
G. Migliori Kathmandu, 19/10/16

Multi-band time-lapse 
of the western jet of XTE J1550-564

1

Giulia Migliori 
Lab. AIM/Univ. Paris-7/CEA-Saclay 

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



G. Migliori Kathmandu, 19/10/162

compact, persistent 
radio jets (~10 AU)

transient, relativistic 
radio jets (~100s AU)

large scale jets  
(up to~10s pc)

Jet flavors in X-ray binaries

Stirling+’01

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

CygX-1
CygX-1

GRS1915+105 1E 140.7-2942

milli-arcsec arcsec arcmin

radio lobes/
cavities



G. Migliori Kathmandu, 19/10/16

Corbel'et'al.'2002'

3

Low mass XRB XTE J1550-564: 
Discovery of large scale (~0.5pc) 
decelerating jets following a major 
X-ray outburst in 1998 (Corbel+’02): 
<vapp,eastjet>=1.0c to 0.1c;  
<vapp,westjet>=0.55c to 0.4c.
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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.

5

(quasi) ballistic  
motion

cavity walls: 
jet-ISM interaction

jet deceleration

Steiner+’12

Dynamical Model:  
the jets start to radiatively dissipate 
energy and decelerate when they 
reach the walls of the low-density 

cavity (Wang 2003;Hao&Zhang ’09, Steiner+’12).

The large scale jets of XTE J1550-564
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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

Radiative Model:   
• particles accelerated by a reverse shock 

similar to GRB afterglows (Wang 2003; Hao 
& Zhang 2009); 

• energy losses dominated by adiabatic 
expansion losses; 

Hao & Zhang 2009

✓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).

In depth study of the western jet

A fast decaying X-ray emission
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 March 11 2002

0ct. 23 2003

 June 19 2002

 Sept 24 2002

 June 28 2003

 XTE J1550-564  western jet

0.3-7.0 keV

Evolution in ~1.5 yrs of 
the X-ray jet morphology: 

• extended; 
• helical structure? also 

observed in jets of 
XRBs and AGNs.

5

Western Jet: X-ray morphology

~23’’/0.5pc
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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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peaktail

Western Jet: X-ray surface brightness

• extended X-ray profile 

• progressive deceleration of 
the main peak; 

• formation of a receding tail;

reverse shock propagation 
through the jet plasma? 

or  
colliding shells?

v v
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Western Jet: radio & X-ray morphology
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.

some differences in the radio morphology (8.6 GHz, 4.8 GHz) but 
flux sensitivity was not optimal to map low-brightness features.
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tdecay=127±6 days
tdecay=167±5 days

Steep decay of the  
optically thin synch. 

emission

@8.6 GHz:  
flux re-brightening + 
spectral flattening

Chromatic decay of the emission: radio frequencies

8
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The flux decays slower in X-rays than in radio: 
not expected if adiabatic losses are dominant.

Chromatic decay of the emission: radio vs. X-rays

600 800 1000 1200 1400 1600 1800 2000
Days from flare [MJD-51077.8]

0.1

1

10
Fl

ux
 [m

Jy
]

western jet: 8.6 GHz

western jet: 1 keV (*5*105)

eastern jet: 1 keV (*5*105)

tdecay=343±26 days
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9

tdecay=311±37 days
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Radio-X-rays SED: synchrotron emission

- X-ray emission on the extrapolation of the radio spectrum (4/5 obs.); 
- bremss. origin requires too large masses (>1028 gr) for accretion and entrainment;

X-rays from synchrotron emission 
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Fig. 11.— X-ray (1 keV, blue empty circles) and radio (8.6 GHz, red solid circles) lightcurves of the western jet and X-ray lightcurve (1
keV, grey solid diamonds) of the eastern jet. The X-ray upper limits of the western (blue empty triangles) and eastern (grey solid triangles)
jets are also shown (see text). For the purpose of comparison with the radio fluxes, the X-ray fluxes have been multiplied by a 5⇥105

factor. The lines correspond to the exponential decay fits of each dataset.
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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
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- spectral changes at the 
radio re-flare; 

- different radio and X-ray 
morphologies;

11

Radio-X-rays SED: reflare

newly accelerated low-
energy particles?
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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.

• 10%-15% linear polarization 
@4.8 GHz and 8.6 GHz; 

• E vector parallel to the jet axis

shock-compressed B field

12

Linear polarization

The evolving polarised jet of Swift J1745−26 9

Figure 4. Schematic of the various magnetic field (B) geometries, electric vector position angles (EVPA) and bulk motions (represented
by arrow orientation and size) discussed in section 3.2. Top: the basic magnetic field geometry along the jet and at the ejecta shock front
due to compression. Bottom: four possible geometries due to i) a helical field, ii) lateral expansion and compression, iii) velocity shear
and iv) bow shock. All these may cause a dominant magnetic field orientation, and hence EVPA, that may deviate significantly from
that expected in the simplest geometry.

along the shock front to illuminate the jet-aligned mag-
netic field behind the shock (Dreher et al. 1987). These field
variations can also explain increases (or decreases, depend-
ing on magnetic field direction) in the measured RM at
late times. Such spatially dependent magnetic variations
have been directly imaged and resolved by interferometry
in both LMXBs (e.g., Miller-Jones et al. 2008) and, more
commonly, AGN (e.g., Lister & Homan 2005; Gómez et al.
2008; Homan et al. 2009), but it is not possible to do so for
the unresolved jets of Swift J1745−26.

