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Variable Very-High-Energy
Gamma-Ray Emission from the
Microquasar LS 1 +61 303
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Microquasars are binary star systems with relativistic radio-emitting jets. They are potential sources of
cosmic rays and can be used to elucidate the physics of relativistic jets. We report the detection of
variable gamma-ray emission above 100 gigaelectron volts from the microquasar LS | +61 303. Six
orbital cycles were recorded. Several detections occur at a similar orbital phase, which suggests that the
emission is periodic. The strongest gamma-ray emission is not observed when the two stars are closest to

one another, implying a strong orbital modulation of the emission or absorption processes.

icroquasars are binary star systems
Mconsisting of a compact object of a
few solar masses (either a neutron star
or a black hole) and a companion star that loses
mass into an accretion disk around the compact
object. The most relevant feature of micro-
quasars is that they display relativistic jets—
outflows of matter from regions close to ac-
creting black holes and neutron stars. These jets
are among the most spectacular astrophysical
phenomena, yet they remain poorly explained
(). In microquasars, the time scales of relevant
processes, because they are correlated with the
compact object’s mass, are shorter than those in
quasars by more than six orders of magnitude,
allowing the study of a different range of
variability. In addition, microquasars could
measurably contribute to the density of galactic
cosmic rays (2). It is noteworthy that photons
up to very high energy (VHE) are an expected
by-product of cosmic ray production.
Two GeV sources detected by the Energetic
Gamma-Ray Experiment Telescope (EGRET) (3)
are positionally compatible with microquasars.

One of these, LS 5039 (4) in the Southern
Hemisphere, was recently confirmed as a TeV
emitter (5) by the High Energy Stereoscopic
System (HESS). The other, LS T 61 303 (6),
can be observed from the Northern Hemisphere
and was thus a natural target for the Major
Atmospheric Gamma-ray Imaging Cherenkov
(MAGIC) telescope.

LS I +61 303 is a BO main-sequence star
with a circumstellar disc (i.e., a Be star) located
at a distance of ~2 kpc (7). A compact object
of unknown mass is orbiting around it every
26.496 days (8, 9). The eccentricity of the orbit
is 0.72 + 0.15, and the periastron passage (the
point where the two stars are closest to one
another) is at phase 0.23 + 0.02. The nature of
the compact object is still debated (/0). Radio
outbursts are observed every orbital cycle from
this system (/) at phases varying between 0.45
and 0.95 (/2) with a modulation of 4.6 years.
The monitoring of LS I +61 303 at x-ray en-
ergies (/3—-15) revealed x-ray outbursts starting
around phase 0.4 and lasting up to phase 0.6.
The detection of extended jetlike and likely

rapidly precessing radio-emitting structures at
angular extensions of 0.01 to 0.05 arc sec has
been interpreted as unambiguous evidence of the
microquasar nature of LS I +61 303 (16, 17).

The gamma-ray source 3EG J0241+4-6103
(also known as 2CG 1354-01) was discovered
by Cosmic Ray Satellite B (COS-B) at energies
above 100 MeV (I8). Despite its large uncer-
tainty (~1°) in position, the source was pro-
posed to be the high-energy counterpart of the
26.5-day periodic radio outburst source GT
0236+610, which turned out to be the early-
type star LS I +61 303 (/7). The large
uncertainty of the position of 3EG J0241+6103
did not allow unambiguous association with
LS I +61 303. The GeV gamma-ray emission
from this EGRET source is clearly variable
(19). Even though the GeV data remain scarce
in this regime, an increased emission has been
suggested for the periastron passage (20) and
was firmly reported around phase 0.5 (6),
coincident with the x-ray outbursts.

MAGIC, located on La Palma, Canary Is-
lands (Spain), is an imaging air Cherenkov
telescope (IACT). This kind of instrument im-
ages the Cherenkov light produced in the
particle cascade initiated by a gamma ray in
the atmosphere. MAGIC (21, 22) includes sev-
eral innovative techniques and technologies in
its design and is currently the largest single-dish
telescope (diameter 17 m) in this energy band.
It is equipped with a 576-pixel photomultiplier
camera with a 3.5° field of view. The tele-
scope’s sensitivity above 100 GeV is ~2.5% of
the Crab Nebula flux (the calibration standard
candle for IACTs) in 50 hours of observations.
The angular resolution is ~0.1°, and the energy
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Fig. 1. Smoothed maps of gamma-ray
excess events above 400 GeV around
LS | +61 303. (A) Observations over
15.5 hours corresponding to data
around periastron (i.e., between orbit-
al phases 0.2 and 0.3). (B) Observa-
tions over 10.7 hours at orbital phase
between 0.4 and 0.7. The number of
events is normalized in both cases to
10.7 hours of observation. The posi-
tion of the optical source LSI +61 303
(yellow cross) and the 95% confidence
level contours for 3EG ]0229+6151
and 3EG ]0241+6103 (green con-
tours) are also shown. The bottom
right circle shows the size of the point
spread function of MAGIC (1o radius).
No significant excess in the number of
gamma-ray events is detected around
periastron passage, whereas it shows
up clearly (9.4c statistical significance)
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resolution above 200 GeV is better than 30%.
MAGIC can provide gamma-ray source local-
ization in the sky with a precision of ~2'.

