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What is a gamma-ray binary?

Dubus, Fermi Symposium 10/2017

massive star + compact object 
SED peaking > 1 MeV 
orbital modulations



Gamma-ray binaries in context

Dubus, Fermi Symposium 10/2017

supernova → neutron star

massive stars colliding wind binary

pulsar slows down → accretion high mass X-ray binaries

high spindown pulsar → pulsar wind
gamma-ray binaries

supernova → double neutron star



Known gamma-ray binaries

Dubus, Fermi Symposium 10/2017

PSR B1259-63
LS 5039

LSI+61 303

HESS J0632+057

1FGL J1018.6-5856

LMC P-3 (Corbet this afternoon)

PSR J2032+4127How many are there? 
How many can we expect to see?



Impact of orbital modulation on detection?

Dubus, Fermi Symposium 10/2017

The Astrophysical Journal, 780:168 (14pp), 2014 January 10 Aliu et al.
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Figure 4. Integral γ -ray fluxes above 1 TeV (vertical scale on the left) from H.E.S.S. (filled round markers), MAGIC (brown round open markers, scaled to 1 TeV
assuming a power law with index −2.6; Aleksić et al. 2012) and VERITAS (filled squared markers). X-ray fluxes (0.3–10 keV) are shown as measured by Swift-XRT
(open square gray marker; vertical scale on the right). All measurements are folded with the orbital period of 315 days; the colors indicate different orbits. Vertical
error bars show 1σ statistical uncertainties; horizontal error bars indicate the width of the corresponding observing interval.
(A color version of this figure is available in the online journal.)
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Figure 5. Impact of the 1σ error of the orbital phase on the phase-folded light curves. Phase-folded light curve using an orbital period of 311 (left) and 321 (right) days.
The maximum of the X-ray light-curve coincides with that at TeV energies taking both values for the period and occurs at orbital phases ∼0.3. Enhanced X-ray
emission at phases ∼0.6–0.9 is also observed in the two panels, for which most of the corresponding TeV data points leading to the source detection in this phase
interval are still included. See Figure 4 for a description of the figure axes, markers, and error bars.
(A color version of this figure is available in the online journal.)

at a significance level of 7.7σ when all data falling in this phase
interval are considered. The search for TeV emission has been
performed in this phase range as defined by the presence of
a second/smaller X-ray high-state. Therefore, no trial factor
penalty needs to be applied to the significance estimation.69

69 An upper limit on the number of trials for a blind search of significant
emission in the phase-folded light curve can nevertheless be derived as
follows: The light curve is first divided into 10 bins, and a significant detection
is then evaluated for all intervals of 0.1, 0.2, 0.3,. . ., 0.9 and 1.0 width in
orbital-phase, without repetition (e.g., intervals of 0.3 width, one has to
consider the cases 0.0–0.1 + 0.1–0.2 + 0.2–0.3, 0.0–0.1 + 0.1–0.2 +
0.3–0.4,. . ., 0.7–0.8 + 0.8–0.9 + 0.9–1.0.) In each case, a number of trials
= 10!/[n!(10 − n)!] is obtained, where n = 1, 2, 3, . . . , 9. The total number of
trials resulting from this computation is 1275. A 7.7σ detection would be
reduced to ∼6.7σ in this extreme case using Pt = 1.0 − (1.0 − P )Ntrials (Pt and
P are the pre- and post-trial probabilities, respectively, and Ntrials is the number
of trials), which is still highly significant. Note that this is a true lower limit on
the detection significance, as we do not require continuity when merging
different phase intervals, which would further reduce the total number of trials.

