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ABSTRACT
The nature of black hole jets at the lowest detectable luminosities remains an open question,
largely due to a dearth of observational constraints. Here, we present a new, nearly simultaneous
broad-band spectrum of the black hole X-ray binary (BHXB) XTE J1118+480 at an extremely
low Eddington ratio (LX ∼ 10−8.5LEdd). Our new spectral energy distribution (SED) includes
the radio, near-infrared, optical, ultraviolet, and X-ray wavebands. XTE J1118+480 is now the
second BHXB at such a low Eddington ratio with a well-sampled SED, thereby providing new
constraints on highly sub-Eddington accretion flows and jets, and opening the door to begin
comparison studies between systems. We apply a multizone jet model to the new broad-band
SED, and we compare our results to previous fits to the same source using the same model at
4–5 decades higher luminosity. We find that after a BHXB transitions to the so-called quiescent
spectral state, the jet base becomes more compact (by up to an order of magnitude) and slightly
cooler (by at least a factor of 2). Our preferred model fit indicates that jet particle acceleration
is much weaker after the transition into quiescence. That is, accelerated non-thermal particles
no longer reach high enough Lorentz factors to contribute significant amounts of synchrotron
X-ray emission. Instead, the X-ray waveband is dominated by synchrotron self-Compton
emission from a population of mildly relativistic electrons with a quasi-thermal velocity
distribution that are associated with the jet base. The corresponding (thermal) synchrotron
component from the jet base emits primarily in the infrared through ultraviolet wavebands.
Our results on XTE J1118+480 are consistent with broad-band modelling for A0620-00 (the
only other comparably low Eddington ratio BHXB with a well-sampled SED) and for Sgr
A* (the quiescent supermassive black hole at the Galactic centre). The above could therefore
represent a canonical baseline geometry for accreting black holes in quiescence. We conclude
with suggestions for future studies to further investigate the above scenario.

Key words: acceleration of particles – accretion, accretion discs – stars: individual: XTE
J1118+480 – ISM: jets and outflows – X-rays: binaries.
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1 IN T RO D U C T I O N

Both transient black hole X-ray binaries (BHXBs) and super-
massive black holes (SMBHs) spend the majority of their time
accreting at very low rates relative to their Eddington luminosities
LEdd,1 living in the so-called quiescent regime. For BHXBs, we
define quiescence as an X-ray luminosity LX � 10−5 LEdd, corre-
sponding to � 1034 erg s−1 for an 8.5 M� black hole (see Plotkin,
Gallo & Jonker 2013). There is general agreement that quiescent
black holes accrete predominantly from some form of a radiatively
inefficient accretion flow (RIAF), with X-rays emitted by a popula-
tion of hot electrons. However, there are still several open questions
regarding the nature of accretion flows at such low Eddington ratios.
For instance, there is significant debate on whether the hot electrons
are primarily thermal or non-thermal, and if they are mostly inflow-
ing or outflowing (e.g. McClintock et al. 2003). Largely limiting
our understanding is that it is unknown if quiescent black holes
always launch steady collimated jets. Therefore, current accretion
models are poorly constrained regarding the degree to which jets
are important, both in terms of particle acceleration and the bulk
flow of the jet plasma.

Given the low flux levels of quiescent black holes, an inherent
challenge is that even the best multiwavelength data sets generally
have relatively low signal-to-noise. A natural starting point therefore
is to extrapolate trends observed at slightly higher accretion rate for
‘hard-state’ BHXBs (∼10−5 � LX � 10−2 LEdd; see, e.g. Remillard
& McClintock 2006; Belloni 2010 for reviews on BHXB spectral
states), for which higher quality data exist for a larger number of
sources. The dominant X-ray emission mechanism in the hard state
is still under debate. For example, for the inflowing component,
there can be a contribution from an RIAF (e.g. Remillard & Mc-
Clintock 2006) and/or an efficient thin disc (e.g. Miller et al. 2006;
Wilkinson & Uttley 2009; Reis, Fabian & Miller 2010; Reynolds
& Miller 2013), and the relative balance between the two types of
flows might not be universal for every source. Regardless, it is well
established that hard-state BHXBs are associated with compact ra-
dio emission, which is interpreted as optically thick synchrotron
radiation from the partially self-absorbed flat spectral component
of a compact relativistic jet (Blandford & Königl 1979; Hjellming
& Johnston 1988; Fender 2001). The compact jet typically remains
unresolved in the radio, except for in a handful of cases with high
(very long baseline interferometric) spatial resolution imaging (e.g.
GRS 1915+105; Cyg X−1; Dhawan, Mirabel & Rodrı́guez 2000;
Stirling et al. 2001). The compact jet becomes optically thin around
near-infrared (NIR) frequencies (∼1012–1014 Hz; Corbel & Fender
2002; Russell et al. 2013), and synchrotron radiation from this op-
tically thin component can sometimes extend into the X-ray wave-
band (e.g. Markoff, Falcke & Fender 2001a; Markoff et al. 2003;
Russell et al. 2010, 2013). Besides emitting high-energy radiation,
the jet might also carry away the bulk of the accretion power via
mechanical energy (e.g. Fender, Gallo & Jonker 2003; Gallo et al.
2005b, and references therein). In short, the apparent trend is that the
jet becomes increasingly important in the hard state as Eddington
ratio decreases.

1 The Eddington luminosity is the limit above which radiation pressure
halts the accretion of material on to the black hole, corresponding to
LEdd = 1.26 × 1038(M/M�) erg s−1 for ionized hydrogen in a spherical
geometry, where M is the black hole mass.

A major outstanding question is if the increasing importance
of the jet extends all the way into quiescence. For example, it is
well-known that quiescent BHXBs have softer X-ray spectra than
hard-state systems (e.g. Kong et al. 2002; Tomsick et al. 2003; Cor-
bel, Tomsick & Kaaret 2006; Corbel, Koerding & Kaaret 2008;
Plotkin et al. 2013; Reynolds et al. 2014). However, multiple accre-
tion scenarios can explain the X-ray spectral softening comparably
well given the available (low signal-to-noise) data. It is thus not
understood if the softer X-ray spectra actually signify a switch in
accretion properties, or if the accretion flow and jet simply evolve
towards a ‘baseline’ as a BHXB approaches the quiescent state (see
Plotkin et al. 2013, for details). Further hindering our understanding
is the challenge of routinely obtaining multiwavelength detections
for quiescent BHXBs, largely due to the very low flux levels of
these systems. It is therefore not clear if relativistic jets always
persist deep into quiescence in the first place. For example, only
two quiescent BHXBs have reliable radio detections: V404 Cyg
(LX ∼ 10−6 LEdd; Hjellming et al. 2000; Gallo, Fender & Hynes
2005a) and A0620-00 (LX ∼ 10−8.5 LEdd; Gallo et al. 2006). Miller-
Jones et al. (2011) performed a deep radio survey that included 11
BHXBs in quiescence, none of which was detected in the radio.
They demonstrated that if other quiescent BHXBs launch jets with
powers and radiative efficiencies as expected from extrapolating the
hard-state trends into quiescence, then we can expect to detect jet
radio emission only from a select number of very nearby systems,
even with our most sensitive radio telescopes.

Given these challenges, some of our best insight into quiescent
black holes so far has come from multiwavelength studies of Sgr A*,
the compact radio source associated with the ∼4 × 106 M� SMBH
at the Galactic centre (LX ∼ 10−11 LEdd). Falcke & Markoff (2000)
applied a relativistic jet model to the broad-band spectral energy
distribution (SED) of Sgr A*, to investigate if its flat radio spectrum
could signify the presence of a compact self-absorbed synchrotron
jet (Blandford & Königl 1979). They concluded that if the radio
emission is optically thick synchrotron from a compact jet, then the
fraction of particles in the jet that are accelerated into a non-thermal
power-law tail must be very small. The primary constraint leading
to this conclusion is that the observed infrared (IR) spectrum im-
plies an underlying lepton spectrum that is too steep (power-law
index p > 3.8) to result from standard particle acceleration sce-
narios (p = 2.0–2.4; e.g. Drury 1983). The underlying particles
are thus predominantly in a quasi-thermal distribution, with only a
small fraction of non-thermal particles present. However, Sgr A*
undergoes approximately daily X-ray flares that typically last for
∼1 h. During these flares, the X-ray spectrum hardens and a non-
thermal radiation component emitted from within the inner few
gravitational radii dominates over the quiescent X-ray emission.
Broad-band spectral modelling favours scenarios where the non-
thermal X-ray radiation during the flares is synchrotron emission
from non-thermal leptons, likely due to sporadic particle acceler-
ation events (Markoff et al. 2001b; Dodds-Eden et al. 2009; Dibi
et al. 2014).

