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ABSTRACT

We report on the results from the observations in very higergmnband (VHE,E, > 100 GeV) of the
black hole X-ray binary (BHXB) Cygnus X-1. The observatiamsre performed with the MAGIC telescope,
for a total of 40 hours during 26 nights, spanning the perietivieen June and November 2006. Searches for
steadyy-ray signals yielded no positive result and upper limitshe integral flux ranging between 1 an@é2
of the Crab nebula flux, depending on the energy, have beahlissted. We also analyzed each observation
night independently, obtaining evidence~pfay signals at the 4.0 standard deviation¥ gignificance level
(3.20 after trial correction) for 154 minutes effective on-tinfe(T) on September 24 between 20h58 and
23h41 UTC, coinciding with an X-ray flare seen BXTE, Swnift andINTEGRAL. A search for faster-varying
signals within a night resulted in an excess with a signifieaof 4.% (4.1s after trial correction) for 79
minutes EOT between 22h17 and 23h41 UTC. The measured agcamspatible with a point-like source at
the position of Cygnus X-1, and excludes the nearby radiolagiowered by its relativistic jet. The differential
energy spectrum is well fitted by an unbroken power-law deedrby dN/(dA dt dE) = (2.3 £ 0.6) x
10~ 12(E/1TeV)~3-2£0-6 This is the first experimental evidence of VHE emission frastellar-mass black
hole, and therefore from a confirmed accreting X-ray binary.
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1. INTRODUCTION

Cygnus X-1 is the best established candidate for a stel-
lar mass black-hole (BH) and one of the brightest X-ray
sources in the sky_(Bowyer etlal. 1965). Located at a dis-
tance of2.2 + 0.2 kpc, it is composed of 1 + 8 Mg
BH turning around an 09.7 lab companion4sf + 10 Mg
(Ziotkowsk| 12005) in a circular orbit of 5.6 days and in-
clination between 25and 65 (Gies & Bolton[1986). The
X-ray source is thought to be powered mainly by accretion
and displays the canonical high/soft and low/hard X-rayspe
tral states depending on the accretion rate (Esinlet al.)1998
The thermal soft component is produced by the accretion
disk close to the BH, whereas hard X-rays are thought to
be produced by inverse Compton scattering of soft photons
by thermal electrons in a corona or at the base of a rel-
ativistic jet. The results from observations in the seft
ray range with COMPTELL(McConnell etlal. 2002) ahd-
TEGRAL (Cadolle Bel et dl. 2006) strongly suggest the pres-
ence of a higher energy non-thermal component. In addition,
fast episodes of flux variation by a factor between 3 and 30
have been detected at different time scales, ranging frdm mi
liseconds in the 3-30 keV band (Gierlinski & Zdziarski 2p03
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to several hours in the 15-300 keV band (Golenetskii et al.
2003). Radio emission stays at a rather stable level dunieg t
low/hard state, except for rarely observed flares (Fendar et

TABLE

1

CYGNUS X-1 OBSERVATION LOG?

2006), and appears to be quenched below a detectable levet—,;5

’ . T N S Post U.L.
during the high/soft staté_(Brocksopp etfal. 1999). On the [day§  [min] [evis] ] [o] [evis @ CU)]
other hand, VLBA images have shown the presence of a one-
sided, elongated radio structure (15 mas length) during theggggi:gg% 1851-,% ig g:g 8:? 28:} 1§i9§gl(;;g
hard statel (Stirling et al. 2001), indicating the preserfca 0 53965.895 1953 —13.2-10.1 -1.3 <0.1 8.74(2.0)
highly collimated (opening angle 2°) relativistic @ > 0.6¢) ggggg-ggg 123-? 9%142-? 11;) < (0]':11 33-10;%11-3))
; ; N _ . . -9. . -1. < 0. . .
jet. IRomero, Kaufman 3ernad_o & Mirabel (2002) hgve SUD- £3068:883 2375 -4AL116 04 <01 22.76(4.2)
gested that Cygnus X-1 is a microblazar, where the jet axis iSg3994 953 536 —4.0+49 -—08 < 0.1 6.84(5.8)
roughly aligned with the line of sight. The interaction oéth  53995.961 581 —28+46 -06 <O0.1 7.76(6.0)
outflow from the jet with the interstellar medium appears to 53996.855  176.2 1691 02 <01 22.15(5.7)
produce a large-scale(5 pc diameter), ring-like, radio emit- ~ 23997.883 2327 oges 9 =h ggj’j’g%
ting structurel(Gallo et al. 2005), which implies that mot 0 54002875 1544 368104 4.0 3.2 L
the energy from the system is released by a radiatively ineffi 54003.859 166.9 -7.0£9.1 -0.8 <O0.1 13.35(3.6)
cient relativistic jet. 54004.891 1233 —6.0+7.9 -07 <O0.1 11.33(4.1)

