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ABSTRACT

We show that the jet power P; and geometrically corrected -ray luminosity L. for the
X-ray binaries (XRBs) Cygnus X-1, Cygnus X-3, and V404 Cygni, and «-ray upper
limits for GRS 19154105 and GX339-4, follow the universal scaling for the energetics
of relativistic jets from black hole (BH) systems found by Nemmen et al. (2012) for
blazars and GRBs. The observed peak ~-ray luminosity for XRBs is geometrically
corrected; and the minimum jet power is estimated from the peak flux density of radio
flares and the flare rise time. The L., — P; correlation holds across ~ 17 orders of
magnitude. The correlation suggests a jet origin for the high energy emission from
X-ray binaries, and indicates a common mechanism or efficiency for the high energy
emission 0.1-100 GeV from all relativistic BH systems.
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1 INTRODUCTION

Astrophysical jets are observed on many different scales from
proto-stars and X-ray binaries (XRBs) within our Galaxy, to
radio-galaxies, blazars, and «-ray bursts (GRBs) at cosmo-
logical distances. Relativistic jets from black hole (BH) sys-
tems have a broad range of luminosities and dynamics: XRBs
with a BH component have bolometric luminosities that
can reach ~ 10%° erg s™* (e.g. Mirabel & Rodriguez 1999;
Fender & Belloni 2004), with Lorentz factors constrained by
observations of the jet and counter-jet to a few I' < 5 — 10;
blazars, the on-axis analogue to the kilo-parsec jet struc-
tures of radio-galaxies (Urry & Padovani 1995), have lumi-
nosities of ~ 10*® erg s™!, and Lorentz factors T' < 40 — 50
(e.g. Marscher 2006; Lister et al. 2009; Jorstad et al. 2013;
Saikia et al. 2016); GRBs have energy outputs ~ 10°? erg
s~!, where achromatic temporal breaks in the afterglow in-
dicate a jet structure (e.g. Sari et al. 1999), and Lorentz
factors 2100 can be inferred from the highly variable non-
thermal emission (e.g. Mészdros 2002; Piran 2004).

Several attempts have been made to unify the differ-
ent scales of BH engines. The relativistic jets or ouflows
from BH systems are thought to have a common mechanism.
The appearance of superluminal features in a jet following
a dip in X-ray emission has been observed for both XRBs
and the radio-galaxy 3C120, where the X-ray dip is asso-
ciated with accretion (Marscher et al. 2002). A fundamen-
tal plane connecting BH mass, radio, and X-ray luminosity
was found for active galactic nuclei (AGN) and XRBs by
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Merloni et al. (2003). A scaling relation for the radio flux,
from the core of AGN and XRBs, with BH mass M (or accre-
tion rate), where most accretion scenarios produce the rela-
tion F, MY7/12-5/3 4nd s is the spectral index where s =0
for flat spectrum sources and s ~ 0.75 for optically thin
emission, demonstrates that the radio-loudness of jets scales
with BH mass, where the mass can range over nine orders of
magnitude (Heinz & Sunyaev 2003). Similarly, scaling laws
have been found to unify low-power accreting BH over many
decades in mass (Falcke et al. 2004). The emission models
for jets from a supermassive BH have also been successfully
applied to an XRB e.g. GRS 1915+105 (Tiirler et al. 2004).

Comparisons between the jets from different mass BH
systems led to Yuan & Zhang (2012) using the nature of
episodic jets from AGN and XRBs to explain the erratic
light-curves of GRBs. A correlation between blazar jets and
GRBs was demonstrated by Nemmen et al. (2012); by con-
sidering the power of GRB and blazar jets P;, and the col-
limation corrected 7-ray luminosity L., the relation P; o
L?,’gg was found. Blazars and GRBs occupy the low and high
ends of the correlation respectively. This result implies that
the efficiency of the v-ray producing mechanism within these
jets is consistent over 10 orders of magnitude in jet power.

There have been several attempts to find a unifying
scheme or scaling relation between BH systems where accre-
tion and ejection is at work. Many results have been obtained
that separately relate AGN and GRBs, or AGN and XRBs.
An attempt to relate all three classes was made recently by
Wang & Dai (2017), they used the X-ray and radio lumi-
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nosities from GRBs and inferred a BH mass to show that
the fundamental plane of BH activity (Merloni et al. 2003;
Falcke et al. 2004) holds for all jetted BH systems. Also, by
considering the bolometric luminosity from jets, Ma et al.
(2014) demonstrated that BH XRBs and low-luminosity
AGN fit on the L, — P; relation for GRBs and AGN. If
the L, — P; relation is truly universal then the on-axis and
collimation corrected ~-ray luminosity and power for the
jets from XRBs should fit the same relation as for blazars
and GRBs. A fit to this relation could indicate a ubiquitous
emission mechanism for all relativistic BH jets and allow for
constraints on the high energy emission models for XRBs,
AGN, and GRBs.

