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ABSTRACT

We have obtained measurements and upper limits on the emissCyg X-1 in the photon
energy range of 0.03-300 GeV based on observatioriebyi. We present the results sep-
arately for the hard and soft spectral states, as well foofathe analysed data. In the hard
state, we detect a weak steady emission in the 0.1-10 Ge\é naitly a power-law photon
index of " ~ 2.6 + 0.2 at a 4 statistical significance. This measurement, even if caned
to be an upper limit, strongly constrains Compton emissidh® steady radio jet, present in
that state. The number of relativistic electrons in the g to be low enough for the spectral
components due to Compton upscattering of the stellar blzbkand synchrotron radiation
to be within the observed fluxes. If optically-thin synchost emission of the jet is to account
for the MeV tail, as implied by the recently-claimed strorgjgrization in that energy range,
the magnetic field in the jet has to be much above equipartilibe GeV-range measurements
also strongly constrain models of hot accretion flows, miksty present in the hard state, in
which y-rays are produced from decay of neutral pions produced lirsioms of energetic
ions in an inner part of the flow. In the soft state, the obtaingper limits constrain electron
acceleration in a non-thermal corona, most likely presemirad a blackbody accretion disc.
The coronal emission above 30 MeV has to be rather weak, whictost readily explained
by absorption of/-rays in pair-producing photon-photon collisions. Théme, $ize of the bulk
of the corona is less than a few tens of the gravitational.radi

Key words: acceleration of particles — accretion, accretion discsmrga-rays: general —
gamma-rays: stars — stars: individual: Cyg X-1 — X-raysahies.

1 INTRODUCTION of optically-thin synchrotron jet emission. The jet willsal emit
numerous high-energy-rays via Compton upscattering of both
synchrotron and stellar photons (see, €e.d.. Atoyan & Aharon
1999; Georganopoulos, Aharonian & Kirk 2002), which prédit
can be confronted with observations. The accretion flovfitsay
also emity-rays via decay of pions produced by collisions of en-
ergetic ions. There have been reported upper limits in the dwad
soft states at 100 MeV fromAGILE (Sabatini et al. 2010, 2013).
However, their refinement is obviously of great interest don-

straining the physics of both the jet and the accretion flow.

Cyg X-1 is an archetypical and widely studied black-holeabyn
discovered in 1964 (Bowyer etlal. 1965). It shows two maircspe
tral states, hard and soft (see, e.qg., Zdziarski & GiekliiZ)04
for a review). Most of the time, it is found in the hard state. |
that state, the main component of its X-ray spectrum appears
be due to thermal Comptonization in a plasma with the elactro
temperature okT, ~ 100 keV, which shows a sharp cétdin
EF(E)] at energieE 2 200 keV. In addition, there is a clear high-
energy tail on top of that spectrum, measured up ®MeV (e.g.,
McConnell et al. 2002, hereafter M02; Jourdain, Roques &zdal
2012a] Zdziarski, Lubifski & Sikora 2012, hereafter ZL%Ithe
origin of the photon tail may be Compton scattering by a pewer
law component beyond the thermal electrons in the accrétan
(e.g., M02). On the other hand, the emission in the tail, betw

In the soft state, there is a strong disc blackbody component
in the X-ray spectrum, peaking [BF(E)] at ~ 1 keV, followed by
a pronounced high-energy tail. The best-studied occuerefnthe
soft state in Cyg X-1 is that of 1995 (Gierlifiski el lal. 199802).
In that case, the high-energy tail had the photon indek ef 2.5

~0.2-0.4 MeV and~1-3 MeV, has been recently claimed to be
strongly polarized| (Laurent etial. 2011; Jourdain et al. 2201 If
this is the case, that emission has to be due to a high-enailgy t
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and it extended up te 10 MeV. The energy up to which the soft-
state tail extends has remained unknown, and measurenmahts a
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 pam of a
accretion disc.
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have normalized the ASM and BAT count rates to the aver-
age values during the long hard state of MJD 53880-55375

Here, we present upper limits and measurements of steady(Zdziarski et al! 2011). In the case of MAXI, we normalized it

high-energyy-ray emission of Cyg X-1 measured by the Large
Area Detector (LAT) on board dfermi. We compare the limits
with predictions of theoretical models. In Sectdn 3, we sidar
high-energy tails predicted by accretion models. In Sedpwe
consider predictions of jet models. We take into accountssioin

in the GeV band predicted by jet synchrotron self-Comptod an
Comptonization of blackbody radiation from the donor.

