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•At a distance of 5.5 kpc, embedded in the radio nebula W50

What is SS 433?

W50 supernova remnant in radio (green) against the infrared 
background of stars and dust (red).

SS 433

•SS 433 discovered in the 70’s. In the galactic plane. K=8.1!

•Eclipsing binary with Period of ~13.1 days, the secondary a A-type 
supergiant star and the primary may be a ~10 Msun BH.

70 arcm
in

130 arcmin
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• Optical/IR spectrum:  
‣Broad emission lines (stationary lines)  
‣Doppler (blue and red) shifted lines 
(moving lines)

Medvedev et al. (2010)

Moving Lines: Jet Signatures
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• Optical/IR spectrum:  
‣Broad emission lines (stationary lines)  
‣Doppler (blue and red) shifted lines 
(moving lines)

•Rapidly interpreted as signature of 
collimated, oppositely ejected jet 
(v~0.26c) precessing (162 days) and 
nutating (6.5 days)

Medvedev et al. (2010)

Figure 3: Precessional curves of the radial velocities of the shifted lines from the approaching
(lower curve) and receding (upper curve) jets, derived from spectroscopic data obtained during
the first two years in which SS433 was studied (Ciatti et al. 1981). The scatter of the data
about the curves is due primarily to the nutational variability.

The two crossovers are usually denoted times T1 and T2, and their precessional phases
are 0.34 and 0.66. It is obvious that the phases for the extrema and crossovers of the
radial-velocity curves (Fig. 3) are determined only by the orientation of SS433 relative to
the observer and not by any physical processes occurring in the system. This, generally
speaking, trivial fact nevertheless is sometimes forgotten in interpretations of the complex
phenomena observed in SS433.

During the precessional cycle, the lines of the two jets change places, so that the jet
that recedes from us during most of the precessional period is denoted with a “+” and the
opposite jet is denoted with a “−”. At the times T1,2, the radial velocities of the jet lines
coincide, but are not equal to zero. This is due to the well known transverse Doppler effect,
or time dilation, which is clearly observed in this way only in SS433 (among macroscopic
objects). The Doppler shifts of the spectral lines are described by the well known formula

λ = λ0γ(1 − β cos η),

where λ and λ0 are the shifted and laboratory wavelengths, η is the angle between the jet
and the line of sight,

γ =
1

√

1 − β2

is the Lorentz factor and the jet velocity Vj is expressed in units of the speed of light
β = Vj/c. At the times of the crossovers, the jet radial velocities are V ±

r /c = γ − 1.
Thus, the velocity of propagation of the jets can be directly measured in SS433, and,
consequently, the geometric parameters of the jets, inclination of the system, and distance
to the object (from radio images of the precessing jets) can also be determined.

The behavior of the moving lines of SS433 is described well by the kinematic model
for the precessing jets (Abell and Margon 1979). Figure 4 shows a geometric schematic
of the jet precession. We adopt the following notation. The angle between the jets and
the precessional axis (the precession angle) is θ, the angle between the precessional axis
(orbital axis) and the line of sight i, the precessional period Ppr, and the precessional
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•Variable, periodic, Doppler shifts 
reaching ~50000 km/s in redshift and 
~30000 km/s in blueshift

periodicity of 
~162 days

Moving Lines: Jet Signatures
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Iron Emission Lines from
Extended X-ray Jets in SS 433:
Reheating of Atomic Nuclei

Simone Migliari,1* Rob Fender,1* Mariano Méndez2

Powerful relativistic jets are among the most ubiquitous and energetic observa-
tional consequences of accretion around supermassive black holes in active galactic
nuclei and neutron stars and stellar-mass black holes in x-ray binary (XRB) systems.
But despite more than three decades of study, the structure and composition of
these jets remain unknown. Here we present spatially resolved x-ray spectroscopy
of arc second–scale x-ray jets from XRB SS 433 analyzed with the Chandra ad-
vanced charge-coupled device imaging spectrometer. These observations reveal
evidence for a hot continuumandDoppler-shifted iron emission lines fromspatially
resolved regions. Apparently, in situ reheating of the baryonic component of the
jets takes place in a flow that moves with relativistic bulk velocity even more than
100 days after launch from the binary core.

