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While jets are launched and accelerated close to the compact object in X-ray binary systems, from
that point onwards, their propagation and evolution is affected by the surrounding environment.
Depending on the properties of the environment, they may inflate lobes of synchrotron-emitting
plasma, sweep up shells of shock-compressed gas from the ambient medium, or create hotspots
at the working surface where the jet impacts on the interstellar medium. Numerous examples of
such phenomena have been detected in recent years, and I provide a review of the wide range
of theoretical and observational work that has enhanced our understanding of the interaction of
X-ray binary jets with their environments. I finish by outlining the prospects for detecting more
such interactions, and the effect that the upcoming generation of instruments (particularly the new
radio facilities) will have on the field.
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1. Introduction

The interaction of the jets in active galactic nuclei (AGN) with the surrounding intergalactic
medium (IGM) has been well studied for many years. Recent work on scaling relations between
stellar mass and supermassive black holes, such as the so-called “Fundamental Plane of black hole
activity” [1, 2], suggests that we might naively expect to see similar interactions of X-ray binary
(XRB) jets with the surrounding interstellar medium (ISM). We have begun to find evidence for
such interactions, and in this article, I will give an overview of the theoretical expectations for jet-
ISM interactions, discuss some of the systems where interactions have been observed, summarize
what we have learned from them, and highlight areas for further study with upcoming facilities.

When we consider the interaction of X-ray binary jets with their environments, we need to con-
sider both the circumstellar environment and the local ISM through which the system is moving.
High-mass X-ray binaries (HMXBs) are young systems, with powerful stellar winds which domi-
nate their immediate surroundings. Being young, they can remain close to or within the boundaries
of the supernova in which they were formed (SS 433, located within the W 50 nebula, is a prime
example). Both the winds and the supernova ejecta will have a significant effect on the material
through which the jets must propagate. Low-mass X-ray binaries (LMXBs), on the other hand, are
older systems with less powerful winds. If they received any natal kick during their formation, they
retain no association with their birthplace, and move relative to their local standard of rest (LSR),
such that their immediate environment changes with time.

When comparing the environments of AGN jets with those of XRBs, we must recognise the in-
trinsic differences between the two types of system [3]. AGN are typically located in the centres of
galaxy clusters. The cluster potential implies that the jets propagate through a stationary medium
in which the density is decreasing monotonically away from the centre. The jets propagate out-
wards from the core of the system as highly-collimated beams, terminating at hotspots, which are
the working surfaces where the jets impact on the IGM. Electrons are accelerated at these hotspots
and flow back towards the core, creating diffuse lobes of old plasma which emit synchrotron radi-
ation. XRBs, on the other hand, are moving through the Galactic potential, at velocities which can
reach several hundred km s−1 with respect to the LSR. Their environments are neither stationary
nor centrally concentrated. Furthermore, comparing typical jet thrusts with the inertial density of
the surroundings, we find that most XRB jets are located in relatively underdense, underpressured
environments when compared to AGN jets [4].

2. Theoretical expectations

To explain such a counterintuitive statement, we have to consider the expected scaling of the
quantities governing the large-scale dynamics of the jet, following the arguments set out by [4].
For active jets, the dynamics are governed by the balance between jet thrust and the ram pressure
of the external medium, characterised by the ratio

η =
L

R2c3ρ
, (2.1)

where L is the jet power, R is the characteristic dimension of the jet, c is the speed of light and ρ is
the density of the external medium. Since the properties of the jet (power and opening angle) are
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set at the base, where lengths and timescales scale with the black hole mass, then L ∝ M and R ∝ M.
For scale invariance of the jet dynamics, we then require ρ ∝ M−1. While supermassive black holes
are a factor 106–109 times more massive than their stellar mass cousins, then given typical IGM
densities within clusters of 10−5–10−2 cm−3, then for scale invariance, the ISM densities around
XRB jets would need to be 101–107 cm−3, whereas in practice, they span the range 10−3–104 cm−3.
Only in the densest regions of the Galaxy can we expect scale invariance. Otherwise, XRB jets are
located in dynamically underdense environments when compared to AGN.