The orbital period of Cyg X-1 i® ~ 5.6 d. The masses of the
components, the radius and temperature of the donor, anid-the
clination of the binaryj, still remain somewhat uncertain. Based
on Ziotkowski (2005, 2013),_Caballero-Nieves et al. (2p@@d
Orosz et al.[(2011), we adopt the black-hole masslgf~ 16Mg,
the mass of the donor dfl, ~ 27Mg), its radius and #ective
temperature oR, = 19R, T, ~ 2.8 x 10* K, respectively, and
i ~ 29°. (Here My and Ry are the solar mass and radius, respec-
tively.) These parameters correspond to the stellar lusiinaf
L. ~ 8x10%® erg s and the separation between the components of
a =~ 3.2 x 10*? cm. We adopt the distance to Cyg X-1Df= 1.86
kpc (Reid et al. 2011). The opening angle of the steady jesqnt
in the hard state, is taken & = 2° (Stirling et al.| 2001), and
its velocity asB; = 0.6 (Stirling et al. 2001} Gleissner et al. 2004;
Malzac, Belmont & Fabiah 2009).

2 ANALYSISOF THE FERMI DATA

We have analysed the data from treemi LAT from the direction

of Cyg X-1. We have performed binndgrmi/LAT data analysis
using the vOr27pFermi Science Tools wittP7SOURCE_V6 IRF.
For the analysis, we have considered a2R0° region around Cyg
X-1. We have included in the modelling of the region all s@src
from the 2-yearFermi catalogue (2FGL) as well as the standard
templates for Galactigal_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 initiage

of the analysis, we have built the test-statistic (TS; Mad#bal.

light curve to that of the ASM during their overlap. The lighirves
for the period studied here are shown in Eig. 2. We have alsside
ered theFermi/GBM occultation data (Wilson-Hodge et al. 2012),
but they closely follow the BAT data, though with larger erbars.
Thus, we do not show them here.

By definition, the hard state in Figl 2 corresponds to both the
ASM and BAT fluxes around their respective averages. From tha
we identify the hard-state MJD intervals as those of up tdbb53
5567655790 and 55900-55940. The soft state correspohdgio
ASM fluxes and low BAT fluxes, for which we find MJD 55390-
55670, 55800-55890 and 55945-56020, 5610056456 (trdzakast
of the analysed data. This corresponds to tfiective exposure
for the hard and soft states of 822 d and 575 d, respectivety. W
do not detect Cyg X-1 in the soft state, and in the hard sthte, t
detection significance is slightly higher (ES15.6) than that in all
of the data, see Fifll 1 (bottom). The low significance of thec®
as well as the presence of nearby residual structures withasi
significance (see top right panel of Hig. 1) makes a spuriatisra
of the detection possible. In our modelling, we treat theaivtad
flux values mostly as upper limits; however, we point out that
dependence of the flux on the source state (soft vs. hard)tand i
spatial coincidence with Cyg X-1 position make the realityhe
detection rather likely.

For spectral analysis, we split the 0.1-300 GeV range into 7
logarithmically spaced bins. We fit the model described ahiav
each bin separately. In this model, we fix the photon power law
indices of all point sources and the addeffutie 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 standatrojsc
background (given at energies68 MeV only) with its power law
extrapolation to lower energies. F[g. 3 shows the courd-raap
for all of the data in the 30-50 MeV energy range. The brightes
diffuse source in this energy range is clearly shifted from Cyg X-
1, by =~ 6°, and its position corresponds to the SNR GO#62.0

1996) maps of the region at energies 0.3-1 GeV and 1-3 GeV, (= Fermi source 2FGL J202248843c), which is shown by the red

see Fig[L (top). These maps show the significance(TS) of

a point-like source added to each point of the map. The 0.3\ G
map reveals a broad residual structure, which covers atdpe e
the position of Cyg X-1. In order to account for it, we have to
introduce to the model an additionalffdise source with a con-
stant flux within a 2 radius, shown by the green circle at Hig. 1.
This source, centred on RA 301.51, Dec 35.72, approximai@ly
incides with the Cyg OB3 stellar association (which censrat
RA 301.75, Dec 35.9). An additional point-like source marlees
nl (RA 303.42, Dec 36.21, TS 50, 1-3 GeV) is shown with the
small magenta circle. Its possible identification is theesopva
remnant SNR G073:90.9 (RA 303.40, Dec 36.12; work in prepa-
ration). In our analysis, we use these sources in order tpeosate
for the residuals above the standard modéiemi Galactic difuse
background. Then, Cyg X-1 is detected with the model desdrib

point.