The jets of XRB SS 433 are well established,
quasi-persistent, and the best example of reg-
ular precession of the jet axis (1–3). Exten-
sive observing campaigns have placed con-
straints on the emission physics, geometry,
and scales associated with the baryonic com-
ponent of the jets of SS 433. The generally
accepted model for the thermal component of
the jet is an adiabatic cooling model (4, 5).
This model assumes that the emitting matter
is moving along ballistic trajectories and ex-
panding adiabatically in a conical outflow,
and that the temperature and matter density
are only a function of the distance from the
core. The matter is ejected (the physical pro-
cesses of ejection are still uncertain) with a
temperature of !108 K (mean thermal energy
per particle kT ! 10 keV) (4–6), comparable
to that measured for the inner regions of
accretion disks. Close to the binary core, at
distances less than "1011 cm, this jet plasma
emits a high-temperature continuum and
Doppler-shifted lines in the soft x-ray band
(6). The jet subsequently emits Doppler-
shifted optical emission lines that are con-
strained to originate at distances of less than
"1015 cm because of a lack of measurable
offsets between blue- and red-shifted beams.
Neither line-emitting region has been spatial-
ly resolved from the core of SS 433. Further-
more, the temperature of the optical line-
emitting region is limited to less than "104 K
by the absence of higher excitation lines such
as He II and C III/N III (7). In the adiabatic
model, the temperature decreases with the

radial distance R from the core as temperature
T # R$4/3; thus, at distances greater than
"1016 cm, the matter is expected to be at a

temperature of %100 K, too cool to thermally
emit x-ray and optical radiation. Besides this
thermal radiation, there is nonthermal syn-
chrotron radiation, which traces the distribu-
tion of relativistic electrons and the magnetic
field in the jet, observed in the radio band at
distances between 1015 and 1017 cm (2). Far-
ther out, the jet is not detected again until
degree-scale (i.e., distances of "1019 to 1020

cm from the binary core) termination shocks
are observed, deforming the surrounding
W50 nebula (Fig. 1, top), which is thought to
be a supernova remnant associated with the
formation of the neutron star or black hole in
SS 433 (8, 9).

Marshall et al. (6) have recently analyzed
the x-ray line emission from SS 433 with the
Chandra high-energy transmission grating
spectrometer (HETGS). They refined the adi-
abatic cooling model, limiting the thermal
x-ray emission region to within "1011 cm of
the jet base. They also discovered faint arc
sec–scale x-ray emission on either side of the
core, but they were not able to measure any
emission lines and concluded that the jet gas

1Astronomical Institute “Anton Pannekoek,” Universi-
ty of Amsterdam, Kruislaan 403, 1098 SJ Amsterdam,
Netherlands. 2Space Research Organization Nether-
lands (SRON), National Institute for Space Research,
Sorbonnelaan 2, 3584 CA Utrecht, Netherlands.

*To whom correspondence should be addressed. E-
mail: migliari@astro.uva.nl, rpf@astro.uva.nl

Fig. 1. (Bottom) Image of SS 433 with Chandra ACIS-S, rebinned to one-quarter native pixel size
and smoothed with a 0.5–arc sec Gaussian (comparable to the resolution of the telescope). The
predicted projection on the sky of the jet precession cycle is indicated. The blue line refers to the
jet that, for most of the time, is approaching Earth (it is receding only "16 days over the 162-day
precession cycle), and the red line refers to the (mostly) receding jet. The x-ray emission lies in the
jet path and, although concentrated in two lobes, shows weaker emission extended beyond these
to larger distances at the predicted position angles. (Top) Comparison with the surrounding W50
radio nebula (9) shows the correspondence in alignment of the structures, both of which reveal the
signature of the jet precession (19). DEC, declination; RA, right ascension.
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Precessing Jets

• Jets mass-loss rate >10-6 M⊙ yr-1 

• Lkin >1039 erg s-1 > 1000 L2-10 keV.  
(LX,intrinsic may be much larger)

X-rays (Watson et al. 1986, 
Migliari et al. 2002, !

Marshall et al. 2002)

VLA observations (Dubner et al. 1998)

4

• Presence of ionized heavy elements

• Collimation with opening angle ~1°

• They interact in a helical pattern 
with W50

VLBA observations (Mioduszewski et al. NRAO/AUI/NSF)
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more, the temperature of the optical line-
emitting region is limited to less than "104 K
by the absence of higher excitation lines such
as He II and C III/N III (7). In the adiabatic
model, the temperature decreases with the

radial distance R from the core as temperature
T # R$4/3; thus, at distances greater than
"1016 cm, the matter is expected to be at a

temperature of %100 K, too cool to thermally
emit x-ray and optical radiation. Besides this
thermal radiation, there is nonthermal syn-
chrotron radiation, which traces the distribu-
tion of relativistic electrons and the magnetic
field in the jet, observed in the radio band at
distances between 1015 and 1017 cm (2). Far-
ther out, the jet is not detected again until
degree-scale (i.e., distances of "1019 to 1020

cm from the binary core) termination shocks
are observed, deforming the surrounding
W50 nebula (Fig. 1, top), which is thought to
be a supernova remnant associated with the
formation of the neutron star or black hole in
SS 433 (8, 9).