The above results for Sgr A* suggest a picture where quiescence
is associated with only weak, and possibly sporadic, particle ac-
celeration in the jets. The emission properties of Sgr A* when it
is flaring appear to be analogous to those of hard-state BHXBs
(Markoff 2005), perhaps indicating that such a scenario might also
be applicable to BHXBs as well. However, our knowledge on the
emission mechanism(s) from BHXBs that are analogous to Sgr
A* when it is not flaring is currently rather limited. Almost all
of our observational constraints on very low luminosity BHXBs
(LX ∼ 10−8.5 LEdd) are derived from A0620-00, because it is the
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only one with a well-sampled SED from the radio through the X-
ray wavebands.2

Interestingly, broad-band modelling of A0620-00 in quiescence
indeed supports the idea of quiescent emission properties simi-
lar to Sgr A* (Gallo et al. 2007). However, we cannot determine
from a single source if such a trend applies to all BHXBs. Fur-
thermore, A0620-00 has been in quiescence for over 30 yr (and
multiwavelength coverage of its previous outburst naturally pales
in comparison to today’s standards). So pending a future outburst,
it is impossible to directly compare its quiescent and hard-state
properties in detail.

There is a strong need for additional well-sampled SEDs of qui-
escent BHXBs. To this aim, we recently obtained new coordinated
Chandra X-ray, Swift ultraviolet (UV), William Herschel Telescope
(WHT) optical and NIR, and Karl G. Jansky Very Large Array
(VLA) radio observations of the BHXB XTE J1118+480 (here-
after J1118). Given its nearby and well-constrained distance of
1.72 ± 0.10 kpc (Gelino et al. 2006) and high Galactic latitude
(b = +62◦; meaning that the amount of line-of-sight absorption
is small), J1118 is one of the few known BHXBs for which it is
possible to simultaneously detect both radio and X-ray emission in
quiescence. Indeed, our new VLA observation yielded the lowest
luminosity radio detection of a BHXB jet to date (Gallo et al. 2014).
With an Eddington ratio of LX/LEdd ∼ 10−8.5, J1118 is one of our
best probes of black hole accretion flows at the lowest detectable
luminosities. A special aspect of J1118 is that it has also been well
studied at higher luminosities during previous outbursts (e.g. Hynes
et al. 2000, 2003; Esin et al. 2001; McClintock et al. 2001; Markoff
et al. 2001a; Chaty et al. 2003, Malzac, Merloni & Fabian 2004,
Yuan, Cui & Narayan 2005, Zurita et al. 2006, Maitra et al. 2009,
Brocksopp et al. 2010, Vila, Romero & Casco 2012, Zhang & Xie
2013).

In this paper, we apply a multizone jet model to our newly assem-
bled broad-band SED of J1118 in quiescence. The same model em-
ployed here has also been applied to J1118 in the hard state (Maitra
et al. 2009), and also to A0620-00 in quiescence (10−8.5 LEdd; Gallo
et al. 2007), providing a unique opportunity to uniformly compare
potential changes in accretion and jet properties as a function of
Eddington ratio within an individual source as well as to another
quiescent BHXB. Here, we focus on the spectral modelling of these
data, and we discuss these data in the context of radio/X-ray lu-
minosity correlations in a companion paper (Gallo et al. 2014). In
Section 2, we describe our observations and data reduction, where
we add nearly simultaneous NIR, optical, and UV observations to
the VLA radio and Chandra X-ray data points. A summary of the
jet model is included in Section 3. Results from our best model-fit
are presented in Section 4, which are then discussed in Section 5.
Throughout, we adopt the following parameters for J1118: black
hole mass MBH = 7.5 M�, orbital inclination i = 68◦ (Khargharia
et al. 2013), and distance d = 1.72 ± 0.10 kpc (Gelino et al. 2006).
The orbital period is Porb = 4.08(±5 × 10−6) h (Torres et al. 2004).
We adopt a Galactic extinction of AV = 0.065 mag towards J1118
(Gelino et al. 2006), and a Cardelli, Clayton & Mathis (1989) red-
dening law in the NIR through UV. For X-ray absorption, we use
NH = 1.2 × 1020 cm−2 (McClintock et al. 2003). The high Galactic
latitude of J1118 means that its SED is virtually unabsorbed (see,

2 We note that the SED of V404 Cyg has also been well sampled in qui-
escence (Hynes et al. 2009), but its quiescent X-ray luminosity is approxi-
mately two orders of magnitude higher than A0620-00.

e.g. McClintock et al. 2003), and our model results are not sensi-
tive to the exact values adopted for AV and NH. All error bars on
X-ray measurements and best-fitting parameters are quoted at the
90 per cent confidence level, unless stated otherwise. Uncertainties
on flux densities at other wavebands are quoted at the 1σ level.

2 O BSERVATI ONS

Here, we describe the nearly simultaneous radio, NIR, opti-
cal, UV, and X-ray observations that comprise our new SED of
J1118 in quiescence. Details on the Chandra X-ray and VLA
radio observations, which were taken through a joint Chan-
dra/National Radio Astronomy Observatory programme during
Chandra Cycle-14 (PI Gallo, Proposal 14400368), are described
by Gallo et al. (2014). We only briefly summarize those obser-
vations and data here, and we describe our observations at the
other wavebands in more detail. We also include non-simultaneous
IR data from Spitzer and the Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010) in our SED to improve the spec-
tral coverage (see Section 2.2.3). The observations and measured
flux densities in each waveband (before applying any extinction
correction) are summarized in Table 1.

2.1 Summary of radio and X-ray observations

We observed J1118 in the radio with the VLA in the C configu-
ration (angular spatial resolution of ∼4 arcsec) in two overlapping
1024 MHz base bands centred at frequencies of 4.8 and 5.8 GHz.
The observations were split over two days, 2013 June 27 and 28,
yielding a total of 11.3 h on source. The data were reduced following
standard procedures with the Common Astronomy Software Appli-
cation (CASA; McMullin et al. 2007) v4.1.0. Data from each day
were reduced and imaged separately, and then combined to create a
single deep image. A 3.2σ peak was detected in the combined radio
image, coincident with the expected position of J1118. To improve
the S/N, we added 2.4 h of integration time on source from an
archival observation from 2010 November. J1118 has a radio flux
density of 4.79 ± 1.45 μJy beam−1, which corresponds to a radio
luminosity of νLν = 9.83 × 1025 erg s−1 at 5.3 GHz (assuming a
flat radio spectrum).

The Chandra X-ray observation was taken on 2013 June 27 (ob-
sID 14630), with a net exposure time of 58 ks. The target was placed
at the aim point of the S3 chip on the Advanced CCD Imaging
Spectrometer (ACIS; Garmire et al. 2003). The data were reduced
following standard procedures with the Chandra Interactive Anal-
ysis of Observations (CIAO) software, v4.5 (Fruscione et al. 2006).
We obtain a total of 146 counts within a circular source aperture
centred on the X-ray source position (with radius = 3 arcsec), with
an expected 15 of those being background counts (as estimated from
a circular annulus with inner and outer radii of 10 and 30 arcsec,
respectively). The net count rate is (2.3 ± 0.3) × 10−3 counts s−1.
Assuming a power law with photon index3 � = 2 (see Section 4),
the absorbed 0.5–7 keV flux is 1.46( ± 0.22) × 10−14 erg s−1 cm−2.
In order to perform the broad-band spectral fitting (which is done in
X-ray detector space; see Section 4), we extract an X-ray spectrum
with the CIAO tool SPECEXTRACT. We also create a response matrix

3 The X-ray photon index � is defined as N(E) = N0(E/E0)−� , where N(E)
is the number of photons at a given energy E, N0 is the photon number
normalization, and E0 = 1 keV is the reference energy.
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Table 1. Observing Log and SED.

Date Start timea Telescope Filter Frequency Flux Dens.b Aλ
c

(UTC) (Hz) (µJy) (mag)

Nearly simultaneous observations

2013 June 27–28 21:30 VLA C-band 5.3 × 109 4.79 ± 1.45
2013 June 27 20:56 WHT/LIRIS Ks 1.39 × 1014 111.10 ± 4.58 0.008
2013 June 27 22:15 WHT/LIRIS Ks 1.39 × 1014 117.31 ± 4.98 0.008
2013 June 28 20:53 WHT/LIRIS Ks 1.39 × 1014 134.44 ± 5.26 0.008
2013 June 28 22:11 WHT/LIRIS Ks 1.39 × 1014 128.04 ± 5.33 0.008
2013 June 27 21:26 WHT/LIRIS H 1.80 × 1014 123.68 ± 4.33 0.012
2013 June 27 22:30 WHT/LIRIS H 1.80 × 1014 133.63 ± 4.97 0.012
2013 June 28 21:26 WHT/LIRIS H 1.80 × 1014 151.74 ± 5.01 0.012
2013 June 28 22:25 WHT/LIRIS H 1.80 × 1014 166.53 ± 5.70 0.012
2013 June 27 21:33 WHT/LIRIS J 2.43 × 1014 128.50 ± 3.63 0.019
2013 June 27 22:37 WHT/LIRIS J 2.43 × 1014 125.86 ± 4.14 0.019
2013 June 28 21:33 WHT/LIRIS J 2.43 × 1014 125.40 ± 3.48 0.019
2013 June 28 22:32 WHT/LIRIS J 2.43 × 1014 148.97 ± 4.29 0.019
2013 June 27 21:45 WHT/ACAM i′ 4.01 × 1014 87.83 ± 0.89 0.044
2013 June 28 21:44 WHT/ACAM i′ 4.01 × 1014 80.81 ± 0.67 0.044
2013 June 27 21:54 WHT/ACAM r′ 4.86 × 1014 78.13 ± 0.57 0.057
2013 June 28 21:51 WHT/ACAM r′ 4.86 × 1014 66.59 ± 0.48 0.057
2013 June 27 22:04 WHT/ACAM g′ 6.40 × 1014 39.15 ± 0.31 0.079
2013 June 28 22:01 WHT/ACAM g′ 6.40 × 1014 32.75 ± 0.37 0.079
2013 June 27 19:49 Swift/UVOT uvw1 1.15 × 1015 3.99 ± 0.99 0.140
2013 June 27 19:39 Swift/UVOT uvm2 1.34 × 1015 2.24 ± 0.78 0.152
2013 June 27 19:30 Swift/UVOT uvw2 1.56 × 1015 1.15 ± 0.61 0.173
2013 June 27 16:11 Chandra ACIS 0.3–7 keV (1.46 ± 0.22) × 10−14 1.2 × 1020 cm−2

