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ABSTRACT
We have obtained measurements and upper limits on the emission of Cyg X-1 in the photon
energy range of 0.03–300 GeV based on observations byFermi. We present the results sep-
arately for the hard and soft spectral states, as well for allof the analysed data. In the hard
state, we detect a weak steady emission in the 0.1–10 GeV range with a power-law photon
index ofΓ ≃ 2.6± 0.2 at a 4σ statistical significance. This measurement, even if considered
to be an upper limit, strongly constrains Compton emission of the steady radio jet, present in
that state. The number of relativistic electrons in the jet has to be low enough for the spectral
components due to Compton upscattering of the stellar blackbody and synchrotron radiation
to be within the observed fluxes. If optically-thin synchrotron emission of the jet is to account
for the MeV tail, as implied by the recently-claimed strong polarization in that energy range,
the magnetic field in the jet has to be much above equipartition. The GeV-range measurements
also strongly constrain models of hot accretion flows, most likely present in the hard state, in
which γ-rays are produced from decay of neutral pions produced in collisions of energetic
ions in an inner part of the flow. In the soft state, the obtained upper limits constrain electron
acceleration in a non-thermal corona, most likely present around a blackbody accretion disc.
The coronal emission above 30 MeV has to be rather weak, whichis most readily explained
by absorption ofγ-rays in pair-producing photon-photon collisions. Then, the size of the bulk
of the corona is less than a few tens of the gravitational radii.

Key words: acceleration of particles – accretion, accretion discs – gamma-rays: general –
gamma-rays: stars – stars: individual: Cyg X-1 – X-rays: binaries.

1 INTRODUCTION

Cyg X-1 is an archetypical and widely studied black-hole binary,
discovered in 1964 (Bowyer et al. 1965). It shows two main spec-
tral states, hard and soft (see, e.g., Zdziarski & Gierliński 2004
for a review). Most of the time, it is found in the hard state. In
that state, the main component of its X-ray spectrum appearsto
be due to thermal Comptonization in a plasma with the electron
temperature ofkTe ∼ 100 keV, which shows a sharp cutoff [in
EF(E)] at energiesE >∼ 200 keV. In addition, there is a clear high-
energy tail on top of that spectrum, measured up to∼ 3 MeV (e.g.,
McConnell et al. 2002, hereafter M02; Jourdain, Roques & Malzac
2012a; Zdziarski, Lubiński & Sikora 2012, hereafter ZLS12). The
origin of the photon tail may be Compton scattering by a power-
law component beyond the thermal electrons in the accretionflow
(e.g., M02). On the other hand, the emission in the tail, between
∼0.2–0.4 MeV and∼1–3 MeV, has been recently claimed to be
strongly polarized (Laurent et al. 2011; Jourdain et al. 2012b). If
this is the case, that emission has to be due to a high-energy tail

of optically-thin synchrotron jet emission. The jet will also emit
numerous high-energyγ-rays via Compton upscattering of both
synchrotron and stellar photons (see, e.g., Atoyan & Aharonian
1999; Georganopoulos, Aharonian & Kirk 2002), which prediction
can be confronted with observations. The accretion flow itself may
also emitγ-rays via decay of pions produced by collisions of en-
ergetic ions. There have been reported upper limits in the hard and
soft states at≥ 100 MeV fromAGILE (Sabatini et al. 2010, 2013).
However, their refinement is obviously of great interest forcon-
straining the physics of both the jet and the accretion flow.

In the soft state, there is a strong disc blackbody component
in the X-ray spectrum, peaking [inEF(E)] at∼ 1 keV, followed by
a pronounced high-energy tail. The best-studied occurrence of the
soft state in Cyg X-1 is that of 1996 (Gierliński et al. 1999;M02).
In that case, the high-energy tail had the photon index ofΓ ≃ 2.5
and it extended up to∼ 10 MeV. The energy up to which the soft-
state tail extends has remained unknown, and measurements and
upper limits at energies> 10 MeV can constrain the nature of its
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source, usually thought to be a corona above an inner part of an
accretion disc.

Here, we present upper limits and measurements of steady
high-energyγ-ray emission of Cyg X-1 measured by the Large
Area Detector (LAT) on board ofFermi. We compare the limits
with predictions of theoretical models. In Section 3, we consider
high-energy tails predicted by accretion models. In Section 4, we
consider predictions of jet models. We take into account emission
in the GeV band predicted by jet synchrotron self-Compton and
Comptonization of blackbody radiation from the donor.

The orbital period of Cyg X-1 isP ≃ 5.6 d. The masses of the
components, the radius and temperature of the donor, and thein-
clination of the binary,i, still remain somewhat uncertain. Based
on Ziółkowski (2005, 2013), Caballero-Nieves et al. (2009) and
Orosz et al. (2011), we adopt the black-hole mass ofMX ≃ 16M⊙,
the mass of the donor ofM∗ ≃ 27M⊙, its radius and effective
temperature ofR∗ ≃ 19R⊙, T∗ ≃ 2.8 × 104 K, respectively, and
i ≃ 29◦. (Here M⊙ and R⊙ are the solar mass and radius, respec-
tively.) These parameters correspond to the stellar luminosity of
L∗ ≃ 8×1038 erg s−1 and the separation between the components of
a ≃ 3.2× 1012 cm. We adopt the distance to Cyg X-1 ofD = 1.86
kpc (Reid et al. 2011). The opening angle of the steady jet, present
in the hard state, is taken asΘj = 2◦ (Stirling et al. 2001), and
its velocity asβj = 0.6 (Stirling et al. 2001; Gleissner et al. 2004;
Malzac, Belmont & Fabian 2009).