Moreover, the variability index for the 18 VHE flux points
outside of the phase bins around the main maximum (phases
0.2–0.4) has been computed. This calculation yields a value for
the variability index of V = 52.3, corresponding to a probability
of 2 × 10−5, suggesting that there may exist variations in the
source VHE light curve away from the main peak. A likelihood
ratio test was also performed to further explore if the detection
in phases 0.6–0.9 constitutes a significant secondary maximum
above the baseline level. This baseline flux is computed by
adding all data in the phase ranges 0.0–0.2, 0.4–0.6, and 0.9–1.0.
The likelihood function is then defined as a product of two
Gaussian distributions of flux measurements φ0.6–0.9 and φbase
for the emission in phases 0.6–0.9 and in the baseline range,
respectively, stating that φ0.6–0.9 is a factor K0.6–0.9 times higher
than φbase. The likelihood-ratio test provides a value for K0.6–0.9
in the range [0.83, 3.90] at a 99.7% (3σ ) confidence level, with a
best fit value K0.6–0.9 = 1.72. Therefore, although the emission

8

L60 ABDO ET AL. Vol. 706

Figure 4. 1σ , 2σ , and 3σ contours for the photon index and cutoff energy
spectral parameters from fitting to the phase-averaged Fermi data.

were small compared to those due to the diffuse modeling.
Other effects considered are fitting technique, cuts applied
(minimum and maximum energies), but they are all within the
ranges defined by diffuse modeling and bracketing effective area
variations.

4.1. Phase-Resolved Spectral Analysis

We also searched for orbital dependence of the spectral shape.
gtlike fits were performed for each phase interval of ∆φ = 0.1
in the same way as for the phase-averaged spectral analysis.
Figure 5 shows the hardness ratio, F1−100 GeV/F0.1−1 GeV, as a
function of orbital phase. Due to limited statistics, bin widths
of ∆φ of 0.2 are used for the phase interval φ = 0.3–0.6,
while ∆φ = 0.1 are employed for the other phase intervals. The
spectral shape varied such that the spectrum is softer around
periastron and is harder around apastron.

Aharonian et al. (2006) define two broad phase intervals,
inferior conjunction (0.45 < φ < 0.9) and superior conjunction
(0.9 < φ <0.45), both H.E.S.S. spectra being shown in Figure 3.
Taking the same phase intervals with the LAT data, we find
a power-law spectrum with Γ = 2.25 ± 0.11 at inferior
conjunction; an energy cutoff was not statistically justified. At
superior conjunction, a power law with an exponential cutoff
was preferred with Γ = 1.91±0.16 and a cutoff energy of 1.9 ±
0.5 GeV. Aharonian et al. (2006) report spectral variability in the
source between superior and inferior conjunction, however, they
do not see any indication of long-term variability suggesting
that it may be reasonable to compare non-contemporaneous
observations.

5. DISCUSSION

The initial association of LS 5039 with the EGRET source
3EG J1824−1514 (Paredes et al. 2000b) had remained tentative
due to the large EGRET error circle and the lack of timing
signatures. The association was bolstered by the discovery of
point-like, modulated gamma-ray emission above 100 GeV
(Aharonian et al. 2005b, 2006). The Fermi observations enabled
the detection of an orbital modulation, indicating that the binary
is also a source of gamma rays above 100 MeV. The periods
determined independently from the Fermi-LAT and H.E.S.S.
data are self consistent and compatible with the binary period
obtained from radial velocity measurements of the companion

Figure 5. Top: flux vs. orbital phase for 0.1–10 GeV. Bottom: variations with
orbital phase in the hardness ratio of 1–100 to 0.1–1 GeV.

(Aragona et al. 2009). This is only the second high-mass X-ray
binary after LS I +61◦303 (Abdo et al. 2009b) to become a
confirmed emitter in the HE gamma-ray domain.

The short orbital period means that the compact object passes
within a stellar radius of the surface of the kT⋆ ≈ 3 eV,
R⋆ ≈ 10 R⊙ companion (Casares et al. 2005). Gamma rays
emitted in the vicinity of the compact object with energies
above the 30 GeV threshold inevitably pair produce with stellar
photons (see, e.g., Protheroe & Stanev 1987; Moskalenko 1995;
Böttcher & Dermer 2005; Dubus 2006a). Emission in the Fermi
range is largely unaffected by absorption and should allow easier
identification of the intrinsic spectrum and variability of the
source. However, it can be affected by cascading of higher-
energy photons.