Non-simultaneous observations

2005 May 13 Spitzer/MIPS 24.0 µm 1.25 × 1013 <50.0
2010 WISE 22 µm/W4 1.35 × 1013 <1685.6
2010 WISE 12 µm/W3 2.68 × 1013 <214.9
2004 November 21 Spitzer/IRAC 8.0 µm 3.75 × 1013 59.0 ± 5.9
2010 WISE 4.6 µm/W2 6.45 × 1013 78.7 ± 12.2
2004 November 21 Spitzer/IRAC 4.5 µm 6.66 × 1013 69.0 ± 6.9
2010 WISE 3.4 µm/W1 8.86 × 1013 85.0 ± 6.5

a UTC is listed only for the nearly simultaneous observations. The VLA observations started at UTC 21:30 on June 27 and at UTC 21:26 on June 28,
and they lasted 7.5 h on each day.
b Flux densities are reported prior to applying corrections for interstellar extinction. For the Chandra observation, we report the absorbed flux from 0.3
to 7 keV in erg s−1 cm−2, and the quoted uncertainty is at the 90 per cent confidence level (all other error bars are ±1σ ).
c The extinction in each filter is calculated assuming AV = 0.065 mag (Gelino et al. 2006) and a Cardelli et al. (1989) reddening law with RV = 3.1. For
the Swift/UVOT filters, we estimate the extinction using the Aλ/AV ratios tabulated in Kataoka et al. (2008). For the X-ray, we assume an equivalent
hydrogen absorption column density of NH = 1.2 × 1020 cm−2 (McClintock et al. 2003). No extinction correction is applied to the non-simultaneous
IR data.

file (rmf) and auxiliary response file (arf), applying an energy-
dependent point source aperture correction to the arf to account for
the 3 arcsec source aperture.

2.2 Observations at other wavebands

2.2.1 Near-infrared and optical

We obtained NIR and optical observations of the counterpart to
J1118 using the 4.2 m WHT on La Palma (Spain). We employed two
instruments, the Long-slit Intermediate Resolution Infrared Spec-
trograph (LIRIS) and the auxiliary port camera (ACAM), both in
their imaging mode. Observations were obtained on 2013 June 27
and 28, where we obtained images in the Ks, H, J, Sloan i′, r′, and
g′ filters on both nights.

For the NIR observations taken with LIRIS, we applied a nine-
point dither pattern, where we took two exposures of 30 s each

at all of the nine positions in the Ks band, one exposure of 20 s
at each position in the H band, and one exposure of 30 s at each
position in the J band. Routines from the LIRIS data reduction
pipeline THELI (Schirmer 2013) were used to correct for the sky
background and flat-field. Using information from the Two Micron
All Sky Survey (2MASS; Skrutskie et al. 2006) on the position
of sources detected in the individual frames, these separate frames
were averaged such that we obtained two separate images of J1118
in each filter per night. We obtained a photometric calibration by
using several unsaturated stars in the LIRIS field of view that are
detected in the 2MASS catalogue.

For the optical ACAM observations, we acquired three exposures
in each filter with exposure times of 240 s, 120 s, and 120 s for the
g′, r′, and i′ filters, respectively. We applied standard data reduc-
tion techniques using IRAF to correct for the bias and flat-field. We
combined the three images per filter to reduce the statistical error
of each measurement. For the photometric calibration, we used g′,
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r′, and i′ magnitudes of several stars in the field as reported in the
Sloan Digital Sky Survey (SDSS; York et al. 2000).

For each image, we list the flux densities at the effective wave-
length of each filter in Table 1 (one image per night in g′, r′, and i′;
two images per night in J, H, and Ks). The differences in the flux
densities within each filter are consistent with the expected degree
of periodic variability due to orbital modulations of the secondary
star. To incorporate this systematic into the broad-band spectral
fitting, we use the average flux density for each of the six filters
over both nights (after correcting for Galactic extinction), and then
we add systematic error bars to each of the six data points at the
±15 per cent level (the amplitude of the orbital modulations are
typically ±0.15–0.20 mag; Gelino et al. 2006).

2.2.2 Ultraviolet

We observed J1118 on 2013 June 27 with the Ultraviolet/Optical
Telescope ( UVOT; Roming et al. 2005) onboard Swift (Gehrels et al.
2004), using the uvw1 (1554 s), uvm2 (1428 s), and uvw2 (1554 s)
filters (PI: Homan). Individual frames were combined using the
tool UVOTIMSUM. In the combined images, a source was detected at
the expected target position at the 2.9, 4.1, and 1.9σ levels in the
uvw1, uvm2, and uvw2 filters, respectively. We consider J1118 to
be detected in the uvw2 filter (even though it is only at the 1.9σ

level) because it is coincident with the expected target position,
and the source can be seen when visually inspecting the images.
Using the tool UVOTSOURCE, we obtain flux density measurements
of 3.99 ± 0.99 (uvw1), 2.24 ± 0.78 (uvm2), and 1.15 ± 0.61 μJy
(uvw2) at each filter’s effective wavelength (2600, 2246, and 1928
Å, respectively). The systematic errors in the uvw1, uvm2, and uvw2
filters are ±0.12, 0.01, 0.02 μJy, respectively. We correct each flux
density for Galactic extinction, using the Aλ/AV ratios tabulated in
Kataoka et al. (2008).

2.2.3 Non-simultaneous infrared data

J1118 appears in the all-sky data release of WISE, which surveyed
the entire IR sky in four filters in 2010. J1118 was detected in the
W1 (3.4 μm) and W2 (4.6 μm) filters, with flux densities of 85 ± 6
(S/N = 18.6) and 79 ± 12 μJy (S/N = 9.2), respectively. There
was no detection in the W3 (12 μm) and W4 (22 μm) filters, for
which we adopt the 95 per cent confidence flux upper limits listed
in the WISE catalogue. We also include archival IR observations
from the Spitzer Space Telescope (PI: M. Muno; program 3289).
J1118 was observed on 2004 November 21 with the Infrared Array
Camera (IRAC; Fazio et al. 2004) and detected in both the 4.5 and
8.0 μm bands. J1118 was also observed, but not detected, in the
24 μm band with the Multiband Imaging Photometer for Spitzer
(MIPS; Rieke et al. 2004) on 2005 May 13 (Muno & Mauerhan
2006). We adopt flux densities of 69 (4.5μm) and 59 μJy (8.0 μm),
and an upper limit of <50 μJy at 24 μm, as measured by Gallo et al.
(2007) who analysed the same data originally presented in Muno &
Mauerhan (2006). Gallo et al. (2007) estimated that the statistical
uncertainties in the flux densities are at the 10 per cent level.

Quiescent BHXBs are known to experience a low level of flux
variability (e.g. Khargharia et al. 2013; Shahbaz et al. 2013; Bernar-
dini & Cackett 2014, and references therein). Muno & Mauer-
han (2006) estimate that a level of flux variability in the IR of
∼30 per cent could be reasonable. From the overlap between the
Spitzer 4.5 μm band and the WISE W2 filter observations, we find
an ∼15 per cent difference in flux between the two IR epochs. We

thus conservatively add systematic error bars to all IR data points
at the 30 per cent level, in addition to the statistical uncertainties
quoted above.

3 MU LT I Z O N E J E T MO D E L

The jet model employed here builds upon earlier foundations for
multizone jets (e.g. Blandford & Königl 1979; Falcke & Biermann
1995), and it was developed over a series of papers (e.g. Falcke
& Markoff 2000; Markoff et al. 2001b, 2003; Markoff, Nowak &
Wilms 2005; Markoff et al. 2008; Maitra et al. 2009). The ear-
liest motivation was to study Sgr A* (Falcke & Markoff 2000),
with what was a simplified version of the current model. Now, the
current model has been applied to several hard-state BHXBs and
low-luminosity active galactic nuclei (see, e.g. Markoff et al. 2001b;
Markoff et al. 2005; Migliari et al. 2007; Markoff et al. 2008; Maitra
et al. 2009). Below, we describe essential features of the jet model
that are required to understand our current study, and a full de-
scription (and history) of the model can be found in Markoff et al.
(2005, and references therein). Throughout, we refer to the model
as the MNW05 model, and we adopt the following notation: γ j

refers to the bulk Lorentz factor of the jet plasma; βe refers to the
speeds of radiating electrons, normalized to the speed of light; the
corresponding electron Lorentz factors are γe = (1 − β2

e )−0.5, and
their energies are γ emec2 (where me is the electron rest mass). All
size-scales are normalized to the gravitational radius of the black
hole (rg = GMBH/c2), unless stated otherwise. We generally use z

to refer to the distance of each jet zone from the black hole (the
z-axis points along the axis of the jet), and r refers to the radius of
each jet zone.