; . 54005.914 879 -22+63 -03 <O0.1 11.88(6.1)
Three other binary systems have been detected so far ifg,006'938 2870 441 14 <01 15.26(24.6)
the VHE domain, namely PSR B12583 (Aharonianetal. 54020801 655 -86£59 -14 <0.1 4.27(2.9)
2005a), LS 1+61 303/ (Albertetal. 2006a) and LS 5039 54021.887 686 —6.257 -1.0 <0.1 6.3(()(4-1))
H i is-  54022.887  58.1 1659 03 <O0.1 14.55(11.3
(Aharpman et al. 2005b). In PSR 812593_the TeV emis 4026863 086 349 06 o1 1828(12.0)
sion is thought to be produced by the interaction of the 54059895 335 3451 07 <01 15.93(21.5)
relativistic wind from a young non-accreting pulsar with 54030863 196 -1.8:30 -06 <O0.1 5.41(12.5)
that of the companion star. Recent results suggest thagigig.ggi gg Ggg.z 313 <8'i 14698&3%)
; _ ; . . —6. . —1. < 0. . .
LS | +61 303 also contains a non-accreting neutron stary, c-oo0 200 T2 30 g T 355(5.9)
(Dhawan, Mioduszewski & Rupgen 2006), while the situation 54057850 215 1$26 05 <01 7.96(16.7)

is not yet clear in the case of LS 5039. As of now, there is

2 From left to right: Modified Julian Date of the beginning oftlobser-

no experimental evidence of VHE emission from any galactic vation, total observation EOT, number of excess eventsistital signifi-

BHXB system.

In this letter we report on the —to our knowledge— first
results of observations of Cygnus X-1 in the VHE regime,
performed with the Major Atmospheric Gamma Imaging
Cherenkov (MAGIC) telescope. Our results pose stringent
upper limits to a steady VHE flux and include evidence of an
intense, fast flaring episode occurring in coincidence \aith
X-ray flare. We briefly describe the observations and data
analysis, derive the spatial and spectral features of the ob
served excess, and discuss the obtained results.

2. OBSERVATIONS AND RESULTS
The BHXB Cygnus X-1 was observed with MAGIC for

a total of 46.2 hours between June and November 2006.

MAGIC is an Imaging Atmospheric Cherenkov Telescope
(IACT) located at La Palma (Canary Islands, Spain), at
28.8°N, 17.8W, 2200 m.a.s.l. The telescope’s sensitivity is
~ 2% of the Crab nebula flux in 50 hours of observations.
The angular resolution is- 0.1°, and the energy resolution
above 150 GeV is about 20 MAGIC can providey-ray
source localization in the sky with a precision-of2’ and is
able to observe under moderate moonlight or twilight condi-
tions (Albert et all 2007). At La Palma, Cygnus X-1 culmi-
nates at a zenith angle 5f and the observations were carried
out at zenith angles betweeh &nd 3%. The brightest object
in the Cygnus X-1 field of view is the 3.89 magnitude, KO
spectral-type stay Cygni, located26’ away from Cygnus X-
1. The observations were carried out in the false-sourc& tra
(wobble) model(Fomin et al. 1994), with two directionf4t
distance and opposite sides of the source direction. Ttlis te
nique allows for a reliable estimation of the backgroundwit
no need of extra observation time. One of the tracked direc-
tions corresponds roughly to that 9fCygni, which reduces
the effect of the star in the data analysis.