Marshall et al. (6) have recently analyzed
the x-ray line emission from SS 433 with the
Chandra high-energy transmission grating
spectrometer (HETGS). They refined the adi-
abatic cooling model, limiting the thermal
x-ray emission region to within "1011 cm of
the jet base. They also discovered faint arc
sec–scale x-ray emission on either side of the
core, but they were not able to measure any
emission lines and concluded that the jet gas
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Fig. 1. (Bottom) Image of SS 433 with Chandra ACIS-S, rebinned to one-quarter native pixel size
and smoothed with a 0.5–arc sec Gaussian (comparable to the resolution of the telescope). The
predicted projection on the sky of the jet precession cycle is indicated. The blue line refers to the
jet that, for most of the time, is approaching Earth (it is receding only "16 days over the 162-day
precession cycle), and the red line refers to the (mostly) receding jet. The x-ray emission lies in the
jet path and, although concentrated in two lobes, shows weaker emission extended beyond these
to larger distances at the predicted position angles. (Top) Comparison with the surrounding W50
radio nebula (9) shows the correspondence in alignment of the structures, both of which reveal the
signature of the jet precession (19). DEC, declination; RA, right ascension.
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Precessing Jets

• Jets mass-loss rate >10-6 M⊙ yr-1 
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• Presence of ionized heavy elements

• Collimation with opening angle ~1°

• They interact in a helical pattern 
with W50

VLBA observations (Mioduszewski et al. NRAO/AUI/NSF)



• The «  stationary » lines vary in strength 
and profile shape during the orbital phase

Stationary Lines
H" profiles

• Fits with multiple-gaussians model reveal 
different components

• Lines that do not share the large periodic 
Doppler shifts are called «  stationary  » 
lines 

5
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Wind, accretion and 
Circumbinary discs

Perez & Blundell  (2009)

SS 433 accretion disc inflow & outflow 3

Figure 2. Upper panel: Example of Brγ stationary emission lines observed
at orbital phase φorb = 0.27; the top x-axis corresponds to heliocentric
speed in units of km s−1. Lower panel: Tracks of the centroids of the
Gaussian components fitted to each of our spectra. The modified Julian date
(MJD) increases vertically and the tick mark heights are proportional to the
FWHM of each component (see inset in the bottom left corner).

rather shorter observing runs. Decomposition of a line profile as
the sum of Gaussian components is a technique widely used to ex-
tract information from different parcels of gas in a line emitting
region. For example, in the case of Seyfert galaxies it allows one
to distinguish the narrow line region from the broad line region
(e.g., Ho et al. 1997). Blundell et al. (2008) decomposed the sta-
tionary Hα line (observed during a quiescent period in SS 433’s
behaviour) into primarily 3 components: one broad component
(FWHM∼700 kms−1) whose width was observed to decrease with
precessional phase (i.e., as the jets become more in the plane of the
sky) identified as the accretion disc wind, and two narrower, red-

and blue-shifted components, but stationary in wavelength, being
radiated from a glowing circumbinary ring.

The stationary Brγ emission lines show a much more complex
profile than the quiescent Hα line studied by Blundell et al. (2008).
After trying with different numbers of Gaussian components we
came to the realisation that up to six components were needed to
account for the complexity of the Brγ profile shape. Fig. 2 (upper
panel) shows an example of a fitted Brγ profile; in this case six
Gaussians were used in the fit.

The presence of a P Cygni feature in the stationary lines
has been noted by several authors at certain precessional phases
(Crampton & Hutchings 1981; Filippenko et al. 1988; Gies et al.
2002). An absorption feature in the blue wing of the line pro-
file would indeed complicate the analysis and it would have to
be taken into account using models of outflowing winds (e.g.,
Castor & Lamers 1979). However, we have found no clear evidence
of the presence of such absorption feature at the epochs at which
we observed SS433 (see e.g., top panel of Fig. 2).

Fig. 2 (lower panel) shows the components of the stationary
Brγ line as a function of time. It is easy to see that the Brγ com-
plex can be decomposed in three main constituents: a very broad
wind component present at all times in our data-set and two sets
of narrower pairs. The broad wind and both narrower pairs show
a mean velocity close to the systemic speed V0 ≃ 150 kms−1

(see lower panel in Fig. 3). This measurement of the systemic ve-
locity was obtained from the radial velocity curve of the Mg II λ
2.404 µm stationary line (Perez et al. in prep). Although this value
seems to fit well with all the stationary emission lines in our near-IR
spectra, it is very different compared to other previous observations
(e.g., 27 km s−1 by Crampton & Hutchings (1981), 73 kms−1 by
Hillwig & Gies (2008) and −44 kms−1by Gies et al. (2002)).