The MNW05 model is for a steady state jet, and it assumes that
the radiation is entirely leptonic4 and that protons dominate the ki-
netic energy. The model assumes a maximally dominated jet, which
means that the bulk internal energy (dominated by the magnetic
field) is comparable to the bulk kinetic energy (dominated by pro-
tons; Falcke & Biermann 1995). The total jet power is assumed to
scale as Ṁc2 at the inner edge of the accretion flow, where Ṁ is the
mass accretion rate. Within each zone of the jet, we calculate the
expected flux from synchrotron radiation and SSC, which is then
compared to the observed SED of J1118 in quiescence.

The most important free parameter in the jet model is the jet
power, Nj, which determines the initial power (normalized to LEdd)
that is injected into the electrons and the magnetic field at base
of the jet. The very base of the jet has a cylindrical geometry
(aligned along the jet axis), with a radius r0 and height z = h0;
we refer to this cylinder as the ‘nozzle’. The size of the nozzle is
controlled by the free parameter r0, and we fix the ratio h0/r0 = 1.5.
The radiating particles in the nozzle are assumed to have a quasi-
thermal, mildly relativistic (Maxwell–Jüttner) velocity distribution
with temperature Te (Te in the nozzle is a free parameter). We
require Te > (mec2)/kB = 5.94 × 109 K because we do not consider
cyclotron processes. The plasma in the nozzle follows a gas law with
an adiabatic index � = 4/3 and has a proper sound speed γ sβs ∼ 0.4
(i.e. β2

s = [� − 1]/[� + 1]). The ratio of energy injected into the
nozzle that is initially split between the magnetic field and radiating
electrons is controlled by the equipartition factor k = UB/Ue (k
is a free parameter). UB = B2/8π is the magnetic energy density

4 Throughout the text, we will assume that the leptons are electrons for
convenience.
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(where B is the magnetic field), and Ue is the electron energy density
(calculated by integrating over the entire electron distribution).

At the top of the nozzle (i.e. z = h0), the jet base is allowed
to freely expand laterally, which results in a longitudinal pressure
gradient that accelerates the bulk plasma. The bulk-flow-velocity
profile is solved for exactly by the relativistic Euler equation. Note
that the conditions in the nozzle (set largely by the free parameters
Nj, r0, and k), combined with the above adiabatic expansion, sets all
macroscopic conditions along the entire jet (including the bulk-flow
velocity, electron temperature, magnetic field, equipartition factor
k, and density profiles; see, e.g. equation 2 of Falcke & Markoff
2000 for analytic forms of some of these profiles). The bulk-flow
acceleration is weak, typically saturating to γ j � 2–3 in the outer
jet.

At some distance from the black hole, zacc, we assume that a sig-
nificant fraction (60 per cent) of particles in the jet base are acceler-
ated into a non-thermal power-law tail. The acceleration mechanism
is unknown, but we assume that it is related to diffusive shock pro-
cesses (e.g. Jokipii 1987). The location of the acceleration region is
closely related to the location of the jet break frequency, νb, in the
SED (i.e. the frequency where synchrotron emission turns from op-
tically thick to optically thin). Any optically thin synchrotron (and
associated SSC) extending into the X-ray waveband is primarily
emitted from this acceleration zone. As one moves into jet zones
farther from the black hole, the synchrotron radiation peaks towards
lower frequencies, and integrating over the outer zones gives rise
to the jet’s signature flat/inverted radio spectrum. We (arbitrarily)
integrate to zmax = 3.2 × 1012 cm (2.9 × 106 rg) to save compu-
tation time, since jet zones at larger distances contribute radiation
predominantly at frequencies below our VLA radio data point at
5.3 GHz.

Since the details of the particle acceleration are unknown, we take
a heuristic approach to modelling the non-thermal tail of electrons at
z > zacc. We simply assume that the non-thermal electrons follow a
power-law distribution with index p (i.e. N (γe) ∝ γ −p

e ). To maintain
this power law against cooling losses, we assume a constant rate
of particle acceleration, t−1

acc . We parametrize the microphysics of
particle acceleration with the free parameter εsc = β2

sh/ξ , where βsh

is the relative shock velocity (in the shock frame) and ξ is the ratio
of the scattering mean free path to the gyroradius (see, e.g. Markoff
et al. 2008; Maitra et al. 2009). The free parameter εsc is proportional
to the particle acceleration rate (see Markoff et al. 2001a):

t−1
acc = 3

4
εsc

eB

γemec
, (1)

where e is the electron charge and B is the magnetic field strength at
the location of the acceleration zone (all variables are in cgs units).

The minimum particle energy of the non-thermal power-law tail
is set to the peak of the Maxwell–Jüttner distribution, according
to γ e, min = 2.23 kTe, acc/(mec2), where Te,acc is the electron tem-
perature at zacc. The maximum particle energy, set by γ e, max, is
determined by the electron energy where the particle acceleration
rate (t−1

acc ) is balanced by cooling losses. Three sources of cooling
losses are considered: (adiabatic) cooling from particles escaping
the jet zone (t−1

esc ), synchrotron cooling (t−1
syn), and cooling from in-

verse Comptonization (t−1
com):

t−1
esc = βec/z, (2)

t−1
syn = 4

3
σTγeβ

2
e

UB

mec
, (3)

where σ T is the Thomson cross-section and UB is the magnetic
energy density at zacc, and

t−1
com = t−1

syn

Urad

UB

, (4)

where Urad is the energy density of the incident radiation provid-
ing the seed photons for inverse Comptonization. Thus, γe,max is
found by solving t−1

acc = t−1
esc + t−1

syn + t−1
com. The cutoff frequency of

non-thermal synchrotron radiation in the broad-band spectrum is
related to the values of γe,max and B in the acceleration zone through
νcut = 0.29νcrit, where νcrit = 3/(4π)γ 2

e,max(eB)/(mec) is the criti-
cal synchrotron frequency. The MNW05 model assumes that the
cooling rate is dominated by adiabatic losses. This assumption is
important to keep in mind when interpreting our best-fits to the SED
of J1118.

We refer to the combination of all jet zones closer to the black hole
than the acceleration region (z < zacc) as the ‘jet base’, and we refer
to regions of the outer jet at z > zacc as ‘post-accelerated’ zones. The
‘nozzle’ refers only to the cylindrical component (at z < h0) that is
not freely expanding. We stress that the particle distributions within
the post-accelerated zones contain a combination of both thermal
and non-thermal particles, while the jet base only contains a thermal
component. In each zone, the electron temperature (Te[z]) and the
minimum/maximum Lorentz factors (γe,min/max[z]) describing the
power-law tail (in the post-acceleration regions) are adjusted to
lower values as one moves away from the black hole, following the
prescription set by the adiabatic expansion of the bulk plasma flow
(we again note that the bulk flow is controlled only by the conditions
in the nozzle and the adiabatic expansion beginning at z = h0).

As input to the model, we also include the following properties
of the BHXB system: black hole mass (MBH), distance (d), orbital
inclination (i), and the equivalent hydrogen line of sight absorb-
ing column (NH), which we fix to the parameters listed at the end
of Section 1. The companion star to J1118 is known to have a
late-type spectral class (Khargharia et al. 2013). So we include a
blackbody component at a fixed temperature T� = 3400 K, and
we normalize this component by assuming an emitting sphere with
radius R� = 0.56 R�. This blackbody component contributes to
∼90 per cent of the total observed flux in each NIR filter, and ∼25,
40, and 70 per cent of the total flux in the Sloan g′, r′, and i′ fil-
ters, respectively, consistent with the expected contribution of the
secondary from Gelino et al. (2006).

Finally, we do not include any thermal emission from a standard
geometrically thin accretion disc, which in turn implies that there
is no source of seed photons for external inverse Compton scatter-
ing. Thus, all modelled inverse Comptonization processes are syn-
chrotron self-Compton (SSC).5 Given the observed quiescent X-ray
flux of J1118, any thin disc must be relatively cool with an inner
disc temperature kTin � 85 eV (generously assuming that the total
observed X-ray flux accounts for only 1 per cent of the bolometric
disc luminosity and a maximally spinning prograde black hole, and
including a colour correction term; see Kubota et al. 1998). Thus,
even if a thin disc can persist close to the innermost stable circular
orbit in quiescence, we do not have sufficient data to constrain its
properties: the blackbody emission would likely peak between the
Swift UV and Chandra X-ray data points, and we do not observe a
sufficient number of X-ray photons to detect a soft thermal excess

5 SSC is calculated in every zone. In practice though, the SSC emission turns
out to come predominantly from zones towards the bottom of the jet base,
since the photon field and electron densities are highest at those locations.
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or reflection signatures like an Iron Kα line. We similarly cannot
accurately constrain any contribution of (optical) thermal radiation
from the outer regions of the accretion disc, primarily due to the
relative brightness of the companion star and the sampling of our
SED. We discuss these limitations in Section 5.