The HE modulation peaks at φ ∼ 0.0–0.1, close to superior
conjunction (φ = 0.06) while the VHE modulation peaks close
to inferior conjunction (φ = 0.72). The phase difference can
be explained mostly as a result of the competition between IC
scattering on high-energy electrons and VHE pair production,
assuming the companion star to be close to the compact object.
The star provides target photons for both processes with the
radiation density varying by a factor 4 along the eccentric
orbit. IC scattering will vary with radiation density but, because
the source of seed photons is anisotropic, the flux will also
depend on the geometry seen by the observer in non-trivial ways
(Khangulyan et al. 2008; Sierpowska-Bartosik & Torres 2008b).
The emission is enhanced (reduced) when the highly relativistic
electrons seen by the observer encounter the seed photons head-
on (rear-on), i.e., at superior (inferior) conjunction. Inversely,
VHE absorption due to pair production will be maximum
(minimum) at superior (inferior) conjunction. The phases of
minimum and maximum flux in Fermi as well as the anti-
correlation with H.E.S.S. are consistent with these expectations,
suggesting IC scattering is the dominant radiative process above
100 MeV with the additional effect of pair production above
30 GeV (Bednarek 2007b; Dubus et al. 2008; Sierpowska-
Bartosik & Torres 2008a). It is, however, yet unclear whether
the IC VHE emission is mainly produced already in the pulsar
wind zone of the system, given the high opacity already found
therein for particles accelerated at the pulsar site (Sierpowska-

HESS J0632+057: 315 day orb. periodLS 5039 : 3.9 day orb. period

Aliu+ 2014

Abdo+ 2009



Impact of survey visibility & scheduling?

Dubus, Fermi Symposium 10/2017

accessible binaries: 
Fermi 3LAT, FAVA  100% 
CTA init. GP survey  83% 
HESS GP survey       72% 
HAWC                      56%

HESS GP survey

CTA GP survey in first 2 years



Simulating surveys

Dubus, Fermi Symposium 10/2017

1. get orbital lightcurve 
known or modelled

2. place binary in spiral arms

3. run through mock survey 
taking into account #visits, total 
exposure, seasonal observability, etc

Fermi 3FGL 
Fermi FAVA 
HESS GP 
CTA GP 
HAWC

4. infer population size 
from detection rates



• Fermi is much more constraining than VHE surveys except full (10yr) CTA GP. 

• 3FGL is generally better than FAVA at detecting systems. 

• We have seen nearly all bright binaries but 

• a handful of PSR B1259-like systems could have escaped detection, 

• could have ≈ 200 HESS J0632-like “GeV-faint” systems: strong constrains from CTA.

The Astrophysical Journal, 780:168 (14pp), 2014 January 10 Aliu et al.
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Figure 4. Integral γ -ray fluxes above 1 TeV (vertical scale on the left) from H.E.S.S. (filled round markers), MAGIC (brown round open markers, scaled to 1 TeV
assuming a power law with index −2.6; Aleksić et al. 2012) and VERITAS (filled squared markers). X-ray fluxes (0.3–10 keV) are shown as measured by Swift-XRT
(open square gray marker; vertical scale on the right). All measurements are folded with the orbital period of 315 days; the colors indicate different orbits. Vertical
error bars show 1σ statistical uncertainties; horizontal error bars indicate the width of the corresponding observing interval.
(A color version of this figure is available in the online journal.)
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Figure 5. Impact of the 1σ error of the orbital phase on the phase-folded light curves. Phase-folded light curve using an orbital period of 311 (left) and 321 (right) days.
The maximum of the X-ray light-curve coincides with that at TeV energies taking both values for the period and occurs at orbital phases ∼0.3. Enhanced X-ray
emission at phases ∼0.6–0.9 is also observed in the two panels, for which most of the corresponding TeV data points leading to the source detection in this phase
interval are still included. See Figure 4 for a description of the figure axes, markers, and error bars.
(A color version of this figure is available in the online journal.)

