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Abstract:
This paper outlines the importance of understanding jets from compact binaries for the prob-
lem of understanding the broader phenomenology of jet production. Because X-ray binaries are
nearby and bright, have well-measured system parameters, and vary by factors of∼ 106 on∼ year
timescales, they provide a unique opportunity to understand how various aspects of the jet physics
change in response to changes in the accretion �ow, giving the possibility of looking for trends
within individual systems and testing their universality with other systems, rather than trying to
interpret large samples of objects on a statistical basis.
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Jets from Compact Stellar Accretors

Jets are of great importance across a broad range of topics in astrophysics. The jets from active
galactic nuclei are one of the primary sources of kinetic energy feedback, which strongly affects
cosmic structure formation. The motivation to understand jets has gained new urgency in the age
of multi-messenger astronomy, most importantly through the realization that relativistic jets from
blazars produce at least some of the most energetic cosmic neutrinos20 and are thus a promising
source of ultra-high energy cosmic rays. While some work can be done to understand the pro-
cess of jet production in active galactic nuclei, the use of X-ray binaries, with their more rapid
variability, has provided the strongest insights into the coupling of accretion and jet production
to date. By watching the variability of a single X-ray binary, one controls for the mass and the
angular momentum of the accretor, and can observe how the jet properties change as a function of
the accretion rate and the accretion rate history.

Furthermore, there are other types of physics that can be extracted more readily from X-ray
binary jets than from active galactic nucleus jets. One expects to see correlations of the jet's
intrinsic power on properties like the accretion rate, mass, and spin of the accretor, and also to see
the effects of parameters like inclination angle. Masses are usually more reliably measured for X-
ray binary accretors than for supermassive black holes. For spins, the question remains murkier – in
principle, spectral methods based on the blurring of �uorescence features from the accretion disks
should be equally effective for estimating black hole spins for stellar mass and supermassive black
hole accretors. An advantage of the stellar mass black holes is that there are two different methods–
�uorescence spectroscopy and continuum �tting of the accretion disks' thermal spectra–that are in
widespread usage, and a third method, the use of high frequency quasi-periodic oscillations that is
subject to clear modelling degeneracies, but that gives precise measurements subject to the model
interpretation. At the present time, the different methods do not agree with one another in all
cases, so more work is needed to disentangle the physics, but because of the ability to cross-check
answers, there is greater hope for the stellar black holes to give reliable spin measurements in the
near future than for the supermassive black holes to do so. Importantly, the canonical method of
spin measurements in AGN, relativistic iron line �tting, is not accessible for typical radio loud
AGN, which are in a different accretion state. X-ray binary jets thus offer the only reliable way to
test the dependence of jet production on spin.

The central hypothesis of jet production is that, for black holes, the processes responsible for
launching jets are scale invariant, so that jets from black holes of different masses and horizon
sizes share a common structure and dynamical properties, all other non-dimensional parameters
(accretion rate, spin, magnetic �ux) being equal19;25;8. This suggests that we can use the more
easily observable properties of jets from stellar mass black holes to inform our understanding of
jets even in the most massive AGN believed to be responsible for cosmic feedback. Furthermore,
with accreting compact stars, the properties of accreting black holes can be compared with those
of accreting neutron stars to determine which effects are generic to accretion, which require rela-
tivistic gravitational potentials, and which are the results of the presence of a surface and perhaps
a magnetic �eld. Here, the neutron star spins are often directly measurable through other means.

Phenomenology of jet power production

Over the late 1990s and early 2000s a general picture developed for the production of jets in
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Figure 1: Left: Radio luminosity plotted versus X-ray luminosity for a variety of systems in ge-
ometrically thick, optically thin accretion states32. The black dots show the black holes, while
the colored symbols are neutron stars. Right: An illustration of the “quenching” of jets of X-ray
binaries as the X-ray spectra become soft X-ray dominated, and a highlight of the characteristic
timescales of X-ray binary outbursts10.

accreting black holes and neutron stars. A few general themes emerged:9

• Jet radio emission is stronger for higher hard X-ray power.
• Jet radio emission becomes undetectable (likely turns off) for black holes in “high/soft”

states, where the accretion disk is geometrically thin and optically thick, rather than in “hard
states” where there is some sort of geometrically extended, optically thin or translucent
Comptonizing region.
• Jets from black hole disks are more powerful than those from neutron star disks in the same

spectral states with the same X-ray luminosity.
• High magnetic �eld neutron stars, where the accretion disk is disrupted by the magneto-

sphere of the neutron star, show signi�cantly fainter radio emission.
• “Ballistic” jets appears when sources make strong state transitions (typically at≈10% or

more of the Eddington luminosity), while “steady” jets appear when sources remain steadily
in low/hard states.

