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Gamma-ray binaries



Currently known high-mass gamma-ray 
binaries

Dubus (2015)

-  PSR J2032+4127 (Be star, Porb 50 years!)
-  LMC P3(O star,Porb 10 d)

New-comers:



Long orbital period binaries

  After ~9 years of operation, Fermi/LAT, being an all-sky 
monitor, has accumulated a large data base -> good time 
to probe these long orbital period binaries 

  Finding more will help us understand these systems and 
probe the environments in the binaries and magnetization 
of pulsar wind



Emissions from Pulsar/Be star binary 
Three emission regions normally considered modeling
1. Magnetosphere (<109cm, pulsed) 
2. Pulsar wind region (<1013cm, no synchrotron, only I.C.).
3. Shock accelerated pulsar wind  (synchrotron & I.C.).
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Pulsar

B starRelativistic pulsar wind
Stellar wind 

 or disk outflow



Probing pulsar wind
  Pulsar wind: relativistic electrons/positrons + 

magnetic field. 

  Magnetization parameter:

  At the light cylinder,

  Pulsar wind nebulae 

3/7/179

� = Magnetic energy
Kinetic Energy

�(0.1pc) < 10�2

1pc�(108�9cm) = 102�3

Magnetization parameter evolves with the distance.  But how?



Probing P.W. with Gamma-ray binary

3/7/1710

•  Observations vs. Calculations 
     à Probing σ at the shock
•  Gamma-ray binary 

    à Testing σ at 0.1-1AU scale. 10-15
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Avaraged Lorentz factor of un-shocked PW
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1. Magnetization parameter affects the shock emissions 
(synchrotron emission). 

à   Magnetic field strength :  

à  Internal energy of the shocked pulsar�
 wind decreases with increase of σ.
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3. Probing cold-relativistic pulsar wind
àStellar radiation (L~104-5Lsun) illuminates the pulsar wind.
à Inverse-Compton scattering process produces GeV emissions.
    Direct measurement of cold-relativistic pulsar wind.

Probing P.W. with Gamma-ray binary
2. Probing radial dependency of σ

à  Pulsar/Be orbit is extremely elongated.

à  Shock distance varies  ~0.1-1 AU along 
the orbit. 

    Testing radial evolution of σ.



PSR B1259-63/LS 2883 

  comprising of a pulsar and 
an Oe star, at d~2.3 kpc 

  orbital period: 3.4 years

  Interaction between the 
stellar wind/disk and the 
pulsar wind => non-thermal 
radiation close to periastron



GeV flares

see also 
Caliandro et al.(2015)Tam et al. (2011, 2015)

Chernyakova et al. (2015)



Mysterious GeV flares

  Delayed compared to �
X-ray/TeV peak

  Next periastron passage�
at 2017-09-22

Disk

Dubus (2013)



PSR J2032+4127
  A gamma-ray pulsar (Camilo et al.2009)

  pulsar in a binary orbit best explains the�
‘timing noise’(Lyne et al. 2015)

4/7/17

The Binary Nature of PSR J2032+4127 3

Figure 2. The orbital variation of the frequency ν and the first
derivative ν̇ of PSR J2032+4127 for the best-fit binary model,
which has orbital period Pb = 8578 d and mass function fm =
10 M⊙ (Table 1, column 4). The scale on the right-hand axis of
the upper panel indicates the magnitude of the orbital radial
velocity. The dotted line in the lower panel shows the variation
in ν̇ on a scale expanded by a factor of 100. The bold sections
in the two plots indicate the range of the available data.

which the magnitude of the slow-down rate is usually ob-
served to decrease (e.g. Espinoza et al. 2011), or of timing
noise, which is usually characterised by switches, often
quasi-periodic, between values of slow-down rate rather
than the smooth variation seen here (Lyne et al. 2010;
Lyne 2013). Most anomalous of all is the doubling of the
slow-down rate, also not seen in any other isolated pulsar.

3 A BINARY MODEL

We believe that the only plausible origin of such a large
variation in the observed slow-down rate of a pulsar lies
in the Doppler effects of binary motion with another star.
While we note the remark by Camilo et al. (2009) that
there is no evidence of any short-period binary motion
and that the binary period (of any circular orbit) must
be in excess of 100 years, we have explored the possibility

that the pulsar is actually a member of a long-period
binary system with a large orbital eccentricity.

