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XTE J1550-564 western jet’s 2002-2003 Chandra gallery

coll.: S. Corbel, J. Tomsick, P. Kaaret, R. Fender, Tzioumis, M. Coriat, J. Orosz
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XTE J1550-564 large scale jets
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Corbel'et'al.'2002'

low density cavity

approaching 
eastern jet

receding 
western jet

X-ray/Chandra
<vapp,eastjet>=1.0c to 0.1c; 

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

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).

Low Mass X-ray Binary:  
• September 1998: X-ray  

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

• June 2000: discovery of large-
scale (~0.5pc) radio & X-ray 
jets (Corbel+’02)

Follow-up of the western jet: 
✓X-rays: 8 Chandra observations; 
★Radio: 24 ATCA observations (1.4 GHz, 2.5 GHz, 4.8 GHz, 8.6 GHz).



XTE J1550-564 jets: dynamics
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Migliori+’17

eastern jet

western 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.
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Jet structure

6

Western Jet − X−ray profiles
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• deceleration of the main peak (vapp~0.07c); 

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

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

Spatially resolved X-ray jet:



X-ray tail: reverse shock
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Heinz & Sunyaev’02
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Chromatic decay: faster in radio than in X-rays? 

Steep decay (F∝t-2): synchrotron radio & X-ray emission 
from the reverse shock (Wang ’03; Hao&Zhang ’09, Steiner+’12) 
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X-ray tail: colliding shells
emission from internal shocks formed by colliding 

shells (models for compact jets of microquasars, 
prompt emission of GRBs, blazars, Kaiser+’00, Jamil

+’10, Malzac+’14,Sari&Piran’97,Spada+’01)

Γ

ISM

A second X-ray & radio outburst 
in 2000 (Corbel+’01): 

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.

assuming same jet velocities, 
the new ejecta reached the large 
scale jet location in ~2002; 
@8.6 GHz: flux re-
brightening + spectral 
flattening in September 2002.



Polarized radio emission
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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.
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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

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
(
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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

probe of the B field configuration in the ejecta:

Radio & X-ray high resolution observations allowed to probe the structure of 
large scale jets in XTE J1550-564. More jets are needed! 



Observations: H 1743-322
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Outburst in 2008: radio and X-ray observations of the decay phase (Jonker et al. 

2008):

radio & X-ray flares  
+ 

optically thin radio emission in low-
hard state(αr=-0.5±0.15) 

+ 
outlier in the radio-X-ray lum. relation 

(Coriat+’11) 

As indicated previously, the eastern jet was already decaying
when the Chandra observations were performed (see Fig. 2 for
their scheduling relative to the radio light curve).

H1743!322 was observed withChandra on 2004 February 12
(MJD 53,048), March 24 (MJD 53,089), and March 27 (MJD
53,092) using the Advanced CCD Imaging Spectrometer spec-
troscopic array (ACIS-S; Bautz et al. 1998). In all observations,
the target was placed on one of the back-illuminated ACIS chips
(S3) with the ACIS-S operated in imaging mode. For the first
observation, only the S3 chip was read out and a 1/2 subarray
mode was used to limit pileup. For the latter two observations,
the source was known to be a lower flux state, and the full ACIS-S
imaging mode array was used.

We produced 0.3–8 keV ACIS images using the ‘‘level 2’’
event lists from the standard data processing (ASCDS ver. 7.2.1)
using the Chandra Interactive Analysis of Observations (CIAO)
software package version 3.0.2 andCalibrationDataBase (CALDB)
version 2.26. We constructed light curves with all valid events
on the S3 chips to search for time of high background. Only weak
background flares were found (and removed) for the February
observation; otherwise, the count rate appears uniform. The to-
tal useful exposure obtained was 17,796 s on February 12 (ob-
servation 1), 28,363 s onMarch 24 (observation 2), and 40,037 s
on March 27 (observation 3).

We searched for X-ray sources in each 0.3–8 keV image using
wavdetect (Freeman et al. 2002), the wavelet-based source de-
tection routine in CIAO. For all three Chandra observations, an

X-ray source is found at the location of H1743!322, the eastern
jet, and western jet (Figs. 4 and 5). All three sources appear
aligned and therefore provide further evidence for a connection
with H1743!322.

We check the Chandra wavdetect position of each source by
calculating the source’s centroid using the 0.3–8 keV events
from a 4 ; 4 pixel (200 ; 200) region centered on its wavdetect
positions. This region contains all events likely related to the
source, along with a small number of background events. The
recalculated positions of H1743!322, the eastern and western
jets, are in good agreement with the wavdetect positions; the
differences were less than 0B10. The position angle of the eastern
jet relative to H1743!322 is 89N0 " 1N5, while the position
angle of the western jet is !91N7 " 1N8.