The broad components plotted in Fig. 2 show FWHMs from
1300 up to 1500 kms−1. The presence of a broad wind component
has been reported before from Hα stationary line analysis but with
FWHM reaching only up to 800 kms−1 (Falomo et al. 1987) and
700 kms−1 during the quiescent period reported by Blundell et al.
(2008), although broader widths have been observed before and
during a flare by Blundell et al. in prep.

The inner set of narrow lines, moving at speeds∼200 km s−1,
are fairly steady in wavelength, in excellent agreement with the
presence of a circumbinary ring reported by Blundell et al. (2008).

The most striking discovery that arises from the Brγ line fit-
ting is the presence of a pair of widely-separated, hence rapidly
rotating, narrow components. An example of these narrow (but
widely separated) pairs are depicted in red and blue colours in the
upper panel of Fig. 2. The speed with which the radiating material
spirals in the accretion disc corresponds to half the difference of the
speed of those lines, under the assumption that the fitted centroids
correspond to the tangent speed. This reveals material that is spi-
ralling in the potential well at speeds of about 500 km s−1 (see up-
per panel in Fig. 3). The accretion disc lines also show a somewhat
sinusoidal variation, as can be seen in Fig. 3, with a peak-to-peak
amplitude of ∼ 100 kms−1.

The sixth component, that only appears between φorb = 0.2
and 0.6, seen in Fig. 2 as a small Gaussian blueward of the position
of the broad wind, may correspond to much more extended line
emission that is somehow bonded to the system, hence it moves at
about the systemic velocity but it does not obviously show any of
the characteristic periodicities.

Stationary lines generally consist of three components:

6

Bracket !



Wind, accretion and 
Circumbinary discs
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SS 433 accretion disc inflow & outflow 3

Figure 2. Upper panel: Example of Brγ stationary emission lines observed
at orbital phase φorb = 0.27; the top x-axis corresponds to heliocentric
speed in units of km s−1. Lower panel: Tracks of the centroids of the
Gaussian components fitted to each of our spectra. The modified Julian date
(MJD) increases vertically and the tick mark heights are proportional to the
FWHM of each component (see inset in the bottom left corner).

rather shorter observing runs. Decomposition of a line profile as
the sum of Gaussian components is a technique widely used to ex-
tract information from different parcels of gas in a line emitting
region. For example, in the case of Seyfert galaxies it allows one
to distinguish the narrow line region from the broad line region
(e.g., Ho et al. 1997). Blundell et al. (2008) decomposed the sta-
tionary Hα line (observed during a quiescent period in SS 433’s
behaviour) into primarily 3 components: one broad component
(FWHM∼700 kms−1) whose width was observed to decrease with
precessional phase (i.e., as the jets become more in the plane of the
sky) identified as the accretion disc wind, and two narrower, red-

and blue-shifted components, but stationary in wavelength, being
radiated from a glowing circumbinary ring.

The stationary Brγ emission lines show a much more complex
profile than the quiescent Hα line studied by Blundell et al. (2008).
After trying with different numbers of Gaussian components we
came to the realisation that up to six components were needed to
account for the complexity of the Brγ profile shape. Fig. 2 (upper
panel) shows an example of a fitted Brγ profile; in this case six
Gaussians were used in the fit.

The presence of a P Cygni feature in the stationary lines
has been noted by several authors at certain precessional phases
(Crampton & Hutchings 1981; Filippenko et al. 1988; Gies et al.
2002). An absorption feature in the blue wing of the line pro-
file would indeed complicate the analysis and it would have to
be taken into account using models of outflowing winds (e.g.,
Castor & Lamers 1979). However, we have found no clear evidence
of the presence of such absorption feature at the epochs at which
we observed SS433 (see e.g., top panel of Fig. 2).

Fig. 2 (lower panel) shows the components of the stationary
Brγ line as a function of time. It is easy to see that the Brγ com-
plex can be decomposed in three main constituents: a very broad
wind component present at all times in our data-set and two sets
of narrower pairs. The broad wind and both narrower pairs show
a mean velocity close to the systemic speed V0 ≃ 150 kms−1

(see lower panel in Fig. 3). This measurement of the systemic ve-
locity was obtained from the radial velocity curve of the Mg II λ
2.404 µm stationary line (Perez et al. in prep). Although this value
seems to fit well with all the stationary emission lines in our near-IR
spectra, it is very different compared to other previous observations
(e.g., 27 km s−1 by Crampton & Hutchings (1981), 73 kms−1 by
Hillwig & Gies (2008) and −44 kms−1by Gies et al. (2002)).

