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What is a Gamma-ray Binary?

● Pulsar orbiting a hot (O or B type) companion. 

● Pulsar and stellar winds or Be disks collide and form shocks

● Binary with SED peak > 1MeV, 
contains compact object and OB star.
● Emission driven by interaction 
between binary components.
● Need:

● Power source.

● Non-thermal mechanism. e.g. Fermi 
acceleration at shocks + inverse Compton 
scattering.



Very Few Gamma-ray Binaries are Known
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J1018.6-5856 and LMC P3 were found from our searches.
(PSR J2032+4127 not plotted here.)
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X-ray Binaries Born as Gamma-ray Binaries

HMXBs containing neutron stars may begin as gamma-ray
binaries with rapidly rotating neutron stars before spinning down.
(Later become neutron star/neutron star binaries.)

PSR B1259-63

A 0538-66

B = Be star HMXB
R = Roche-lobe overflow HMXB
W = wind-accretion HMXB

(PSR J2032+417)
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The Hunt for New Gamma-ray Binaries

• ~30 binaries were predicted in the Milky Way as early phase 
of HMXB evolution.
• Dubus+ 2017 estimate 101+89-52

• Our program searches for gamma-ray binaries from 
detection of periodic variability.

• Use Fermi LAT (E > 100 MeV).

• Great for variability studies because it monitors entire sky 
with rapid cadence.

• We create light curves, and power spectra of these, for all 
sources in Fermi catalogs.



Difficulties in Hunting Gamma-ray Binaries

• Binary signals are rare.

• Artifact signals are common!

• e.g. 53 day satellite precession period, 1 day modulation 
(background variation), 3 hour survey period, 1.5 hour orbital 
period, 1/4 year period near bright sources, the Moon 27.3 day 
period.

• Gamma-ray error boxes are large - can be hard to find counterparts.

• Fermi LAT point-spread function large, and energy dependent.
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Optimizing Signal/Noise: Probability Photometry
• Aperture photometry with 3° radius..

• Don’t sum photons in aperture, instead sum their probability of 
coming from source of interest.

• Construct model for 10° region from LAT catalog, including diffuse 
background.

Software defined 3° radius aperture

γ

Photon in aperture - calculate probability it came from source of interest.

Diffuse background

Cataloged gamma-ray sources
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Optimizing S/N: Exposure-Weighted Power Spectra

• Light curves have 500s time resolution.

• As LAT moves across sky, the exposure from time bin to time bin 
changes drastically.

• Weight each data point’s contribution to the power spectrum by 
relative exposure.

• Analogous to weighted-mean in time domain.



Example Output: LS 5039
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• For every source we produce a plot of the power spectrum.
• This is LS 5039, strongest orbital peak of all sources. 

• Primary is O5V star.
Height of strongest peak relative to mean power Period of strongest peak

Plot against period

Power in probability flux squared

Harmonic
of LS 5039
period

Fermi orbit and survey 
periods marked

LS 5039 Orbital period

Fermi orbit



Results: The Other “Classical” Binaries
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LS I +61° 303
26.5 day orbital period
1667 day superorbital period
Primary is Be star

1FGL J1018.6-5856
Was our first “new” binary (2012).
Primary is O6V

1 day
artifact

LS I 
Orbital

Superorbital

Orbital

Harmonics



Discovery of First γ-ray Binary Beyond Milky Way
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“LMC P3” was an unassociated source in the LAT LMC survey. (i.e., no definite counterpart)

10.3 day modulation

1 day artifact

Corbet+ (2016)



Counterpart? HMXB Candidate in an SNR
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Figure 1. H ii region DEM L241 showing H emission in red and [S ii] emission in yellow. The [S ii] emission defines the supernova remnant and correlates well with
the X-rays. Figure from R. C. Smith & the MCELS Team (1999).