3.3 Flare energetics

While there are 3 clear peaks in the 5 and 5.5GHz light
curve at MJD ∼ 56195, ∼ 56214 and ∼ 56233 (Figure 1), we
identify only the last as a flare, or discrete ejection event,
because of its optically-thin spectrum and high fractional
polarization. Using the approximations and formulation of
Fender (2006), and assuming equipartition (i.e., the energy
is approximately equally divided between emitting electrons
and the magnetic field), the minimum internal energy re-
quired to launch a discrete flaring event is

Emin ∼ 7× 1039
(

∆t
d

)9/7
( ν
GHz

)2/7
(

Fν

mJy

)4/7 (
d

kpc

)8/7

erg,

where ∆t is the rise time and d is distance to the source. The
related mean power of the ejection event is Pmin = Emin/∆t,
the magnetic field strength at minimum energy is

Beq ∼ 2

(

∆t
d

)−6/7
( ν
GHz

)1/7
(

Fν

mJy

)2/7 (
d

kpc

)4/7

mG,

and the corresponding Lorentz factor of the synchrotron
emitting electrons is

γe ∼ 950
( ν
GHz

)1/2
(

B
mG

)−1/2

.

Because of the approximately linear dependency (Emin ∝

d1.14), the unknown distance to this source (see section 3.4)
will only have a modest effect when calculating the min-
imum energy. For a rise time of 1.83 days and distances
in the range 5 to 8.5 kpc, we find Emin ∼ 1042 erg and
Pmin ∼ 1037 erg s−1, which imply an equipartition magnetic
field strength of ∼ 10mG and emitting electrons of Lorentz
factors, γe ∼ 650. Without constraints on the bulk motion
(i.e., bulk Lorentz factor, Γ) of the ejecta, we cannot correct

Curran+2014

reverse shock model => polarized 
emission probes the jet’s B field:

4.8 GHz 
May 22 202
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eastern jet last X-ray detection 
(~3 sigma, 8counts)

east jet

west jet

18 Migliori G. et al.

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 arcsec2.

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.
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western 
jet first 
detection 
in 2001

Figure 2: Obs. 10, 11, 16: 3 cm (left panel), 6 cm (right panel).

2

Figure 2: Obs. 10, 11, 16: 3 cm (left panel), 6 cm (right panel).

2

Figure 4: Obs 21+22, 23, 24: 3 cm (left panel), 6 cm (right panel).

4

Figure 1: Obs. 3, 4, 8+9: 3 cm (left panel), 6 cm (right panel).

1

Figure 3: Obs. 17, 19, 20: 3 cm (left panel), 6 cm (right panel).

3

Figure 4: Obs 21+22, 23, 24: 3 cm (left panel), 6 cm (right panel).

4
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Jets’ dynamics
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- evolution of structure of the X-ray western jet: 
- trailing tail extending backwards: a signature of the reverse 

shock passing through the jet plasma? 
- radio to X-ray synchrotron emission: 

- different decay times of the radio and X-ray fluxes: not 
consistent with dominant adiabatic losses => need ad-hoc 
modeling; 

- variation of the spectral shape during the radio re-brightening=> 
new acceleration episode? 

- jet motion as seen in radio consistent with the dynamical 
models of jets in a cavity.

Conclusions
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Helical pattern in 3C273 radio jet: 
KH instabilities from the jet-ISM interaction 

+ 
initial perturbation  

0ct. 23 2003

Western Jet: X-ray morphology
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Reverse shock propagation through the jet plasma?

Backwards motion of the reverse shock is observed in SN remnants (in Tycho 
SNR, Yamaguchi et al. 2014) => non-relativistic shock
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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

18

forward shock  
dominated 

reverse shock  
dominated 

early afterglow:

GRB afterglow models:  
forward & reverse shock emission
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Steep decay + late flattening if: 
- Lorentz factor of the late ejecta 

<10; 
- large part of the shock-dissipated 

energy goes into a small fraction 
of e-; 

+ 
conditions on the ISM: 

inefficient energy transfert to the 
particles/B field in the plasma 
crossed by the forward shock

738 F. Genet, F. Daigne and R. Mochkovitch

where Es = 1
2
!0 Msc

2 is the total energy in the slow material. From

equations (32), (33), (35) and (36) the expressions for Fmax, νm and

νc can be computed as

Fmax = 1.4 × 108 (1 + z)

D2
28

(ζ E53) (ϵB A∗)1/2

!2

×
1

t
mJ

νm = 9.15 × 1016 (ϵB A∗)1/2

(

ϵe

ζ

)2 (

p − 2

p − 1

)2

×
1

t
Hz

νc = 8.2 × 108 t
1/2
dec !2

2

(ϵB A∗)3/2
× t1/2 Hz (37)

with E53 = Es/1053 erg and where the expression for Fmax has been

written in the limit t ≫ tdec. Compared to the forward shock case, it

can be seen that Fmax ∝ t−1 and that νm decays less rapidly (as t−1

instead of t−3/2). For a wind environment, the cooling frequency has

the same power-law dependence, νc ∝ t1/2. From these expressions

the flux can be computed for the different possible radiative regimes

(Sari et al. 1998), the results being given in Appendix A.