First, we sought fits of binary models to the rotation-
frequency data of Fig. 1a. While good fits to the data were
possible using models for eccentric binary orbits with or-
bital periods Pb in excess of about 6000 days (16 years),
it soon became clear that there were strong covariances
between some of the fitted parameters, arising from the
small orbital phase range of the available data. In partic-
ular, there were large covariances between the intrinsic
pulsar slow-down rate, ν̇, the orbital period Pb and the
projected semi-major axis of the orbit x = (a/c) sin i,
where a is the semi-major axis of the orbit, i is the in-
clination of the plane of the orbit to the plane of the
sky and c is the speed of light. These covariances allowed
many good, but not unique, fits to the data. We therefore
explored fits to the data for a range of fixed values of Pb

between 6000 and 12000 days at 500-day intervals, and,
for each of these, a range of fixed values of x, correspond-
ing to fixed values of mass function fm of 2, 5, 10 and 20
M⊙. fm is a function of the masses of the neutron star
(Mp) and its companion (Mc) and orbital inclination i
and is determined from Pb and x from Kepler’s laws by:

fm =
(Mc sin i)3

(Mp +Mc)2
=

4π2

G
x3

P 2
b

(1)

where G is Newton’s gravitational constant. If Mp, Mc

and fm are in solar masses, x is in light-sec and Pb in
days, then

x = 9.766 3

√

fmP 2
b . (2)

Fig. 2 shows an example of one of the best fits to the
data, for Pb = 8578 days, fm = 10 M⊙. Note that the
data span occupies only about 20% of the orbit. Remark-
ably, the root mean square (rms) of the frequency resid-
uals (the differences between the measured and model
frequency values) for this simple model was only approx-
imately 10−5 of the total frequency variation during this
time and is consistent with the measurement errors.

For each Pb, fm pair, the ephemeris resulting from
the frequency fit was subsequently used as the basis of
a coherent timing analysis of the TOAs using tempo2.
Keeping Pb and x at their fixed values, the three other
Keplerian parameters, the pulsar position, DM and its
first derivative, DM1, the rotation frequency and its first
derivative and three glitch parameters were all fitted to
the TOAs. Fig. 3 summarises the results of the fits. In
particular, Fig. 3a shows the rms of the timing residuals
relative to the fitted model as a function of Pb and fm.
There is a broad minimum in the rms with a value of
about 0.6 ms for 7500 d < Pb < 9500 d and all values of
fm ≥ 5 M⊙ provide indistinguishably good fits. Best-fit
models were obtained for fm = 10 M⊙ and fm = 20 M⊙

by including a fit for Pb and the results are given in Ta-
ble 1, columns 4 and 5. Because of the strong covariance
between some of the parameters, we used a Monte-Carlo
method to estimate the errors in the fitted parameters
that are given in the table. The Monte-Carlo analysis
used simulations of the pulsar observations seeded with
the best-fit parameter file. The simulated data sets had
the same epochs of the combined LAT and radio TOAs,
giving the same cadence and orbital coverage as the real

c⃝ 2014 RAS, MNRAS 000, 1–8

obs.

binary model



PSR J2032+4127/MT91 213 
  Pulsed emission in Radio/GeV�

  Very long orbit binary: Po~50 years.
    (Ho et al. 2016)  
  Next periastron passage in late 2017. 

P !143ms Lsd !1.7×10
35 erg / s

Pulsar now!