3.1 Notes on fixed and free jet model parameters

The MNW05 model includes several input parameters, which are
summarized in the notes to Table 2. We also note in Table 2 which
parameters are fixed during the model fitting, the majority of which
are constrained from observations of J1118 (e.g. MBH, d, i, NH, etc.).
There are degeneracies among certain sets of remaining parameters,
however. These degeneracies can be difficult to disentangle when
performing the model fits, especially at the low flux levels observed

Table 2. Best-fitting model parameters.

Parameter (unit) SSC Synchrotron
Dominated fit Dominated fit

Nj (10−5LEdd) 1.71+1.52
−0.83 2.67+4.55

−1.86

k 0.044+0.023
−0.013 2.066+15.829

−1.879

r0 (rg) 2.3+1.2
−0.6 2.7 ± 0.9

Te (1010K) 1.735+0.823
−0.418 0.611+0.286

−0.017

εsc
a <1.3 × 10−6 2.5 × 10−3

zacc (rg)b 14.4 20.2
p 2.2 3
χ2

r /d.o.f. 0.59/28 0.54/29

a Limit for SSC fit is at 95 per cent confidence. εsc

is held fixed for the synchrotron fit.
b 90 per cent confidence interval is larger than the
allowed range of 10 ≤ zacc ≤ 125.
The table includes the parameter space explored for
the MNW05 fits to J1118 in quiescence, and de-
scriptions for each parameter are below (including
a summary of all input parameters to the model).
The first four parameters describe conditions in the
nozzle, while the final three parameters describe the
particle acceleration at z = zacc. All parameters in
the table are free to vary during the spectral fits, un-
less stated otherwise below. Nj: power injected into
internal energy in the nozzle; k: equipartition factor,
equal to the ratio of magnetic energy (UB) to parti-
cle energy (Ue) in the nozzle; r0: nozzle radius; Te:
particle temperature in the nozzle; εsc: proportional
to the particle acceleration rate t−1

acc . εsc = β2
sh/ξ ,

where βsh is the relative shock velocity and ξ is the
ratio between the scattering mean free path to the
gyroradius; zacc: distance of acceleration zone from
the black hole; p: power-law index for accelerated
leptons (Ne ∼ γ

−p
e ). p is held fixed to p = 2.2 for

the ‘SSC’ fit, and p = 3 for the ‘synchrotron’ fit
(see Section 4); χ2

r /ν: reduced χ2 for ν degrees of
freedom. We fix the following parameters during
the fit: NH = 1.2 × 1020 cm−2; black hole mass
MBH = 7.5 M�; orbital inclination i = 68◦; dis-
tance d = 1.72 kpc; the ratio of nozzle height to
radius (h0/r0) = 1.5; the fraction of nozzle particles
accelerated into a power-law tail = 0.6; the tem-
perature of the companion star T� = 3400 K; and
the radius of the companion star R� = 0.56 R�.
Emission from the jet is calculated out to a distance
zmax = 3.2 × 1012 cm (2.9 × 106 rg) from the black
hole.

for J1118 in quiescence. However, from our experience fitting this
jet model to other accreting black hole systems, we have found
that certain parameters tend to converge towards similar values
regardless of the system being modelled (at least in the hard state),
including, e.g. Cyg X-1 and GX 339–4 (Markoff et al. 2005; Maitra
et al. 2009), GRO J1655–40 (Migliari et al. 2007), and even SMBHs
like M81� (Markoff et al. 2008).

For J1118 in quiescence, we therefore fix the ratio of the nozzle
height to radius (h0/r0) to 1.5, and the fraction of thermal particles
accelerated into the non-thermal tail in the acceleration region to
0.6. These values are similar to values found for other systems, and
most importantly are consistent with values found and/or adopted
by the Maitra et al. (2009) fits of the MNW05 model to J1118 in
the hard state (easing our goal of comparing J1118 in quiescence
and the hard state). If we were to adopt other values for these
two parameters, then the remaining free model parameters would
compensate to yield a fit of comparable statistical quality. However,
the broad, qualitative features of the fit would remain identical
(and quantitatively, the best-fitting parameters are generally fairly
similar within the uncertainties on each parameter). Therefore, as
summarized in Table 2, the main jet model parameters we explore
here are the jet power (Nj), the equipartition at the base of the jet
(k), the radius of the nozzle (r0), the electron temperature in the
nozzle (Te), the particle acceleration rate (parametrized by εsc), the
location of the particle acceleration zone (zacc), and the accelerated
particle power-law index (p).

4 R ESULTS

Before performing detailed modelling, we first confirm that the X-
ray spectrum is typical for a quiescent BHXB by fitting just the
X-ray spectrum with a (phenomenological) power law modified by
Galactic absorption (NH is fixed to the value in Section 1). The X-ray
spectrum is fit within the Interactive Spectral Interpretation System
(ISIS; Houck & Denicola 2000) v1.6.2–10 using Cash statistics (Cash
1979), and we find a best-fitting photon index � = 2.02 ± 0.41. This
photon index is consistent with other quiescent BHXBs (Plotkin
et al. 2013), and nearly identical to a 2002 Chandra observation of
J1118 in quiescence (� = 2.02 ± 0.16; McClintock et al. 2003).
With this photon index and our adopted values for NH and dis-
tance, we estimate an intrinsic (i.e. unabsorbed) 1–10 keV X-ray
luminosity of LX = 4.5 × 1030 erg s−1 using the Chandra Portable,
Interactive MultiMission Simulator (PIMMS; Mukai 1993). The
implied Eddington ratio is (LX/LEdd) = 10−8.5.

Next, we fit the jet model to the broad-band spectrum described
in Section 2. An important feature of the model is that the predicted
spectrum is forward folded through the X-ray response, and the fit
is performed within ISIS. Fitting in ‘X-ray detector space’ allows
better control over instrument-related systematics, and also a direct
comparison of the goodness of fit via, e.g. χ2 statistics, at all ob-
served wavelengths in the broad-band spectrum. The NIR, optical,
and UV data points are corrected for extinction prior to performing
the fitting (see Aλ in Table 1), and the X-ray absorption is applied
within ISIS during the fit (fixing NH to our adopted value). We fit the
model to the data by minimizing χ2 (we also try several different
sets of initial guess parameters to ensure that the fit is not converg-
ing towards a local minimum). The ISIS script conf_loop is used to
iteratively search for 90 per cent confidence intervals on each free
parameter (i.e. χ2 = 2.71 for one parameter of interest), and the
fit is updated if a better solution is found during the confidence
interval search. The fit converges towards small values of εsc, such
that the high-energy (post-acceleration) synchrotron cutoff (νcut)
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Jets from quiescent black holes 4105

Figure 1. Broadband spectrum and best-fitting model. Symbols are for the radio (diamond), (non-simultaneous) IR (arrows for upper limits; crosses for
detections), NIR and optical (triangles), UV (squares), and X-ray (circles) data points. The jet model is fit in X-ray detector space, with the best fit shown
with the black solid line. Also shown are the contribution from the pre-shock (thermal) synchrotron emission (orange line), the post-shock (non-thermal)
synchrotron emission (blue line), SSC (red line), and the companion star (dotted black line).

falls below the X-ray waveband. With such a low value of νcut, it
is not possible for the accelerated tail of particles to contribute sig-
nificant amounts of optically thin synchrotron to the NIR through
X-ray wavebands. We therefore cannot constrain the slope of the
optically thin synchrotron component from the data, so we instead
fix p = 2.26 and refit the model in order to more tightly constrain
the other free parameters.

The best fit to the broad-band spectrum is shown in Fig. 1, with the
best-fitting parameters listed in Table 2. Physical parameters calcu-
lated by the code (e.g. magnetic field, electron number density, bulk
Lorentz factor, etc.) are reported in Table 3, with values listed at the
top of the nozzle (z = h0) and at the acceleration zone (z = zacc). We
include values in both zones to illustrate how these physical param-
eters evolve along the jet. We also repeat some key input parameters
to the nozzle from Table 2 (e.g. zone radius, electron temperature,
etc.), to illustrate how those input parameters evolve along the jet.
We obtain a reduced χ2

r = 0.59 for 28 degrees of freedom. Since
we (somewhat arbitrarily) assign systematic uncertainties to some
data points to account for potential variability, we do not necessarily
expect χ2

r to be close to unity. However, the minimum χ2
r still is

useful for determining the best-fit relative to the searched parameter
space, and we also require the fit residuals to not show any obvious
trends as a function of frequency upon visual inspection (see bottom
panel of Fig. 1). We cannot strongly constrain the exact value of εsc

from the data, so we report its 95 per cent confidence upper limit in

6 The spectral index αν (fν ∼ ναν ) for optically thin synchrotron emission
from a power-law distribution of relativistic particles is related to p as
αν = −(p − 1)/2. Similarly, the photon index � = (p + 1)/2. A value
of p = 2.2 is often assumed for compact jet emission. The other best-
fitting model parameters are not sensitive (within their 90 per cent confidence
intervals) to the exact p-value chosen from p = 2–3.