Figure 2. Field of the 8′ × 8′ Chandra S3 chip. This is an adaptive smoothing
of X-ray data in the energy range 0.3–3 keV. The color map shows increasing
surface brightness going from red to green to white. The scale has been set so
that the supernova remnant in this figure is green. The point source in the SE
part of the remnant is quite bright and is unresolved by Chandra. The next figure
better shows the true prominence of this source. Other unresolved sources in this
field are foreground or background objects. One of these, the star HD 269810,
is indicated by an arrow and serves as a fiducial reference.

instrument which integrates for 3.2 s, leads to a 3% chance
of two events being recorded as one. This pileup is not severe
but enough to distort the spectrum. We therefore incorporated
a pileup correction, jdpileup, in the Chandra CIAO/SHERPA
spectral analysis. Results are listed in Table 1. The best fit was
a power law with index −1.28 ± 0.08 and is shown in the
figure. Without the pileup correction the best-fit index was
−1.10 ± 0.06. (The uncertainties given are 1σ .) The index
measured with XMM, free of pileup but with larger background
subtraction, was −1.57± 0.05 (Bamba et al. 2006). The lack of
agreement could be due to an inadequate pileup correction,
larger uncertainties than quoted, or a variable source. The
Chandra- and XMM-measured luminosities are the same. The
luminosity range in Table 1 is due to the observed variability.
We also fit an xsdiskbb model to the data since this is appropriate
for accretion-powered sources and there is reason to believe this
object may be part of a binary system. The fit is reasonable but
the absorption is too low. If this is an accretion-powered system,
a more elaborate model is needed.

3.2. Location and Variability

The bright optical counterpart, a V = 13.5 O5III(f) star, is
easily visible within the Head of the remnant in Figure 1. This
had been noted as a possible counterpart to the Einstein source
CAL 60 (from the catalog of Long et al. 1981) by Crampton et al.
(1985) who published a finding chart and spectrum. Since the
source CAL 60 includes the diffuse emission as well as the point
source, we will refer to the point source as CXOU 053600.0-
673507. Our X-ray position is 2.′′2 S of the XMM position and
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Table 1
Compact Source Spectral Fits

Form Energy Range Photon Index ISM Absorption Reduced Lx

(keV) NH (1022) χ2 (erg s−1)

Power law 0.3–10 Γ = 1.28 ± 0.08 0.19 ± 0.034 1.26 2.5–3.2 × 1035

diskbb 0.3–10 kTin = 2.43 ± 0.23 0.073 ± 0.023 1.38 2.3 × 1035

Table 2
Measured Source Positions

Source Waveband R.A. (2000) Decl. (2000)

CXOU J053600.0-673507 X-ray 05:36:00.01 ± 0:0:0.02 −67:35:07.5 ± 0:0:0.2
O star Optical 05:35:59.9 ± 0:0:0.08 −67:35:06.3 ± 0:0:0.5
O star IR 05:36:00.01 −67:35:07.6

HD 269810 X-ray 05:35:13.82 ± 0:0:0.05 −67:33:28.0 ± 0:0:0.3
HD 269810 IR 05:35:13.89 −67:33:27.6
HD 269810 TYCHO-2 05:35:13.90 −67:33:27.6

Figure 3. Chandra observation of the remnant showing contours of constant
X-ray surface brightness overlaid on a smoothed image. Smoothing is Gaussian
with σ = 5′′. Contours are linear with separation 0.3 counts arcsec−2. Note
the diffuse structure just south of the bright unresolved source. The three boxes
show spectral extraction regions.

< 0.′′6 from this O star. X-ray positions are listed in Table 2
with uncertainty the larger of that from counting statistics or
the difference between positions from the two halves of our
observation. The systematic error associated with Chandra
positions is 0.′′6 at 90% confidence. The star HD 269810 is also
in the field and our X-ray position for this star is 0.′′5 from
the optical and Two Micron All Sky Survey position, so the
registration of the Chandra field is good and we adopt 0.′′6 as
the uncertainty of the X-ray position.