Data corresponding to 46.2 hours from 26 nights of ob-
servation were analyzed using the standard MAGIC calibra-

cance of the excess, equivalepbgt-trial) significance for 26 independent
samples and signal upper limit for the different observatiights. A cut
SIZE>200 photo-electronsH, > 150 GeV) has been applied. Upper lim-
its (Rolke, Lopez & Conrad 20D5) are @b5confidence level (CL) and are
quoted in number of events and in units of theay flux measured for the
Crab nebula, assuming the Crab nebula spectral stope 2.6).
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Fic. 1.— Differential energy spectrum from Cygnus X-1 corresgiag
to 78.9 minutes EOT between MJD 54002.928 and 54002.986(204).
Also shown are the Crab nebula spectrum and the best fit of argew to
the data and the 95 confidence level upper limits to the steaglyay flux
(Rolke. Lopez & Conrall 2005).

tion and analysis software (Albert et al. 2006b; Gaug et al.
2005%). Data runs with anomalous event rates (6.2 hours)
were discarded for further analysis, leading to a total of
40.0 hours of useful data (see Table 1 for details). Hillas
variables|(Hillas 1985) were combined into an adimensional
~/hadron discriminatorh@dronness) and an energy estima-
tor by means of the Random Forest classification algorithm,
which takes into account the correlation between the differ
ent Hillas variables| (Breiman 2001; Bock etial. 2005). The
incoming direction of the primary-ray events was estimated
using the DISP method, suited for observations with a single
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sults compatible with background fluctuations a#/98L for
all the searched samples except for MID=54002.875 (2006-
MAGIC 09-24). We derive upper limits to the integral flux above 150
Cygnus X-1 2006-09-24 GeV between 2 and 25 of the Crab nebula flux (depend-
T 789 min ing basically on the observation time) for all samples com-
S = 4.90 (4.10 post-trial) patible with background fluctuations. The data from 2006-
09-24 were further subdivided into two halves to search for
fast varying signals, obtaining @&z5and 4.% effects for the
+ + + first (75.5 minutes EOT starting at MJD 54002.875) and sec-
ond (78.9 minutes EOT starting at MJD 54002.928) samples,
respectively. The post-trial probability is conservalyjvesti-
+ mated by assuming 52 trials (2 per observation night) and cor
L — - — - o responds to a significance of 4.1The sample corresponding
‘ : ' “ @ ded?) to MJD 54002.928 was further subdivided into halves, obtain
ing 3.2 and 3. excesses in each. At this point we stopped
the data split process.

The distribution 0®? for signal and background events cor-
responding to the 78.9 minutes EOT sample starting at MJD
54002.928 is shown in Figufd 2. The excess is consistent
Cygnus X-1 with a point like source located at the position of Cygnus.X-1
Gl et The map of excess events around the source is shown in Fig-
ure[3. A Gaussian fit yields the location: = 19"58™17,

0 = 35°12'8” with statistical and systematic uncertainties
- 1.5 and 2, respectively, compatible within errors with the
position of Cygnus X-1 and excluding the jet-powered ra-
dio nebula at a distance of 8. The energy spectrum is
35°10° shown in Figurddl. It is well fittedy(?/n.d.f = 0.5) by
the following power law:dN/(dA dt dE) = (2.3 + 0.6) x
10712(E/1 TeV)—3-2%0-6cm~2s~1TeV~! where the quoted
errors are statistical only. We estimate the systematiemnc
tainty to be35% on the overall flux normalization and 0.2 in
the determination of the spectral index.