The broad components plotted in Fig. 2 show FWHMs from
1300 up to 1500 kms−1. The presence of a broad wind component
has been reported before from Hα stationary line analysis but with
FWHM reaching only up to 800 kms−1 (Falomo et al. 1987) and
700 kms−1 during the quiescent period reported by Blundell et al.
(2008), although broader widths have been observed before and
during a flare by Blundell et al. in prep.

The inner set of narrow lines, moving at speeds∼200 km s−1,
are fairly steady in wavelength, in excellent agreement with the
presence of a circumbinary ring reported by Blundell et al. (2008).

The most striking discovery that arises from the Brγ line fit-
ting is the presence of a pair of widely-separated, hence rapidly
rotating, narrow components. An example of these narrow (but
widely separated) pairs are depicted in red and blue colours in the
upper panel of Fig. 2. The speed with which the radiating material
spirals in the accretion disc corresponds to half the difference of the
speed of those lines, under the assumption that the fitted centroids
correspond to the tangent speed. This reveals material that is spi-
ralling in the potential well at speeds of about 500 km s−1 (see up-
per panel in Fig. 3). The accretion disc lines also show a somewhat
sinusoidal variation, as can be seen in Fig. 3, with a peak-to-peak
amplitude of ∼ 100 kms−1.

The sixth component, that only appears between φorb = 0.2
and 0.6, seen in Fig. 2 as a small Gaussian blueward of the position
of the broad wind, may correspond to much more extended line
emission that is somehow bonded to the system, hence it moves at
about the systemic velocity but it does not obviously show any of
the characteristic periodicities.

Stationary lines generally consist of three components:
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• A broad component is identified as emitted in that 
wind from the accretion disc.

wind
Bracket !



Wind, accretion and 
Circumbinary discs

Perez & Blundell  (2009)

SS 433 accretion disc inflow & outflow 3

Figure 2. Upper panel: Example of Brγ stationary emission lines observed
at orbital phase φorb = 0.27; the top x-axis corresponds to heliocentric
speed in units of km s−1. Lower panel: Tracks of the centroids of the
Gaussian components fitted to each of our spectra. The modified Julian date
(MJD) increases vertically and the tick mark heights are proportional to the
FWHM of each component (see inset in the bottom left corner).

rather shorter observing runs. Decomposition of a line profile as
the sum of Gaussian components is a technique widely used to ex-
tract information from different parcels of gas in a line emitting
region. For example, in the case of Seyfert galaxies it allows one
to distinguish the narrow line region from the broad line region
(e.g., Ho et al. 1997). Blundell et al. (2008) decomposed the sta-
tionary Hα line (observed during a quiescent period in SS 433’s
behaviour) into primarily 3 components: one broad component
(FWHM∼700 kms−1) whose width was observed to decrease with
precessional phase (i.e., as the jets become more in the plane of the
sky) identified as the accretion disc wind, and two narrower, red-

and blue-shifted components, but stationary in wavelength, being
radiated from a glowing circumbinary ring.

The stationary Brγ emission lines show a much more complex
profile than the quiescent Hα line studied by Blundell et al. (2008).
After trying with different numbers of Gaussian components we
came to the realisation that up to six components were needed to
account for the complexity of the Brγ profile shape. Fig. 2 (upper
panel) shows an example of a fitted Brγ profile; in this case six
Gaussians were used in the fit.

The presence of a P Cygni feature in the stationary lines
has been noted by several authors at certain precessional phases
(Crampton & Hutchings 1981; Filippenko et al. 1988; Gies et al.
2002). An absorption feature in the blue wing of the line pro-
file would indeed complicate the analysis and it would have to
be taken into account using models of outflowing winds (e.g.,
Castor & Lamers 1979). However, we have found no clear evidence
of the presence of such absorption feature at the epochs at which
we observed SS433 (see e.g., top panel of Fig. 2).