The source is variable. The count rate in the second part of
the observation increased 25% over that obtained in the first
part. No variability was seen on timescales shorter than ∼104 s
although the observation was not sensitive to periods shorter
than 6 s or to pulsed fractions < 20%. This object cannot be
an unresolved PWN as was reasonably inferred from the XMM
observation by Bamba et al. (2006).

Since in ≈12 hr the Chandra flux varied 25% we searched
for variability in past observations. These were all of limited
sensitivity but could show variability extremes. Table 3 lists

Figure 4. Radial surface brightness of CXOU 053600.0-673507 compared
with the Chandra telescope point-spread function (PSF). The diffuse SNR
emission has been subtracted. Data points are crosses with 1σ uncertainties
due to counting statistics. The solid curve is the Chandra mirror PSF from
Jarius (2002). Units of radius are ACIS pixels (=0.492 arcsec). Units of surface
brightness are counts s−1 pixel−1.

imaging observations which have detected this remnant. We
inspected the archival Einstein and ROSAT fields and, in all
cases could distinguish the Head and Tail of the remnant but
could not separate the point source in the Head from the diffuse
emission. The diffuse and compact parts of the remnant are only
well separated in XMM and Chandra observations. Indeed, the
spatial resolution and low count rate in Einstein and ROSAT
observations make it impossible to do this if the point source is
no stronger than in our observation. In these past observations
only 10%–20% of the counts in the Head should be from the
point source and total counts from the Head range from ∼30
to ∼200 with the higher rates from detectors with the lower
spatial resolution. In all cases the counting rate was about the
same from the Head and Tail regions as it is in the Chandra
observation, so this is reassuring.
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Seward+ (2012) had previously identified a candidate HMXB in the SNR DEM L241. 
(Lx ~2x1035 ergs s-1).
Optical counterpart is O5III star. 

LAT team previously noted DEM L241 as a candidate for the counterpart of P3 (along with AGN, 
HII region etc.), although it was just outside LAT error ellipse.

We investigated this candidate HMXB with Swift TOO and ATCA…

Chandra
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is indicated by an arrow and serves as a fiducial reference.

instrument which integrates for 3.2 s, leads to a 3% chance
of two events being recorded as one. This pileup is not severe
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for accretion-powered sources and there is reason to believe this
object may be part of a binary system. The fit is reasonable but
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Multiwavelength Properties of LMC P3
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Gamma-ray

X-ray

Radio

Folded on 10.3 day period



Origin of Orbital Modulation

•There are two main effects that could modulate gamma-rays.

• Eccentric orbit with increased interactions near periastron.

• System geometry.

• Gamma-rays arise from anisotropic inverse Compton scattering of seed photons 
from star on electrons in shock. 

• Strongest gamma-ray emission expected at superior conjunction.
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LS 5039
Casares+ 2005



LMC P3: Optical Radial Velocity Measurements Favor Neutron Star
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f(M) = (1.3 +1.1, -0.6) x 10-3M⊙

For 1.4M⊙ neutron star, i ~ 34-63◦; for 10M⊙ black hole, i =8±2◦

Gamma-ray 
maximum after 
superior conjunction.

⇒ some eccentricity?

Superior conjunction



LMC P3 - A Luminous Source

• LMC P3 is at a distance of ~50 kpc.

• Compare to first binary we found with Fermi, J1018.6 at a 
distance of ~5 kpc.

• Gamma-ray luminosity ~4 × J1018.6 (~4x1036 erg s-1)

• X-ray luminosity ~10 ×  J1018.6 (~1035 erg s-1)

• Radio luminosity is ~10 × J1018.6

• Optically brighter: companion is O5 giant rather than main 
sequence (as in LS 5039, J1018.6).

• Analysis is now in progress of XMM observations at X-ray 
maximum, minimum, and conjunction to better measure 
spectrum and changes, and search for pulsations (Coley+).

 16



Searching the FL8Y Source List

• Fermi FL8Y source list released in Jan 2018.

• Contains 5524 sources, compared to 3033 in 3FGL catalog.