The XRBs Cygnus X-1 (Bodaghee et al. 2013;
Zanin et al. 2016; Zdziarski et al. 2016), Cygnus X-3
(Bodaghee et al. 2013; Corbel et al. 2012), and V404 Cygni
(Loh et al. 2016) have been detected at Fermi LAT ~-ray
energies. A further two sources have Fermi LAT upper
limits; GRS 19154105 and GX339-4 (Bodaghee et al.
2013). All of these objects have evidence for a BH compo-
nent (Tetarenko et al. 2016; Corral-Santana et al. 2016):
Cygnus X-1 (Cyg X-1), has a BH confirmed by dynamical
modelling (Orosz et al. 2011); Cygnus X-3 (Cyg X-3), has
a radio and X-ray correlation which follows that found
in BH X-ray binaries (Szostek et al. 2008); V404 Cygni
(V404 Cyg) has a BH confirmed by the mass function
(Casares & Charles 1994); GRS 19154105, the BH is
established using a dynamical mass estimate (Reid et al.
2014); GX339-4, the K-correction and model confirm the
BH (Munoz-Darias et al. 2008). Including these XRB on
the L., — P; universal scaling found by Nemmen et al.
(2012), we make the first attempt, using y-ray luminosities,
at comparing the energetics for three classes of accreting
BH systems. The comparison is extended to ~ 17 decades
in both ~-ray luminosity and jet power.

In §2 the XRB parameters are discussed. §3 outlines the
method for correcting the y-ray luminosity and inferred jet
power for the inclination and collimation. The results are
presented in §4. The discussion and conclusion are in §5 and
§6.

2 XRB PARAMETERS

The inclusion of XRBs on the L. — P; relation requires esti-
mates for the y-ray luminosity from the relativistic jets, for
an on-axis observer, and estimates for the jet power. Unlike
blazars and GRBs, the jets from XRBs are not guaranteed
to be oriented along the line-of-sight. Any detected emission
from an off-axis jet will have to be corrected for the rela-
tivistic Doppler effect; this requires knowledge of the sys-
tem inclination and bulk Lorentz factor I'. Additionally, any
high-energy emission from the jet will be collimated within
an angle 1/I", which is typically greater than the jet half-
opening angle for XRBs. To estimate the jet power we as-
sume equipartion of energy between the particles and mag-
netic field, and use the optically thin emission during radio
flares to find the minimum power. The necessary parameters
are: the detected ~-ray photon flux IV; the system distance
D; the jet inclination i; the jet bulk Lorentz factor I'; and
radio flare peak flux density S, , observed frequency v, and
rise time At.

Radio emission and flares from XRBs are attributed
to relativistic jets. Accretion, seen at X-ray energies,
and ejection, seen at radio, are strongly correlated (e.g.
Mirabel et al. 1998; Fender & Pooley 1998; Corbel et al.
2000; Fender 2001; Corbel et al. 2003; Rodriguez et al. 2003,
2008; Corbel et al. 2013, etc.). The peak flux and rise time of
radio flares can be used to constrain the power of a jet. Emis-
sion at y-ray energies from XRBs has been associated with
radio flaring and variability (Corbel et al. 2012). Detection
of 4-rays during periods of intense radio flaring suggests the
origin of the high energy emission is a jet (Bodaghee et al.
2013). The simultaneous detection of the 511 keV annihi-
lation line and higher energy v-rays from V404 Cyg within
hours of a giant radio flare indicates a jet as the origin of
the y-ray emission (Loh et al. 2016).

XRBs are not persistent y-ray sources at detection sen-
sitivity, although see Bodaghee et al. (2013) where Cyg X-3
was detected above the background without a flare. Gen-
erally XRBs have only been observed at these high en-
ergies during flares; therefore we use the detected peak
Fermi LAT ~-ray photon flux for each source and de-
termine an observed isotropic equivalent -ray luminosity
L obs,iso from the Fermi LAT photon spectral index' «
at energies > 100 MeV. Detections are in the 0.1-10 GeV
range for Cyg X-1 and Cyg X-3 (Bodaghee et al. 2013;
Fermi LAT Collaboration et al. 2009), and 0.1-100 GeV for
V404 Cyg (Loh et al. 2016). Upper limits for the ~-ray
photon flux from GRS 19154105 and GX339-4, in the en-
ergy range 0.1-10 GeV, are used to estimate the maximum
L obs,iso for these objects (Bodaghee et al. 2013). The de-
tected peak photon flux and spectral index «, for Cyg X-1,
Cyg X-3 and V404 Cyg, and the y-ray photon flux upper
limits for GRS 19154105 and GX339-4 are shown in Table
1.