The obtained spectra and upper limits the hard and sofisstate
and for all of the data are shown in Hig. 4. In the hard stateQth—
10 GeV spectrum can be fitted with a power law with the photon
index of ' = 2.57 + 0.16. Figs[#(a) also show the upper limits
obtained by the MAGIC Cherenkov telescope during the hat st
(Albert et al.l 2007). We see they are at a simiz(E) level as
our > 3 GeV upper limits. FigTl4(a—b) also shows the previously
obtained upper limits for the hard and soft states fldB1LE of
Sabatini et al. (2010, 2013) ef3x 103 keV cnm? s, ~ 1x 1072
keV cnt? s71, 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-

above at the TS value of 14.8 (1-3 GeV), which corresponds to a ton upscattering of the stellar blackbody photans (Jacldgi#®;

~ 4o detection.

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

Dubus, Cerutti & Henri_2010). We have used the ephemeris of
Brocksopp et al! (1999). We have found the emission peaking d
ing the first half of the orbital period, i.e., after the supercon-

junction (black hole behind the donor; defining the 0 phaBkls is

consistent with the origin of the emission from Compton tratg
of stellar photons in the jet (e.g., Dubus et al. 2010), givext the
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Figure 1. Test-statistic maps of the 1& 10° region around the position of Cyg X-1 with the pixel size d2°0 Only sources from the 2-yfermi catalogue
(shown with small green ellipses) were subtracted from tapsnThe top panels are for the 0.3—-1 GeV (left) and 1-3 Gelitjrdata. The additional filuse
source (identified with Cyg OB3 association) and the sontdcgpossibly corresponding to SNR G073®.9) are marked with the solid green and magenta
circles, respectively. The bottom panels show 1-3 GeV tha sdglit into (left) the hard and (right) soft states. Thengfigance of a point source can be
estimated asVTS.

position of the radio-emitting part of the jet lags behindttof the 3 ACCRETION MODELS
black hole, as evidenced by phase lags of the wind absorptite
radio emission (Szostek & Zdziarski 2007). However, thedked
vy-ray emission is weak and the statistical significance optiese
dependence is low. Thus, we do not present these results here High-energy tails atE 2 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

3.1 Leptonic models

© 2013 RAS, MNRAS000, [THI0
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Figure 2. Light curves of Cyg X-1 from the ASM (1.5-12 keV, black errarb), BAT (15-50 keV, red error bars), and MAXI (2-20 keV, élerror bars)
normalized to their respective average hard-state vatigted line). The adopted ASM, BAT and MAXI average rates(&e~ 20.7 s'%, ~ 0.173 cnt2 572,
and= 1.0 cni2 51, respectively. The vertical dashed line denotes the laoh&ermi.

Figure 3. The count-rate map for all the data in the 30-50 MeV energgeaiihe positions of Cyg X-h1, and Cyg OB3 association are marked as in Fig.
[@ The red point shows the position of thermi source 2FGL J202248843c, corresponding to the SNR GO7609..0.

by the INTEGRAL SPI and IBIS detectors (e.d., Jourdain ét al.
20125; ZLS12). They have been often modelled by hybrid Comp-
tonization(Aharonian & Vardanian 1985; Poutanen & Ckbp;i_]&,Q
Gierlinski et al. [ 1999; M02]_ Poutanen & Vurm_2009, hereafte
PV09;|Malzac & Belmont 200¢; Del Santo ef al. 2013). In these
models, the steady-state electron distribution in the ges of
acceleration consists of a Maxwellian part and a high-energ
power-law like, tail. The high-energy tail above the thekma
Comptonization spectral component (peaking around 200 keV
the hard state is due to emission of the power-law electrbne.
tail in the soft state above the disc-blackbody spectralmmrent
(peaking around 1 keV) is due to Comptonization by both ttarm
and non-thermal electrons, see, €.g., Gierlinskilet £199). The
main parameters of these models relevant here are the ctmepagc
defined ag = Lor/Rmc® (whereL is the luminosity of the source,
Ris its characteristic sizert is the Thomson cross section amgl

is the electron mass), the power-law index at which the edast

in the source are acceleratdgh;, and the maximum Lorentz fac-
tor of the accelerated electrong,ax. The value ofyyax determines
the maximum possible energy gfrays from Compton scattering,

Emax ~ MiN(MeC?¥max 3KT ¥2,5,0, WhereT is the maximum temper-
ature of the accretion disc. However, this maximum energy bea

not observed because of absorption in pair-producingsiofis of
v-rays with blackbody disc photongy — e*e™. The optical depth

to this processz,,, is proportional to the compactness paraméter,
Thus, its value fiects the position of the high-energy cfitavhich

may then be lower than the maximum possible scattered energy
determined byymax. Finally, T determines the slope of the high-
energy tail due to Compton scattering by non-thermal, pdexsr

like electrons.