X-ray/GeV data
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(Takata et al. 2017)
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the physical conditions of the pulsar wind at the shock.
With the extremely elongated orbit of PSR B1259-63
and PSR J2032+4127, the distance of the shock from
the pulsar varies about a factor of ten along the orbit
(c.f. Figure 3). Hence we can in principle probe the
physical properties of the pulsar wind (e.g. magnetiza-
tion parameter and bulk Lorentz factor) as a function of
radial distance at AU scale. For example, the proper-
ties of the post-shocked flow are determined by the pul-
sar wind magnetization parameter (Kennel & Coroniti
1984), which is defined as

σ(rs) =
B2

1

4πΓPW,0N1mec2
, (1)

where, B1, N1 and ΓPW,0 are the magnetic field, number
density and Lorentz factor of the cold-relativistic pul-
sar wind, respectively. We can probe how the magneti-
zation parameter changes with the radial distance from
the pulsar by examining the observed temporal varia-
tions (Takata & Taam 2009; Kong et al. 2011). Since
PSR J2032+4127 is now approaching to the periastron
passage occurred in later 2017 or early 2018, and since
the separation between PSR J2032+4127 and MT91 213
changes about a factor of ten during ∼ −1year and
∼ +1year from the periastron (c.f. Figure 3), we can ex-
pect that the change of the shock distance from the pul-
sar will cause a large variation in the observed emissions
from this system, which is consistent with the results
of the recent X-ray observations done by the Swift (c.f
section 2, see also Ho et al. 2016). Moreover, the inverse-
Compton scattering process of the cold-relativistic pul-
sar wind before the shock may boost the stellar photon’s
energy from optical to gamma-ray bands. The next peri-
astron passage provides us a unique opportunity to con-
straint the Lorentz factor ΓPW,0 of the pulsar wind.
This paper will be organized as follows. In section 2,

we will analyze the data taken by the Swift and Fermi-
LAT. We will confirm that the X-ray emissions from this
system is now increasing, while the GeV flux does not
show any significant change. In section 3, we describe
our emission models from the intra-binary shock and
cold-relativistic pulsar wind. In section 4. we will dis-
cuss the high-energy emission within the framework of
the pulsar wind/Be wind and probe the evolution of the
magnetization parameter with a radial distance by fit-
ting the Swift data. In section 5, we will discuss the
emissions as a result of pulsar wind/Be disk interaction
model. W will also discuss the possibility of the forma-
tion of accretion disk around the pulsar as a consequence
of pulsar/Be disk interaction and the expected signature
in high-energy bands.

2. DATA ANALYSIS FOR SWIFT AND FERMI
OBSERVATIONS

Recently, Ho et al. (2016) reported a rapid increase
of the X-ray flux observed by Swift, as the pulsar ap-
proaching to the periastron. In this paper, we ana-
lyze the Fermi-data as well as Swift data. The Swift-
X-ray telescope (XRT) light curve was obtained us-
ing the products extracted from the XRT repository
http://www.swift.ac.uk/user objects/ (see also Evans et
al. 2007, 2009). We used a conversion factor of
1.27×10−10erg cm−2ct−1 to convert the count rates into

Fig. 1.— Main figure: The long term Swift/XRT flux evolution.
Inset: The flux evolution in 2016, showing an increase in X-ray
flux. Details on how to obtain the data are described in section 2

Fig. 2.— The long term Fermi flux evolution. The horizontal
line shows the average flux over 8-year observations, Fγ = 1.65 ±

0.07× 10−10erg cm−2s−1.

unabsorbed fluxes, where an absorbed power-law with
ΓX =2.37 and nH = 1.4 × 1022cm−2, based on To-
tal Galactic HI column density in the direction toward
the pulsar, is assumed (Kalberla et al. 2005; Dickey &
Lockman, 1990). Since Ho et al. (2016) adopted the
nH = 7.7 × 1021cm−2 based on the optical extinction
of the companion, our unabsorbed X-ray flux is slightly
higher that those presented in Ho et al. (2016). This
difference does not affect the conclusions of the model
calculations discussed in this paper. Due to small photon
statistics, we did not include observations shorter than
10 ks before 2014. An observation taken in 2006 had an
instrumental issue and was not included as well. An X-
ray light curve is shown in Fig. 1. Following up on the
initial flux increase observed in early 2016, we asked for
additional dedicated XRT ToO observations since March
2016. Three to four observations were grouped together
for better signal-to-noise ratios. It is clear that the trend
in 2016 is the flux increase in X-rays.
We analyzed the gamma-ray long-term light curve of