Fig. 2 (lower panel) shows the components of the stationary
Brγ line as a function of time. It is easy to see that the Brγ com-
plex can be decomposed in three main constituents: a very broad
wind component present at all times in our data-set and two sets
of narrower pairs. The broad wind and both narrower pairs show
a mean velocity close to the systemic speed V0 ≃ 150 kms−1

(see lower panel in Fig. 3). This measurement of the systemic ve-
locity was obtained from the radial velocity curve of the Mg II λ
2.404 µm stationary line (Perez et al. in prep). Although this value
seems to fit well with all the stationary emission lines in our near-IR
spectra, it is very different compared to other previous observations
(e.g., 27 km s−1 by Crampton & Hutchings (1981), 73 kms−1 by
Hillwig & Gies (2008) and −44 kms−1by Gies et al. (2002)).

The broad components plotted in Fig. 2 show FWHMs from
1300 up to 1500 kms−1. The presence of a broad wind component
has been reported before from Hα stationary line analysis but with
FWHM reaching only up to 800 kms−1 (Falomo et al. 1987) and
700 kms−1 during the quiescent period reported by Blundell et al.
(2008), although broader widths have been observed before and
during a flare by Blundell et al. in prep.

The inner set of narrow lines, moving at speeds∼200 km s−1,
are fairly steady in wavelength, in excellent agreement with the
presence of a circumbinary ring reported by Blundell et al. (2008).

The most striking discovery that arises from the Brγ line fit-
ting is the presence of a pair of widely-separated, hence rapidly
rotating, narrow components. An example of these narrow (but
widely separated) pairs are depicted in red and blue colours in the
upper panel of Fig. 2. The speed with which the radiating material
spirals in the accretion disc corresponds to half the difference of the
speed of those lines, under the assumption that the fitted centroids
correspond to the tangent speed. This reveals material that is spi-
ralling in the potential well at speeds of about 500 km s−1 (see up-
per panel in Fig. 3). The accretion disc lines also show a somewhat
sinusoidal variation, as can be seen in Fig. 3, with a peak-to-peak
amplitude of ∼ 100 kms−1.

The sixth component, that only appears between φorb = 0.2
and 0.6, seen in Fig. 2 as a small Gaussian blueward of the position
of the broad wind, may correspond to much more extended line
emission that is somehow bonded to the system, hence it moves at
about the systemic velocity but it does not obviously show any of
the characteristic periodicities.

Stationary lines generally consist of three components:

6

• A broad component is identified as emitted in that 
wind from the accretion disc.

wind

• Two narrow remarkably constant components, one 
permanently redshifted and the other permanently 
to the blue signature of a circumbinary ring (the 
inner rim of an excretion disc?)
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Figure 2. Upper panel: Example of Brγ stationary emission lines observed
at orbital phase φorb = 0.27; the top x-axis corresponds to heliocentric
speed in units of km s−1. Lower panel: Tracks of the centroids of the
Gaussian components fitted to each of our spectra. The modified Julian date
(MJD) increases vertically and the tick mark heights are proportional to the
FWHM of each component (see inset in the bottom left corner).

rather shorter observing runs. Decomposition of a line profile as
the sum of Gaussian components is a technique widely used to ex-
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to distinguish the narrow line region from the broad line region
(e.g., Ho et al. 1997). Blundell et al. (2008) decomposed the sta-
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behaviour) into primarily 3 components: one broad component
(FWHM∼700 kms−1) whose width was observed to decrease with
precessional phase (i.e., as the jets become more in the plane of the
sky) identified as the accretion disc wind, and two narrower, red-
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we observed SS433 (see e.g., top panel of Fig. 2).

Fig. 2 (lower panel) shows the components of the stationary
Brγ line as a function of time. It is easy to see that the Brγ com-
plex can be decomposed in three main constituents: a very broad
wind component present at all times in our data-set and two sets
of narrower pairs. The broad wind and both narrower pairs show
a mean velocity close to the systemic speed V0 ≃ 150 kms−1

(see lower panel in Fig. 3). This measurement of the systemic ve-
locity was obtained from the radial velocity curve of the Mg II λ
2.404 µm stationary line (Perez et al. in prep). Although this value
seems to fit well with all the stationary emission lines in our near-IR
spectra, it is very different compared to other previous observations
(e.g., 27 km s−1 by Crampton & Hutchings (1981), 73 kms−1 by
Hillwig & Gies (2008) and −44 kms−1by Gies et al. (2002)).

The broad components plotted in Fig. 2 show FWHMs from
1300 up to 1500 kms−1. The presence of a broad wind component
has been reported before from Hα stationary line analysis but with
FWHM reaching only up to 800 kms−1 (Falomo et al. 1987) and
700 kms−1 during the quiescent period reported by Blundell et al.
(2008), although broader widths have been observed before and
during a flare by Blundell et al. in prep.

The inner set of narrow lines, moving at speeds∼200 km s−1,
are fairly steady in wavelength, in excellent agreement with the
presence of a circumbinary ring reported by Blundell et al. (2008).