The photon spectral index is defined as Ngp o« E~°,
where Ng is in units phs™! cm™2 erg ™! and E is the photon
energy. The ~-ray luminosity is then,

(a—1) (BL — Eoid)
(0 =2) (B - Bigid)

low

Loy obs,iso ~ 1.9x10%° N_¢ D .

(1)

where Flow and Ehign are the detection band limits in GeV,
N_g = N/(107% ph s~ ¢cm™2) and N is the detected photon
flux, and Dy is the distance in kpc.

The observed proper motion of radio jet components
can be used to put constraints on the value of I". The proper
motion is defined as p = ¢fBsini/[D(1 + Bcosi)] radians
s7', where 8 = (1 71“72)1/2. An approaching component ji,
has 1 — fcosi and a receding component pu, has 1+ 3 cosi.
Using resolved pq and g, a value for cosi can be found,
where Scosi = (pa — ptr)/(fta + pr) (Mirabel & Rodriguez
1999). Values of fcosi for various XRBs are listed by
Miller-Jones et al. (2006) (MFNO6 from here). For a system
with a known inclination, the observable quantity f cos ¢ can
be used to determine the bulk Lorentz factor I'. Where the
inclination is unknown, the Lorentz factor can be determined
using the approaching and receding proper motions and the

1 High energy photon spectral index is regularly represented us-
ing I'; to avoid confusion with the outflow bulk Lorentz factor (I")
we use « throughout
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distance to the system. From the product of the proper mo-
tions fafir,

D2(1 o 1'2) —1/2

I'=|1- ZE2 — HMafbr 02 ’ (2)

where x is the observed value (3 cos i, the proper motions ji,
and j, are in radians s~ *, D is the distance in cm, and ¢ is
the speed of light in cm s,

If the proper motions of either component are poorly
constrained then a limit on I can be found by considering
the observed jet opening angle ¢. The angle ¢ is an upper-
limit found by measuring the angle between the jet central
axis and a tangential line from the edge of a radio component
to the system core. The jet components are assumed to be
spherical plasmoids that expand uniformly with a co-moving
velocity fexp. If we assume maximum co-moving expansion
velocity of ¢, then the jets bulk Lorentz factor is, I' > [1 +
tan~2 ¢ sin 2 i]1/24 Where the co-moving expansion velocity
is less than the maximum, I'>[1 + 82, /(tan? ¢sin® )]*/2.
This assumes no jet confinement.

The inclination i of the system to the line of sight
is well constrained for Cyg X-1, V404 Cyg, and GRS
1915+105 (Orosz et al. 2011; Huppenkothen et al. 2017;
Reid et al. 2014, respectively). Cyg X-3 and GX339-4 have
unknown system inclinations. For Cyg X-3; Dubus et al.
(2010) showed that the jet orientation within the system
is constrained to be between 20° <6; <80°, and the sys-
tem line-of-sight inclination is ¢ = 30°. Vilhu & Hannikainen
(2013) used an inclination of ¢ = 30° in their models. Using
the [ cosi values in MEFNO6 and the distance to the sys-
tem, the bulk Lorentz factor I' of the jet can be constrained.
Given Bcosi = 0.5, paptr ~ 7.4x 1072 rads s™, and D = 7
kpc, the bulk Lorentz factor is I' = 1.18 and the line of
sight inclination to the jet-axis is ¢ ~ 20°. For GX339-4;
MFENO06 measured (cosi > 0.16 and derived a I" > 4.9 from
the jet opening angle; a lower limit of I' > 2.3 is used by
Fender et al. (2004). Using these values for I', the inclina-
tion of the system can be determined from Scosi = 0.16;
for I' = 4.9 the inclination is 4 = 80°.6; for I' = 2.3 the
inclination is ¢ = 79°.8. In all cases we assume that the in-
clination angle is the same as the line-of-sight angle to the
jet axis and that there is no significant precession. Values
for the inclination are listed in Table 1.

XRB jets typically have I' < 5. For Cyg X-1 a Lorentz
factor I' = 1.25 is used by Pepe et al. (2015) for modelling
the lepto-hadronic broadband emission, whilst from the jet
opening angle and S cosi from MFNO6, there is a minimum
value of I' = 3.3. We show results for both values. For Cyg
X-3 the Lorentz factor must be I' < 2 (MFN06); we derived
the value I' = 1.18 (equation 2). We show results for I' = 2
and I' = 1.18. For V404 Cyg we assume a Lorentz factor
I' = 2.3 (Tanaka et al. 2016). For GRS 1915+105, from the
inclination ¢ = 60° and SBcosi = 0.41 we derive a I' = 1.75.
For GX339-4, we use the value I' = 4.9 from the jet opening
angle.