PSR J2032+4127 using the data from the Fermi Large
Area Telescope. Photon events with energy ranged
from 100 MeV to 500 GeV and time ranged from 2008-
08-04 to 2016-08-02 were selected. The event class is
”Pass 8 Source” and the corresponding instrumental re-
sponse function is ”P8R2 SOURCE V6”. The region
of interest (ROI) is a 20◦ × 20◦ square centered at
the epoch J2000 position of the source: (R.A.,Dec) =
(20h32m14.35s,+41◦26′48.8′′). To avoid contamination
from the Earth’s albedo, we excluded the time intervals
when the ROI is observed at a zenith angle greater than

  X-ray flux has increased for 
a factor of ten in last ~3 years 

 (see also Ho et al 2016) 

  What cause  the increase of 
X-rays? Shock?

Steady GeV flux 

Takata, Tam et al. (2017)



Model calculation
  Emissions from pulsar wind/stellar wind interaction. 

  Isotropic pulsar wind and stellar wind. 

  Magnetization parameter:

  Power law distribution of the shocked particles 

  Evolution of particle distribution.

4/7/1718
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the two winds. Figure 12 shows the dependency of
F0.3−10keV/F0.1−10TeV for the magnetization parameter
and the wind momentum ratio. If the future observa-
tion could measure the flux ratio in X-ray and TeV en-
ergy bands, we would discuss the momentum ratio of the
two winds; for example if the future observations pro-
vide F0.3−10keV/F0.1−10TeV ∼ 1 at the periastron, the
current model predicts that the magnetization σ0 ∼1 if
the momentum ratio η ∼ 0.0085. Using current model,
on the other hand, we can predict the future observa-
tions. As we will see in the later section, the fitting of
the X-ray data implies that the magnetization param-
eter at periastron is σ0 ∼ 1 at the shock and the mo-
mentum ratio is η < 0.085, suggesting the flux ratio is
F0.3−10keV/F0.1−10TeV ≥ 1 at the periastron.

4.1.2. Doppler effects

In the previous sections, we ignored the effect of the
motion of the post-shocked pulsar wind. In such a case,
as Figure 8 indicates, the orbital modulation of the X-ray
emission is symmetry relative to the periastron. Asym-
metry of the X-ray light curve as well as TeV light curve
will be introduced with the existence of the finite velocity
of the shocked pulsar wind.
The finite velocity of the shocked pulsar wind will cause

the Doppler effect, which enhances or suppresses the ob-
served emissions. It has been suggested that the ob-
served modulation of the X-ray emissions from gamma-
ray binary LS 5039 is results of the Doppler effects of
the shocked pulsar wind (Dubus et a;. 2010; Takata et
al 2014). The Doppler factor is calculated as

D =
1

Γpw

√

1− (vpw/c) cos θpw
, (24)

where Γpw is the Lorentz factor of the bulk motion of the
post-shocked flow, and θpw is the angle of the flow direc-
tion and the line of sight. We assume that the velocity
of the post-shocked pulsar wind flow is constant.
Figure 13 summarizes the Doppler effects with the dif-

ferent constant velocity of the post-shocked flow; vpw =
vpw,2 (solid lines) given by the jump condition, c/3
(dashed line) in the limit of σ0 = 0 and 0.6c (dotted
line). We can see in the figure that the Doppler effects
enhance the emissions before the periastron, while sup-
presses after the periastron. With η < 1, namely, for the
stellar wind stronger than the pulsar wind, the shock-
cone wraps the pulsar. Around the inferior conjunction
(∼ −150days), the post-shocked pulsar wind moves to-
ward the Earth and hence enhances the emissions. The
emissions are suppressed at around the superior conjunc-
tion (∼ +10days) where the post-shocked pulsar wind
moves away from the Earth.
The inclination angle of the system (θE) affects to the

shape of the light curve, since it is related to the angle
θpw in the Doppler factor of equation (24). Figure 14
compares the expected light curves for the different in-
clination with vpw = vpw,2; the solid, dashed and dotted
lines are for θE = 10◦, 45◦ and 80◦, respectively. Unfor-
tunately, we do not know the inclination angle, and hence
we cannot resolve the degeneracy between vpw and θE in
the Doppler factor. Future observations for this system
will be desired to constrain the inclination.

