.2
16 52516.29±0.17 23.00±0.32 16.0±0.2 4.1±1.0
17 52534.20±0.10 23.50±0.37 16.1±0.3 4.8±1.1
18 52580.17±0.11 22.74±0.50 15.1±0.3 3.2±1.1
19⇤ 52598.12±0.12 23.02±0.38 15.1±0.2 3.7±1.0
20 52624.96±0.11 23.14±0.36 15.0±0.2 3.6±0.9

Year 2003
21+22 52666.33±0.33 23.94±0.46 15.1±0.3 4.5±0.9
23 52704.81±0.06 23.72±0.53 14.6±0.3 4.0±1.0
24⇤ 52845.49±0.07 23.50±0.84 13.3±0.5 3.1±1.1

Columns: 1- ATCA observation; 2- Modified Julian date of the observation, the error corresponds to half the length of the observation;
3- angular separation of the brightest radio component from XTE J1550�564 (see the text). Unless di↵erently indicated, the positions

have been measured using the radio maps at 8.64 GHz; 4- average apparent advance velocity with respect to XTE J1550�564; 5-
apparent advance velocity with respect to the position at the time of the first radio detection in February 2001 (obs1/01).

⇤: measured using the 4.8 GHz maps.

Table 5. X-ray eastern Jet: centroid angular separation and apparent velocity

ObsID MJD centroid vapp.,xte vapp.,679

days arcsec mas days�1 mas days�1

(1) (2) (3) (4) (5)

679 51704.54±0.03 21.3±0.5 34.0±0.7 –
1845 51777.41±0.03 22.7±0.5 32.4±0.7 19±10
1846 51798.25±0.03 24.2±0.5 33.6±0.7 31±7
3448 52344.63±0.14 28.6±0.5 22.6±0.4 11±1
3807a 52541.83±0.14 28.6±1.0 19.5±0.7 8.7±0.8
5190a 52935.30±0.27 33.3±1.5 17.9±0.8 10±1.0

Columns: 1- Chandra observationID; 2- Modified Julian date of the observation, the error corresponds to half the length of the
observation; 3- projected distance of the X-ray centroid (identified using wavdetect) from XTE J1550�564; 4- apparent advance

velocity of the X-ray centroid with respect to XTE J1550�564; 5- apparent advance velocity of the X-ray centroid with respect to the
position in the first detection (ObsID 679).

a : the centroid position was measured using the ds9 dax.

MNRAS 000, 1–32 (2017)
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Figure 2: Theoretically expected early optical afterglow lightcurves from re-
verse plus forward shock emission, and illustrative diagram of three classified
types. (a) from Ref [58]; (b) from Ref [70]; (c) from Ref [110].

shock component (usually peaks at X-ray) and reverse shock component
(usually peaks at optical).

4.3 Constraints on theoretical parameters from observational
results

Valuable results may be expected in the case of bursts where multi-band
(instead of only X-ray) early afterglow observations are available, especially
for the properties of the GRB outflow itself. For cases with identifiable re-
verse shock component, several important pieces of information, if available,
should be useful to constrain model parameters:

• The rising and decaying slope of the reverse shock peak. The decaying
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