2.2.2. Source Localization

To obtain the best constraint on the position of each de-
tected source (especially H1743!322, which is not detected
in our radio images), we registered the Chandra images with
an infrared image from the Two-Micron All-Sky Survey
(2MASS) following the procedure described by Tomsick et al.
(2003b). We use the two longest Chandra observations (2 and
3) and inspected each observation separately. We restricted
our search for X-ray and infrared sources within a 40 radius

Fig. 4.—X-ray images of H1743!322 for the 0.3–8 keV band taken on 2004
February 12, March 24, and March 27. The gray scale represents the number of
X-ray counts per pixel with a maximal of 6, 5, and 13 counts on 2004 February
12, March 24, andMarch 27, respectively. H1743!322 is located at the center of
the image, whereas the eastern jet is on the left and the western jet is on the right.

Fig. 5.—Filled contour plots produced by convolving the 0.3–8 keV images
shown in Fig. 4 with a two-dimensional Gaussian with a width of 2 pixels in
both directions. The vertical lines indicate the position of the X-ray sources in
each observation. Each count image has been normalized by its integration time.
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their scheduling relative to the radio light curve).
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Large-scale radio & X-ray jets in H1743-322  
(Corbel+’05)

4 Espinasse & Fender

Figure 2. The separation of the sample from Fig. 1 into radio loud and radio
quiet branches.

Figure 3. The spectral index against monochromatic radio luminosity (top)
and against 1-10 keV X-ray luminosity (bottom).

Figure 4. Colour map of the spectral index in the radio – X-ray plane.

that the distribution for radio quiet sources was broader than the
distribution for radio loud sources. The fit function was

gauss(x) = a exp

✓
� (x� b)

2

2c

2

◆

where b is the expectation value and c is the standard deviation
for the distribution.

Fitting gave the following coefficients: for loud sources, a =

29.7, b = 0.18 and c = 0.20, and for quiet sources, a = 4.78,
b = �0.21 and c = 0.31. Based upon these fits, the radio-loud
sources have a more positive expectation value and a slightly nar-
rower distribution. To check that the two Gaussians were statisti-
cally different, we performed a Welch two sample t-test using the
programming language R. The p-value of 2.9 ⇥ 10

�6 (confidence
interval of 95%) confirms that the mean values for the two Gaus-
sians are significantly different. We also assessed the goodness of
the Gaussian fit by calculating the fraction of the variance in fre-
quency of spectral indices explained by the Gaussian model (see
Statistics: an introduction using R by M.J. Crawley). For the radio
loud sources, 98% of the variations of the spectral index are ex-
plained by the Gaussian model, while it is only 62% for the radio
quiet sources. However, if those percentages highlight the fact that
the spectral indices for the radio quiet sources have a less regular,
more scattered distribution, one should be cautious when analyz-
ing them as they depend on the number of bins used to plot the
histograms.

Since GX 339–4 has more data than any other source in our
sample, we investigated whether it may be biasing the results for
the radio-loud sample. In Fig. 6 we have plotted two histograms
of the spectral index: one using only GX 339-4 data points (Fig. 6
upper panel), and the other one using all radio loud sources except
GX 339-4 (Fig. 6 lower panel). We then fitted both histogram with
Gaussians. The parameters for the GX 339–4 Gaussian are a =

18.2, b = 0.16 and c = 0.21, and for the other loud sources they
are a = 9.7, b = 0.21, c = 0.19. These values are very similar, and
are also very close to the parameters found for the Gaussian fitting
the whole loud distribution. It can be seen that both distributions
seem well fitted by Gaussians, thus the Gaussian shape was not
due only to GX 339–4 dominating the sample. To confirm that the
two Gaussians are statistically similar, we performed a Welch t-test
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Espinasse & Fender ’17
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Observations: H 1743-322
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o: X-ray source and jet pos. in March 2004

lateral elongation of the X-ray source: 
multi-components partially resolved in the 

half-pix. res. image 

Analysis of the archival Chandra observations (March 8-24 2008):

Evidences for ejection events in the 2007/2008 outburst:  
H1743-322 is an “X-ray jet repeater”? 
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Observations: H 1743-322

Weak extended source at larger 
scales: 
- F(0.5-7)~9e-15 erg/cm2/s;  

• Trajectory & flux are consistent with the western jet in 2004; 
• from Corbel+’05:  

‣ decelerating jet: the estimated prop. motion is 6.7+/-5.2 mas/day, ~15” (~0.6 pc 
@8kpc)  from H1743 => in good agreement with the observed position! 

01 0.024 0.051 0.11 0.22 0.44 0.88 1.8 3.5 7 1

merged obs 
1-7 keV, 0.492”/pix  

15”

o: X-ray source and jet pos. in March 2004
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Chandra images are nice…but also necessary to 
understand jets at large and small scales in μQs and 

AGN