Fig.[H(a) shows the broad-band spectra in X-rays to goft
rays in the hard and soft states. The blue and red symbols-corr
spond to the hard and soft state, respectively. The data 30
MeV are fromFermi, and are the same as those shown in[Hig. 4(a—
b). The data ak 10 MeV are the same as those shown in fig. 9 of
MO02, and are from the OSSE and COMPTEL detectors on board
of CGRO, supplemented at low energies by data frBeppoSAX
(Di Salvo et al. 2001; Frontera etlal. 2001). The OSSE and COMP
TEL data in the hard state (blue crosses) represent thegevepac-
trum in that state fromCGRO observations. They have been fit-

© 2013 RAS, MNRAS000, [IHI0
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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 sdftrapstates
and to the entire analysed data, respectively. See Sédfiomdetails. The
heavy blue symbols show the upper limits in (a) from the MA@@scope
(Albert et al| 2007) and in (a-b), frodmGILE (Sabatini et &l. 2010. 2013).

ted with the hybrid-Compton modelgpair (Poutanen & Coppi
1998;| Coppi_1999; Gierlihski et Al. 1999) by M02, which spec
trum is shown by the blue solid curve. In the hard state, theitly
plasma probably forms an inner part of the accretion flowy-ove
lapping with the optically thick disd (Done, Gierlihski &uota

High-energy gamma-raysfromCyg X-1 5

spectrum can be directly compared to ffemi soft-state upper
limits, shown in Fig[b. In order to test it, we show (magentms
bols) the average soft-state spectrum from the monitoratg dy
the ASM and BAT, simultaneous with each other (shown in fig. 10
of(Zdziarski et all. 2011). Those data overlap with Heemi obser-
vations. We see that the ASBIT spectrum is quite close to that
of the 1996 soft state, with some of thefdrences attributable to
different flux calibration. Thus, we use the fits to the 1996 safest
for comparison with thé&ermi 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 & Blinnika®976),
Gierlihski et al. (1999), Done et al. (2007). We see thattivelels
of M02 and PVQ09 (red solid and dashed curves, respectivéfigrd
in the high-energy cuff, in spite of the same value ¢, = 10°
and the value of,; of PV09 being somewhat lower, 2.2, than that
of M02, 2.6. This is an fect of the diferent values of the com-
pactnessf ~ 3.7 and 34 for M02 and PVO09, respectively. The
latter value results in a strong ctit@ue to pair absorption, at an
energy of~ (myc?)?/(5KT) =~ 0.1 GeV, which is seen the spec-
trum of PV09. The value of of PV09 corresponds to the size
of the source oR =~ 4 x 10" cm, which corresponds te 20R;,
whereR; = GMy/c? 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 accretioscdn the
Schwarzschild metric. Thus, the lack of a detection of phetat
E > 30 MeV is consistent with the standard accretion scenario
in the soft state. A similar result has been found by Sabatiai.
(2013) using thé\GILE soft-state upper limit.

Fig. [H(b) shows some of the data and models of
Del Santo etal. 1(2013) together with theFermi data.
Del Santo et al. [(2013) analyzed 1PNTEGRAL 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). Fid.] 5(b) shows four of those
sets, including the softest and the hardest, fitted with aeainod
of |[Malzac & Belmont |(2009) with pure non-thermal acceler-
atioryinjection with yma = 10°, £ = 10, and relatively hard
[in ~ 2.2-3 (see the other parameters in table 4 of Del Santa et al.
2013; note that the normalization of thke, spectra shown in their
fig. 10 need to be increased by factors=ofl2, 5, 5, 6). We see
that the softest spectrum is compatible with the pure nenntil
injection model. On the other hand, the remaining three deta
predict the 30-300 MeV fluxes significantly above feemi data.
Increasing the compactness would reduce these fluxes. ldowev
the ~1-3 MeV fluxes are much above the average of the hard
state |(Jourdain et £l. 2012a; ZLS12), which indicates thadats

