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Abstract: We studied the relation of accretion-jet power and disk luminosity, especially the jet
efficiencies and disk radiative efficiencies for different accretion disks as well as black hole (BH) spin,
in order to explore the origin of radio emission in black hole X-ray binaries (BHXBs). We found
that jet efficiency increases more rapidly (efficient) than the nearly constant disk radiative efficiency
for thin disk component in high accretion regime, which could account for the steep track (u > 1)
in the observed radio and X-ray luminosity relations (Lr o L;), but the thin disk component may
not be able to explain the standard track (4 ~ 0.6) in the BHXBs. For hot accretion flows (HAF),
the resulting jet efficiency changes along with the large range of accretions from quiescent state to
nearly Eddington state, which could account for the standard track in the BHXBs. The BH spin-jet
is discussed for the magnetic arrested disk (MAD) state; in this state, the spin-jet power might
contribute to a linear correlation between jet power and mass accretion rate for a given source. More
accurate observations are required to test the results.

Keywords: accretion disks; black hole physics; X-ray binaries; radio jets

1. Introduction

Among compact binary systems, those that consist of a main sequence or evolved star
(S) and compact objects such as a black hole (BH), a neutron star (NS) or a white dwarf
(WD) are of special interests. Electromagnetic emission is often observed in close BH-S,
NS-S, and WD-S binaries, when the stellar matter is accreting onto the compact object. For
the purpose of understanding the origin of the radio emission, in this paper we investigate
the correlation between radio jet and other properties in black hole X-ray binaries (BHXBs).
We chose BH systems because there are only two parameters (mass and spin) for a BH, and
there is another advantage, i.e., BH has no solid surface (the situation is more complicated
for close NS-S, or WD-S binaries due to the strong magnetic field structure and the hard
surface of compact object). Over the past decades, we have archived a sufficient amount
of data on the radio emission from BHXBs. In this work, we will briefly introduce the
radio properties of those BHXBs and investigate, from a theoretical point of view, the
plausible/sound models for their radio origin.

2. The Radio Emission of BHXB

From X-ray observations, there are about 60 transients classified as BH candidates.
Among them, about 20 are dynamically confirmed as BHXBs (https:/ /www.astro.puc.cl/
BlackCAT /transients.php accessed on 5 August 2021) [1]. The X-ray properties of BHXBs
can be studied through the intensity-hardness diagram and the so-called ‘q-diagram’
(e.g., [2,3]), where a flare/outburst evolves from a low luminosity-hard spectral state to
a high luminosity-soft spectral state. A radio jet often appears in the low-hard state and
sometimes evolves to intermediate soft state [2,3]. The correlation between radio and
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X-ray luminosities is intensively investigated over the past decades. With the expression
of observed radio and X-ray luminosity relations (Lg o Lx"), two correlations have been
reported. One is normal/standard, with power-law index of y ~ 0.6 (also called ‘standard
track’, [4]), and the other is a steep one observed in some sources, with y ~ 1.4 (also called

‘outliers track’ or ‘steep track’, e.g., [5,6]). We note that most sources cannot be analyzed in

a timing manner, i.e., few sources have sufficient long-term monitoring in both radio and
X-ray (few exceptions are, e.g., GX 339-4). One practical method will then be to study the
correlation models with the data collected from different BHXBs.

Below, we briefly summarize the radio properties of BHXBs according to their radio
phases from flare/outburst state to quiescent state. In the flare state, for example, a
highly relativistic and confined (~0.5°) jet is observed in MAXI J1820+070, which carries
a significant amount of power away from the system (equivalent to 0.6 X L1 199 kev) [7]-
The jet shows a large bulk Lorenz factor of 6.8 with a high Eddington ratio of ~0.1, and
its total radio/sub-mm flux density peaks at roughly >1000 GHz [7,8]. The emission at
different wavebands correlates with each other, with time-lags ranging from hundreds
of milliseconds between the X-ray/optical bands to minutes between the radio/sub-mm
bands [7]. The derived magnetic field from model fitting is about 10* Gauss in the jet base
region [7]. The well-known microquasars 55433 and GRS 1915+105 also demonstrated
relativistic jets with the large jet-viewing angles with respect to our line of sight. The
long-term radio and X-ray observations revealed quasi-periodic (about 200-300 days) flux
variations in both radio and X-ray light curves of GRS 1915+105 [9], which may imply
quasi-periodic outbursts and accretion state changes. In 55433, such accretion state change
is not observed, possibly because disk emission is hidden from us in X-rays [10].