2.1 Observable characteristics

In such dense regions, we can search for the signatures of jet-ISM interactions. These take
three forms; hotspots, bow shocks and lobes. The working surfaces where the jets impact the
ISM may be observed as hotspots, where shock-accelerated electrons radiate non-thermal syn-
chrotron emission. Over time, the jets will inflate a bubble around the central source, filled
with old synchrotron-emitting plasma, and surrounded by a shell of swept-up ISM, which emits
bremsstrahlung radiation, and, in the case of a radiative shock, also significant line emission. Ap-
plying a self-similar luminosity-driven expansion model to such a source gives predictions for the
surface brightness of the expected emission from shells and lobes [5]. The expected radio surface
brightness of the synchrotron emission from the lobes is of order

Sν ≈ 50 µJy
arcsec2

(

P
1036 ergs−1

)0.9 (

t
105 y

)−0.8
( n

1cm−3

)0.85 ( ν
5GHz

)−0.5
fp,B, (2.2)

where P is the jet power, t is the age of the source, n is the density of the medium, ν is the observing
frequency, and fp,B is a correction factor to account for the energy in magnetic fields and protons,
for sources out of equipartition. Powerful, young sources in dense environments are most easily
detected, and we need to observe at low frequencies. While the sensitivity of current radio facilities
is not sufficient to detect such structures in most cases [6], upcoming low-frequency arrays such
as LOFAR, MWA and LWA will provide significant advances in our capabilities. For the free-free
emission from shocked ISM shells, the maximum expected surface brightness is

Sν ,max ≈ 1 µJy
arcsec2

(

t
105 y

)

( n
1cm−3

)

exp−
ν

1.6keV

(

n
1cm−3

)0.4( t
105y

)0.8( P
1036 ergs−1

)−0.2

. (2.3)

Once again, it is easiest to detect powerful sources in dense environments.
For the case of hotspots, predictions have been made for the spectral signature of jets from

XRB systems interacting with a dense molecular cloud [7]. If the jets contain a significant compo-
nent of relativistic protons, they will produce high-energy emission (GeV and even TeV energies)
via pion decay, as well as lower-frequency emission from synchrotron, bremsstrahlung and in-
verse Compton emission from secondary leptons. Molecular clouds at distances of 10–100 pc were
considered, corresponding to angular separations of several arcminutes at typical X-ray binary dis-
tances. However, as we will see in Section 3.3, most detected hotspots have been closer to the
central binary system, at angular separations of a few arcseconds. Closer interaction sites would
enhance the predicted levels of emission.
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(a) Greyscale shows the density in the plane of the
Galaxy, red trace shows the calculated orbit of the
black hole X-ray binary V404 Cyg in the Galactic po-
tential for the last 1 Gyr, blue trace shows the corre-
sponding orbit of the LSR of 1 Gyr ago.

(b) Red trace shows the distance between the po-
sitions of V404 Cyg and its LSR of 1 Gyr ago.
The system moves with an average space velocity of
10.7 pc Myr−1 (dotted line) with respect to the LSR.

Figure 1: The motion of the black hole X-ray binary V404 Cyg in the potential of the Galaxy [9]. The
source moves at an average of 10.7 pc Myr−1 with respect to its LSR.

2.2 Radio trails

Since XRBs are moving through the Galactic potential, the jets are propagating through a
moving medium (Fig. 1). As the jets propagate through the ISM, they slow to sub-relativistic
velocities, and eventually the dynamical pressure of the X-ray binary motion through the ISM
becomes important, slowing the advance speed of the working surface until it becomes stationary
in the X-ray binary frame. Plasma released at the working surface is swept back with the ISM
creating a trail of waste plasma, which expands adiabatically [3]. Such plasma trails can extend
for up to 1 kpc in length, and are preferentially found in old, low-power systems with a high space
velocity, located in a dense environment. Their predicted radio flux densities are on the order of a
few microJy arcsec−2 (scaling with jet power, Mach number, ISM pressure, and X-ray binary space
velocity). They will be destroyed by shearing forces from the differential rotation of the Galaxy and
dynamical instabilities mixing the plasma with the ISM, and by buoyancy effects moving them out
into the Galactic halo. Table 1 lists the peculiar velocities of the X-ray binaries with measured three-
dimensional space velocities. The best candidates in which to observe plasma trails are LMXBs
with a high space velocity, such as XTE J 1118+480, GRO J 1655-40, or Sco X-1. The candidate
jet-blown lobe to the southwest of Cygnus X-3 [8] was suggested to be a candidate radio trail [3],
but a recent measurement of the proper motion of the system (Sakari et al., in prep.) showed the
source to be moving to the southwest, ruling out the identification of the extended radio emission
as a plasma trail.