2007). The blue dashed curve shows the analogous fit by PV09,With pure non-thermal injection and hafg, are not compatible

who used a model which also incorporated synchrotron earissi
and absorption. All models shown here assumg, = 10° (arbi-
trarily chosen), which corresponds ..« ~ 0.5 GeV, close to the
maximum energy for the solid curves. The maifietience between
the hard state models is the fitted valud'gf, = 2.0 for M02, and
3.8for PV09, which results in a much steeper high-enerdjntttie

with the hard state data. Del Santo €t al. (2013) have alsd fitt
the hardest data with pure thermal models, which, given trefi
temperature of 70-80 keV, satisfy tRermi constraints.

3.2 Hadronic models

PV09 model compared to that of M02. Both models predict fluxes Our upper limits also constrain the energies and densifigsm

satisfying the constraints froffermi. However, they are unable to
explain the hard-state detection at 1-10 GeV.

tons and He nuclei in the accretion flow. Radiativelyfiiugent
hot accretion models, which may correspond to the hard,state

The soft-state pointed measurements are from the 1996 softdo predict the presence of hot ions, which collisions lead to

state. Thus, they are from a single occurrence of that dttue-
ever, that form of the high-energy tail is known to vary fromeo
occurrence of the soft state to another (e.g., GierlihsKidiarski
2003] Del Santo et &l. 2013). Then, it is not clear whethed 86

© 2013 RAS, MNRAS000, [THI0

production of pions, whose decay, in turn, leads to suhbsfant
fluxes ofy-rays (Mahadevan, Narayan & Kralik 1997; Mahadévan
1999; Oka & Manmoto 2003; Niedzwiecki, Xie & Stepnik 2013)
The models of Mahadevan et al. (1997), MahadeVvan (1999), and
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Figure 5. (a) Broad-band X-rgly-ray data for Cyg X-1 in the hard (blue symbols) and soft (red anagenta symbols) states compared to hybrid-
Comptonization accretion-flow models. The pointed-mezm@nt data ak 10 MeV (attenuated by X-ray absorption) are fr&gppoSAX and CGRO,
and the data at 30 MeV are fromFermi (see Figsi¥a-b). The 10 MeV data were fitted by hybrid Comptonization using the ete@f M02 and PV09
(solid and dashed curves, respectively). The magenta dgrebow the average X-ray spectrum from the nearly simuttasenonitoring by th&XTE ASM
andSwift BAT. We see that this spectrum is in an overall agreement théh 996 soft-state spectrum, in spite of correspondingfferént time intervals. Due

to the steepness of tBg 1 MeV hard-state high-energy tail, tfermi upper limits do not impose constraints on the accretion isddethat state. However,
the Fermi soft-state upper limits in the 30-300 MeV range rule out tigh+tenergy part of the model of M02. Thefidirence between the two models causing
the diferent high-energy behaviour is the assumed size of thesourex 107 cm (~ 20Ry) in the model of PV09 and 4 x 108 cm (~ 200Ry) in the model

of M02. (b) ThelNTEGRAL data of Del Santo et al. (2013) fitted by their pure non-théie@rected for the X-ray absorption) model of Malzac & Beimh
(2009) together with thEermi data. We see that only the softest data set is compatiblethidtimodel. See Secti@h 3 for details.

Oka & Manmoto [(2003) predict-ray EF(E) fluxes at levels simi-
lar or higher than those in X-rays. In Cyg X-1, this is strgnglled
out by the data. However, most of those models correspondlto v
ues ofm = Mc?/Le (whereLg is the Eddington luminosity) much
lower than that likely to correspond to Cyg X-1, and thus wenzd
compare them directly to our data.

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

has the average/Lg =~ 1072 in the hard state (e.d.. Zdziarski et al.
2002), which corresponds 1@ =~ 0.1 for its likely accretion &i-
ciency of~ 0.1 (Malzac et all. 2009). In the hard state of Cyg X-
1, EF(E) around 2-10 keV is 2 keV cnt? s1, whereas that at
0.1-10 GeV isS 2 x 1072 keV cnt? s*. The resulting ratio of
~ 1073 is similar to that found by _Niedzwiecki etlal. (2013) for
the model with thermal protons ang?lof the electrons viscously
heated (which large fraction is required in Cyg X-1, givenlérge

© 2013 RAS, MNRASD0O, [THI0



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

On the other hand, the fiiciency of the models of
Niedzwiecki et al.|(2013) is 0.02, 0.1 for the black-hole spin of
agy = 0 and 0.998, respectively. Thé&ieiency foragy = 0 is lower
than the presumed 0.1 for Cyg X-1. Thus, a model witm larger
than 0.1 would apply, which would have photon-photon pair ab
sorption stronger than that found. in Niedzwiecki etlal.1@D This
would, in turn, reduce the-ray luminosity relative to the X-ray
one and would allow for models with some fraction of the pnsto
being non-thermal.