We assume that ~-ray emission, and radio flares are
from the jet with negligible contribution from the accretion
disk or star. The peak radio flare flux density S,, the rise
time At, frequency v, and distance D are shown with refer-
ences in Table 1.
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3 METHOD

We use the Fermi LAT measured v-ray photon flux for
three XRBs: Cygnus X-1 (Bodaghee et al. 2013), Cygnus X-
3 (Fermi LAT Collaboration et al. 2009), and V404 Cygni
(Loh et al. 2016). These are currently the only ~-ray de-
tected XRBs. Fermi LAT upper limits exist for GRS
19154105 and GX339-4 (Bodaghee et al. 2013); the upper
limits are used for these objects. Cynus X-3 and V404
Cygni have also been detected at > 100 MeV by AG-
ILE (Tavani et al. 2009; Piano et al. 2017). The high energy
emission is associated with jet activity.

Emission from a relativistic jet is beamed in the direc-
tion of the jet bulk motion; we assume a point like emis-
sion region on the jet axis for all high energy photons. The
~y-ray luminosity is corrected for the inclination of the jet
to the line of sight. The Lorentz invariant quantity I, /v®
(Rybicki & Lightman 1986), where I, is the specific inten-
sity and v the frequency, can be used to determine the spe-
cific luminosity from a relativistic source where the observer
is outside the relativistic beaming angle. As v = §v/, where
§ = [['(1—Bcosi)] " is the relativistic Doppler factor, I" the
bulk Lorentz factor, ¢ the inclination, and primed quantities
are in the co-moving frame, then I, = I, (v/v")® = I.,65.
The observed luminosity is then L, = 471 ,’,,53. For an on-
axis observer the Doppler factor becomes § = [T'(1 — 8)]™';
the observed luminosity is then a® times the on-axis lu-
minosity (Granot et al. 2002), where a is the correction
for an on-axis observer to an off-axis observer; the factor
a=(1-p)/(1—pBcosi).

The ~-ray luminosity for an on-axis observer has de-
tection band limits a factor a~! times the off-axis detection
limits; a correction to the on-axis Doppler boosted emission
should be made to ensure the detection band is consistent.
All the v-ray detections have a single power-law spectral fit
with a vF, index 2 — «, and no information of a spectral
peak or behaviour at lower energies. A peak for the v-ray
component should exist at a few GeV (e.g. Zdziarski et al.
2014) for an on-axis observer; we therefore assume a flat
spectrum for the correction. The on-axis isotropic equiva-
lent y-ray luminosity is then L iso = a3 L+ obs,iso, Where
L obs,iso 1s the observed isotropic equivalent v-ray lumi-
nosity, equation 1. The collimation-corrected luminosity is
Ly = fy L~,iso, where f3 is the collimation factor for the jet.
The collimation-correction is f, = 1 —cos (1/I'). The intrin-
sic, on-axis y-ray luminosity is then L, = f3 a”? L+ obs,iso-

Bright radio flares from plasmoids that travel along the
relativistic jet structures can be used to estimate the min-
imum power of the jet. Although ~-ray emission is often
correlated with radio flaring, the site of the emission within
the jet is distinct. Radio flares are contained by the plas-
moids and equipartition of the energy within these struc-
tures can be assumed. The jet power is estimated by assum-
ing equipartition of energy between the synchrotron emit-
ting particles and the magnetic field strength B (Burbridge
1956, 1959; Longair 1994; Lewin & van der Klis 2006). The
energy density in the particles, given a random magnetic
field, is e o« B~%/2, and the energy density in the magnetic
field is u oc B2, The total energy is Eiotal = V (e +u), where
V' is the volume of the emitting region; as the dominant
component is unknown i.e. large B and small e, or small B
and large e, then a minimum energy can be found at the
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point where dFiota1/dB = 0. The particle number density
assumes a power-law distribution of ultra-relativistic elec-
trons n. o< E~P; the contribution from relativistic protons
is included by the factor n = 14¢,/€c, where ¢, is the energy
in protons and €. is the energy in electrons. The energy in
the particles is £ = C(p, u)nLVB_S/Q7 where L, is the co-
moving specific luminosity and C(p, v) is a constant that de-
pends on the particle index p, the frequency v of the specific
luminosity, and the upper and lower synchrotron frequency
limits for the particle distribution.