4.1.3. Radial dependent σ of pulsar wind

As seen in Figures 8, 13 and 14, the calculated X-ray
light curve with a constant magnetization parameter pre-
dicts the increase of X-ray flux slower than that of the
Swift observations after ∼ −2000days, suggesting the ra-
dial dependent magnetization parameter. In fact, the
radial dependent magnetization parameter has been dis-
cussed in the previous studies to explain the orbital mod-
ulations of the gamma-ray binaries (Takata et al. 2009;
Kong et al. 2011; Takata et al. 2014). In this paper, we
explore the radial dependency with a function form of

σ(r) ∝ r−α. (25)

The left panel in Figure 15 shows the results of the fit-
ting for the Swift X-ray data with different power law
index; α = 1 for solid line, 2 for dashed line and 3
for dotted line. Other parameters are η = 0.02 (Ṁ ∼

4 × 10−8M⊙/yr) and ΓPW,0 = 104. In addition, we ap-
plied vpw = vpw,2 taking into account the Doppler effect
discussed in section 4.1.2. To explain the observed flux
level by Swift, we normalized the magnetization param-
eter so as to be σ ∼ 0.01 at r ∼ 2.5AU for each power
law index. Figure 16 shows the evolution of the fitting
magnetization parameters at the apex of the shock-cone
along the orbit.
We can see in the Figure 15 that a faster evolu-

tion (larger α) of the magnetization parameter with
the radial distance reproduces a X-ray light curve be-
ing more consistent with the whole swift observations
after −4000days. As the figure shows, the current model
predicts that the peaks of the flux in the light curve is
occurred at a day before the periastron and the flux then
rapidly decreases during ∼ −20days and ∼ +10days by
about one order of magnitude. This is because (1) the
assumed magnetization parameter determined by the re-
lation, σ(r) ∝ r−α, exceeds the unity for α > 2, as Fig-
ure 16 shows, and (2) the Doppler boosting suppresses
the emissions around the superior conjunction. This fea-
ture can be testified by the future observations.

4.2. GeV emissions and multi-wavelength spectra

Gamma-ray binaries have been also detected by the
Fermi-LAT and the emissions will be originated from
the pulsar’s magnetospheric processes (if compact ob-
ject is pulsar) and/or the intra-binary processes. For
PSR J2032+4127, the pulsed GeV emissions due to the
pulsar spin has been measured by the Fermi-LAT with
an energy flux ∼ 1.6 × 10−10erg cm−2 s−1 (section 2).
The high-energy tail of synchrotron spectrum and the
low energy tail of ICS process of the intra-binary shock
discussed in the previous sections could contribute to the
energy bands (0.1-300GeV) of the Fermi-LAT. In addi-
tion to the shock emissions, the ICS process of the cold-
relativistic pulsar wind with ΓPW,0 ∼ 104−5 produces
GeV gamma-rays (c.f. Figure 7).
Figure 17 compares the observed flux level of the pulsed

emissions with the predicted flux levels of the shocked
emissions (solid line) and of ICS process of the cold-
relativistic pulsar wind (dashed line). In the calcula-
tion, we assume Γ0 = 104 for the average Lorentz factor
of the particles of the cold-relativistic pulsar wind, and
θE = 60◦ for the inclination of the system. As we see

α  and normalization are  
model’s free parameters
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Fig. 5.— Cooling time scale as a function of the Lorentz factor
at periastron and at the apex of the shock cone with η = 0.085.
The magnetization parameter is σ0 = 0.1 (B2 ∼ 0.3G). The solid,
dashed and dotted lines are time scale of the adiabatic cooling,
synchrotron cooling and ICS cooling, respectively.