LS T+61 303 was observed during 54 hours
(after standard quality selection, discarding bad-
weather data) between October 2005 and
March 2006. MAGIC is unique among IACTs
in its capability to operate in the presence of the
Moon. This allows the duty cycle to be increased
by up to 50%, thus considerably improving the
sampling of variable sources. In particular, 22%
of the data used in this analysis were recorded
under moonlight. The data analysis was carried
out using the standard MAGIC analysis and
reconstruction software (21, 22).

The reconstructed gamma-ray map (Fig. 1)
during two different observation periods,
around periastron passage and at higher (0.4
to 0.7) orbital phases, clearly shows an excess
in the latter case. The excess is located at
(J2000) o = 2h40m34s, § = 61°15"25”, with
statistical and systematic uncertainties of
+0.4" and +2’, respectively, in agreement with
the position of LS T +61 303. The distribu-
tion of gamma-ray excess is consistent with a
pointlike source. In the natural case in which
the VHE emission is produced by the same
object detected at EGRET energies, this re-
sult identifies a gamma-ray source that re-
sisted classification during the past three
decades.

Our measurements show that the VHE
gamma-ray emission from LS I 461 303 is
variable. The gamma-ray flux above 400 GeV
coming from the direction of LS I 461 303
(Fig. 2) has a maximum corresponding to ~16%
of the Crab Nebula flux and is detected around
phase 0.6. The combined statistical significance
of the three highest flux measurements is 8.7c,
for an integrated observation time of 4.2 hours.
The probability for the distribution of measured
fluxes to be a statistical fluctuation of a con-

B @=[0.4,07]

LS I +61 303

L)

Number of excess events

2"45™ 2"40" 2"35™ 2"50™ 2"a5™ 2" 2"35™
RA RA
2l Fig. 2. VHE gamma-ray flux
mup. <sasasy| Of LS 1+61 303 as a function
1r 7 ' of orbital phase for the six
o 7 observed orbital cycles (six
2t ; ; upper panels, one point per
mJD,=536732|  Observation night) and aver-
T ; aged for the entire observa-
oD M R . tion time (bottom panel).
" 2 i Vertical error bars include
€, mJD,-536087 1o statistical error and 10%
o | T : systematic uncertainty on day-
‘0 L oA i to-day relative fluxes. Only
=2t ' & i data points with more than
- 1l - '?'JDD=537262 20 significance are shown,
o » 5 and 2c upper limits (33) are
% b J_ BPI S VIN I C SAT UR o Mgl Lr derived for the rest. The modi-
& 2r i i fied Julian date (M]D) corre-
i, | .. i vy MJD, =53752.7|  sponding to orbital phase 0 is
f Vet j indicated for every orbital cy-
- — i i ! P cle. The orbital phase is com-
o puted with orbital period of
1| P - +v MID, =537792| 26 4960 days and zero phase
LN T T AR ; at ]D 2443366.775 (9); peri-
0 "' — et ' ; astron takes place at phase
i i - 0.23 (10). Marginal detections
o5l R Jmfm, umit | Occur between orbital phases
. —r;—r'_i_: il o 0.2 and 0.4 in different cycles,

0.1 0.2 0.3 0.4 0.5 0.6 0.7

whereas a significant increase
of flux is detected from phase
~0.45 to phase ~0.65 in the

0.8 09 1
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fifth cycle, peaking at ~16% of the Crab Nebula flux on M]D 53769 (phase 0.61). During the following
cycle, the highest flux is measured on MJD 53797 (phase 0.67). This behavior suggests that the VHE
gamma-ray emission from LS | +61 303 has a periodic nature.

stant flux (obtained from a 2 fit of a constant
function to the entire data sample) is 3 x 1073,
The fact that the detections occur at similar
orbital phases suggests a periodic nature of the
VHE gamma-ray emission. Contemporaneous
radio observations of LS I +61 303 were
carried out at 15 GHz with the Ryle Telescope
covering several orbital periods of the source.
The peak of the radio outbursts was at phase

0.7, just after the increase of the VHE gamma-
ray flux (fig. S1).

