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Binaries detected > 100 MeV 

Dubus, les Houches SVOM 5/2018

X-ray  binary
(microquasars) nova

colliding wind binary recycled ms pulsars, 
black widow. red backs

see Dubus, 2013, Astron. Astrophys. Rev.
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Gamma-ray binaries
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Figure  2: Three-dimensional structure of the pulsar wind current sheet, also known as the
"striped  wind".  This  ballerina-skirt-like  shape  is  produced  when  the  magnetic  axis  is
misaligned with the rotation axis. Figure taken from [6].

Figure 3: 3D PIC simulation of a pulsar striped wind whose magnetic axis is inclined at 45°.
These  preliminary  results  show the  plasma density  (left:  all,  right:  southern  hemisphere
only), the star is at the centre. The purpose of this proposal is to extend significantly the
domain size to follow magnetic dissipation as the wind expands.

Figure 1: This diagram presents the three main regions of interest here between the neutron
star surface and the contact discontinuity with the external medium (here the magnetic and
rotation axis are aligned): (i)  the magnetosphere (ii)  the wind and its equatorial current
sheet, and (iii) the nebula.

Rotation-powered non-thermal emission

Dubus, les Houches SVOM 5/2018

Magnetized neutron star with high spindown power Ė = I⌦⌦̇ / B2/P 4
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Pulsar Wind Nebula
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Pulsar wind termination shock ppw =
Ė

4⇡R2
s c

= pext

pulsar

Crab PWN in X-rays (CXO)

Rs ⇠ 109Rlc ⇠ 0.1 pc



A Pulsar Wind Nebula in a binary

Dubus, les Houches SVOM 5/2018

interaction shaped by massive star wind pext =
Ṁwvw

4⇡(d�Rs)2

pulsar

termination shock much closer to pulsar 

Rs ⇠ (104 to 106)Rlc

Lamberts+ 2017



The first gamma-ray binary

Dubus, les Houches SVOM 5/2018

PSR B1259-63, a 48 ms radio pulsar in a 3.5 yr orbit around a 30 M⦿ Oe star 

GeV+TeV emission at periastron when orbital separation ~15 Rstar)

H.E.S.S. 2005

pulsar spinning down on timescale 

spindown power                                                   Ė ⇡ 8⇥ 1035 erg s�1
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⌧ ⇡ 3⇥ 105 yr
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The GeV flares of PSR B1259-63

Dubus, les Houches SVOM 5/2018

GeV flares with luminosity = spindown power ~ 40 days after periastron !

A
bd

o 
et

 a
l. 

(F
er

m
i-L

A
T)

 2
01

1



A window into pulsar wind physics

• Gamma-ray binaries = neutron stars with a high spindown power 
interacting with O or Be massive star companion 

• Access to pulsar wind on smaller scales  

‣ how to convert magnetic energy into kinetic energy in relativistic outflows

Dubus, les Houches SVOM 5/2018



massive 
★

Working definition of a gamma-ray binary

Dubus, les Houches SVOM 5/2018

massive star + compact object 
SED peaking > 1 MeV



Gamma rays modulated on orbital period

Dubus, les Houches SVOM 5/2018

LS 5039, a compact object in a 3.9 day orbit around a massive O star
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« Geometric » orbital modulations

Dubus, les Houches SVOM 5/2018

Cerutti et al. 2010

anisotropic inv. Compton scattering + pair production on stellar photons



VHE

X-ray

X-rays reflect bulk relativistic motion

Dubus, les Houches SVOM 5/2018

Dubus+ 2010, 2015

β=c/3
β=0



Emission properties of gamma-ray binaries

• Hard X-ray sources with flux ~ (1 to 10) x 10-12 erg cm2 s-1 

• Powerful non-thermal emitters up to TeV energies 

‣ very efficient particle accelerators 

• Emission is modulated on orbital period 

‣ probes different lines of sights into pulsar wind

Dubus, les Houches SVOM 5/2018



Gamma-ray binary evolutionary phase

Dubus, les Houches SVOM 5/2018

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 → binary neutron star → sGRB?



Known gamma-ray binaries

Dubus, les Houches SVOM 5/2018

PSR B1259-63
LS 5039

LSI+61 303

HESS J0632+057

1FGL J1018.6-5856

LMC P-3

PSR J2032+4127

Pop. study: about 100 in our galaxy 
discoveries with CTA will require X-ray follow-up 

(GD+ 2017)
[+3 pulsars with massive star]



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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X-ray monitoring is critical

Dubus, les Houches SVOM 5/2018

Aliu+ (VERITAS+HESS) 2014

Detection of the orbital period in HESS J0632+57 thanks to Swift 
(there could be dozens of such GeV faint systems uncovered by CTA) 



Magnetar-like bursts from LS I+61 303

Dubus, les Houches SVOM 5/2018

Swift BAT bursts consistent with gamma-ray binary position ! 
Barthelmy+ 2008, GCN 8215, Burrows+ 2012, GCN 12914

duration < 0.3 s ; L ~ (3-10) x 1037 erg/s 
7.5 keV blackbody R ~ 200 m (at 2.6 kpc)
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No detection because radio pulses are absorbed by massive star wind 

e.g. PSR B1259-63:  large scale shock radio emission at periastron but pulsed emission eclipsed

Pulsar is hidden in most gamma-ray binaries

Dubus, les Houches SVOM 5/2018

Burst lasted 230ms 
E=1037 erg Blackbody  

kT=7.5 keV 
R=100m

pulsar eclipse

Connors et al. 2002 Melatos et al. 1995



Searching for new gamma-ray binaries

• Rare population of sources, every system counts 

‣ on the evolutionary path to double NS, NS+BH systems 

• X-ray follow-up critical to identify gamma-ray source 

• Possible sources of magnetar bursts 

‣ implies B~1013 G, P~1s or less to have enough power 

‣ very young system < 10 000 years ?