at a significance level of 7.7σ when all data falling in this phase
interval are considered. The search for TeV emission has been
performed in this phase range as defined by the presence of
a second/smaller X-ray high-state. Therefore, no trial factor
penalty needs to be applied to the significance estimation.69

69 An upper limit on the number of trials for a blind search of significant
emission in the phase-folded light curve can nevertheless be derived as
follows: The light curve is first divided into 10 bins, and a significant detection
is then evaluated for all intervals of 0.1, 0.2, 0.3,. . ., 0.9 and 1.0 width in
orbital-phase, without repetition (e.g., intervals of 0.3 width, one has to
consider the cases 0.0–0.1 + 0.1–0.2 + 0.2–0.3, 0.0–0.1 + 0.1–0.2 +
0.3–0.4,. . ., 0.7–0.8 + 0.8–0.9 + 0.9–1.0.) In each case, a number of trials
= 10!/[n!(10 − n)!] is obtained, where n = 1, 2, 3, . . . , 9. The total number of
trials resulting from this computation is 1275. A 7.7σ detection would be
reduced to ∼6.7σ in this extreme case using Pt = 1.0 − (1.0 − P )Ntrials (Pt and
P are the pre- and post-trial probabilities, respectively, and Ntrials is the number
of trials), which is still highly significant. Note that this is a true lower limit on
the detection significance, as we do not require continuity when merging
different phase intervals, which would further reduce the total number of trials.

Moreover, the variability index for the 18 VHE flux points
outside of the phase bins around the main maximum (phases
0.2–0.4) has been computed. This calculation yields a value for
the variability index of V = 52.3, corresponding to a probability
of 2 × 10−5, suggesting that there may exist variations in the
source VHE light curve away from the main peak. A likelihood
ratio test was also performed to further explore if the detection
in phases 0.6–0.9 constitutes a significant secondary maximum
above the baseline level. This baseline flux is computed by
adding all data in the phase ranges 0.0–0.2, 0.4–0.6, and 0.9–1.0.
The likelihood function is then defined as a product of two
Gaussian distributions of flux measurements φ0.6–0.9 and φbase
for the emission in phases 0.6–0.9 and in the baseline range,
respectively, stating that φ0.6–0.9 is a factor K0.6–0.9 times higher
than φbase. The likelihood-ratio test provides a value for K0.6–0.9
in the range [0.83, 3.90] at a 99.7% (3σ ) confidence level, with a
best fit value K0.6–0.9 = 1.72. Therefore, although the emission
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Extrapolating from known systems

Dubus, Fermi Symposium 10/2017

Assume same lightcurve as known system, place randomly in Galaxy, get detection rate

e.g.11.2% of HESS J0632-like 
system detected in full CTA survey 



A synthetic population
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system 
parameters

• electrons at location of compact object 

• anisotropic IC scattering of star photons 

• VHE absorption from pair production

• Porb: flat from 1 to 104 days  

• e: thermal with circularisation 

• Injected power: young radio pulsars with 
radiative eff. calibrated on PSR B1259

model  
lightcurve



Detection rate
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distribution of orbital periods distribution of spindown power

accreting accreting

future

present

all systems

detected  
gamma-ray binaries

about 6% of the systems are detected, at short Porb and high power

PSR J0045-7319 
PSR J1638-4725 
PSR J1740-3052

radio pulsars 
with massive ★  

X-ray pulsars 
with massive ★  

A0538-66 
SAX J0635+0533



Conclusions

• Pulsar + massive star population estimated at 101+89-52  systems 

– orbital modulation not important for detectability (but important for identification) 

– future: up to 8 new detections in 16 years of Fermi, 6 detections in full CTA survey  

• Gamma-rays, X-rays, radio access different aspects of same population 

– combine with detection rates in radio (SKA) and X-ray (eROSITA) surveys.

Dubus, Fermi Symposium 10/2017

see Dubus, Guillard, Petrucci, Martin 2017, A&A in press  (ArXiv:1707.05744)