2 ANALYSIS OF THE FERMI DATA

We have analysed the data from theFermi LAT from the direction
of Cyg X-1. We have performed binnedFermi/LAT data analysis
using the v9r27p1Fermi Science Tools withP7SOURCE V6 IRF.
For the analysis, we have considered a 20◦×20◦ region around Cyg
X-1. We have included in the modelling of the region all sources
from the 2-yearFermi catalogue (2FGL) as well as the standard
templates for Galactic (gal 2yearp7v6 v0.fits) and extragalac-
tic (iso p7v6source.txt) backgrounds. The spectra of all cata-
logue sources were modelled with a power law. At the initial stage
of the analysis, we have built the test-statistic (TS; Mattox et al.
1996) maps of the region at energies 0.3–1 GeV and 1–3 GeV,
see Fig. 1 (top). These maps show the significance (∝

√
TS) of

a point-like source added to each point of the map. The 0.3–1 GeV
map reveals a broad residual structure, which covers at the edge
the position of Cyg X-1. In order to account for it, we have to
introduce to the model an additional diffuse source with a con-
stant flux within a 2◦ radius, shown by the green circle at Fig. 1.
This source, centred on RA 301.51, Dec 35.72, approximatelyco-
incides with the Cyg OB3 stellar association (which centre is at
RA 301.75, Dec 35.9). An additional point-like source marked as
n1 (RA 303.42, Dec 36.21, TS≃ 50, 1–3 GeV) is shown with the
small magenta circle. Its possible identification is the supernova
remnant SNR G073.9+00.9 (RA 303.40, Dec 36.12; work in prepa-
ration). In our analysis, we use these sources in order to compensate
for the residuals above the standard model ofFermi Galactic diffuse
background. Then, Cyg X-1 is detected with the model described
above at the TS value of 14.8 (1–3 GeV), which corresponds to a
≃ 4σ detection.

We have then divided the data into the hard and soft
state, based on light curves from theRXTE All-Sky Moni-
tor (ASM; Bradt, Rothschild & Swank 1993; Levine et al. 1996),
the Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005;
Markwardt et al. 2005), and MAXI (Matsuoka et al. 2009). We

have normalized the ASM and BAT count rates to the aver-
age values during the long hard state of MJD 53880–55375
(Zdziarski et al. 2011). In the case of MAXI, we normalized its
light curve to that of the ASM during their overlap. The lightcurves
for the period studied here are shown in Fig. 2. We have also consid-
ered theFermi/GBM occultation data (Wilson-Hodge et al. 2012),
but they closely follow the BAT data, though with larger error bars.
Thus, we do not show them here.

By definition, the hard state in Fig. 2 corresponds to both the
ASM and BAT fluxes around their respective averages. From that,
we identify the hard-state MJD intervals as those of up to 55350,
55676–55790 and 55900–55940. The soft state corresponds tohigh
ASM fluxes and low BAT fluxes, for which we find MJD 55390–
55670, 55800–55890 and 55945–56020, 56100–56456 (the lastday
of the analysed data. This corresponds to the effective exposure
for the hard and soft states of 822 d and 575 d, respectively. We
do not detect Cyg X-1 in the soft state, and in the hard state, the
detection significance is slightly higher (TS= 15.6) than that in all
of the data, see Fig. 1 (bottom). The low significance of the source
as well as the presence of nearby residual structures with similar
significance (see top right panel of Fig. 1) makes a spurious nature
of the detection possible. In our modelling, we treat the obtained
flux values mostly as upper limits; however, we point out thatthe
dependence of the flux on the source state (soft vs. hard) and its
spatial coincidence with Cyg X-1 position make the reality of the
detection rather likely.

For spectral analysis, we split the 0.1–300 GeV range into 7
logarithmically spaced bins. We fit the model described above in
each bin separately. In this model, we fix the photon power law
indices of all point sources and the added diffuse one to 2, leaving
the normalization free.

We have also analysed the data at the energies of 30–100 MeV,
splitting it into the 30–50 MeV and 50–100 MeV bins. We con-
sider the model as above except for replacing the standard isotropic
background (given at energies≤ 68 MeV only) with its power law
extrapolation to lower energies. Fig. 3 shows the count-rate map
for all of the data in the 30–50 MeV energy range. The brightest
diffuse source in this energy range is clearly shifted from Cyg X-
1, by≈ 6◦, and its position corresponds to the SNR G076.9+01.0
(= Fermi source 2FGL J2022.8+3843c), which is shown by the red
point.