4 JET MODELS

A strong steady radio jet (Stirling etial. 2001) is presenCiyg
X-1in the hard state, though there is also a weaker and Vaniab
dio emission in the soft state (Zdziarski etlal. 2011; Rusletoal.
2012). Here we consider the implications of the presenckejet

in the hard state only. We consider only leptonic models, lictv
the GeV emission is due to Compton upscattering by the jat rel
tivistic electrons. A more detailed study of the leptonicrjeodels

in the context of thé-ermi measurements and upper limits is given
in |Zdziarski, Pjanka & Sikora (20113). We also note that haiiro
jet models for high-energy-ray emission of jets in high-mass
X-ray binaries have been proposed by, e.q., Romerd et 8320
Orellana et al1(2007), Bosch-Ramon, Aharonian & Parede@iP
and Aharonian et al. (2006). In those models, iy emission is
due to collisions of protons and He nuclei in the jet with eith
those of the stellar wind or interstellar medium or with &tin
disc photons. In the case of interaction with ambient matterjet
bulk velocity is stficient for production of pions. In the case of in-
teractions with photons, highly energetic protobs100 TeV, are
required for photo-meson interactions. A study of those el®@
outside of the scope of this work.

In studies of synchrotron jet emission, it is common to assum
the electron steady-state distribution through the jetet@single
power law, e.g., Blandford & Konigl (1979), Falcke & Biernma
(1995) or Bosch-Ramon, Romero & Paredes (2006). This simple
case, neglectingfiects of radiative cooling on the shape of the dis-
tribution, may possibly correspond to the case of an acaber
process acting though the full jet volume. We thus assumaiaalo
jet with the electron distributio\(y), and magnetic field strength,

B, given by,
1/2
) e

where¢ = z/7y, y > ymin, SiS the steady-state power-law indexts
the height along the jet from the black-hole cenzecorresponds
to the onset of the emissiopyax is the high energy cufbfollowing
from the balance of synchrotron losses and acceleratioheotirhe
scale ofp,c 0f the Larmor periodsy; is the fine-structure constant,
B. = 2nmécd/eh is the critical magnetic fielde is the electron
chargeh is the Planck constant, an€} is the normalization. The
adoptedN(y) has a constant electron number per ynand unit
length. The energy index of the optically-thin power-lawrtpaf
the spectrum i = (s— 1)/2.

We basically follow the method of ZLS12, in which jet par-
tially self-absorbed synchrotron emission and synchrotself-
Compton (SSC) are taken into account. However, we alsodeclu
Compton scattering of stellar blackbody photons (here&gC),
for which we take into account the angle-dependent Kleishivia

9Bu¢
8rarnaccBo

Koy™® B
NG) = Sty 2
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cross sectiorl (Aharonian & Atoyan 1981), following the faimm

of iZdziarski et al.|(2013). The normalizatioly, is determined in
our modelling by the average flux at 15 GHz, which we adopt as 13
mJy. Our formalism also includes pair absorptionyafiys on stel-

lar photons, taking into account the finite size of the stadiiarek
1997). Both the BBC flux and,, strongly depend on the orbital
phase, with both having maxima at the superior conjunctiare,

we calculate the BBC flux and,, at each phase and compute the
average absorbed spectra.

Fig.[8(a) shows a model in which the MeV tail is attributed
to synchrotron jet emission, as claimed by Jourdain let 81ZR).
The index of the steady-state electron distributiog #s2.3. If this
index is due to acceleration and subsequent cooling, tlutrefs
are to be accelerated at a rather hard power law, with thexinde
of Iy, = 1.3. This is required to account for both the flux at the
infrared turnover frequency (claimed by Rahoui el al. 20444l
the MeV flux, see ZLS12 for details. We note that if the emgtin
electrons areféiciently cooled in a part of the jet, the synchrotron
cooling rate decreasing with height due to the decreaBdexids to
N(y) o« £t at some values gfandy, different from the dependence
of equation[{L). This possibility is not taken into accouateén To
account for the steep slope of the MeV tajile. ~ 20 is required,
which value we adopt.