Table 2, which is also the value adopted in Fig. 1. We note, how-
ever, that our upper limit on εsc is robust, since larger values would
allow too much optically thin synchrotron to contribute to the UV
and X-ray wavebands, resulting in a poorer statistical fit (although
see below). Since the X-ray emission is modelled predominantly by
SSC, we refer to this as the SSC-dominated fit.

4.1 Exploring parameter space: synchrotron-dominated
X-rays

Since we cannot directly identify the synchrotron cutoff frequency
νcut from the data, we further explore the εsc parameter here. We
note that εsc is the only parameter we were not able to adequately
investigate from the combination of different sets of initial guess
parameters and running conf_loop above. We first search for a
solution where νcut falls inside the X-ray band, which would result in
both SSC and optically thin synchrotron contributing to the observed
X-rays. The model would not converge to such a fit. We also could
not find an acceptable fit where νcut falls between the UV waveband
(as in Fig. 1) and the soft X-ray waveband.

Next, we explore if the other extreme is possible where X-rays
are dominated by optically thin synchrotron radiation emitted by
the accelerated (non-thermal) particles. To do so, we force νcut to
fall above the X-ray waveband by (arbitrarily) fixing εsc = 0.0025.
In this case, we can directly constrain the spectral slope of the
synchrotron emission (emitted by the post-accelerated non-thermal
electrons) by using the best-fitting X-ray photon index �, and we
fix p = 3. Interestingly, we obtain a fit of similar statistical quality
as the above SSC-dominated fit, with a reduced χ2

r = 0.54 for 29
degrees of freedom (see Fig. 2, Tables 2 and 3). We note that for this
‘synchrotron’-dominated fit, the nozzle electron temperature Te is
almost non-relativistic (i.e. it is close to the imposed lower boundary
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Table 3. Physical parameters.

Parameter SSC-dominated Synchrotron-dominated
(unit) (z = h0) (z = zacc) (z = h0) (z = zacc)

Parameters calculated by model
B (104G) 13.28 2.03 56.42 8.13
ne (1015 cm−3) 2.2 0.075 2.2 0.063
γ j – 1.72 – 1.73
γe,max – 147 – 17723
Model input parameters
k 0.044 0.025 2.066 1.811
r (rg) 2.3 6.5 2.7 8.0
Te (1010K) 1.735 1.152 0.611 0.403

Parameters calculated by model are reported at the top of the nozzle (z = h0) and at
the particle acceleration zone (zacc). Model input parameters are key free parameters
describing the nozzle. We repeat their best-fitting values from Table 2 here, and we
also report their values at z = zacc to illustrate how these parameters change along the
jet. B: magnetic field; ne: number density of electrons in each zone; γ j: bulk Lorentz
factor of the plasma. We do not report a value for γ j at z = h0 because the plasma has
only just begun expanding. γ j saturates to γ j ∼ 3 in the outer jet in both the SSC- and
synchrotron-dominated fits. γe,max: the maximum electron Lorentz factor after particle
acceleration (see Section 3). No γe,max is reported at the top of the nozzle because
there is no particle acceleration within zones at z < zacc; k: equipartition factor; r:
radius of jet zone; Te: electron temperature of the thermal electron component.

Figure 2. Best-fitting model, where X-rays are dominated by post-shock (non-thermal) synchrotron emission (see Section 4.1). Symbols and lines have the
same meaning as in Fig. 1.

in the nozzle, and it becomes non-relativistic at larger distance from
the black hole), and the equipartition factor k is poorly constrained.
The SSC- and synchrotron-dominated fits are compared in the next
section.

5 D ISCUSSION

We applied a multizone jet model to a new broad-band spectrum of
J1118 in quiescence (LX/LEdd ∼ 10−8.5), which is only the second

BHXB at such a low Eddington ratio to have a radio detection and
an SED sampled well enough to attempt broad-band modelling. The
same model has previously been applied to J1118 in the hard state
during its 2000 and 2005 outbursts (Maitra et al. 2009), and also to
A0620-00 in quiescence (Gallo et al. 2007). We obtain two model
fits for J1118 in quiescence, of comparable statistical quality, that
can explain the observed X-rays either as SSC (emitted by a quasi-
thermal population of relativistic electrons) or as optically thin
synchrotron emission (from an accelerated non-thermal population
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of electrons). Before describing the physical differences between
these two fits, we first discuss their similarities. The origin of X-ray
emission from both hard-state and quiescent BHXBs is a highly de-
bated topic. However, by highlighting the common features among
these two extremes, we can (partly) transcend this debate and obtain
fairly robust insight into the nature of jets launched in quiescence.

Both fits converge towards relatively small nozzle radii r0 ∼ 2–
3 rg. This nozzle radius is smaller than the best-fitting values for
J1118 in the hard state (10–20 rg; Maitra et al. 2009), and compara-
ble to the best-fitting value for A0620-00 in quiescence (3.9+2.2

−0.1 rg;
Gallo et al. 2007). When compared to the hard state, both fits also
converge towards lower electron temperatures (Maitra et al. 2009
found Te ∼ 4 × 1010 K). Thus, in the context of this jet model, as a
BHXB transitions from the hard state into quiescence, the jet base
becomes more compact (perhaps by an order of magnitude), and it
evolves towards a lower temperature (by at least a factor of 2).

It is interesting that we can explain the bulk of the IR–UV SED
with only the combination of emission from the jet and companion
star, while completely neglecting any blackbody radiation from the
outer regions of the accretion flow. We do not take this result as
evidence for the absence of an outer disc, as our reasons for ex-
cluding the disc component are largely systematic (see Section 3).
An outer disc is likely present, but decomposing its emission from
other radiative processes in quiescence likely requires an even better
sampled SED with higher S/N, and/or high-resolution spectroscopy.
For example, excess UV emission over the expected contribution
from the companion star is often detected from quiescent BHXBs
(see Hynes & Robinson 2012 and references therein; although also
see Hynes et al. 2009, who did not find a significant UV excess
in the relatively luminous quiescent SED of V404 Cyg). Some of
this UV excess is likely thermal radiation from the outer disc, as
UV spectroscopy often reveals broad emission lines (including for
both J1118 and A0620-00; McClintock et al. 2003; Froning et al.
2011). However, a caveat is that explaining typical UV excess fluxes
purely via thermal blackbody radiation requires a hotter and/or more
compact emission region than expected for the outer regions of qui-
escent accretion flows (e.g. McClintock, Horne & Remillard 1995;
McClintock et al. 2003; Froning et al. 2011; Hynes & Robinson
2012), and complex geometries may be required (e.g. McClintock
et al. 2003). Our model fits on J1118 suggest that jet-related syn-
chrotron radiation (from a relativistic population of quasi-thermal
electrons in the jet base) could also substantially contribute to the
UV waveband and should be taken into account. Note that syn-
chrotron radiation from the jet base can also explain the bulk of
the UV excess from A0620-00 in quiescence (Gallo et al. 2007;
Froning et al. 2011; although see section 4 of Froning et al. 2011
for other potential scenarios).

The NIR and optical wavebands are largely dominated by the
companion star in our fits to J1118. However, we find an IR ex-
cess (relative to the contribution from the companion star), which
we account for as synchrotron radiation predominately from the
accelerated (non-thermal) electron component. However, since our
IR data points are non-simultaneous, we cannot exclude the possi-
bility that a circumbinary disc may instead contribute to some of
the excess IR emission, especially in the Spitzer 8-μm band (e.g.
Muno & Mauerhan 2006; Wang & Wang 2014). If a circumbinary
disc is relevant to the IR, then in order to self-consistently also
explain the jet radio emission, the jet break (νb) would likely need
to fall at lower frequencies than in either fit (i.e. the location of the
acceleration region, zacc, would be located farther from the black
hole; see Gallo et al. 2007). Unfortunately, due to lack of data be-
tween the radio and IR wavebands, neither fit constrains zacc to high

precision. Thus, resolving this discrepancy would require higher
frequency radio and/or sub-mm observations to better constrain the
radio spectral index and to attempt locate the jet break. Searches for
IR variability would also be helpful (the excess IR emission should
be variable if it comes from the jet).

5.1 An SSC origin for X-ray emission in quiescence?

Although formally the χ2
r values of the SSC- and synchrotron-

dominated fits are comparable, we argue here that the SSC-
dominated fit is more believable (in the context of the MNW05
model). First, the uncertainties on the best-fitting parameters Nj and
k are especially large for the synchrotron-dominated fit, providing
some hesitation on the fit quality. Plus, we obtained the synchrotron-
dominated fit by assuming a high particle acceleration rate, i.e. we
fixed the parameter εsc ∝ t−1

acc to a large value. Our motivation for
doing so was to help explore the full parameter space, and to inves-
tigate if quiescent black hole jets can efficiently accelerate electrons
to high γ e. However, if we refit the synchrotron-dominated fit and
allow εsc to vary as a free parameter, its value does not change
significantly, which may suggest that the model simply converged
towards a local minimum.

Perhaps more important, and regardless of our above suspicions,
the synchrotron-dominated fit also appears to be approaching a
parameter space that violates some assumptions behind the MNW05
model. For one, the model assumes a relativistic fluid in the nozzle
and jet base, yet the electron temperature in the nozzle for the
synchrotron-dominated fit is uncomfortably close to the imposed
limit Te,min = 5.94 × 109 K. As the electron temperature follows
the adiabatic expansion of the bulk flow, the temperature eventually
drops below Te,min (e.g. see Te at z = zacc in Table 3).