The obtained spectra and upper limits the hard and soft states
and for all of the data are shown in Fig. 4. In the hard state, the 0.1–
10 GeV spectrum can be fitted with a power law with the photon
index of Γ = 2.57 ± 0.16. Figs. 4(a) also show the upper limits
obtained by the MAGIC Cherenkov telescope during the hard state
(Albert et al. 2007). We see they are at a similarEF(E) level as
our ≥ 3 GeV upper limits. Fig. 4(a–b) also shows the previously
obtained upper limits for the hard and soft states fromAGILE of
Sabatini et al. (2010, 2013) of≃ 3× 10−3 keV cm−2 s−1, ≃ 1× 10−2

keV cm−2 s−1, respectively. Our upper limits and measurements are
comparable in the hard state, but much lower in the soft state.

We have also looked into a possible dependence of the hard-
state emission on the orbital phase. Such a dependence is ex-
pected if a substantial part of the emission is due to Comp-
ton upscattering of the stellar blackbody photons (Jackson1972;
Dubus, Cerutti & Henri 2010). We have used the ephemeris of
Brocksopp et al. (1999). We have found the emission peaking dur-
ing the first half of the orbital period, i.e., after the superior con-
junction (black hole behind the donor; defining the 0 phase).This is
consistent with the origin of the emission from Compton scattering
of stellar photons in the jet (e.g., Dubus et al. 2010), giventhat the
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High-energy gamma-rays from Cyg X-1 3

Figure 1. Test-statistic maps of the 10◦ × 10◦ region around the position of Cyg X-1 with the pixel size of 0.2◦. Only sources from the 2-yrFermi catalogue
(shown with small green ellipses) were subtracted from the maps. The top panels are for the 0.3–1 GeV (left) and 1–3 GeV (right) data. The additional diffuse
source (identified with Cyg OB3 association) and the sourcen1 (possibly corresponding to SNR G073.9+00.9) are marked with the solid green and magenta
circles, respectively. The bottom panels show 1–3 GeV the data split into (left) the hard and (right) soft states. The significance of a point source can be
estimated as

√
TS .

position of the radio-emitting part of the jet lags behind that of the
black hole, as evidenced by phase lags of the wind absorptionof the
radio emission (Szostek & Zdziarski 2007). However, the detected
γ-ray emission is weak and the statistical significance of thephase
dependence is low. Thus, we do not present these results here.

3 ACCRETION MODELS

3.1 Leptonic models

High-energy tails atE >∼ 1 MeV in both hard and soft
states of Cyg X-1 have been detected by the COMPTEL de-
tector on board ofCGRO (M02 and references therein) and

c© 2013 RAS, MNRAS000, 1–10
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Figure 2. Light curves of Cyg X-1 from the ASM (1.5–12 keV, black error bars), BAT (15–50 keV, red error bars), and MAXI (2–20 keV, blue error bars)
normalized to their respective average hard-state values (dotted line). The adopted ASM, BAT and MAXI average rates are〈F〉 ≃ 20.7 s−1, ≃ 0.173 cm−2 s−1,
and≃ 1.0 cm−2 s−1, respectively. The vertical dashed line denotes the launchof Fermi.

Figure 3. The count-rate map for all the data in the 30–50 MeV energy range. The positions of Cyg X-1,n1, and Cyg OB3 association are marked as in Fig.
1. The red point shows the position of theFermi source 2FGL J2022.8+3843c, corresponding to the SNR G076.9+01.0.

by the INTEGRAL SPI and IBIS detectors (e.g., Jourdain et al.
2012a; ZLS12). They have been often modelled by hybrid Comp-
tonization (Aharonian & Vardanian 1985; Poutanen & Coppi 1998;
Gierliński et al. 1999; M02; Poutanen & Vurm 2009, hereafter
PV09; Malzac & Belmont 2009; Del Santo et al. 2013). In these
models, the steady-state electron distribution in the presence of
acceleration consists of a Maxwellian part and a high-energy,
power-law like, tail. The high-energy tail above the thermal-
Comptonization spectral component (peaking around 200 keV) in
the hard state is due to emission of the power-law electrons.The
tail in the soft state above the disc-blackbody spectral component
(peaking around 1 keV) is due to Comptonization by both thermal
and non-thermal electrons, see, e.g., Gierliński et al. (1999). The
main parameters of these models relevant here are the compactness,
defined asℓ ≡ LσT/Rmec3 (whereL is the luminosity of the source,
R is its characteristic size,σT is the Thomson cross section andme

is the electron mass), the power-law index at which the electrons
in the source are accelerated,Γinj, and the maximum Lorentz fac-
tor of the accelerated electrons,γmax. The value ofγmax determines
the maximum possible energy ofγ-rays from Compton scattering,

Emax ∼ min(mec2γmax,3kTγ2
max), whereT is the maximum temper-

ature of the accretion disc. However, this maximum energy may be
not observed because of absorption in pair-producing collisions of
γ-rays with blackbody disc photons,γγ→ e+e−. The optical depth
to this process,τγγ, is proportional to the compactness parameter,ℓ.
Thus, its value affects the position of the high-energy cutoff, which
may then be lower than the maximum possible scattered energy
determined byγmax. Finally, Γinj determines the slope of the high-
energy tail due to Compton scattering by non-thermal, power-law
like electrons.