The optically-thin synchrotron flux isc KoBS/2. Thus, a
given flux can be obtained for either a Id¢ and highB, or vice
versa. On the other hand, the rate of Compton scatteringKs.
Thus,K, has to be sfliciently low for the Compton-scattered com-
ponents to yield fluxes the Fermi data points. This results in a
lower limit on By. Then, equation (22) of ZLS12 relatBgto z. In
the present model, we modify this formula slightly by takingp
account the finite extent of the jet, for which we assumg = 10*°
cm (Stirling et all. 2001). In the model shown in Hig. 6(a), vistedn
By = 4x 10* G andz ~ 2.6 x 10° cm (= 1.1 x 10°GM/c?). These
parameters imply that cooling is important for all elecs@mit-
ting synchrotron radiation above the turnover energy. We tiwat
the resulting model yields the 0.1-0.3 GeV flux a factor oesalv
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 equiparti
with the electron pressure, with the plasma parametef of
(ue/3)/(B?/87) ~ 0.008, wherey, is the pressure of the relativis-
tic electrons. On the other hand, the magnetization paemigt
o =~ (B?/8r)/w, wherew is the enthalpy. If the ions are cold pro-
tons,w = nyMyc? + (4/3)ue, Wheren, andm, is the proton num-
ber density and mass, respectively. We then define ny/ngrer,
whereng is the number density of the accelerated relativistic elec-
trons. If not all electrons are accelerated and in the alesefyairs,
np > 1. In the present model, we find to be smallo ~ 0.1/7,.
Thus, the jet is not magnetically dominated. Thet{&unterjet
power [see equations (33—-35) in ZLS12] in the relativistece
trons, the protons, the magnetic field and the synchrotramepo
emitted in all directions in the optically-thin part of theextrum is

e~ 3.1x10% erg st, P, ~ 215, x 10% erg s, Pg ~ 9.5x 10*
erg s, andPs ~ 4.5 x 10°° erg s?, respectivelyP, <« Ps implies
that the electrons have to bffieiently reaccelerated. Alsg, > 1
is required forPs < Pe + Pp + Ps.

We then consider a model with= 3.2, which may correspond
to the acceleration index dfi;; =~ 2.2, which is a typical value
for acceleration processes. That model, shown in[Big. 6i®}s
not account for the MeV tail, which then is presumed to be due
to hybrid Comptonization in the accretion flow (Sectfon] 3113
parameters arBy = 25 x 10° G andz ~ 2.0x 10° cm (= 8.3 x
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Figure 6. The average hard-state radioytaay spectrum (black symbols) of Cyg X-1 and its donor shoagether with model spectra. The data up to 5
MeV are the same as those in ZLS12, the 30 MeV-300 GeV symhaistige results of this work, see Flg. 4(b), and the the 6 ufipsts at the highest
energies are from MAGIC. The green dashed curve show tHarstéhckbody. The dotted blue curve shows an estimatedsambéd accretion disc and hot
flow model, see Zdziarski etlal. (2013). The shown spectraipmments are from the jet model described in Sedfion 4, whassumes a single power-law
electron distribution. The electron index is @) 2.3, accounting for the observed MeV tail (claimed to be sthpmplarized), which corresponds to the
approximately maximum jet emission allowed by the data,(ahd = 3.2. The red solid, magenta dotted and cyan dashed curves Bonadel synchrotron,
synchrotron self-Compton and blackbody-Compton compsneespectively. The solid blue curves give the sum of the@empton spectra.

10PGM/c?). This model reproduces well the LAT data. The model o =~ 2.4 x 107*/n,. Thus, the jet is much below equipartition and
has the Lorentz factor corresponding to emission at theouam strongly matter-dominated. For a stronger magnetic fidlel GeV
frequency ofy; ~ 55, and the cooling break Lorentz factor in the emission would be below thiéermi data. An equipartition model
jet region dominated by synchrotron losseggf 10°¢. The GeV with an index between the two considered cases,2.3 and 32,
emission is produced by electrons with~ 10°~1C°. Thus, there would yield the observed GeV flux. Ay = 50, Pe ~ 5.3 x 10%
would be a cooling break at intermediate energies in a patteof  erg st, P, ~ 1.65, x 10%® erg s?, andPg ~ 2.1 x 10* erg s*.
jet, which efect is not included in our simple model. In this model,Ps ~ 6.5 x 10° erg s* and the power in the BBC
component iPc ~ 2.1 x 10** erg s?. Then, the radiative output