For a distribution of particles with a power-law index
p > 2, the low energy particles dominate. By assuming
that ¥ = Vmin, the minimum synchrotron frequency, a sim-
ple estimate for the energy in the system can be made?.
We assume a particle distribution, in all cases, of p = 2.5
(Sironi & Spitkovsky 2011); the observed flux density S,
would have a spectral index of 0.75, where S, & =75, The
volume of the emitting system is assumed to be spherical,
where the size can be inferred from the light crossing time
indicated by radio flare rise time At; the volume is then
V = 471'(Atc)3/3. The jet-power P; = Ejotal/At can then
be estimated by considering the Doppler corrected observed
flux density; for an optically thin source the Doppler correc-
tion to the flux density is 6*T"~1/2 (Blandford & Kénigl
1979).

The jet power P; is a Lorentz invarient quantity, there-
fore the observed flux density, time, and frequency must
be co-moving quantities. The flux dependence is S., =
§-CG+@E=1/2g " the time is At = §At, and frequency
v' = 6" 1v. The jet power is then,

AT 8T erg 5717 (3)

v/ mJy “kpc

Pj ~35%x10% p¥7 AT VY S

where, At’ is in seconds, v’ is in GHz, S/, is in mJy, and D
is in kpc. We assume equal energy in protons and electrons,
€p/€c = 1.

Uncertainties on the derived values are estimated by
propagating the uncertainty on the distance, the inclination,
the v-ray flux, and the bulk Lorentz factor. The uncertainty
on I' is assumed to be dI' = 0.1 for Cyg X-1, Cyg X-3,
GRS 19154105, and GX339-4 where the estimate for I' is
from observed proper motions, and dI' = 0.5 for V404 Cyg
where I' is found from a model jet velocity. The choice of
uncertainty for I' reflects the estimation method and a con-
servative value for the minimum precision. The error on the
final parameters is dominated by the uncertainty in the ~-
ray flux and is only very weakly dependent on the choice of
dr.

4 RESULTS

Figure 1 shows the L., — P; relation for the sample
of XRBs. The observed luminosities (filled markers) and
collimation/Doppler-corrected values (unfilled markers) are
both shown. Values for Cyg X-1 are blue squares; Cyg X-
3 are red diamonds; and V404 Cyg, are pink stars. For
Cyg X-1; the small unfilled marker is the estimate based on
I' = 1.25, the large marker is I' = 3.3. For Cyg X-3; the small

2 This assumes no large flux of low energy relativistic particles
with a different energy spectrum

unfilled marker is I' = 1.18, and the large I' = 2. For V404
Cyg, there is only one estimate for the bulk Lorentz factor
used. GRS 19154105 is an upward pointing black triangle.
GX339-4 is a downward pointing black triangle. Errorbars
are those derived from the quoted uncertainties or 0.5 dex
where propagated errors are large. The parameters used for
the XRB sample, and the derived luminosity and power, are
listed in Table 1.

5 DISCUSSION

Using the observed peak Fermi LAT ~-ray flux or upper
limit, the jet to line-of-sight inclination, and the jet Lorentz
factor, we have made estimates for the on-axis, isotropic
equivalent y-ray luminosity from the jets of five XRBs. The
isotropic on-axis luminosity is further corrected for the colli-
mated emission, where the fraction is given by 1 —cos(1/T),
resulting in a collimation-corrected estimate for the v-ray
luminosity. This -ray luminosity, along with an estimate
for the jet power, can be directly compared with the univer-
sal scaling for relativistic jets from BH systems proposed by
Nemmen et al. (2012). The Nemmen relation is based on the
peak ~-ray luminosity and jet power for blazars and v-ray
bursts (GRB). The inclusion of XRBs on this plot, extends
this L, — P; relation to lower luminosities and power. The
XRB fit on this plot can also be used to indicate the jet
origin of y-ray photons from such sources.

The ~-ray luminosity for the three source types, blazars,
GRBs, and XRBs, is the beamed on-axis and collimation
corrected luminosity. The jet power is estimated for each
source type uniquely: for blazars, the jet power is found from
a tight correlation between the radio luminosity and the
power required to inflate an X-ray cavity (Cavagnolo et al.
2010). Using the relation P; ~ 6 x 10*3 LYy erg s, where
Lo is the radio luminosity in units x10%° erg s™*, the power
for blazars with VLA observed extended radio emission was
determined; for GRBs, the jet power is found using a col-
limation corrected estimate for the kinetic energy from the
peak of the radio or X-ray afterglow and assuming the fire-
ball model. The jet power is then P; = (1 + z) fp Ek iso/t90,
where f; is the collimation correction, Ej,iso the isotropic
equivalent kinetic energy, and tgp the timescale for 90%
of the prompt emission energy; for XRBs, the jet power
is found using the minimum energy assuming equiparti-
tion and the peak radio flare flux density. The jet power
is given by equation 3. Our estimates for the Doppler- and
collimation-corrected ~-ray luminosity and jet power, for the
five XRBs in our sample, all fall within the uncertainties
associated with the original L., — P; relation for BH jets:
log P; = (0.98 & 0.02) log L, + (1.6 + 0.9) ergs™".