The most striking discovery that arises from the Brγ line fit-
ting is the presence of a pair of widely-separated, hence rapidly
rotating, narrow components. An example of these narrow (but
widely separated) pairs are depicted in red and blue colours in the
upper panel of Fig. 2. The speed with which the radiating material
spirals in the accretion disc corresponds to half the difference of the
speed of those lines, under the assumption that the fitted centroids
correspond to the tangent speed. This reveals material that is spi-
ralling in the potential well at speeds of about 500 km s−1 (see up-
per panel in Fig. 3). The accretion disc lines also show a somewhat
sinusoidal variation, as can be seen in Fig. 3, with a peak-to-peak
amplitude of ∼ 100 kms−1.

The sixth component, that only appears between φorb = 0.2
and 0.6, seen in Fig. 2 as a small Gaussian blueward of the position
of the broad wind, may correspond to much more extended line
emission that is somehow bonded to the system, hence it moves at
about the systemic velocity but it does not obviously show any of
the characteristic periodicities.

Stationary lines generally consist of three components:
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• A broad component is identified as emitted in that 
wind from the accretion disc.

wind

• Two narrow remarkably constant components, one 
permanently redshifted and the other permanently 
to the blue signature of a circumbinary ring (the 
inner rim of an excretion disc?)

CD

• Some «  extra  » broadening can be due to the 
presence of two narrow components at 
comparatively extreme excursions in velocity 
signature. Signature of a ring or disc orbiting the 
compact object itself.
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•In optical range we observe 
interference fringe patterns

V

φ

•van Cittert-Zernike Theorem:

V ei� = TF{Object}(B/�) � = 2⇡
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�
.~s

If we collect enough V and φ (for different     ) we can reconstruct ~B I(~↵)
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•Combines the 4 UT (8,20 m) or the 4 AT (1,80 m) since 2016 

Angular resolution: 4 mas @ 2.2μm

140 m

GRAVITY Instrument
http://www.mpe.mpg.de/ir/gravity

 First light paper: GRAVITY Collaboration: Abuter et al. (2017)
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•Devoted to the observation of the very close environment of 
the black hole at the galactic center 

•Room for other science (AGN, stars, binaries, …): open to 
ESO proposals!

•Combines the 4 UT (8,20 m) or the 4 AT (1,80 m) since 2016 

GRAVITY Instrument
http://www.mpe.mpg.de/ir/gravity

 First light paper: GRAVITY Collaboration: Abuter et al. (2017)

GRAVITY session on Friday afternoon! 



P.-O. Petrucci et al.: First Optical observation of a microquasar at sub-milliarsec scale

Fig. B.1. Top) u-v plane at the time of the observation with the di↵erent baselines indicated by colored points. The grey line represent the expected
jet PA. Bottom) K-band GRAVITY spectrum (the solid blue/red line corresponds to the emission of the approaching/receding jet components.) as
well as the visibility amplitudes (left) and phases (right) for the 6 baselines. The solid line corresponds to the best fit model of the jet lines (see
Sect. 3.2.2). The symbol colors correspond to the baseline colors indicated in the u-v plane.

6

jet PA

The SS 433 Observation

11

• 3.5h with the 4 UTs, the 16th July 2016
• uv-plane (coincidentally) aligned with 
the jet PA



P.-O. Petrucci et al.: First Optical observation of a microquasar at sub-milliarsec scale
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The SS 433 Observation

11

• 3.5h with the 4 UTs, the 16th July 2016

• The jet precession phase at the observation date 
is ~0.7

Figure 3: Precessional curves of the radial velocities of the shifted lines from the approaching
(lower curve) and receding (upper curve) jets, derived from spectroscopic data obtained during
the first two years in which SS433 was studied (Ciatti et al. 1981). The scatter of the data
about the curves is due primarily to the nutational variability.

The two crossovers are usually denoted times T1 and T2, and their precessional phases
are 0.34 and 0.66. It is obvious that the phases for the extrema and crossovers of the
radial-velocity curves (Fig. 3) are determined only by the orientation of SS433 relative to
the observer and not by any physical processes occurring in the system. This, generally
speaking, trivial fact nevertheless is sometimes forgotten in interpretations of the complex
phenomena observed in SS433.