Given the steep electron distribution, the degree of equipa is ~0.1 of the jet power. Ifymin = 1, the kinetic power in the elec-
tition and the jet powers depend strongly omi.. For self- trons and protons become even largey,~ 5.8 x 10* erg s?,
consistency,ymin < 7 is required. Forymn = 50, 8 =~ 65,

© 2013 RAS, MNRASO00, [THI0
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P, ~ 8.7, x 10°® erg s. The kinetic power would then be much  in which case there will be no Compton emission at energies
larger than the accretion radiative power. This argueyfpr> 1. GeV.

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 ofFd Inz) is found to be 6 CONCLUSIONS
from z ~ 10°z, which is of the order of the binary separatianAt . o
this height, the optical depth to pair absorption in caliis of BBC We have_obtalned measurements and upper limits of the flux f_ro
y-rays with stellar blackbody photons becomed for E > 10 Cyg X-1 |n.the 0.03-300 GeV energy band basgd on obse.rvatlons
eV. Since the jet emission at such energies is both weak doa/be  ©f the Fermi/LAT. We have detected a steady emission atrasiy-

the upper limits, pair absorption is only marginally imgort for nificance in the 0.1-10 GeV energy band in the hard specat.st
our models. The bulk of the SSC emission originates fromlitsig | hat @mission can be approximately described as a power tdw w
much below the binary separation, which implies that thigssian '~ 2.6+ 0.2. On the other hand, we have found only upper limits
is absorbed somewhat more than the BBC one. in the soft spectral state. Our measurements and limitsigmnéis

cantly below previous upper limits froMGILE.
We have studied implications of our measurements for accre-
tion and jet models. In the soft state, the upper limits inthb/size
5 DISCUSSION of hot corona in the accreting source to He20R;, which results
in strong attenuation of the non-thermal emissio& &1 GeV by
pair absorption in collisions of-rays with blackbody disc photons.
In the hard state, our measurements rule out most of theghduli
hadronic accretion models, in which the GeV emission is duket
cay of neutral pions produced in ion-ion collisions. Someérbaic
models, however, appear compatible with the data.

In the hard state, the recent claims of very strong lineaapol
ization in the MeV range imply the jet synchrotron emissiomdt
nates that energy band. We find we can fit the data with a jet mode
Compared to the previous model of ZLS12, we have taken into
account Compton upscattering of stellar photons, whichbiezs
found to dominate the GeV emission. This reinforces the lkeenc
sion of ZLS12 that such models require the jet magnetic field t
be strongly above equipartition. The strong magnetic fielglies
the fast-cooling regime, which in turn implies that eleogdn the
jet have to be accelerated at a hard power-law index. On trex ot
hand, we find we can explain the hard-state GeV emission by a je
model with a softer acceleration rate, in which case the MeNs
explained by hybrid Comptonization in the accretion flond aot
by the jet.

We have detected high-energyrays from Cyg X-1 in the hard
state, but not in the soft state. This, on the surface, mighear
contrary to the case of another high-mass X-ray binary, Cyg X
where the GeV emission has been detected only when the X-ray
spectrum is sofi (Abdo et al. 2009). However, that state afgp®
be of a very-high type associated with the presence of agtind
flaring radio emission| (Szostek, Zdziarski & McCollough £D0
Cyg X-1 never enters that state, and its radio emission duhia
soft state is weak (Zdziarski et/al. 2011; Rushton &t al. 200tus,
emission of high-energy-rays appears to be associated with the
presence of significant radio emission. We note that Cyg X{Be
hard state shows a relatively steady radio emission coecklaith
the X-ray flux (e.g., Szostek etlal. 2008), during which adyea
ray flux may be emitted, though it isfilcult to separate it from a
background dfuse emissior| (Abdo et al. 2009).

The issue of the high-energyray emission from Cyg X-1
in the hard state is strongly related to the origin of its MeM. t
There are currently two competing scenarios for its ori@ine is
hybrid Comptonization, the other is jet synchrotron enaissiOur
results confirm and reinforce those of ZLS12 (who negleched t
BBC process, found to be important by us) that the jet acéognt
for the MeV tail has to have magnetic field strongly above paui
tition. This implies that the accelerated electrons arehim fast ACKNOWLEDGMENTS
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