In the quiescent X-ray state, radio emission has been also detected in some BHXBs.
Gallo et al. [11] report on the Atacama Large Millimeter Array (ALMA) continuum ob-
servations of the black hole X-ray binary A0620-00 at an X-ray luminosity nine orders of
magnitude sub-Eddington, the system was significantly detected at 98 GHz (44 £ 7 yJy) [12].
The recently obtained detections of the black hole X-ray binary GX 339-4 in quiescence
state using the Meer Karoo Array Telescope (MeerKAT) radio telescope and Swift X-ray
Telescope instrument on board the Neil Gehrels Swift Observatory reached the lower end
of the radio-X-ray correlation.

There is also a ‘radio-faint” phase as noted in [13]. Swift J1753.5-0127 in the hard
state emitted less radio emission from its jet than what expected from the standard track
of the radio-X-ray correlation. Instead, it seems to follow the ‘radio-faint” phase, which
is best observed in another BHXB H1743-322. In H1743-322, there is an unexpectedly
horizontal branch in the Lr-Lx plane when the X-ray luminosity is located between
Lx ~ 4 x 10%ergs~! and Lx ~ 10% ergs~!, and when it is fainter than Ly ~ 10%¥ ergs!
it rejoined the ‘standard track’ [13-15]. The J1753.5-0127 has a relatively flat spectrum of
F, «v%3 , but it is still not detected with the Very Long Baseline Array (VLBA) above a 5¢
upper limit of 0.16 mJy/beam [16].

3. The Origin of Radio Emission

As introduced above, the BHXBs can have relativistic jets (e.g., in microquasars),
transient jets (in flare or mini-flares), and weak radio emission (in ‘radio-faint” and quiescent
state). There are mainly two observational tracks/paths in the Lr—Lx plane, the ‘standard
track” (4 ~ 0.6) and the “steep track” (4 ~ 1.4). Radio emission can be powered by the
accretion process and the extraction of BH spin energy. Accretion power can be scaled by
the Eddington luminosity, Lggq = 1.3 x 10%(Mpy /M ) ergs~!. Weakly accreting systems,
such as BHXBs with X-ray luminosities Lx < 10% ergs~! (or equivalently, Eddington ratio
Lx/Lggq < 0.01), cover both the hard X-ray spectral state (107> < Ly /Lgqq < 1072, [17])
and the quiescence state (Lx/Lgqq S 107>, [18]). As noted in [13], when weakly accreting
BHXBs brighten on day-to-week timescales, they can trace distinct paths in the Lg—Lx
plane (e.g., [6,19]). From a theoretical point of view, the radio emission is partially self-
absorbed synchrotron radiation from a steady, unresolved, and flat-spectrum jet [20,21],
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while the X-rays probe the inner regions of the accretion flow [2]. In this case, the presence
of correlated radio and X-ray variability suggests a physical connection between the jet
and the emission regions closest to the black hole [22].

3.1. Accretion Disks/States and Jets

In the following, we investigate the disk-jet coupling and the variations of the jet
efficiency and disk radiative efficiency with increasing disk luminosity (or accretion rate).
Then, we introduce different accretion disks and comment on possible connections between
the efficiency of radio emission and accretion states of BHXBs.

The disk-jet coupling can be a consequence of the connection between the jet power
P]aeic = yMc? and accretion disk luminosity Lgis = eMc?. Thus, we have the following.

Pet = (17/€) Laisk- ¢))

In reality, most of the jet power P is in the form of mechanical energy (e.g., the
work on the environment) but not radio luminosity Lg. From a sample of radio galaxies,
Willott et al. [23] found an empirical relationship between the time-averaged jet power
and the monochromatic radio luminosity at 151 MHz, i.e., Pet = 3.4 ¥ 1020 x f3/ 2 %

(WLIEA )¢/7 (ergs1), where parameter f accounts for the theoretical uncertainties. We

adopt this formula to calculate the jet power with f = 10 [24], which can be read as follows.