Let us, for example, take the following values of the parameters:

!2 = !0/100 = 1, ϵe = ϵB = 1/3, ζ = 10−2, p = 2.5, A∗ = 0.5 and

tdec = 100 s. The transition from fast to slow cooling then occurs at

t = 1.3(1 + z) d. Now adopting 1 keV and 2 eV as typical energies

for the X-ray and visible bands (i.e. νX = 2.4 × 1017 Hz and νV =

4.8 × 1014 Hz) and a redshift z = 2, it appears that after only a few

seconds νX becomes larger than νm and then remains larger than

νc in the slow-cooling regime. The corresponding temporal slope

is αX = (2p + 1)/4 = 1.5. At the visible frequency, we initially

have νc < νV < νm and therefore αV = 0.75. The visible frequency

crosses νm at t = 2.6 h (in the fast-cooling regime) and then νc (in

the slow-cooling regime) at very late times. A break from αV = 0.75

to 1.5 is expected at t = 2.6 h.

Since these predicted slopes are only valid in the asymptotic

regime, where t ≫ tdec, we have performed a numerical simula-

tion with the burst parameters given above except for the fraction

ζ of accelerated electrons and the wind parameter A∗. We also as-

sume that E53 = 1 and adopt a rest-frame reddening AV = 0.5 in the

burst host galaxy. Examples of the resulting X-ray and visible light

curves are shown in Fig. 4. For small values of ζ they exhibit chro-

matic breaks. The break in X-rays is a consequence of the dynamics

Figure 4. Early afterglow light curves produced by the reverse shock for ϵe = ϵB = 1/3, p = 2.5, !2 = 1, E53 = 1 and AV = 0.5 (see the text for details).

Left-hand panel: ζ = 3 10−3 and A∗ = 0.3; right-hand panel: ζ = 10−2 and A∗ = 0.5. The solid (dotted) line is the X-ray (visible) afterglow. Compare these

results to the early afterglow light curves of, respectively, GRB 050802 and GRB 050922c as shown in Panaitescu (2006).

of the reverse shock (it is already present in the bolometric light

curve) while the break in the visible is a spectral break (when νV

crosses νm). The two cases (ζ = 3 × 10−3, A∗ = 0.3) and (ζ = 10−2,

A∗ = 0.5) appear very similar, respectively, to the early afterglow

light curves of GRB 050802 and GRB 050922c (see Panaitescu et al.

2006; Panaitescu 2006).

In the standard interpretation where the X-ray hump is explained

by a phase of energy injection and the following break by the end of

the injection phase, it is very difficult to explain why the optical and

X-ray light curves can behave differently. In the reverse shock in-

terpretation, the X-ray light curve closely follows the instantaneous

energy release which is entirely controlled by dynamical effects.

The shallow phase mainly results from the evolution of e (ec2 be-

ing the dissipated energy per unit mass in the comoving frame –

see equation 17) which is depressed during the X-ray hump. We

obtain a chromatic break (i.e. a break in X-rays not seen in the vis-

ible) in the fast-cooling regime when we have νX > νm and νc <

νV < νm . Equations (A2) and (A3) of Appendix A then, respectively,

give

F(νV) = Fmax

(

νV

νc

)−1/2

(38)

and

F(νX) = Fmax

(

νm

νc

)−1/2
(

νX

νm

)−p/2

= F(νV) ν
−p/2
X ν

1/2
V ν(p−1)/2

m .

(39)

The important difference between these two expressions is the factor

ν(p−1)/2
m in F(νX). Since we have ν(p−1)/2

m ∝ !(p−1)
e ∝ e(p−1), it can

be understood that the imprint of the dynamics is much larger on

F(νX) than on F(νV).

The subsequent evolution of the afterglow depends on the be-

haviour of ϵe and ϵB in the forward shock. If they increase enough

with time the forward shock contribution will eventually dominate

but the moment of the transition is difficult to estimate in the ab-

sence of any reliable physical model for the possible variations in

the shock microphysics parameters. If the forward shock takes over

after about one day, the multiwavelength fits of GRB afterglows ob-

tained in the pre-SWIFT era will remain valid but the early afterglow

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 381, 732–740

Genet, Daigne & Mochkovitch (2007)

X-ray

optical

steep 
decay flattening

GRB afterglow models:  
reverse shock dominated X-ray emission