• This is a precursor to 4FGL and not complete catalog (e.g. 
updated diffuse emission model not yet provided).

• Examine all sources, but concentrate on:

•(i) sources close to the Galactic plane

•(ii) candidate periods > 1 day.  (high-mass systems, reduced search frequencies)

• In 3FGL we had ~4 candidate new binaries, with FL8Y all 
disappeared, apart from one…
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A New Galactic Binary(?)
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• Probability flux shows single sharp 
peak.

• But, photon weighting may affect 
photometric properties…

• Two harmonically related peaks at ~7 
days and ~14 days.

• Each individual peak modest 
significance (0.005, 0.08)

• But probability of seeing harmonic of 
stronger peak by chance  is 2x10-6

• Source 0.3° from Galactic plane.

1 day artifact
Orbital peaks?



Power Spectrum of Unweighted Photons
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Without probability weighting
- Only strong harmonic at ~7 days is seen.
- Profile is double-peaked.

(For weighted analysis, higher-energy photons with
smaller PSF are more heavily weighted.)

~7 days

Folded on 14 day period



Energy Dependence of Modulation
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Unweighted photometry.

(14 day period)



X-ray and Radio Support for New Source
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● “Conventional” LAT aperture photometry 
shows double-peaked profile on ~14 d period.

● Secondary γ-ray peak is softer.

X-ray:
Archival
New

Radio

LAT “unweighted” photometry 

● X-ray and radio appear modulated with soft 
peak.
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Gemini/Flamingos near-IR spectrum shows counterpart is O6.5 III
Confirms it’s a binary!
(distance ~6 kpc)



Orbital Periods: Gamma-ray & X-ray Binaries
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PSR J2032+4127 ~18,000 days 

B = Be star HMXB
R = Roche-lobe overflow HMXB
W = wind-accretion HMXB



How Far Are We Detecting Gamma-ray Binaries?
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Based on Dubus+ 2017



How Far Could We Find Gamma-ray Binaries?
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Slope = 1/d2

Detection distance∝ (observation length)1/4

Detection volume (Galactic plane)∝ d2

Longest detectable period ∝observation length 



Still Only Seeing the Tip of the (Flux) Iceberg?
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Although mean flux of B1259 is low, periodic flares are much brighter (Johnson, Tam).



Other Nearby Galaxies: SMC

• We had a surprise with the LMC, what about our other 
neighbors?

• The SMC (~60 kpc) is less massive than LMC, but has 
overabundance of Be star high-mass X-ray binaries. 

• Suggests burst of star formation several million years ago.

• Also one supergiant binary: SMC X-1
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X-ray binaries in the SMC (Haberl, 2015)

• In 3FGL/FL8Y the SMC is listed 
as a single source (like LMC 
was in 3FGL).

• Any sign of anything…?



• Nothing seen in SMC so far. 

• As observation length 
increases, see long period 
systems? (And increase 
signal-to-noise.)

• Was star formation burst 
that made HMXBs too 
long ago?
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SMC1 day artifact

Fermi precession

Fermi precession/2

Survey

Fermi orbit

???



Other Nearby Galaxies: Andromeda

• Andromeda galaxy (M31) is ~780 kpc. 
Over10x greater distance than the 
LMC.

• So, don’t expect binary systems to be 
detectable… 

• But ought to look, and it is in 3FGL/
FL8Y!  
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• Nothing seen.

• Continue to monitor power 
spectrum.  



Galactic Binary Population & Future Prospects

• Power spectra are a powerful way to find binaries.

• Need modulated GeV emission, with period ≪ light curve length.

• Multiwavelength observations crucial to confirm binaries, and 
understand astrophysics. 

• We have one more binary with O star primary!

•The third O star binary we found from LAT variability.

• Galactic population of γ-ray binaries is still unclear.

• We are probably only scratching the top of the luminosity 
distribution. (Particularly Be star systems.)

• We continue to search for systems as Fermi acquires more data, and 
eagerly await the 4FGL catalog…
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