Piet ~ clL?{/7 erg s, 2)

here, c; = 5.8 x 10%. In this expression, we take a v~ %8 spectrum in radio (between 151 MHz
and 5 GHz) and define Ly as the radio luminosity at 5 GHz. Note that this relation was
derived from a sample of radio galaxies rather than BHXBs; thus, we caution that the
application to BHXBs may be risky, and the jets in BHXBs are more compact, but our results
do not change significantly if we used a linear or slightly lower index than (6/7) in the
relation.

From Equations (1) and (2), we have the following.

n/e o< LY7 / Lyisk. €)

For the BHXBs, disk luminosity can be approximately scaled to the X-ray luminosity
in the inner accretion region where the radio jet is produced, as Lgjsx o« Lx, because
X-ray luminosity is dominant in the spectral energy distribution of the inner disk [25] (see

next parts for more discussions). With this approximation, the ‘standard track’ of BHXBs

(LR o L;i( and p ~ 0.6) will imply 7 /€ o L%6X(6/7)/Lx x L;O'S, while the steep track of

BHXBs with p ~ 1.4 will imply #/¢€ L}(AX /7, Lx o L$?. This suggests that the 17/€ can

be assumed as a power-law function of the disk X-ray luminosity, with the index of 4. In
other words, we have the following:

n/e~ el )

where the g reflects the dependence of the combined factor # /¢ on the disk luminosity or
accretion rate.
From the Equations (1) and (4), we have the following:

! 1
Pet = (17/€)Laisk = c2Lliy = coLy] = c3(AMppy) '+, 5)

where ¢; and c3 are the two constants, and y’ = 1+, A = Lgjex/ Lggq is the Eddington
ratio.

Equation (4) can be applied to study the non-linear correlation between jet power
and disk luminosity in BHXBs (negative g when p < 1 and positive 4 when y’ > 1). The
dependence of these efficiencies on mass accretion rate, key for our understanding of radio
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and X-ray activities and radio-X-ray correlation, is poorly investigated. In the following,
we will try to investigate these efficiencies for different accretion disks in the BHXBs and
comment on the origin of radio emission in BHXBs.

3.1.1. Geometric Thin/Cold Disk

The SSD (Shakura-Sunyaev Disk, [26]) is a geometrically thin but optically thick
disk. It emits thermal blackbody-like radiation. Many accreting black holes have been
successfully modeled as thin disks, e.g., luminous active galactic nuclei (AGN) and the
BHXBs in the thermal state (e.g., [17]). For example, the persistent BHXB source GRS
1915+105 with relativistic super-luminal radio ejections is believed to accrete erratically
close to the Eddington limit [27]. Over the past three decades, GRS 1915+105 follows the
‘steep track’ in the Lg—Lx plane [9].

In the SSD, the disk radiative efficiency ¢ varies in the range of 0.057-0.43, depending
on the BH spin [28,29]. The € of SSD has a weak or no dependence on disk luminosity,
so essp = 0.1 is widely adopted [26,28]. In the upper panel of Figure 1, we have fitted
the radio and X-ray (1-10 keV) data from [30]. We find 4 = 0.64 & 0.02 and 1.38 +0.14
for the standard track (filled circles) and the steep track (open triangles), respectively. If
we assume that the accretion is cold-disk-like and follows essp = 0.1 efficiency profile,
then we can calculate the jet production efficiency # based on Equations (1) and (2) where
the disk luminosity is approximated as Lg;sx ~ 3Lx in a hard state (Fu-Guo Xie, private
communication, from modeling the SED of BHXB, e.g., [25,31]).

The jet production efficiency for different types of tracks is shown in the lower panel.
From this plot, we find that for those of ‘standard track’ data (filled circles in the upper
panel), the jet production efficiency # for the SSD case decreases as accretion rate (or X-ray
luminosity) increases. This is shown by the orange dotted line. On the other hand, for those
of ‘steep track’ data (open triangles in the upper panel), we find that the jet production
efficiency has a positive correlation with the accretion rate (or X-ray luminosity). This
is shown by the blue dotted line. Due to the fact that, in BHXBs, the SSD mainly works
at the thermal state and high accretion rates (bright Lx regime; e.g., see Figure 7 in [32]),
the SSD may not be responsible for the standard track, which is extending to the low
Lx. On the other hand, the # for the SSD case is derived from the steep track data, with
Lx/Lggq > 0.001, where the SSD works. It implies that the SSD (or a thin-disk component
in hot accretion flows, see discussion below) may be responsible for radio emission in the
steep track.