Furthermore, the accelerated particles must have a power-law
index p ∼ 3 in order to explain the X-ray data. Such a soft par-
ticle spectrum is unlikely to be injected by a shock. Therefore,
if synchrotron radiation from non-thermal electrons indeed domi-
nates the X-ray waveband in quiescence, then that radiation must
be synchrotron cooled (i.e. the synchrotron cooling break, νcool,
lies below the X-ray waveband in quiescence). Below, we confirm
that synchrotron cooling losses are unlikely negligible in the X-ray
waveband for the synchrotron-dominated fit. To illustrate this point,
we consider only the acceleration zone (zacc), since the synchrotron
flux at high energies from non-thermal electrons will be largest in
this region where the magnetic field is strongest. Electrons in zacc

(where B ∼ 8 × 104 G; see Table 3) that emit synchrotron in the
X-ray band (≈2.4 × 1017 Hz) have γ e ≈ 1560. Inserting these
numbers into equations (2)–(4), we find that synchrotron losses ac-
count for 92 per cent of all cooling losses at γ e ≈ 1560 (adiabatic
losses account for the remaining 8 per cent, and losses from inverse
Comptonization are negligible).

For the synchrotron-dominated fit, radiative losses from syn-
chrotron cooling are therefore not negligible in the X-ray waveband.
This means that the initial particle spectrum (at lower γ e) must be
harder than p ∼ 3. That is, the spectrum should initially have p ∼ 2
(since the particle index should change by p ∼ 1 above and be-
low the synchrotron cooling break), and then the spectrum would
soften to p ∼ 3 at higher electron Lorentz factors when synchrotron
cooling becomes significant. This effect on the shape of the particle
spectrum is not included in the MNW05 model, which assumes
that adiabatic losses always dominate (we note, however, that some
of this spectral evolution could be ‘hidden’ by the optically thick
portion of the jet). The MNW05 model also assumes that the parti-
cle spectrum is similar across the entire outer jet. That assumption
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was motivated by multiwavelength campaigns on jets from active
galactic nuclei (where the evolution of the spectral index can be
spatially resolved along the jet) that do not show spectral evolution
over distances much greater than the cooling lengths (e.g. Jester
et al. 2001). However, since we cannot spatially resolve BHXB jets
in quiescence, we cannot directly test this assumption via observa-
tions of J1118.

Despite the above, we can still draw some qualitative conclu-
sions from the synchrotron-dominated fit (i.e. in the case that par-
ticle acceleration is efficient and X-rays are synchrotron cooled).
In this case, the synchrotron cooling break must fall below the X-
ray waveband. If the cooling break falls above the IR waveband
(i.e. at frequencies above the jet break νb), then the optically thin
synchrotron emission would initially have a flatter spectral index
between the jet break and the cooling break. This implies that νb

should fall at a lower frequency than shown in Fig. 2. In turn, there
is less room for the jet to account for any IR-excess, making the
idea of a circumbinary disc more likely.7 However, the above is only
one possibility, as it could instead be the case that the synchrotron
cooling break falls below the IR band and within the optically thick
portion of the jet. In that case, the synchrotron contribution to the IR
band from the non-thermal electrons would not change by a large
amount. Unfortunately, we cannot draw strong quantitative conclu-
sions (besides our concerns on the quality of the model fit, we also
must bear in mind that our IR constraints are non-simultaneous).
However, we do note that the above issues do not affect the proper-
ties of the jet base, and they therefore do not alter our conclusions
at the beginning of Section 5.

So far, our hesitation to favour the synchrotron-dominated fit
is primarily due to a concern that the fit approaches a parameter
space that is inconsistent with some of the underlying assump-
tions behind the MNW05 model. However, the synchrotron-cooled
X-ray scenario becomes slightly less appealing when also consid-
ering our results on the radio/X-ray luminosity correlation in Gallo
et al. (2014). With the new data point of J1118 in quiescence (at
LX/LEdd ∼ 10−8.5), Gallo et al. (2014) demonstrate that J1118 ex-
hibits a tight, non-linear radio/X-ray luminosity correlation over five
decades in X-ray luminosity, of the form Lr ∝ L0.72±0.09

X . The slope
of the non-linear correlation is suggestive of radiatively inefficient
X-ray processes. More specifically, to explain this slope, the X-ray
luminosity should scale approximately quadratically (depending on
the radio spectral index) with the normalized mass accretion rate
ṁ = Ṁ/ṀEdd (e.g. Markoff et al. 2003). However, synchrotron-
cooled emission from non-thermal electrons scales linearly with
ṁ (e.g. Heinz 2004), which would result in a steeper luminosity
correlation with a slope almost twice as large (Heinz 2004; Yuan
& Cui 2005). So, if J1118 were to transition from radiatively inef-
ficient X-rays in the low-hard state to synchrotron-cooled X-rays
in quiescence, as would be implied by the synchrotron-dominated
fit, then the slope of its radio/X-ray luminosity correlation should
also steepen in quiescence (Yuan & Cui 2005). We do not observe
such a steepening of the slope in the radio–X-ray luminosity plane.
Therefore, in order for the synchrotron-dominated fit to be correct,
the X-rays would have to transition to being synchrotron cooled at
relatively low luminosities (so that the steepening of the slope is not
noticeable even at LEdd ∼ 10−8.5), or the expected scalings of radio
and X-ray luminosity depend on other parameters in addition to ṁ.

7 We note that the NIR-optical emission is still dominated by the companion
star. The synchrotron contribution to the UV emission would unlikely change
much, since the UV is dominated by the thermal jet base.

We conclude that the SSC-dominated fit is likely a more believ-
able representation of the data, in the context of the MNW05 model.
However, we again stress that the above concerns are only relevant
to the post-acceleration jet zones and not the jet base or nozzle.
Therefore, despite the above, we still consider our qualitative re-
sults that the nozzle becomes smaller and cooler in quiescence to
be robust. To properly investigate the feasibility of efficient particle
acceleration (i.e. high t−1

acc and high γe,max) and synchrotron-cooled
X-rays would require adjustments to the model out of the scope of
this paper (see Yuan & Cui 2005 for the application of a jet model
including synchrotron cooling losses to an optical/UV/X-ray SED
of J1118 in quiescence). We also stress that this issue is not a con-
cern for the SSC-dominated fit. For the SSC-dominated fit, particle
acceleration is very weak (γe,max ∼ 147) and the magnetic field is
smaller, so that adiabatic losses always dominate, consistent with
our assumptions. Therefore, we are more confident in the physi-
cal parameters found by the SSC-dominated fit, provided that the
X-rays indeed are predominantly SSC emission from a relativistic
distribution of thermal electrons. Unfortunately, it is not trivial to
predict the expected radio/X-ray correlation if BHXBs switch to
SSC-dominated X-rays from a thermal electron population, so it is
unclear at this point whether the SSC-dominated fit is consistent
with the Gallo et al. (2014) non-linear correlation. We expand more
on the SSC-dominated fit in the next subsection.

5.2 Jets in quiescence

We begin this section by comparing similarities between our jet
model and other types of accretion flows, in order to highlight
robust results. McClintock et al. (2003) undertook an optical, UV,
and X-ray campaign on J1118 in quiescence in 2002, for which they
use an advection dominated accretion flow (ADAF; Ichimaru 1977;
Narayan & Yi 1994; Abramowicz et al. 1995) to explain the X-ray
spectrum. An ADAF is a type of RIAF, where the black hole is fed
by a radiatively inefficient two-temperature plasma with very weak
Coulomb coupling between ions. The radiative cooling time-scale
is longer than the free-fall time into the black hole, resulting in
underluminous X-rays compared to a standard thin accretion disc,
and a large fraction of accretion energy is advected directly into the
black hole.8 Even without including an outflow, or with the benefit
of radio constraints, McClintock et al. (2003) conclude that the X-
rays are emitted via SSC (at least for � 100 keV photons; see Esin,
McClintock & Narayan 1997) by a population of hot electrons, and
they speculate that a non-thermal electron component could also be
relevant. Of course, a major difference between the ADAF model
and our jet model is that the jet model explicitly attributes the X-
ray emission to an outflowing quasi-thermal component. Also, an
attractive feature of jet models is that the outflow self-consistently
explains the radio emission, since the physical conditions at the base
of the jet (responsible for the optical/UV thermal synchrotron and X-
ray SSC) determine the properties in the outer regions of the outflow

8 Note that ADAFs are prone to developing various types of instabilities
(e.g. Narayan & Yi 1995), and other variants of RIAFs are also possible (one
example is the convection-dominated accretion flow, CDAF; Narayan, Igu-
menshchev & Abramowicz 2000; Quataert & Gruzinov 2000). In particular,
as illustrated by the adiabatic inflow–outflow solution (ADIOS; Blandford
& Begelman 1999), it is very plausible that a significant fraction of the
accretion energy is instead carried away as mechanical energy in the form
of an outflow, and not advected directly into the black hole (also see e.g.
Fender et al. 2003, and references therein, for the role that an outflow may
play).