3. DISCUSSION

PRI T oo oo o ag" The excess from the direction of Cygnus X-1 occurred si-
RA multaneously with a hard X-ray flare detected bBf EGRAL
FIG. 3.— Gaussian-smoothed (= 4') map ofy-ray excess events (back-  (~1.5 Crab between 20-40 keV and..8 Crab between 40—
ground subtracted) above 150 GeV around Cygnus X-1 cometippto 78.9 80 keV) (Turler et al. 2006)3wift/BAT (~1.8 Crab between
black cross shows he best it postion of heay Sourco, The positon o+ 20, S0 KEV) NBXTE/ASM (~0.6 Crab between 1.5 and
the X-ray source and radio emit?ing ring-like areymarkedr'twgreepn star and 12_ keV). Flgure[]4 ShOWS_ the correlation between MAGIC,
contour, respectively. The purple dots mark the directioasked during the Swift/BAT andRXTE/ASM light-curves. The TeV excess was
observations. Note that the bin contents are correlatedadie smoothing. observed at the rising edge of the first hard X-ray peak, 1—
2 hours before its maximum, while there is no clear change
IACT (Fomin et al.l 1994; Domingo-Santamaria €t al. 2005). in soft X-rays. Additionally, the MAGIC non-detection dur-
These algorithms were trained with a sample of Monte Carlo ing the following night (yielding #5% CL upper limit corre-
(MC) simulatedy-ray eventsi(Majumdar et al. 2005) and op- sponding to a flux- 5 times lower than the one observed in
timized on 3.7 hours of observations of the Crab nebula per-the second half of 2006-09-24) occurred during the decay of
formed during the same epoch at similar zenith angles (12-the second hard X-ray peak. This phenomenology leads us to
32°), yielding the signal selection cuts hadronne8sl and think that, during the 2006-09-24 night, soft and hard Xsray
# < 0.1° (wheref is the angular distance to the source posi- are produced in different regions. Furthermore, hard Xsray
tion). The residual background was evaluated from 5 circula and VHE ~-rays could be produced at regions linked by the
control regions, located symmetrically to the source pmsit  collimated jet, e.g. the X-rays at the jet base anchys at an
with respect to the camera center. For daily searches we ininteraction region between the jet and the stellar wind.s€he
crease the sample for background estimation by adding conprocesses would have different physical timescales, thus p
trol regions corresponding to close days, obtaining onayer  ducing a shift in time between the TeV and X-ray peaks. Note
22 times higher statistics than in the on-source region. that the distance from the compact object to the TeV produc-
A search for steady-ray signals was performed for the en- tion region is constrained below By MAGIC observations
tire recorded data sample, yielding no significant excesis T and therefore it is unrelated with the nearby radio emitting
allows us to establish the first upper limits to the VHEay ring-like structurel(Gallo et @l. 2005). A jet scenario isyh
steady flux of Cygnus X-1 in the range between 150 GeV andever, not devoid of constraints either. The observed TeV ex-
3 TeV (see Figurkll), of the order of 1%%f the Crab nebula  cess took place at phase 0.91, being 1 the moment when the
flux. Given the time scale of the variability of Cygnus X-1 at BH is behind the massive star. At this phase, MAGIC ob-
other energy bands,-ray signals are searched for also on a servations are available only for the night 2006-09-24 clvhi
daily basis. The results are shown in Tdble 1. We obtain re-precludes any possible analysis of a putative periodieigy f
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FiG. 4.— From top to bottom: MAGIC, Swift/BAT (from
http://swift.gsfc.nasa.gov/docs/swift/results/tienss/) and RXTE/ASM
(from |http://heasarc.gsfc.nasa.govixteather/) measured fluxes from
Cygnus X-1 as a function of the time. The left panels show thelevtime
spanned by MAGIC observations. The vertical, dotted binedidelimit the
range zoomed in the right panels. The vertical red line mmigime of the
MAGIC signal.

ture of the TeV emission. If the TeV emission were pro-
duced in the jet well within the binary system, the photon-
photon absorption in the stellar photon field would be dra-
matic, yielding a TeV detection very unlikely. For instance
Bednarek & Giovannelli (2007) computed the opacity to pair
production for different injection distances from the aardf

the massive star and angles of propagation, finding that pho-
tons propagating through the intense stellar field towards t
observer would find in their way opacities of about 10 at 1
TeV. Admittedly, inclination of the orbit and angle of proepa
gation to the observer can change these numbers, but not the
fact that MAGIC observes the excess at the position where
the expected opacity is highest. Therefore, even without an
explanation for a TeV flare, we must consider that the emis-
sion could have been originated far from the compact object.
Interactions of the jet with the stellar wind may lead to sach
situation.

In summary, for the first time we have found experimen-
tal evidence of VHE emission produced by a Galactic stellar-
mass BH. It is also the first evidence of VHE gamma-rays
produced at an accreting binary system. Our results show
that a possible steady VHE flux is below the present IACT's
sensitivity and tight upper limits have been derived. On the
other hand, we have found evidence for an intense flaring
episode during the inferior conjunction of the optical stdr
time scale shorter than 1 day and rising time of about 1 hour,
correlated with a hard X-ray flare observed ®ift andIN-
TEGRAL. These results point to the existence of a whole new
phenomenology in the young field of VHE astrophysics of bi-
nary systems to be explored by present and future IACT's.
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support of the German BMBF and MPG, the Italian INFN and
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