The L, — P; correlation can be applied to XRBs with-
out a limit on the y-ray luminosity. There are at least four
additional XRBs with peak radio flare flux densities, rise
times, [ cosi, and distance measurements: GRO J1655-40,
V4641 Sgr, XTE J1550-564, and H 1743-322. All have BH
components (Corral-Santana et al. 2016; Tetarenko et al.
2016). The distances to these systems are: GRO J1655-
40 is at 3.2 kpc (Hjellming & Rupen 1995); V4641 Sgr
is at 6.2 kpc (MacDonald et al. 2014); XTE J1550-564 is
at 4.5 kpc (Orosz et al. 2011); H 1743-322 is at 10 kpc
(Shaposhnikov & Titarchuk 2009; McClintock et al. 2009).

MNRAS 000, 1-7 (2017)
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Table 1. XRB parameter values used to determine the luminosity, power, and Doppler- and collimation-corrected luminosity. Values
in brackets are assumed. The derived luminosity and power values for the sample of XRB. The observed 7-ray luminosity L. obs,iso is
determined from the Fermi LAT photon flux and spectral index. The minimum jet power P;, and the Doppler- and collimation-corrected
luminosity L~ are shown; where two values are present, the first is for the lower Lorentz factor in the parameters, the second for the
highest. References: [1] Pepe, Vila & Romero 2015. [2] Dubus, Cerutti & Henri 2010. [3] Tanaka et al. 2016. [4] Miller-Jones, Fender &
Nakar 2006. [5] Bodaghee et al. 2013. [6] Fermi LAT Collaboration 2009. [7] Loh et al. 2016. [8] Reid et al. 2011. [9] Huppenkothen et al.
2017. [10] Fender, Belloni & Gallo 2004. [11] Orosz et al. 2011. [12] Ling, Zhang & Tang 2009. [13] Zdziarski et al. 2016. [14] Corbel et

al. 2012. [15] Reid et al. 2014

Parameter Cyg X-1 Cyg X-3 V404 Cyg GRS1915+4105 GX339-4
r 1.251)-3.320.114)  1.2[2,4-2.0£0.1y 2.340.5(3) 1754 4.9
N (x1076 ph em™2 s71) 1.4 4+ 0.4 3.5+ 0.5[14] 234087  <0.023+0.017;5 < 0.016 £ 0.010(5
« (ph spec. index) 2.4)13) 2.7(6) 2.57) (2.5) (2.5)
D (kpc) 1.86 £0.12g) 7.0 £ 0.419) 2.39 £ 0.14(g) 9+ 25 8 £ 210]
i (°) 27.1 £ 0.811 20 £ 23 g) 67 + 2[g) 60 =+ 515 80.2 & 0.4y
Sy (X103 mJy) 0028[10] 134[4] 34[7] 214[10] 55[10]
v (GHz) 5.0 5.0 13.9 5.0 5.0
At (x10% 5) 0.2(1] 304 6.977) 4.32(19) 1.9810)
Ly obs,iso (x10% erg s=1) 2.70 4+ 0.34 76.6 & 8.75 7.30 £ 0.86 1.00 + 0.43 0.50 4 0.26
Ly (x10%% erg s71) 0.13 4+ 0.02 3.16 & 0.60 18.8 +£2.20 0.54 4 0.24 70.0 £ 35.8
0.42 4 0.08 2.52 4 0.64
P; (x10%7 erg s™1) 0.03 +0.01 20.7 4 4.89 17.3 +12.23 4.90 + 3.42 30.7 £4.20
0.02 4 0.01 7.70 + 1.98

Given the fBcosi and pap, values in MFNO6, the bulk
Lorentz factors are I' = [2.5, > 2.5, 1.3, 3.7] respec-
tively. The power of the jet for these systems, using the
rise time and peak flux listed in MFNO6 for GRO J1655-
40, V4641 Sgr, and XTE J1550-564, and the rise time and
peak flux from McClintock et al. (2009) for H 1743-322, is
then P; = [2.93, 1.05, 0.04, 8.33] x 10*® erg s™' respec-
tively. The L, — P; relation can give us contraints on the
on-axis y-ray luminosity. As the observed upper limit for -
ray luminosity is L obs,iso = fb_IaBL,y7 using equation 1, the
maximum v-ray photon flux at a detector for each source is:
N, < [1.6, 0.5, 2.8, 0.1] x 10~® photons s™' cm™2 respec-
tively, at energies > 100 MeV and assuming o = 2.5.