Fig. 5(a) shows the broad-band spectra in X-rays to softγ-
rays in the hard and soft states. The blue and red symbols corre-
spond to the hard and soft state, respectively. The data at≥ 30
MeV are fromFermi, and are the same as those shown in Fig. 4(a–
b). The data at≤ 10 MeV are the same as those shown in fig. 9 of
M02, and are from the OSSE and COMPTEL detectors on board
of CGRO, supplemented at low energies by data fromBeppoSAX
(Di Salvo et al. 2001; Frontera et al. 2001). The OSSE and COMP-
TEL data in the hard state (blue crosses) represent the average spec-
trum in that state fromCGRO observations. They have been fit-
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Figure 4. The Fermi LAT upper limits and measurements for Cyg X-1.
The panels (a), (b) and (c) correspond to the hard and soft spectral states
and to the entire analysed data, respectively. See Section 1for details. The
heavy blue symbols show the upper limits in (a) from the MAGICtelescope
(Albert et al. 2007) and in (a-b), fromAGILE (Sabatini et al. 2010, 2013).

ted with the hybrid-Compton modeleqpair (Poutanen & Coppi
1998; Coppi 1999; Gierliński et al. 1999) by M02, which spec-
trum is shown by the blue solid curve. In the hard state, the hybrid
plasma probably forms an inner part of the accretion flow, over-
lapping with the optically thick disc (Done, Gierliński & Kubota
2007). The blue dashed curve shows the analogous fit by PV09,
who used a model which also incorporated synchrotron emission
and absorption. All models shown here assumeγmax = 103 (arbi-
trarily chosen), which corresponds toEmax ≃ 0.5 GeV, close to the
maximum energy for the solid curves. The main difference between
the hard state models is the fitted value ofΓinj , = 2.0 for M02, and
3.8 for PV09, which results in a much steeper high-energy tail in the
PV09 model compared to that of M02. Both models predict fluxes
satisfying the constraints fromFermi. However, they are unable to
explain the hard-state detection at 1–10 GeV.

The soft-state pointed measurements are from the 1996 soft
state. Thus, they are from a single occurrence of that state.How-
ever, that form of the high-energy tail is known to vary from one
occurrence of the soft state to another (e.g., Gierliński &Zdziarski
2003; Del Santo et al. 2013). Then, it is not clear whether the1996

spectrum can be directly compared to theFermi soft-state upper
limits, shown in Fig. 5. In order to test it, we show (magenta sym-
bols) the average soft-state spectrum from the monitoring data by
the ASM and BAT, simultaneous with each other (shown in fig. 10
of Zdziarski et al. 2011). Those data overlap with theFermi obser-
vations. We see that the ASM/BAT spectrum is quite close to that
of the 1996 soft state, with some of the differences attributable to
different flux calibration. Thus, we use the fits to the 1996 soft state
for comparison with theFermi upper limits.

In the soft state, the hybrid plasma forms, most likely, lo-
calized coronal regions above an inner part of an optically-
thick accretion disc, e.g., Bisnovatyi-Kogan & Blinnikov (1976),
Gierliński et al. (1999), Done et al. (2007). We see that themodels
of M02 and PV09 (red solid and dashed curves, respectively) differ
in the high-energy cutoff, in spite of the same value ofγmax = 103

and the value ofΓinj of PV09 being somewhat lower, 2.2, than that
of M02, 2.6. This is an effect of the different values of the com-
pactness,ℓ ≃ 3.7 and 34 for M02 and PV09, respectively. The
latter value results in a strong cutoff due to pair absorption, at an
energy of∼ (mec2)2/(5kT ) ≃ 0.1 GeV, which is seen the spec-
trum of PV09. The value ofℓ of PV09 corresponds to the size
of the source ofR ≃ 4 × 107 cm, which corresponds to∼ 20Rg,
whereRg = GMX/c2 is the gravitational radius. This size approx-
imately corresponds to the radius of the maximum of the gravi-
tational energy release in an optically-thick accretion disc in the
Schwarzschild metric. Thus, the lack of a detection of photons at
E > 30 MeV is consistent with the standard accretion scenario
in the soft state. A similar result has been found by Sabatiniet al.
(2013) using theAGILE soft-state upper limit.

Fig. 5(b) shows some of the data and models of
Del Santo et al. (2013) together with theFermi data.
Del Santo et al. (2013) analyzed 12INTEGRAL data sets
chosen based on the X-ray hardness. They fitted those data
with the hybrid Comptonization models of both Coppi (1999)
and Malzac & Belmont (2009). Fig. 5(b) shows four of those
sets, including the softest and the hardest, fitted with a model
of Malzac & Belmont (2009) with pure non-thermal acceler-
ation/injection with γmax = 103, ℓ = 10, and relatively hard
Γinj ≃ 2.2–3 (see the other parameters in table 4 of Del Santo et al.
2013; note that the normalization of theνLν spectra shown in their
fig. 10 need to be increased by factors of≃ 12, 5, 5, 6). We see
that the softest spectrum is compatible with the pure non-thermal
injection model. On the other hand, the remaining three datasets
predict the 30–300 MeV fluxes significantly above theFermi data.
Increasing the compactness would reduce these fluxes. However,
the ∼1–3 MeV fluxes are much above the average of the hard
state (Jourdain et al. 2012a; ZLS12), which indicates that models
with pure non-thermal injection and hardΓinj are not compatible
with the hard state data. Del Santo et al. (2013) have also fitted
the hardest data with pure thermal models, which, given the fitted
temperature of 70–80 keV, satisfy theFermi constraints.