Dubus, les Houches SVOM 5/2018



« Low-mass » gamma-ray binaries

Dubus, les Houches SVOM 5/2018

• old pulsar spun-up by accretion in LMXB (recycled ms pulsar) 

• pulsar wind pressure ends up quenching accretion 

• non-pulsed high-energy γ-ray emission in some systems 

 « black widow » PSR B1957+20

radio   eclipse
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Transitional millisecond pulsars

Dubus, les Houches SVOM 5/2018

Stappers+ 2014

pulsations are thought to be due to return current heating of the
magnetic poles (Archibald et al. 2010) rather than heating by
channeled accretion.

Examination of the combined XMM-Newton light curves
revealed three distinct luminosity modes9 (Figures 3, 4, and 5),
all of which are present during the LMXB state. Similar
behavior is seen from PSR J1023+0038 at the higher energies

observed with NuSTAR (Tendulkar et al. 2014), as well as
during the LMXB states of the two other known transitional
RMSPs: PSR J1824−2452I and XSS J12270−4859 (de
Martino et al. 2013; Linares 2014; Linares et al. 2014). In
the 0.3–10 keV photon energy range, our XMM-Newton
observations show a steady “low” mode with luminosity

5 10 erg s32 1~ ´ - , a steady “high” mode with luminosity
3 10 erg s33 1~ ´ - , and occasional, more erratic “flares” during

which the luminosity typically exceeds 5 10 erg s33 1´ - , and
reaches as high as 3 10 erg s34 1´ - . The three modes have
similar hard power-law spectra (photon index 1.7~ ; Tendulkar
et al. 2014). The low, high, and flare modes occupy roughly
20%, 80%, and 1%–2% of the data, respectively, in both the
2013 November and 2014 June data sets. Switching between
the low and high modes appears to occur within 10–30 s, while
the flares have a more complex structure. The low and high
mode durations are typically tens of seconds up to tens of
minutes long, and the distribution of their durations follows a
power law (Tendulkar et al. 2014). No obvious periodicity or
other discernible regular pattern is present. Moreover, the
luminosity in low/high mode appears to be nearly constant and
equal in both the 2013 November and 2014 June observations.
The majority of the photons were collected during the high

mode, where we find that the 0.3–10 keV X-rays are pulsed
with a rms pulsed fraction of 8.13(14)% (count rate
0.311(5) s 1- ; see also Figure 6). In the low mode we detect
no significant pulsations, and set a 95% confidence upper limit
on the pulsed fraction of 2.4% (count rate 0.016 s 1- ). This
implies that if any pulsations are present in the low mode, they
must form a substantially smaller luminosity fraction (and
much smaller absolute luminosity) in the low mode than they
do in the high mode. Pulsations are also not detected during the
flares, with a 95% upper limit on the pulsed fraction of 1.4%
(count rate 0.15 s 1- ): if any pulsations are present during the

Figure 4. Distribution of fluxes in the 2013 November and 2014 June
observations. All pn and MOS photons from both observations were combined
to form an exposure-corrected light curve with 10 s time bins, and histograms
of the resulting count rates are plotted. Horizontal error bars show the
horizontal smearing due to Poisson noise in the light curve bins. Vertical dotted
lines show the cuts we chose between low, high, and flare modes.

Figure 3. Short section of the combined XMM-Newton light-curve, showing the low (green), high (black), and flare (red) modes. Times at which the mode is
indeterminate are marked in gray, and times excluded from pulsation searching because of background flaring are marked in yellow. See Figure 4 for how the
thresholds were set, and Figure 7 for the whole light curve.

9 The PSR J1023+0038 system has been observed to switch between RMSP
and LMXB states. To describe the different X-ray luminosities observed during
the LMXB state, we use the term mode, that is, low, high and flare mode.
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Archibald+ 2015

3(+3?) systems transition between rotation and accretion-powered states 
links recycled ms pulsars and accreting ms pulsars !

PSR J1023+0028

radio pulsar state disk state fast variability in disk state: « mode » switching

flare

highlow

X-rays



Summary
• Gamma-ray binaries are powered by spindown of a neutron star 

• Powerful non-thermal emitters from radio to TeV 

• Window into pulsar wind physics 

• Follow-up of candidate systems 

‣ e.g. search  (super)orbital modulations 

• Long-term monitoring 

‣ e.g. state changes of transitional millisecond pulsars 

• Watch for magnetar bursts associated with binaries

Dubus, les Houches SVOM 5/2018