The VHE spectrum derived from data
between ~200 GeV and ~4 TeV at orbital
phases between 0.4 and 0.7 is fitted reasonably
well (x*/ndf = 6.6/5) by a power-law function:
dN,/(dA/dt/dE) = (2.7 + 0.4 + 0.8) x 10712
E26 £ 02202 cm=2 g7 1 TeV~1, where Ny is
the number of gamma rays reaching Earth per
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unit area A, time ¢, and energy E, and E is
expressed as TeV. Errors quoted are statistical
and systematic, respectively (fig. S2). This
spectrum is consistent with that of EGRET for
a spectral break between 10 and 100 GeV. We
estimate that the flux from LS I +61 303 above
200 GeV corresponds to an isotropic luminosity
of ~7 x 1033 ergs s~! at a distance of 2 kpc.
The intrinsic luminosity of LS I +61 303 at its
maximum is higher than that of LS 5039 by a
factor of ~6 and is lower than the combined
upper limit (<8.8 x 1072 cm~2 s~ ! above 500
GeV) obtained by Whipple (23) by a factor
of ~2. LS I 461 303 displays more luminosity
at GeV than at x-ray energies, a behavior
shared also by LS 5039 (4).

Different models have been put forward
to explain putative gamma-ray emission from
LS I +61 303. Maraschi and Treves (24) pro-
posed that the GeV emission measured by
COS-B could be due to the wind from a pulsar
interacting with that of the stellar companion.
However, the detection of radio jets (16, 17)
favored an accretion scenario. The observation
of jets has also triggered the study of different
microquasar gamma-ray emission models. Some
of these models are based on hadronic mecha-
nisms: Relativistic protons in the jet interact with
nonrelativistic stellar wind ions, producing gam-
ma rays via neutral pion decay (25, 26). Others
are based on leptonic mechanisms such as
inverse Compton (IC) scattering of relativistic
electrons in the jet on stellar and/or synchrotron
photons (27-29).

The TeV flux maximum is detected at phases
0.5 to 0.6 (Fig. 2), overlapping with the x-ray
outburst and the onset of the radio outburst. The
maximum flux is not detected at periastron,
when the accretion rate is expected to be the
largest (30). This result seems to favor the lep-
tonic over the hadronic models, because the IC
efficiency is likely to be higher than that of
proton-proton collisions at the relatively large
distances from the companion star at this orbital
phase. With respect to energetics, a relativistic
power on the order of 103¢ ergs s™! could ex-
plain the nonthermal luminosity of the source
from radio to VHE gamma rays. This power
can be extracted from accretion in a slow in-
homogeneous wind along the orbit (30).

The variable nature of the TeV emission on
time scales of ~1 day constrains the emitting
region to be smaller than 10'> cm (or ~0.1 arc
sec at 2 kpc). This is compatible with the emis-
sion being produced within the binary system,
where there are large densities of seed photons
for IC interaction. Under these strong photon
fields, opacity effects certainly play a role in the
modulation of the emitted radiation (37). Indeed,
VHE gamma-ray emission that peaks after peri-
astron passage has been recently predicted with
models that consider electromagnetic cascading
within the binary system (32). In addition, the
detection of VHE gamma-ray emission associated
with both LS T +61 303 and LS 5039 obser-

vationally confirms high-mass microquasars as a
population of galactic TeV gamma-ray sources.

LS I +61 303 is an excellent laboratory to
study the VHE gamma-ray emission and absorp-
tion processes taking place in massive x-ray
binaries. The high eccentricity of the binary
system provides very different physical con-
ditions to be tested on time scales of less than
1 month.
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The Spiral Structure of the Quter
Milky Way in Hydrogen

E. S. Levine,* Leo Blitz, Carl Heiles

We produce a detailed map of the perturbed surface density of neutral hydrogen in the outer
Milky Way disk, demonstrating that the Galaxy is a non-axisymmetric multiarmed spiral. Spiral
structure in the southern half of the Galaxy can be traced out to at least 25 kiloparsecs, implying a
minimum radius for the gas disk. Overdensities in the surface density are coincident with regions
of reduced gas thickness. The ratio of the surface density to the local median surface density is
relatively constant along an arm. Logarithmic spirals can be fit to the arms with pitch angles of

20° to 25°.

apping the Milky Way’s spiral struc-
Mture is traditionally difficult because

the Sun is imbedded in the Galactic
disk; absorption by dust renders optical methods
ineffective at distances larger than a few kpc.
Radio lines like the 21-cm hyperfine transition
of atomic hydrogen (HI) are not affected by this
absorption and are therefore well suited to
looking through the disk. The density of HI is
roughly proportional to the intensity of the
emission, barring optical depth effects. Maps
are constructed by using the Doppler shift of the
emission line in combination with the rotation

structure to determine where in the Galaxy the
emission originates. The first maps of the HI
density in the midplane of the Milky Way (/)
made with the use of the 21-cm transition
offered the promise that HI mapping of the
Galactic plane would reveal its spiral structure
by highlighting regions with HI overdensities.
The task is easiest outside of the Sun’s orbit
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