3.1.2. Geometric Thick/Hot Acrretion Flow (HAF)

Another class is hot accretion flow (HAF), which is conventionally named as advection-
dominated accretion flow (ADAF, [25,33]). Due to energy/entropy advection, HAF is hot
(thus, geometrically thick), and it is usually radiativly inefficient. The radiative efficiency
of a HAF increases with increasing mass accretion rate and can even be comparable to
that of an SSD [34]. This is especially the case for the bright two-phase medium with cold
dense clumps embedded in hot gas in the so-called luminous hot accretion flow (LHAF)
regime [25,34].

In fact, numerical calculations by [34] found that e increases rapidly with increasing
accretion rate in the LHAF regime. It is suggested that the BHXBs may be more likely
in the luminous hot accretion state than in normal hot accretion state in outbursts [25].
With the ¢ profile from [34], a specific case with the electron viscous heating parameter
5 = 1072 shown by the black solid line in the lower panel of Figure 1, we can also calculate
the jet production efficiency. The results are shown in the lower panel of Figure 1. We
found that because the radiative efficiency has a strong dependence on mass accretion rate
now, the outcome jet production efficiency will also have a strong dependence on mass
accretion rate. The standard track shows a stable # at low Lx regime. Interestingly, as
noted in [35], if we increase the viscous parameter (which helps to transport the angular
momentum of accreting gas), then the ADAF/LHAF branch can extend to much higher
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Lx. In this case, the jet from the ADAF/LHAF branch may explain the standard track [35].
The steep track, with Ly /Lgqq > 0.001, on the other hand may have two-phase medium
with cold dense clumps embedded in hot gas [25], as its central engine. In this accretion
mode, the radiative efficiency will be nearly constant and almost independent of X-ray
luminosity (and accretion rate), which is similar to that of a thin-disk component as
discussed above. The thin disk component may be dropped from outer SSD or be locally
collapsed/condensed from the HAF [36], (also see the schematic plot Figure 2).

We note that the hard (and quiescent) state of BHXBs is successfully understood
under the so-called truncated disk-jet model. In this model, the outer SSD is truncated at a
certain radius, inside of which it is replaced by HAF. The jet can launch from a region very
close to BH. In this model, it explains the key observational fact that there exist a thermal
component (by outer SSD) and a power-law tail (by HAF) in its X-ray emission. Moreover,
the truncation radius is also found to move inward as the system brightens (e.g., [25]).

We caution that the origin of radio emission may have alternative explanations because
the radio emission in the hard (and quiescent) state mostly cannot be resolved in BHXBs.
In addition to jet, the magnetic dissipation in the corona (or outflow) may also introduce a
noticeable radio emission [37]. Indeed, the magnetic field strength near BH is fairly strong,
i.e., modeling of observational data of both A0620-00 and XTE J1118+480 reports a value
around 2000 Gauss at a radius of 10 ¢ (r¢ is the gravitational radius of a BH, see e.g., [38]).

1=0.64 £ 0.02
10 —— =1.38 + 0.14
10%E
Tw .
20
= 107 ° 2
~ : .
.
T
.
10%F
E .
il 1 1
€SSD
10! SRR R R AL
10°F
= g
=
= EHAF
=
Sl (=
wdg n for SSD case (1=0.64)
E n for HAF case (u=0.64)
[ + 7 for SSD case (u=1.38)
= 1) for HAF case (u=1.38)
1074 1l

T [
3Lx/Laa

Figure 1. The upper panel shows the radio-X-ray correlation of BHXBs with data taken from [30]. In
this plot, the filled circles are those of the standard track, while the open triangles are those of the
steep track. The fitting results are also shown here, where we assume BH mass is 10M¢ . The lower
panel shows the jet production efficiency # based on the radiative efficiency ¢ of various accretion flow
models (dotted lines for # of SSD and solid lines for  of the hot accretion flow, with different colors
corresponding to the different slopes ). For the sake of completeness, we also show in the lower
panel the radiative efficiency of SSD and HAF taken from [34] by the black-dotted and black-solid
lines, respectively.
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inner thin disk 1 jet
outer SSD \

Figure 2. The schematic plot for a truncated disk with outer SSD and inside hot accretion flow (HAF)
and the inner thin-disk component, as well as jets and central black hole.