These themes have largely remained valid, although they have been complicated by some recent
observational results. While the early data sets indicated that, for black holes,LR ∝ L0.7

X
5;13, more

recent work shows that some fraction of sources show a steeper relation when the sources are
bright, perhaps because of geometric beaming effects6;14;26. For neutron stars, data quality remains
a problem. It has been well established that the neutron stars are fainter than black holes at similar
X-ray luminosities when in the hard states12 (see Fig. 1).

It remains uncertain whether the jet powers correlate strongly with the inferred black hole spins.
This problem stems, in part from the uncertainties in the spins themselves, but it also is affected by
the diagnostics used. When steady jets from low power accretors are used, and the diagnostic of
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the effect of spin is the normalization of the relation betweenLR andLX , no correlation is seen11.
When peak �are luminosity is used, a correlation seems to appear27;28 The two approaches need
not yield the same result, if the coupling of the accretion �ow to the black hole's spin behaves
differently for the steady and ballistic jets. Further, potential biases exist for both approaches –
both are based on relatively small samples of sources, with the jet inclination angles not all well
known (but with beaming effects potentially important) and the radio luminosity used as a proxy
for jet power does not have a 1-to-1 mapping with the kinetic power input into the jet in either
ballistic or compact jets.

To make further progress with the ballistic jet ejections requires higher cadence monitoring
of these sources when they are bright, something which requires higher quality all-sky monitors
than presently exist. Making further progress on the steady jet sources can be done largely by
obtaining better system parameters – distances, masses, and inclination angles, as well as better
diagnostics for jet power. The latter can be obtained either from calorimetric measures (such as the
interaction of ballistic jets with the interstellar environment31) or instantaneous measures, such as
observations of the interaction of a jet with the wind of the companion star, as in Cygnus X-34;21.

There is reason for signi�cant optimism for major progress on the theoretical front: For the
�rst time since jets were discovered in 1918, we are at the threshold of being able to model their
production ab-initio, using GRMHD simulations of black hole accretion �ows24;22. This ability
should motivate commensurate efforts in milli-arcsecond radio and sub-mm spectro-polarimetry.
While we have no hope of resolving the horizon scale for the case of compact stellar remnants,
both because of optical depth and lack of resolution, the ability to correlate jet properties on AU
scales in real time with accretion rate changes and binary orbit have already produced key insight
into jet physics and will continue to be the key enabling technology in this �eld.

Understanding jet acceleration

In principle, the best way to measure jet acceleration is through direct imaging. For a small
fraction of AGN jets, direct measurements can be made through radio proper motion studies23. For
X-ray binary jets, however, the best means available is through timing measurements.

This can be done by starting from the point that when jets are emitting steadily, with just
stochastic variability, they are summations of emission from many different radii. At each radius,
the jet spectrum will be rather strongly peaked, with the low frequency emission lost to synchrotron
self-absorption, and the higher frequency emission falling off due to theFν ∝ ν−0.7 spectrum
typical of synchrotron emission from particles accelerated via the Fermi mechanism. For jets
viewed edge-on with the same total power at each radius, this produced a �at spectrum inFν , as
typically observed1, with a break then associated with the synchrotron self-absorption frequency
at the bottom of the jet16;29. More realistic models of the jet can have somewhat different energy
spectra, but the basic picture is likely to hold in all systems where a broad range of radii contribute
to the emission from the jet.

The shortest wavelength bands thus come from the inner parts of the jet, while progressively
longer wavelengths come from further from the central engine. By obtaining time lags between the
X-rays and the emission at many other wavelengths, and then having direct measurements of the
jet's length in the radio, one can map out how quickly matter moves through the jet and obtain an
understanding of its acceleration on scales from the base at∼ 108 cm to the radio emitting region
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Figure 2: Two different observations of cross-correlation functions of time series from X-ray bina-
ries at different wavebands. Left: An infrared-versus X-ray cross-correlation function for GX 339-
4, showing that the infrared emission, which comes from the jet, lags the X-ray emission, which
comes from the accretion disk, by about 0.1 seconds but the two bands are well-correlated. Right:
Cross-correlations among many different sets of bands for Cygnus X-1, indicating signi�cantly
longer lags for the radio emission behind the X-ray emission, and furthermore, even longer lags,
and more smeared variability at 2 GHz than at 10 GHz for the radio emission. At the present time,
we have obtained good enough data to highlight the ef�cacy of the technique, but it is necessary to
have many more observations of this sort to make actual maps of delay time versus wavelength as
a function of the different parameters likely to affect jet acceleration.

at∼ 1014 cm (see Fig. 2). At the present time, this work has been established to be of value with
measurements of a few systems at a few wavelengths2;30. What is needed to move forward is to
have a broad set of wavelengths obtained simultaneously on many occasions, spanning a range of
sources and a range of luminosities. Coordinated rapid multiwavelength observations straddling
state transitions can be particularly valuable for tracing changes in the inner jet15.