when the pulsar interacts with the Be disk. This inter-
prets the double peak structure of the X-ray light curves
of the gamma-ray binary PSR B1258-63/LS 2883. The
pulsar/Be disk interaction with a smaller base density
(ρ0 < 10−10g cm−3) makes no cavity of the pulsar wind
and hence no enhancement in the emissions.
With the elongated orbit and the long orbital period of

the PSR J2032+4127, a strong pulsar/Be disk interaction
will be possible at only periastron passage. The radius
of the shock from the pulsar may be obtained from a
pressure balance condition,

rs =

(

Lsd

2πρdv2rc

)1/2

, (10)

where vr is the relative velocity between the pulsar and
the disk rotation. If the pulsar interacts with the Be disk
at the periastron, where the separation of the two star is
a ∼ 1AU, the mass density and scale height of the disk
at the pulsar is ρ(a) ∼ 2 × 10−5ρ0 and H(a) ∼ 1012cm,
where we used n = 3.5, β = 1.5, H0 = 0.02R∗ and
R∗ = 10R⊙. The orbit velocity of the pulsar and cir-
cular velocity of disk at the pulsar are vp ∼ 107cm s−1

and vd,K(a) = vd,K(R∗)(R∗/1AU)1/2 ∼ 107cm s−1, re-
spectively, where we used vd,K(R∗) = 5 × 107cm s−1.
The radial velocity of the disk matter, vd,r ∼ 0.1cs ∼

105cm s−1 with cs ∼ 10km s−1 being the sound speed
(Okazaki et al. 2011), is much slower than the pul-
sar motion and the disk’s circular motion. Hence, by

assuming the relative velocity vr ∼
√

v2p + v2d,K , the

shock distance calculated from the equation (10) is rs ∼
1012cm(ρ0/10−10g cm−3)−1/2. The pulsar/Be disk inter-
action may make a cavity of the pulsar wind around the
pulsar if rs/H(a) ≤ 1, that is, ρ0 ≥ 10−10g cm−3.
Figure 4 summarizes ratio of the shock distance given

by equation (10) and the scale height of the disk, pro-
vided the pulsar interacts with the disk at the given or-
bital phase in the horizontal axis. The figure summarizes
the shock distance for the epoch between -100days and
+100days from the periastron. The different lines show

the case for the base density of ρ0 = 10−9erg cm−3 (solid
line), 10−10erg cm−3 (dashed line) and 10−11erg cm−3

(dotted line), respectively. We find in the figure that a
cavity would form (rs/H < 1) at the periastron passage
if ρ0 > 10−10erg cm−3. If the base density is less than
ρ0 < 10−10erg cm−3, on the other hand, the pulsar wind
will strip off an outer part of the Be disk, truncating the
disk at a radius smaller than the pulsar orbit, and the
pulsar wind/Be disk interactions will not affect to the
observed emissions.

3.3. Shock emissions

We calculate the emissions from the shock due to the
interaction between the pulsar wind and stellar wind, as
follows. In the present model, the shock has a cone-shape
geometry, which is described by the model done by Canto
et al. (1996). The magnetic field at the shock radius but
before the shock is calculated from

B1 =

√

Lsdσ0

r2sc(1 + σ0)
, (11)

where we defined σ0 ≡ σ(rs). At the shock, the kinetic
energy of the pulsar wind is converted into the internal
energy of the shocked pulsar wind. Applying a jump con-
dition of a perpendicular MHD shock, we calculate the
velocity vpw,2, the magnetic field B2 and the gas pressure
P2 of the shocked pulsar wind at the shock (Kennel &
Coroniti 1984). For the particle kinetic energy dominant
un-shocked flow, that is, for low σ0 regime, we obtain

vpw,2 ∼
c

3

√

1 + 9σ0

1 + σ0
, (12)

B2 ∼ 3B1(1− 4σ0) (13)

and

P2 ∼
2(1− 2σ0)

3(1 + 9σ0)1/2(1 + σ0)

Lsd

4πr2sc
. (14)

We assume that the post-shock pulsar wind flows along
the shock surface. Along the down stream flow, we as-
sume a conservation of the magnetic flux B(r) = rsB2/r.
For the spherical symmetric flow, the bulk velocity de-
creases with the distance from the shock (Kennel & Coro-
niti 1984). However, the numerical simulations imply
that the post-shock bulk flow for the binary systems does
not simply decrease but increases with the distance from
the shock, because of a rapid expansion of the flow in
the down stream region (Bogovalov et al. 2008). Fur-
thermore, the high-energy emissions occur in the vicin-
ity of the shock radius. In this study, therefore, we as-
sume the velocity field of the post-shock pulsar wind with
vpw(r) =constant.
We assume that the electrons and positrons in the pul-

sar wind are accelerated by the shock and forms a power
law distribution over several decays in energy;

f0(γ) = K0γ
−p, ΓPW,0 ≤ γ ≤ γmax, (15)

where we assumed that the minimum Lorentz factor
of the accelerated particles is equal to the averaged
Lorentz factor of the particles of the cold-relativistic
pulsar wind (c.f. section 3.4). We assume the maxi-
mum Lorentz factor by balancing between the accelera-
tion time scale ∼ γmaxmec/(eB2) and the synchrotron

mec2
R �

max

�
min

�f0(�)d� = "2(�)