The inclination angle used for the relativistic Doppler
correction is in all cases assumed to be the angle from a point
source on the jet-axis to the line-of-sight. However, the jets
have a finite opening angle ¢; the angle to the jet could be as
low as (i—¢). The Doppler corrected luminosity will be lower
in each case than those presented here. Cyg X-1 and Cyg X-
3 have relatively small inclination angles, 27°.1 and ~ 20°,
and jet opening angles, < 18° and < 16°.5 respectively. The
Doppler and collimation corrected values for each system
using (i — ¢) are shifted to lower -ray luminosities. For Cyg
X-1, Ly ~ 2.5 x 10%* erg s7! when I' = 3.3, and for both T’
values used here is closer to the central L, — P; trend. For
Cyg X-3, L, ~ 10%¢ erg s™! for I = 2, and for both T values
used is well within the correlation limits.

However, note that the Doppler-corrected ~-ray ener-
gies for the five XRBs are most likely underestimates; this
is due to the shift of the observed Fermi LAT band > 100
MeV, to the on-axis energy range, where vohs = av, and
U, is the value to an on-axis observer. The observed Fermsi
LAT spectrum, in all cases, is assumed to be a single power
law; without information regarding the spectral peak or in-
dex below the observed minimum energy 100 MeV, we have
assumed the on-axis y-ray luminosity to be equivalent to the
energy in the Doppler-corrected band i.e. a flat spectrum. If
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the single power-law extended to lower energies than those
observed by Fermi LAT then the on-axis Doppler corrected
luminosities would be of order L, ~ 10* erg s™'; such a
bright on-axis source could be detectable as a 7-ray tran-
sient in local galaxies e.g. Ny ~ 2 x 10 phs'em™?at 1
Mpc, and becoming limited at N, ~ 2 x 10™% ph s~ cm ™2
at 10 Mpc.

To estimate the minimum power of the jet we have as-
sumed a ratio of energy in relativistic protons to electrons
in the synchrotron emitting region of €,/e. = 1. This ratio
could in reality be very small or as high as ~ 100 e.g. GRBs,
where the ratio is typically in the range 10 < ep/e. < 100. If
the energy in the hadronic particles is larger, the jet powers
presented here would be underestimates; for €,/e. = 2 the
jet power would increase by a factor of ~ 1.3, for €, /e. = 100
the power would be ~ 9.4 times those presented here. Alter-
natively, if the energy in relativistic protons is very small,
then the jet power would be ~ 0.7 of those presented. As
noted by Zdziarski (2014), this method does not consider
the contribution by cold ions in the jet bulk flow to the total
power. The minimum jet powers presented here are there-
fore underestimates; the maximum correction factor to the
presented powers is a factor ~ 50 larger. If the minimum jet
powers presented here are massively underestimated, then
by considering similar arguments for the underestimate of
the jet power in blazars (e.g. Ghisellini 1999) the L, — P;
correlation may still hold but with a shallower index.

Figure 2 shows the Nemmen et al. (2012) distribution
of blazars and GRBs with the uncertainties for each popu-
lation, plus the five XRBs presented here. Where two esti-
mates for the Doppler-corrected luminosity and power exist
for an XRB, we have used the values that correspond to the
largest I'. The addition of more XRBs to this distribution
will help to determine the validity of the correlation, and
if it holds, better constrain the index and limits for a wide
range of BH jets in L, — P;.

Ma et al. (2014) found a similar correlation for XRBs
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in the hard state using the bolometric luminosity for the
jet derived from models; the power estimates for the jets
in their sample were typically lower than those found here
by up to 3-4 orders of magnitude. Our estimates are based
on the minimum jet power during a flaring/transient event
as opposed to the compact jets seen during the hard state;
this difference can explain the disagreement in jet power
where the same source is compared. The luminosity used in
our sample is the v-ray flare luminosity not the hard-state
bolometric jet luminosity and therefore our estimates are
directly comparable to the original Nemmen et al. (2012)
correlation.

That Ma et al. (2014) find a correlation without using
~-ray luminosity demonstrates that a common mechanism
links all BHs and jets through accretion with very small
differences. By considering only the v-ray flux from these
jets we can probe the part of the outflow with the highest
Lorentz factor and strongest relativistic beaming. For GRBs,
the emitted 7-rays are a small fraction of the total engine en-
ergy; despite the differences in these sources (stellar mass BH
in XRBs, SMBH in AGN, or SNe/merger for GRBs) the ob-
served relation is always the same. A confirmed correlation
for L, — P; for jets from accreting BH systems, regardless
of phenomenological differences between the systems, could
help determine a ubiquitous emission mechanism for high
energy photons from such jets. The existence of a correla-
tion across extremes of time and mass scale points to com-
mon physical phenomena between all relativistic BH jets. If
all relativistic BH jets have the same high-energy emission
mechanism then the differences between the system classes
can be used to constrain the emission mechanism at y-ray
energies. Alternatively, the correlation may indicate that the
efficiency for various 7-ray emission processes in relativistic
jets is similar.