3.1.3. Unstable Inner Disk/Discrete Accretion

With the exception of continuous (relatively longer timescale) inner accretion flow, the
mini-outbursts in BHXBs can also be understood by discrete accretions and/or unstable
inner accretion disk. This model is applied to the three mini-outbursts of XTE J1550-564
by [39]. Xie et al. [40] studied the 2015-2016 mini-outbursts of GRS 1739-278. They found
that the radio spectral index of the mini-outbursts is 0.28 £ 0.17 with JVLA (Karl G. Jansky
Very Large Array) and observed a flat radio-X-ray correlation with u ~ 0.16. The flat
correlation is also found in the regime of the transition between the standard track and the
steep track from some other sources, e.g., the five open squares in Figure 1 (see also [15,41]).
Moreover, the mini-outbursts of Swift J1753.5-0127 follow two distinctive tracks [13], i.e.,
a ‘standard track’ but with lower normalization when Ly < 10% ergs~!, and a steep one
when Ly > 103 ergs~!. Such behaviour is similar to the two tracks observed in main
outbursts. The physical reason may be that the slope (the g in Equation (4)) of #/¢e changes
with accretion rates in mini-outbursts, where the mini-outbursts may suffer lower viscous
parameter « as suggested in [40], as « controls the critical accretion rate (and luminosity) of
different accretion models.

3.2. BH Spin Contribution

The BH spin may also play a role in determining jet power (radio emission, [42]),
although more data are required to confirm this. For high-spin BHs, the Blandford—Znajek
(BZ) mechanism [43] could contribute a significant part of radio emission, which may have
a different Lr—Lx correlation from accretion-dominated jet from the Blandford-Payne (BP)
mechanism [44]. There is now a growing number of BHXBs that have spin measurements
(see e.g., [45] for latest review) where the X-ray broad iron reflection lines and continuum
fitting play the leading roles. For example, a near-extreme Kerr BH with a spin parameter
ay 2 0.98 is derived in Cygnus X-1 by [46] based on the continuum-fitting method. Consid-
ering the BZ mechanism, the jet power in Cygnus X-1 may be higher than normal. We will
discuss the BZ-jet in the next section.

4. Discussion

The production of radio emission in both the BHXBs and AGN is coupled with the
accretion state, the mass, and spin of BH. We observe a scale-invariant property (BH
fundamental plane) of BH activity [47-49] among BHXBs (stellar BH with Mgy ~ 3-20M,
typically Mgy ~ 10Mp) and AGNs (supermassive BH with Mgy > 10°M). The timescale
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of an outburst in BHXBs ranges from days to years, and the Mgy scaled up to the timescale
of millions of years in AGNs, as suggested from AGN duty cycle (e.g., [50,51]). One
exception is the so-called ‘changing-look” AGN (e.g., [52]), and its state change timescale
can be as low as months.

In this work, we consider the radiative efficiency from various accretion models. For
the standard SSD, we adopt a M-independent radiative efficiency essp = 0.1. For the hot
accretion flow, we follow [34] for radiative efficiency. The hot accretion flow investigated
by [34] unified three sub-types according to the mass accretion rate, i.e., the traditional
ADAF at low M, a LHAF at higher M (e.g., [53]), and a two-phase medium with cold
dense clumps embedded in hot gas when M is fairly high [25]. This hot accretion flow
may be surrounded by a truncated cold SSD, and the transition may possibly be a result of
evaporation (from SSD) processes (e.g., [25]). We note that in the inner hot accretion flows
there may exist cold gas components (probably dropped from outer SSD), which gradually
moved close to the BH in a spiral manner, similar to the tidal disruption event. The entire
picture may explain both the main outburst and mini-outburst (from debris of the cold
gas components).