6

loss time scale ∼ 9m3
ec

5/(4e4B2
2γmax), and it becomes of

order of γmax ∼ 108−9. In this study, we assume p = 2
for the power law index of the distribution of the parti-
cles accelerated at the shock. Since the particle energy
density ϵ is related with the pressure P2 as P2 = ϵ/3, the
normalization factor K0 of equation (15) is calculated
from the relation P2 = mec2

∫ γmax

γmin
γf0(γ)dγ/3.

We solve the evolution of the Lorentz factor after the
shock with a simple one-dimensional treatment, that is,

dγe
dr

=
1

vpw

[

(

dγ

dt

)

ad

+

(

dγ

dt

)

syn

+

(

dγ

dt

)

ICS

]

. (16)

We assume the adiabatic loss given by
(

dγ

dt

)

ad

=
γ

3n

dn

dt
= −

2γvpm
3r

,

where n ∝ r−2 is the particle number density. The syn-
chrotron loss is given as

(

dγ

dt

)

syn

= −
4e2B2γ2

9m3
ec

5
. (17)

We calculate the inverse-Compton scattering (hereafter
ICS) energy loss rate with
(

dγ

dt

)

ICS

= −

∫ ∫

(E − Es)
σICSc

mec2Es

dNs

dEs
dEsdE, (18)

where dNs/dEs is the stellar photon field distribution
and σICS is the cross-section with the isotropic photon
field. For the soft-photon field, we consider the black
body radiation from the B star and apply the Plank func-
tion with the temperature Ts = 30000K, which is the case
for companion star of PSR B1259-63 (Negueruela et al.,
2011). Figure 5 summarizes the time scale of the cooling
at the periastron and at the apex of the shock-cone.
The TeV gamma-ray produced by the ICS process may

be converted into electron and positron pair through the
photon-photon pair-creation process with the stellar pho-
ton. The cross section of the photon-photon pair-creation
process is calculated from

σγγ(Es, Eγ) =
3

16
σT (1−v2)

[

(3− v4ln
1 + v

1− v
− 2v(2− v2)

]

,

(19)
where

v(Es, Eγ) =

√

1−
2

1− cos θXγ

(mec2)2

EsEγ
.

Figure 6 shows the optical depth of the high-energy pho-
ton propagating toward the observer at the periastron.
The solid and dashed lines are results for the system in-
clination angle θE = 10◦ and 80◦, respectively. We can
see in Figure 6 that the optical depth for 0.1−1TeV pho-
ton is close to unity. Hence, the absorption of TeV may
not be ignored at around the periastron.

3.4. ICS process of cold-relativistic pulsar wind

The pulsar binaries will be a good laboratory to search
for the evidence of the high-energy gamma-rays produced
by the cold-relativistic pulsar wind with the IC scatter-
ing off the stellar photons. For LS5039, for example,
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Fig. 6.— The optical depth of the photon-photon pair-creation
process at the periastron as a function of the energy of photon
that propagating toward the observer. The solid and dashed line
show the results for the system inclination angle θE = 10◦ and
80◦, respectively.