3.2 Hadronic models

Our upper limits also constrain the energies and densities of pro-
tons and He nuclei in the accretion flow. Radiatively inefficient
hot accretion models, which may correspond to the hard state,
do predict the presence of hot ions, which collisions lead to
production of pions, whose decay, in turn, leads to substantial
fluxes ofγ-rays (Mahadevan, Narayan & Krolik 1997; Mahadevan
1999; Oka & Manmoto 2003; Niedźwiecki, Xie & Stȩpnik 2013).
The models of Mahadevan et al. (1997), Mahadevan (1999), and

c© 2013 RAS, MNRAS000, 1–10



6 D. Malyshev, A. A. Zdziarski and M. Chernyakova

Figure 5. (a) Broad-band X-ray/γ-ray data for Cyg X-1 in the hard (blue symbols) and soft (red and magenta symbols) states compared to hybrid-
Comptonization accretion-flow models. The pointed-measurement data at< 10 MeV (attenuated by X-ray absorption) are fromBeppoSAX and CGRO,
and the data at≥ 30 MeV are fromFermi (see Figs. 4a–b). The< 10 MeV data were fitted by hybrid Comptonization using the models of M02 and PV09
(solid and dashed curves, respectively). The magenta symbols show the average X-ray spectrum from the nearly simultaneous monitoring by theRXTE ASM
andSwift BAT. We see that this spectrum is in an overall agreement withthe 1996 soft-state spectrum, in spite of corresponding to different time intervals. Due
to the steepness of the>∼ 1 MeV hard-state high-energy tail, theFermi upper limits do not impose constraints on the accretion models in that state. However,
theFermi soft-state upper limits in the 30–300 MeV range rule out the high-energy part of the model of M02. The difference between the two models causing
the different high-energy behaviour is the assumed size of the source,∼ 4× 107 cm (∼ 20Rg) in the model of PV09 and∼ 4× 108 cm (∼ 200Rg) in the model
of M02. (b) TheINTEGRAL data of Del Santo et al. (2013) fitted by their pure non-thermal (corrected for the X-ray absorption) model of Malzac & Belmont
(2009) together with theFermi data. We see that only the softest data set is compatible withthat model. See Section 3 for details.

Oka & Manmoto (2003) predictγ-ray EF(E) fluxes at levels simi-
lar or higher than those in X-rays. In Cyg X-1, this is strongly ruled
out by the data. However, most of those models correspond to val-
ues ofṁ ≡ Ṁc2/LE (whereLE is the Eddington luminosity) much
lower than that likely to correspond to Cyg X-1, and thus we cannot
compare them directly to our data.

The recent work of Niedźwiecki et al. (2013) considers the
case ofṁ = 0.1, which is much closer to the case of Cyg X-1, which

has the averageL/LE ≃ 10−2 in the hard state (e.g., Zdziarski et al.
2002), which corresponds to ˙m ≃ 0.1 for its likely accretion effi-
ciency of∼ 0.1 (Malzac et al. 2009). In the hard state of Cyg X-
1, EF(E) around 2–10 keV is≃ 2 keV cm−2 s−1, whereas that at
0.1–10 GeV is<∼ 2 × 10−3 keV cm−2 s−1. The resulting ratio of
≃ 10−3 is similar to that found by Niedźwiecki et al. (2013) for
the model with thermal protons and 1/2 of the electrons viscously
heated (which large fraction is required in Cyg X-1, given its large

c© 2013 RAS, MNRAS000, 1–10



High-energy gamma-rays from Cyg X-1 7

accretion efficiency). Thus, our data constrain the proton distribu-
tion in the accretion flow to thermal or quasi-thermal.

On the other hand, the efficiency of the models of
Niedźwiecki et al. (2013) is≃ 0.02, 0.1 for the black-hole spin of
aBH = 0 and 0.998, respectively. The efficiency foraBH = 0 is lower
than the presumed∼ 0.1 for Cyg X-1. Thus, a model with ˙m larger
than 0.1 would apply, which would have photon-photon pair ab-
sorption stronger than that found in Niedźwiecki et al. (2013). This
would, in turn, reduce theγ-ray luminosity relative to the X-ray
one and would allow for models with some fraction of the protons
being non-thermal.