Two groups of models are used to explain the high
energy emission in XRBs and blazars: the hadronic/lepto-
hadronic models, where the high energy emission is from in-
ternal jet processes such as synchrotron self Compton (SSC),
synchrotron of protons or the decay of neutral pions from
proton-proton cascade; and the leptonic models, where high
energy emission is due to the external Compton scatter-
ing by relativistic electrons of a strong photon field, either
from stellar companion black-body photons or X-ray pho-
tons from the accretion disk for XRBs, or the accretion disk
and broadline region for blazars.

Strong polarization measurements made in the y-ray
tail of Cyg X-1 favour a lepto-hadronic model, and a jet
origin, for the high energy emission (Rodriguez et al. 2015).
Lepto-hadronic models for the broadband emission of Cyg
X-1 by Pepe et al. (2015) also favours a synchrotron or SSC,
and therefore jet origin, for the high energy tail. The low
mass of the companion to V404 Cyg, the temporal associ-
ation of v-ray excess and radio flares, and the simultane-
ous detection of the 511 keV annihilation line and ~-rays of
higher energy all point to the jet as the origin for such emis-
sion (Loh et al. 2016). Long-term monitoring of blazars indi-
cates a correlation between v-ray flares and optical flares; the
optical emission from blazars is polarized to different degrees
depending on the location of the synchrotron peak relative
to the observed optical bands (Jermak et al. 2016); optical
and v-ray flares, and high polarizations, are associated with
the jet. Polarization measurements of the early afterglow in

GRBs indicates the existence of an ordered magnetic field in
a magnetized baryonic jet (Steele et al. 2009; Mundell et al.
2013). Alternatively, if high energy emission from AGN and
XRBs is due to a leptonic process i.e. inverse Compton scat-
tering of external photons, then this correlation may have
implications for the emission mechanism responsible for the
high-energy prompt GRB. For a long GRB the target pho-
tons may be from shock breakout, early supernova photo-
sphere photons, or the photons of a companion star whose
presence may be inferred by the high degree of stripping of
long GRB progenitor supernovae i.e. Ic SNe.

Throughout, we have made the assumption that all
GRBs are powered by BH, as opposed to magnetars; the
overall L, — P; correlation presented here may support this
assumption. XRBs, blazars, and GRBs all populating the
same relation for L, — P; indicates a common jet emission
mechanism, or efficiency, for y-rays where the magnitude of
L~ depends on the jet power.

6 CONCLUSIONS

We have shown that when corrected for collimation and
Doppler boosting, the y-ray luminosity from XRBs follows
the L, — P; relation found by Nemmen et al. (2012) for rel-
ativistic jets from BH systems. This correlation holds across
~ 17 orders of magnitude and is the first attempt at com-
paring the energetics, using v-ray luminosities, for three
classes of accreting BH systems e.g. XRB, AGN, and GRB.
Although the jet powers and v-ray luminosities for XRBs
are most likely underestimates, XRBs are relatively closely
grouped in the parameter space. The power of a jet from
a BH system can be independently constrained by the on-
axis v-ray luminosity. Alternatively, the jet power can be
used to indicate the expected on-axis -ray luminosity for
high energy flares from BH jets. Future target of opportu-
nity high energy observations of XRB during radio flaring
events could help further constrain this relation. If such a re-
lation is ubiquitous amongst relativistic jets from BHs, then
a common emission mechanism, or efficiency, is most likely
responsible. By comparing the different systems, constraints
can be put on the emission dynamics.
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Figure 1. XRB L. — P; diagram: Cyg X-1 blue squares; Cyg X-3 red diamonds; V404 Cyg pink stars; GRS 1915+105 black upward-
pointing triangle; GX339-4 black downward-pointing triangle. Filled markers represent observed values with no L~ correction for colli-
mation and Doppler-factor - where two values of I' are listed, the lowest value is used in determining the jet power. Unfilled markers
represent the collimation- and Doppler-corrected values - small markers represent the lower I' value, large marker represents the larger
I' value. Black solid lines indicate the uncertainties calculated for each value. L~ for GRS1915+105 and GX339-4 are upper limits. The
dashed line is the L. — P; relation found by Nemmen et al. 2012 for Blazars and GRBs; the dotted lines are their uncertainties.
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Figure 2. L — Pj relation including five XRBs. Doppler- and collimation-corrected luminosity and power estimates are shown for XRB
(pink diamonds), using the larger I' value where appropriate. Values for blazars are shown as blue squares, and «-ray bursts are shown
as red circles, where the data and uncertainties are from Nemmen et al. 2012. Dashed black line is the L, — P; relation, thin dashed
lines represent the limits from Nemmen et al. 2012.
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