2.3 Feedback effects

The release of plasma by X-ray binary jets into the surrounding medium can have a significant
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Source vpec (km s−1) Class Nebula? References
GRS 1915+105 38±67 LMXB [10, 11]
V404 Cyg 67±78 LMXB
XTE J 1118+480 160±25 LMXB [12]
GRO J 1655-40 115±21 LMXB [13]
Cygnus X-1 34±27 HMXB Y [14]
Cygnus X-3 > 40 HMXB
SS 433 32±3 HMXB Y [15]
Sco X-1 235±15 LMXB [16]
Cir X-1 184±40 HMXB? Y [17]
LSI +61◦303 21±1 HMXB [18]
LS 5039 120±24 HMXB [19]

Table 1: Derived peculiar velocities, relative to the LSR, of X-ray binary systems known to have relativistic
jets. Measured proper motions, radial velocities, positions and distances of the systems have been converted
to heliocentric velocity components U , V and W using the transformations of [20]. The peculiar velocity,
vpec, i.e., the difference in measured velocity and that expected for a system following the Galactic rotation,
was calculated, assuming a flat rotation curve of circular velocity 220 km s−1 and a Galactocentric distance
of 8 kpc.

feedback effect. The energy output of jets, estimated to be of order 1% of the time-averaged
luminosity of supernovae [21], has an effect in heating the ISM, generating turbulence, and acting
as a source of Galactic cosmic rays [22]. Furthermore, the plasma released into the ISM (whose
volume over the lifetime of the galaxy is comparable to that of the entire Galactic disc) also provides
a seed magnetic field, which can be amplified via the dynamo effect of Galactic rotation to produce
the observed Galactic field [3].

3. Observed jet-ISM interactions

3.1 Jet-blown lobes

We know of only a handful of systems where we observe the radio-emitting lobes inflated by
the action of the X-ray binary jets. The first to be discovered, and probably the most well-studied,
is the W 50 nebula, shaped by the interaction of the precessing jets of SS 433 with the central
supernova remnant. The system lies ∼ 2◦ below the Galactic Plane (Fig. 2), so the precessing
jets are expanding into a density gradient, which accounts for the asymmetry between the less
extended, brighter western lobe, and the larger, fainter eastern lobe. Simulations have shown that
a jet interacting with a pre-existing supernova remnant can reproduce the observed morphology of
the nebula [23, 24]. A detailed inspection of the H I emission in the vicinity of the nebula [15]
showed further evidence for the impact of the jets on their surroundings; an expanding shell of
radius 40 pc in direct alignment with the jet axis, beyond the eastern end of the nebula. With a
mass of 8±3M� and an energy of 3±1.5×1049 erg, it is thought to have been inflated by the jets
at some more active stage in the past.

5



Jet environments JamesMiller-Jones

Figure2: SS433,W 50,andthesurroundingregionof theGalacticPlane.

The �eld of microquasarswasopenedup in 1992by thediscovery of radio lobesassociated
with thetwo GalacticCentresources1E1740.7-2942[25] andGRS1758-258[26]. In bothcases,
time-variablecoreswerefoundto beat thecentreof persistent,steep-spectrumradiolobes,which
terminatedin bright hotspots,reminiscentof themorphologyof AGN. It is likely thatthelocation
of the sourcesin the GalacticCentreregion providesa suf�ciently denseenvironmentto create
detectableradio-emittinglobes. Furtherradio observationsof GRS1758-258suggestedthat the
minimum pressurein the lobeswascomparableto that in Galacticmolecularclouds,reinforcing
thehypothesisof adenseenvironment.Thelackof evidencefor synchrotronageingin thenorthern
lobesuggeststhattheageof thelobesis < 1Myr [27], sothey areyoungsources.

The�nal known caseof jet-blown lobesis CircinusX-1. Thisneutron-starX-ray binaryliesat
thecentreof a radionebula [28]. Thearcsecond-scalejets,themostrelativistic known in anX-ray
binary system[29], areorientedvery closeto the line of sight, andarebelieved to have in�ated
thesurroundingnebula,suchthatweareobservingthecentralsourcethroughthejet-in�ated lobes
[30]. Applyingaself-similarmodeloriginallydevelopedfor AGN jets[31] allowedestimatesof the
jet power (> 1035 ergs� 1) andage(2� 104 y) of thesystem[30]. This is oneof thebestconstraints
to datefor thepowerof aneutronstarjet.
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