Understanding neutron star and white dwarf jets

Regardless of whether the black hole spin isimportant for accelerating highly relativistic and/or
powerful jets from accreting black holes, an ergosphere cannot be a requirement for producing jets,
demonstrated by the presence of jets coming from accretion disks around other classes of objects,
like neutron stars, white dwarfs, and young stellar objects. The YSO jets are usually thermal
in nature and may represent a different phenomenon from those seen around compact objects,
however, jets in particular from neutron stars appear similar in most of their key properties to those
accelerated by black holes. The study of white dwarf jets also holds great promise, since in these
systems relativistic effects are negligible, although the jets from these systems are quite faint3, and
so new, more sensitive radio facilities are needed to go beyond mere detection into the regime of
being able to make correlations between jet power and other parameters. Having the combination
of black holes, neutron stars and white dwarfs with which to work allows the development of
comparisons among various factors that may be important such as compact object spin, depth of
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the gravitational potential well, and magnetic �eld of the accretor.

A key advantage of neutron star jets is that their spins can often be directly measured via pul-
sations, either due to magnetically channeled accretion, or due to asymmetries in the temperatures
of emission during thermonuclear bursts. A high collecting area X-ray detector system would
make it likely that even more such pulsations could be measured. Furthermore, the neutron stars'
magnetic �elds may be important in ways that are quite complicated, but this, too, can be studied.
It appears that the radio emission from the moderately magnetic accreting millisecond pulsars is
signi�cantly stronger than for the un-pulsed accreting neutron stars7. On the other hand, the slow
accreting pulsars, with much higher magnetic �elds that truncate the disks far from the stars' sur-
faces, have just barely been detected in the radio for an extremely bright X-ray source33. As a
result, it seems likely that moderate magnetic �elds help seed the jet formation process, but only
when the accretion �ow can still extend deep into the gravitational potential well where it rotates
quickly, but clearly much larger samples of objects and numbers of epochs per source are needed
to make de�nitive statements.

Observational capabilities needed to move forward

Accreting stellar compact objects are especially observationally demanding sets of transients.
They are relatively rare, so each one is important to observe intensively, and they vary substantially
on timescales from milliseconds to months. It is thus important to have �exible scheduling (both
from a management point of view and from the point of view of having the ability to observe large
fractions of the sky at any given time), and to have the capability of observing very bright sources
without problems due to pile-up, other forms of saturation or telemetry limitations. Sensitive wide
�eld monitors in the X-rays are essential both for knowing when transients have taken place and
for having well-sampled light curves for comparison with data at other bands. For rapid variability
studies, it is additionally important to have systems with time resolution of at least 10 milliseconds
across radio, IR, optical and X-rays, and to have the ground-based instrumentation with multiple
channels obtained at a time through the use either of dichroics and �lters, or energy sensitive OIR
detectors like microwave kinetic induction devices. Furthermore, all these facilities need rapid
response to transients and scheduling coordination with other facilities.

For the studies of the correlations between X-ray properties and radio properties on day to
month timescales, larger samples of objects are needed, but the quality of the individual data sets
produced now are generally adequate. In large part, then progress depends on maintaining current
observational capabilities. For the accreting neutron stars and white dwarfs, on the other hand,
more sensitive radio facilities are needed.

Additionally, many aspects of understanding X-ray binary jets require better system param-
eters. Geometric parallax distances are vital in their own right, and also because they can help
break degeneracies in estimates of the black holes' masses and spins18. Optical parallaxes are be-
ing measured by theGaia mission17, but further observations are needed to improve upon current
constraints. The sample of objects with good distance estimate could be increased by a few via
a bandwidth upgrade to the current Very Long Baseline Array, but for routine geometric parallax
measurements to be made for the typically∼ 10 microJansky quiescent sources will require some-
thing like the Next Generation Very Large Array. For improving our understanding of the black
hole spins, high collecting area X-ray missions are vital (see e.g. the white paper by Javier Garcia).
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