MNRAS 446, 4098–4111 (2015)

 at U
niversiteit van A

m
sterdam

 on February 25, 2016
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


Jets from quiescent black holes 4109

(responsible for the radio emission). Yuan & Cui (2005) applied a
hybrid ADAF/jet model to the SED from McClintock et al. (2003),
and they also prefer jet-dominated X-rays in quiescence (although
they argue for synchrotron from non-thermal electrons).

According to the SSC-dominated fit, our main conclusion is that
the outer jet of J1118 experiences less efficient particle accelera-
tion in quiescence compared to the hard state (i.e. the accelerated
non-thermal electron tail does not reach high Lorentz factors). This
conclusion is consistent with the picture described for Sgr A* in Sec-
tion 1 (which also appears to undergo weaker particle acceleration
and have a non-thermal SSC contribution to the quiescent X-rays;
e.g. Falcke & Markoff 2000; Markoff et al. 2001b). A similar con-
clusion was also reached for A0620-00 in quiescence, for which the
same jet model converged towards similar best-fitting parameters as
we find for J1118 (Gallo et al. 2007). Furthermore, the BHXB Swift
J1357.2−0933 was recently suggested to have the lowest quiescent
X-ray luminosity of any known BHXB (Armas Padilla et al. 2014),
making it suitable for comparisons to J1118 and A0620-00. Swift
J1357.2−0933 has a very steep NIR–optical spectrum (αν = −1.4)
in quiescence, which is also consistent with synchrotron radiation
from a thermal distribution of electrons in a weak jet (Shahbaz et al.
2013). Thus, the best-fitting model for J1118 in Fig. 1 may indeed
represent the baseline accretion/jet properties for quiescent black
holes.

We note that the best-fitting k-values are fairly low for the SSC-
dominated fit. That could cause some concern, because a very small
magnetic energy might violate the assumption in the MNW05 model
of a maximally dominated jet. However, the mechanism(s) in which
energy redistributes itself in the jet launching zone (i.e. the nozzle)
are not well understood, so it is difficult for us to quantify if the
small k values are unphysical or not. It is potentially interesting that
the best fit to A0620-00 in quiescence with the same model also
prefers a small-k (Gallo et al. 2007); the small equipartition between
magnetic field and electron energy densities could therefore be
hinting at an interesting phenomenological property of quiescent
black holes worth focusing on in the future.

Considering the above (and in the context of the SSC-dominated
fit), it could be the case that an important difference between qui-
escent and hard-state BHXBs is the degree to which an accelerated
electron component contributes to the high-energy radiation. As
BHXBs fade into quiescence, the jet base becomes less magnet-
ically dominated, cooler, and more compact, and the maximum
energy of any accelerated electrons becomes smaller. The net re-
sult may be a weaker outflow that does not develop the necessary
structures to efficiently accelerate particles (see, e.g. Polko, Meier
& Markoff 2010). The X-rays in turn switch from being a combi-
nation of optically thin synchrotron emission (e.g. Markoff et al.
2001a; Plotkin et al. 2012) and/or emission associated with the hot
flow (e.g. Esin et al. 2001; Yuan et al. 2005) in the hard state, to
becoming dominated by SSC off the outflowing (quasi)-thermal jet
in quiescence. Such a switch could also be the cause of the observed
X-ray spectral softening as a BHXB transitions from the hard state
into quiescence (Plotkin et al. 2013). If all BHXB accretion flows
and jets evolve towards a similar baseline in quiescence, then it
may also be natural to expect diverse accretion properties in the
hard state (depending on the strength of the non-thermal electron
component). For example, for J1118, the slope of the NIR-optical
spectrum in the hard state has been observed to range from very
steep (αν ∼ −1.4; Russell et al. 2013) to values more typical of
optically thin synchrotron radiation (αν ∼ −0.8; Hynes et al. 2006;
Russell et al. 2013) at different epochs, which could be reflecting
different levels of particle acceleration. In addition to the above

arguments that BHXBs eventually reach a quiescent baseline, the
idea for less variety in quiescence might also be supported by mul-
tiwavelength observations that track transient BHXBs through the
radio/X-ray luminosity plane as they fade into quiescence following
an outburst (e.g. Jonker et al. 2010, 2012; Ratti et al. 2012), To test
the above idea further, it would be helpful to have a prediction on the
expected slope of radio/X-ray luminosity correlations if X-rays are
dominated by SSC (from a thermal electron distribution), and also
more simultaneous radio and X-ray constraints on highly quiescent
black holes (to learn if all quiescent black holes have similar radio
to X-ray flux ratios).

6 SU M M A RY

The recent detection of radio emission from J1118 deep in quies-
cence (Gallo et al. 2014) provides new, much needed constraints
on accretion flows and their jets at the lowest detectable Eddington
ratios (LX ∼ 10−8.5 LEdd). Currently, the only other BHXB with a
radio detection and well-sampled SED at such a low Eddington
ratio is A0620-00 (Gallo et al. 2006, 2007). From the combination
of both sources, we can start to lay a foundation to ultimately learn
if all quiescent BHXBs have similar accretion properties, if rela-
tivistic jets always persist at the lowest detectable Eddington ratios,
and the degree to which accelerated non-thermal electrons are ener-
getically important. These constraints are relevant across the entire
black hole mass scale, as most SMBHs also likely accrete in the
quiescent regime (if they are not completely dormant).

We undertook a coordinated multiwavelength campaign to as-
semble a broad-band spectrum for J1118 in quiescence, including
radio (VLA), NIR/optical (WHT), UV (Swift), and X-ray (Chan-
dra) observations. We then applied a multizone jet model to the
broad-band spectrum (Markoff et al. 2005) to constrain the physi-
cal parameters of the system, and to tease out the dominant emission
mechanism(s) in each waveband. The same model has also been ap-
plied to A0620-00 in quiescence (Gallo et al. 2007) and to J1118 at
higher luminosities in the hard state (Maitra et al. 2009), allowing
us to make uniform comparisons.

We can adequately model the entire spectrum by including ra-
diation only from the outflowing jet, and flux from the companion
star. As in the hard state, the radio emission is attributed to the sum
of multiple zones of self-absorbed synchrotron emission from the
outer jet (e.g. Blandford & Königl 1979). As J1118 fades into quies-
cence, we determine that its jet base becomes more compact (by up
to an order of magnitude) and slightly cooler (by at least a factor of
2). Meanwhile, in our preferred model fit, the jet base also becomes
less magnetically dominated, and particle acceleration becomes less
efficient (i.e. non-thermal electrons in the outer regions of the jet do
not attain high Lorentz factors). Ignoring the companion star, the
optical/UV emission is thermal synchrotron emission from a mildly
relativistic population of quasi-thermal electrons in the jet base, and
the X-rays are corresponding SSC. The particle acceleration is too
weak for non-thermal electrons to contribute significant amounts of
high-energy radiation. We do not require a circumbinary disc (e.g.
Muno & Mauerhan 2006) in the IR, or thermal emission from the
outer disc in the optical/UV, but in reality both components could
contribute emission at some level.

The above scenario is consistent with results on A0620-00, and
also with broad-band modelling of Sgr A* (using a similar jet model;
e.g. Falcke & Markoff 2000; Markoff et al. 2001b). We thus spec-
ulate that J1118 and A0620-00 could represent a canonical base-
line for quiescent black hole accretion flows and jets. The overall
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structure could also be similar for hard-state BHXBs. However, at
higher luminosities, there is likely an increased flux of disc seed
photons near the jet base for external inverse Compton scattering,
and reflection off the accretion disc will also be more important.
The primary difference inferred from our work might also be the
degree to which hard-state jets can accelerate a non-thermal tail
of electrons. With stronger acceleration, non-thermal particles may
contribute more radiation to the high-energy wavebands.

In the future, well-sampled SEDs for more quiescent BHXBs
are clearly needed, which can currently be obtained only for very
nearby (and ideally high Galactic latitude) systems. In particular,
additional high-resolution UV spectra (e.g. with the Cosmic Ori-
gins Spectograph on the Hubble Space Telescope) would be helpful
for constraining the disc contribution to the UV (e.g. Froning et al.
2011). Observational constraints on the high-energy cutoff would
also be extremely useful, for which coordinated UV and X-ray ob-
servations (of unabsorbed systems) could be a promising avenue.
Curvature between the UV and X-ray band could be indicative of
a cooling break. Hard X-ray constraints would also be useful if the
high-energy cutoff falls at hard X-ray energies. Besides the high-
energy cutoff, the other poorly constrained parameter from the jet
model is the location of the jet acceleration zone, zacc, which is
important for understanding the jet’s energetics. Improving con-
straints on zacc requires more coverage from the sub-mm through
IR, which could be achieved with the Atacama Large Millime-
ter/submillimeter Array for some sources, and/or the James Webb
Space Telescope in the future. We note that, while we await such
observations, there is already a positive outlook to more tightly
constrain quiescent jet properties (with current data) through im-
provements in the theoretical modelling. The next generation of
the jet model employed here will self-consistently derive the flow
solution from the jet base to acceleration zone (zacc) for a given
set of initial conditions in the inner accretion flow (Polko, Meier
& Markoff 2010, 2013, 2014), which will significantly reduce the
number of free parameters.
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