We note that the jet-viewing angle (between the approaching jet direction and our line
of sight) effect has not been considered in this work. Most of the jet viewing angles in BHXBs
are estimated to be >20° with large uncertainty (e.g., [54]), among which the relativistic
beaming effect would be moderate. From a small sample of BHXBs, Motta et al. [54]
found that the radio loudness of the BHXBs might be an inclination effect, which may
suggest that the difference in Lg—Lx tracks might be a geometric effect due to the different
inclination angles. However, when accurate inclination angles for a large sample of BHXBs
are obtained, one may be able to analyze whether a continuous change of viewing angle
from 0-90° can result in two distinct tracks with the slopes of 0.6 and 1.4. Furthermore, an
extremely edge-on accretion disk will obscure the X-rays from the inner disk, which will
result in the underestimation of X-ray luminosity or even almost non-detection such as in
55433 mentioned in Section 2.

As first proposed in the Blandford—Znajek (BZ, [43]) jet model, with the help of a
global ordered magnetic field, the BH spin energy can be extracted to launch a powerful
relativistic jet. For comparison, other mechanisms rely on the extraction from the accretion
disk, e.g., the case of the Blandford-Payne [44] jet model, which is also named as disk-jet
(see [25] for the clarification). The BZ jet is naturally produced and is the most powerful
when the accretion flow is supplied with a sufficient amount of magnetic flux and becomes
a magnetic arrested accretion disk (MAD, [55,56]). The maximal/saturated magnetic flux
threading the BH in the MAD state is ®yap ~ 1.5 x 102! (Mpp/ Me )3/?(Mpy/ Mpgq) />
Gauss cm? [56,57], where Mgqq is Eddington accretion rate. In the BZ jet, the jet power
depends on the BH spin, the magnetic flux threading on BH, and the mass accretion
rate [42,56]. In other words, we have the following.

p;gg ~ 0.65a2 (1 + 0.85a%) (D / Pyiap) > Mppc?. (6)

Here, —1 < a, < 11is the dimensionless BH spin. This expression works for the BZ
jet for either the typical low-® hot accretion flow or the MAD one. The BZ jet disappears
when a, = 0 (no BH spin energy to extract).

From the observational point of view, radio emission may originate from both disk-jet
and BZ-jet [25], and the reported radio/X-ray correlation reflects the averaged properties, it
is challenging to distinguish the contribution from these two types of jet. From ~20 BHXBs
with BH spin measurements [45], we noticed that most sources (22/3) have fairly high BH
spin (i.e., ax > 0.7). Moreover, if some BHXBs in the hard state are MAD (® = ®\jap; thus,
P]Etz depends on BH spin and accretion rate only) with the argument by [29] that MAD can
easily be achieved, Equation (6) may contribute to a linear correlation found between radio
power and high accretion rate in MAXI J1348-630 [41] given P]Etz o Mgy o Ly /e (Where the
€ approaches a constant in the high accretion regime in Figure 1) for the source. The BZ-jet
(spin-jet) can be more magnetized and Poynting flux dominated than the accretion-jet, and
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the latter may be accompanied by outflow-winds. However, more accurate observations
and models are required to investigate the spin-jet signatures for the lower magnetic flux
regime O < DpaD-

5. Summary and Outlook

We studied the relation of accretion-jet power and disk luminosity, especially the
jet efficiencies and disk radiative efficiencies for different accretion disks, as well as the
BH spin-jet to explore the origin of radio emission in BHXBs. We find that jet efficiency
increases more rapid (efficient) than the nearly constant disk radiative efficiency for thin
disk component in the high accretion regime, which could account for the steep track in the
Lr—Lx plane, but the thin disk component may not be able to explain the standard track in
the BHXBs. For the hot accretion flows (HAF), the resulting jet efficiency varies with the
large range of accretions from quiescent to a nearly Eddington state, which could account
for the standard track in BHXBs. The BH spin-jet is discussed for the MAD state in which
the spin-jet power might contribute to a linear correlation between jet power and mass
accretion rate for a given source. However, more accurate observations and models are
required to investigate the spin-jet signatures in the sub-MAD regime.

For detailed analysis in future, the X-ray flux from the jet could be potentially sep-
arated from total X-ray flux in order to conduct a clean analysis of jet-disk coupling in
BHXBs [58]. The jet fraction in X-ray luminosity is quite large in [58]; however, the mod-
eling of the SED in BHXB XTE J1118+480 in the hard state shows a well-fitted X-ray
emission with ADAF model, and the fitted jet contribution to X-ray luminosity is less than
10 percent [25,31]. This difference should be investigated in future.
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