4 JET MODELS

A strong steady radio jet (Stirling et al. 2001) is present inCyg
X-1 in the hard state, though there is also a weaker and variable ra-
dio emission in the soft state (Zdziarski et al. 2011; Rushton et al.
2012). Here we consider the implications of the presence of the jet
in the hard state only. We consider only leptonic models, in which
the GeV emission is due to Compton upscattering by the jet rela-
tivistic electrons. A more detailed study of the leptonic jet models
in the context of theFermi measurements and upper limits is given
in Zdziarski, Pjanka & Sikora (2013). We also note that hadronic
jet models for high-energyγ-ray emission of jets in high-mass
X-ray binaries have been proposed by, e.g., Romero et al. (2003),
Orellana et al. (2007), Bosch-Ramon, Aharonian & Paredes (2005)
and Aharonian et al. (2006). In those models, theγ-ray emission is
due to collisions of protons and He nuclei in the jet with either
those of the stellar wind or interstellar medium or with accretion
disc photons. In the case of interaction with ambient matter, the jet
bulk velocity is sufficient for production of pions. In the case of in-
teractions with photons, highly energetic protons,>∼ 100 TeV, are
required for photo-meson interactions. A study of those models is
outside of the scope of this work.

In studies of synchrotron jet emission, it is common to assume
the electron steady-state distribution through the jet to be a single
power law, e.g., Blandford & Königl (1979), Falcke & Biermann
(1995) or Bosch-Ramon, Romero & Paredes (2006). This simple
case, neglecting effects of radiative cooling on the shape of the dis-
tribution, may possibly correspond to the case of an acceleration
process acting though the full jet volume. We thus assume a conical
jet with the electron distribution,N(γ), and magnetic field strength,
B, given by,

N(γ) =
K0γ

−s

ξ2
e−(γ/γmax)2 , γmax ≃

(

9Bcrξ

8παfηaccB0

)1/2

, B =
B0

ξ
, (1)

whereξ ≡ z/z0, γ ≥ γmin, s is the steady-state power-law index,z is
the height along the jet from the black-hole centre,z0 corresponds
to the onset of the emission,γmax is the high energy cutoff following
from the balance of synchrotron losses and acceleration on the time
scale ofηacc of the Larmor periods,αf is the fine-structure constant,
Bcr = 2πm2

ec3/eh is the critical magnetic field,e is the electron
charge,h is the Planck constant, andK0 is the normalization. The
adoptedN(γ) has a constant electron number per unitγ and unit
length. The energy index of the optically-thin power-law part of
the spectrum isα = (s − 1)/2.

We basically follow the method of ZLS12, in which jet par-
tially self-absorbed synchrotron emission and synchrotron self-
Compton (SSC) are taken into account. However, we also include
Compton scattering of stellar blackbody photons (hereafter BBC),
for which we take into account the angle-dependent Klein-Nishina

cross section (Aharonian & Atoyan 1981), following the formalism
of Zdziarski et al. (2013). The normalization,K0, is determined in
our modelling by the average flux at 15 GHz, which we adopt as 13
mJy. Our formalism also includes pair absorption ofγ-rays on stel-
lar photons, taking into account the finite size of the star (Bednarek
1997). Both the BBC flux andτγγ strongly depend on the orbital
phase, with both having maxima at the superior conjunction.Here,
we calculate the BBC flux andτγγ at each phase and compute the
average absorbed spectra.

Fig. 6(a) shows a model in which the MeV tail is attributed
to synchrotron jet emission, as claimed by Jourdain et al. (2012b).
The index of the steady-state electron distribution iss = 2.3. If this
index is due to acceleration and subsequent cooling, the electrons
are to be accelerated at a rather hard power law, with the index
of Γinj = 1.3. This is required to account for both the flux at the
infrared turnover frequency (claimed by Rahoui et al. 2011)and
the MeV flux, see ZLS12 for details. We note that if the emitting
electrons are efficiently cooled in a part of the jet, the synchrotron
cooling rate decreasing with height due to the decrease ofB leads to
N(γ) ∝ ξ−1 at some values ofξ andγ, different from the dependence
of equation (1). This possibility is not taken into account here. To
account for the steep slope of the MeV tail,ηacc ≃ 20 is required,
which value we adopt.

The optically-thin synchrotron flux is∝ K0B(s+1)/2
0 . Thus, a

given flux can be obtained for either a lowK0 and highB0 or vice
versa. On the other hand, the rate of Compton scattering is∝ K0.
Thus,K0 has to be sufficiently low for the Compton-scattered com-
ponents to yield fluxes≤ the Fermi data points. This results in a
lower limit on B0. Then, equation (22) of ZLS12 relatesB0 to z0. In
the present model, we modify this formula slightly by takinginto
account the finite extent of the jet, for which we assumezmax = 1015

cm (Stirling et al. 2001). In the model shown in Fig. 6(a), we obtain
B0 = 4× 104 G andz0 ≃ 2.6× 109 cm (≃ 1.1× 103GM/c2). These
parameters imply that cooling is important for all electrons emit-
ting synchrotron radiation above the turnover energy. We note that
the resulting model yields the 0.1–0.3 GeV flux a factor of several
below the LAT measurement.