During the precessional cycle, the lines of the two jets change places, so that the jet
that recedes from us during most of the precessional period is denoted with a “+” and the
opposite jet is denoted with a “−”. At the times T1,2, the radial velocities of the jet lines
coincide, but are not equal to zero. This is due to the well known transverse Doppler effect,
or time dilation, which is clearly observed in this way only in SS433 (among macroscopic
objects). The Doppler shifts of the spectral lines are described by the well known formula

λ = λ0γ(1 − β cos η),

where λ and λ0 are the shifted and laboratory wavelengths, η is the angle between the jet
and the line of sight,

γ =
1

√

1 − β2

is the Lorentz factor and the jet velocity Vj is expressed in units of the speed of light
β = Vj/c. At the times of the crossovers, the jet radial velocities are V ±

r /c = γ − 1.
Thus, the velocity of propagation of the jets can be directly measured in SS433, and,
consequently, the geometric parameters of the jets, inclination of the system, and distance
to the object (from radio images of the precessing jets) can also be determined.

The behavior of the moving lines of SS433 is described well by the kinematic model
for the precessing jets (Abell and Margon 1979). Figure 4 shows a geometric schematic
of the jet precession. We adopt the following notation. The angle between the jets and
the precessional axis (the precession angle) is θ, the angle between the precessional axis
(orbital axis) and the line of sight i, the precessional period Ppr, and the precessional

7

jet1

jet2

zjet1 ~ 0.01
zjet2 ~ 0.06

• uv-plane (coincidentally) aligned with 
the jet PA
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Continuum Visibility
• Systematic drop versus 

baseline length

• No closure phase 
measurable

• Simple modeling with a 
Gaussian disk:

‣ 90% from emitting region of 0.8mas 
‣ 10% from diffuse background (>15mas)
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The GRAVITY Spectrum
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Br#rest  
(2.166 $m)HeIrest  

(2.057$m)

• Br# is double-peaked
• HeI with P Cygni profile

HeIrest  
(2.112 $m)

Stationary lines

spectral binning of 2 
R=4000
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The GRAVITY Spectrum

• Br#, HeI from jet1 and jet2 and Br% from jet1

• Emission features agree with the jet line shifts 
expected at the observation date

Jet lines
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(2.112 $m)
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The GRAVITY Spectrum
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Normalized Visibilities
Amplitudes Phases
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Normalized Visibilities
Amplitudes Phases

Visibility Amplitude #
UT1-UT3

Phase #
UT1-UT3

visibility drop

negative phases

positive phases
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Jet line Model
Method: fit all jet lines (flux, vis. amplitude and phase) together 
assuming the same jet intensity profile moving at 0.26c



Position along the jet (mas)

In
te

ns
ity

s

a

I(z) / e�(
z�a
s )H(z � a)

•Best fit with:  
‣PA=75°±20° 
‣s=1.7±0.6 mas, 
‣a=-0.15±0.34

•Transverse size < 1.2 mas

(3& error)

16

Jet line Model
Method: fit all jet lines (flux, vis. amplitude and phase) together 
assuming the same jet intensity profile moving at 0.26c
•An exponentially decreasing intensity profile preferred to a 
gaussian one (Δ'2 > 36 for 57 dof)
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Stationary line: Br!
• Visibilities clearly drop 

across the line for all the 
baselines

• D e e p e r f o r l o n g e r 
baselines.

• Emitting region size is 
found to be ∼1 mas

• Phases behavior suggest 
E a s t - W e s t o r i e n t e d 
geomet r y, i . e . , i n a 
direction similar to the jet 
one
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The SS-433 System
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The SS-433 System
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1. Most (90%) of the infrared continuum comes from a partially resolved 
central source of typical size ∼0.8 mas
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produced by a completely 
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scale (>15mas).
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> 15 mas 
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1/e
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jet intensity profile
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1. Most (90%) of the infrared continuum comes from a partially resolved 
central source of typical size ∼0.8 mas

1

2. 10% continuum flux left over 
produced by a completely 
resolved background on a larger 
scale (>15mas).

2
4. J e t w i t h a c o n t i n u o u s 

(exponent ia l ly decreasing) 
emitting profile. No signature of 
moving blobs. 
Jet already at 0.26c at <0.2mas (1.6 1013 cm) from the binary (line 
locking process on hydrogenoid ions for jet acceleration) 

4

3. The Br! emitting region has a 
typical size of 1 mas with an East-
West elongation, along the jet 
axis

3
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Perspectives

• A GRAVITY (5h) + XSHOOTER (2h) observation accepted for 
P99 in A priority (PI: I. Waisberg) 

• VLBA (15-86 GHz) (PI: I. Waisberg)

21

• Improve the uv coverage 
• Days/Week/Month monitoring to follow the source on 

different time scales (orbital period, jet precession period)

To come

➙ jet stability, ejection phenomena, line substructure 
origin (e.g. Br!)



Thanks!
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