The magnetic field is rather high in order to satisfy the GeV
measurements, and it is found to be strongly above equipartition
with the electron pressure, with the plasma parameter ofβ =

(ue/3)/(B2/8π) ≃ 0.008, whereue is the pressure of the relativis-
tic electrons. On the other hand, the magnetization parameter is
σ ≃ (B2/8π)/w, wherew is the enthalpy. If the ions are cold pro-
tons,w ≃ npmpc2 + (4/3)ue, wherenp andmp is the proton num-
ber density and mass, respectively. We then defineηp = np/ne,rel,
wherene,rel is the number density of the accelerated relativistic elec-
trons. If not all electrons are accelerated and in the absence of pairs,
ηp > 1. In the present model, we findσ to be small,σ ≃ 0.1/ηp.
Thus, the jet is not magnetically dominated. The jet+counterjet
power [see equations (33–35) in ZLS12] in the relativistic elec-
trons, the protons, the magnetic field and the synchrotron power
emitted in all directions in the optically-thin part of the spectrum is
Pe ≃ 3.1× 1033 erg s−1, Pp ≃ 2.1ηp × 1035 erg s−1, PB ≃ 9.5× 1034

erg s−1, andPS ≃ 4.5× 1035 erg s−1, respectively.Pe≪ PS implies
that the electrons have to be efficiently reaccelerated. Also,ηp > 1
is required forPS < Pe + Pp + PB.

We then consider a model withs = 3.2, which may correspond
to the acceleration index ofΓinj ≃ 2.2, which is a typical value
for acceleration processes. That model, shown in Fig. 6(b),does
not account for the MeV tail, which then is presumed to be due
to hybrid Comptonization in the accretion flow (Section 3.1). Its
parameters areB0 = 2.5 × 103 G andz0 ≃ 2.0 × 109 cm (≃ 8.3 ×
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Figure 6. The average hard-state radio toγ-ray spectrum (black symbols) of Cyg X-1 and its donor shown together with model spectra. The data up to 5
MeV are the same as those in ZLS12, the 30 MeV–300 GeV symbols give the results of this work, see Fig. 4(b), and the the 6 upperlimits at the highest
energies are from MAGIC. The green dashed curve show the stellar blackbody. The dotted blue curve shows an estimated unabsorbed accretion disc and hot
flow model, see Zdziarski et al. (2013). The shown spectral components are from the jet model described in Section 4, whichassumes a single power-law
electron distribution. The electron index is (a)s = 2.3, accounting for the observed MeV tail (claimed to be strongly polarized), which corresponds to the
approximately maximum jet emission allowed by the data, and(b) s = 3.2. The red solid, magenta dotted and cyan dashed curves show the model synchrotron,
synchrotron self-Compton and blackbody-Compton components, respectively. The solid blue curves give the sum of the two Compton spectra.

102GM/c2). This model reproduces well the LAT data. The model
has the Lorentz factor corresponding to emission at the turnover
frequency ofγt ≃ 55, and the cooling break Lorentz factor in the
jet region dominated by synchrotron losses ofγb ≃ 103ξ. The GeV
emission is produced by electrons withγ ∼ 104–105. Thus, there
would be a cooling break at intermediate energies in a part ofthe
jet, which effect is not included in our simple model.

Given the steep electron distribution, the degree of equipar-
tition and the jet powers depend strongly onγmin. For self-
consistency,γmin < γt is required. Forγmin = 50, β ≃ 65,

σ ≃ 2.4 × 10−4/ηp. Thus, the jet is much below equipartition and
strongly matter-dominated. For a stronger magnetic field, the GeV
emission would be below theFermi data. An equipartition model
with an index between the two considered cases,s = 2.3 and 3.2,
would yield the observed GeV flux. Atγmin = 50, Pe ≃ 5.3× 1034

erg s−1, Pp ≃ 1.6ηp × 1035 erg s−1, andPB ≃ 2.1 × 1032 erg s−1.
In this model,PS ≃ 6.5 × 1033 erg s−1 and the power in the BBC
component isPC ≃ 2.1 × 1034 erg s−1. Then, the radiative output
is ∼0.1 of the jet power. Ifγmin = 1, the kinetic power in the elec-
trons and protons become even larger,Pe ≃ 5.8 × 1036 erg s−1,
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Pp ≃ 8.7ηp × 1038 erg s−1. The kinetic power would then be much
larger than the accretion radiative power. This argues forγmin ≫ 1.

In both models, the BBC process is important, and it domi-
nates over the SSC component in the second model. The bulk of
the BBC emission (i.e., the maximum of dF/d lnz) is found to be
from z ≃ 103z0, which is of the order of the binary separation,a. At
this height, the optical depth to pair absorption in collisions of BBC
γ-rays with stellar blackbody photons becomes> 1 for E >∼ 1011

eV. Since the jet emission at such energies is both weak and below
the upper limits, pair absorption is only marginally important for
our models. The bulk of the SSC emission originates from heights
much below the binary separation, which implies that this emission
is absorbed somewhat more than the BBC one.

5 DISCUSSION

We have detected high-energyγ-rays from Cyg X-1 in the hard
state, but not in the soft state. This, on the surface, might appear
contrary to the case of another high-mass X-ray binary, Cyg X-3,
where the GeV emission has been detected only when the X-ray
spectrum is soft (Abdo et al. 2009). However, that state appears to
be of a very-high type associated with the presence of a strong and
flaring radio emission (Szostek, Zdziarski & McCollough 2008).
Cyg X-1 never enters that state, and its radio emission during the
soft state is weak (Zdziarski et al. 2011; Rushton et al. 2012). Thus,
emission of high-energyγ-rays appears to be associated with the
presence of significant radio emission. We note that Cyg X-3 in the
hard state shows a relatively steady radio emission correlated with
the X-ray flux (e.g., Szostek et al. 2008), during which a steady γ-
ray flux may be emitted, though it is difficult to separate it from a
background diffuse emission (Abdo et al. 2009).

The issue of the high-energyγ-ray emission from Cyg X-1
in the hard state is strongly related to the origin of its MeV tail.
There are currently two competing scenarios for its origin.One is
hybrid Comptonization, the other is jet synchrotron emission. Our
results confirm and reinforce those of ZLS12 (who neglected the
BBC process, found to be important by us) that the jet accounting
for the MeV tail has to have magnetic field strongly above equipar-
tition. This implies that the accelerated electrons are in the fast
cooling regime, which, in turn, requires a very hard acceleration
index,Γinj ≃ 1.3, which is not usual for acceleration processes.

We note that a way to discriminate between the two scenarios
may be to study short correlated time-scale variability between the
thermal-Compton component, dominant below a few hundred keV,
and the MeV tail. If both originate in an inner accretion flow,their
variability should be strongly correlated down to ms time scale,
though probably not directly proportional due to the likelypresence
of spectral variability. On the other hand, the jet emissionaround its
base would respond to changes in the inner accretion flow on time
scales>∼ z0/c ∼ 0.1 s. Also, given that the jet emission is due to
very different radiative processes than that in the accretion flow, the
correlation may be much less strict. Furthermore, the component
due to Compton scattering of stellar emission will react to changed
condition in the inner accretion flow on time scales of>∼ a/c ≃ 100
s.

In the soft state, we have found that ourFermi upper limits
imply that the size of the region emitting the high-energy tail has to
be at most a few tens ofRg. Then, strong pair absorption ofγ-rays in
collisions with disc blackbody photons yields a cutoff compatible
with our upper limits. We note, however, that the corona can be
larger if the maximum Lorentz factor of the electrons is low,<∼ 500,

in which case there will be no Compton emission at energies>∼ 0.1
GeV.

6 CONCLUSIONS

We have obtained measurements and upper limits of the flux from
Cyg X-1 in the 0.03–300 GeV energy band based on observations
of theFermi/LAT. We have detected a steady emission at a 4σ sig-
nificance in the 0.1–10 GeV energy band in the hard spectral state.
That emission can be approximately described as a power law with
Γ ≃ 2.6± 0.2. On the other hand, we have found only upper limits
in the soft spectral state. Our measurements and limits are signifi-
cantly below previous upper limits fromAGILE.

We have studied implications of our measurements for accre-
tion and jet models. In the soft state, the upper limits implythe size
of hot corona in the accreting source to be<∼ 20Rg, which results
in strong attenuation of the non-thermal emission at>∼ 0.1 GeV by
pair absorption in collisions ofγ-rays with blackbody disc photons.
In the hard state, our measurements rule out most of the published
hadronic accretion models, in which the GeV emission is due to de-
cay of neutral pions produced in ion-ion collisions. Some hadronic
models, however, appear compatible with the data.

In the hard state, the recent claims of very strong linear polar-
ization in the MeV range imply the jet synchrotron emission domi-
nates that energy band. We find we can fit the data with a jet model.
Compared to the previous model of ZLS12, we have taken into
account Compton upscattering of stellar photons, which hasbeen
found to dominate the GeV emission. This reinforces the conclu-
sion of ZLS12 that such models require the jet magnetic field to
be strongly above equipartition. The strong magnetic field implies
the fast-cooling regime, which in turn implies that electrons in the
jet have to be accelerated at a hard power-law index. On the other
hand, we find we can explain the hard-state GeV emission by a jet
model with a softer acceleration rate, in which case the MeV tail is
explained by hybrid Comptonization in the accretion flow, and not
by the jet.

ACKNOWLEDGMENTS
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Niedźwiecki A., Xie F.-G., Stȩpnik A., 2013, MNRAS, 432, 1576
Oka K., Manmoto T., 2003, MNRAS, 340, 543
Orellana M., Bordas P., Bosch-Ramon V., Romero G. E., Paredes
J. M., 2007, A&A, 476, 9

Orosz J. A., McClintock J. E., Aufdenberg J. P., Remillard R.A.,
Reid M. J., Narayan R., Gou L., 2011, ApJ, 742, 84

Poutanen J., Coppi P. S., 1998, PhST, 77, 57
Poutanen J., Vurm I., 2009, ApJ, 690, L97 (PV09)

Rahoui F., Lee J. C., Heinz S., Hines D. C., Pottschmidt K., Wilms
J., Grinberg V., 2011, ApJ, 736, 63

Reid M. J., McClintock J. E., Narayan R., Gou L., Remillard
R. A., Orosz J. A., 2011, ApJ, 742, 83

Romero G. E., Torres D. F., Kaufman Bernadó M. M., Mirabel
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