the pattern of GeV modulation along the orbit is ob-
served with a different shape comparing to those in the
X-ray/TeV energy bands, and it has a peak around the
superior conjunction. This pattern can be well explained
by the contribution of ICS process of the cold-relativistic
pulsar wind (Takata et al. 2014). The contribution of
ICS process of the cold-relativistic pulsar wind has been
discussed to explain the GeV emissions from the gamma-
ray binaries (Sierpowska-Bartosik & Torres 2007; Kapala
et al. 2010; Torres 2011; Khangulyan et al. 2012; Dubus
& Cerutti 2013).
In this study, we assume the pulsar wind is isotropic

and is formed near the light cylinder of the pulsar, which
is rlc ∼ 6.8× 108cm for PSR J2032+4127. Since there is
a theoretical uncertainty for the particle distribution of
the cold-relativistic pulsar wind, we explore the process
with a relativistic Maxwell distribution in the form,

f(ΓPW ) ∝ Γ2
PW exp

(

−
3ΓPW

ΓPW,0

)

, (20)

which provides averaged Lorentz factor of ∼ ΓPW,0. The
normalization is calculated from the condition that

mec
2

∫ ∞

0
ΓPW f(ΓPW )dΓPW =

Lsd

4πr2c(1 + σ)
. (21)

From the energy conversion process, the averaged
Lorentz factor at the shock may be related as
ΓPW,0(rs) = ΓL(1 + σL)/[1 + σ0], which provides
ΓPW,0(rs) ∼ ΓLσL in the limit of σL ≫ 1 and σ0 ≪ 1,
where ΓL and σL are the Lorentz factor and the mag-
netization parameter at the light cylinder, respectively.
The pairs created inside the light cylinder loose their
momentum perpendicular to the magnetic field line via
synchrotron radiation, and they will eventually escape
from the light cylinder with a Lorentz factor of ΓL ∼ 10.
Hence, the magnetization parameter at the light cylinder
may be estimated from

σL =
B2

L

4πΓLκnGJ,Lmec2
∼ 9× 102

(

ΓL

10

)−1
( κ

105

)−1

(22)

Ṁw ⇠ 10�9 � 10�7M�yr�1

vw = 108cm/s

Stellar wind parameter



Model Results
  Size of system

-- Separation ~ 1AU-30AU

-- Shock distance from pulsar

    ~0.1AU-5AU

  Case for σ(r)=constant  

-- Pulsar à periastron.

à shock distance from the pulsar decreases

à  Increase X-ray emissions

-- In the model 
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Fig. 3.— Left: Separation between the pulsar and B star (solid line), and the shock distance from the pulsars along the orbit between
-4000days and +4000days from the periastron. The dashed (η = 0.85), the dotted (η = 0.085) and the dashed-dotted (η = 0.0085)
correspond to the cases for Ṁw = 10−9M⊙yr−1, 10−8M⊙yr−1 and 10−7M⊙yr−1, respectively, with equation (5) and vw = 108cm s−1.
Right: The magnetic field strength at the periastron at the shock apex for η = 0.85 (dashed line), 0.085 (dotted line) and 0.0085 (dashed
dotted line), respectively. The magnetization parameter at the shock is assumed to be σ(rs) = 0.1.

The distance to the apex of the shock cone, rs, and the
opening angle of the shock, θs, measured by the pulsar
are calculated from (Canto et al. 1996)

rs(φ) =
η1/2

1 + η1/2
a(φ) (6)

and

θs(η)− tan θs(η) =
π

1− η
, (7)

respectively, where φ represents the orbital phase and
a(φ) is the separation between two stars. The equa-
tion (7) gives the solution θs = 1.62rad, 2.3rad and
2.72rad for η = 0.85, 0.085, and 0.0085, respectively. For
the isotropic pulsar wind, about (1 − cos θs)/2 × 100%
of the pulsar wind energy is injected into the shock.
Figure 3 summaries the evolution of the distance (left
panel) and the magnetic field strength (right panel) at
the shock apex along the orbit between -4000days and
+4000days from the periastron (we did not plot the re-
sults for other orbital phase, since we are interesting the
emission processes close to the periastron). The mag-
netic field is calculated with σ(rs) = 0.1. As the figure
shows, the shock distance and the magnetic field at the
shock change more than factor of ten along the orbit.
Since the pulsar orbit velocity (vp ∼ 106−7cm s−1) is at
least about a factor of ten slower than the stellar wind
velocity (vw ∼ 108cm s−1), we assume that the shape
of the shock-cone is axial symmetry against to the axis
connecting two stars.

3.2. Pulsar/Be disk interaction

Since Be type star, MT91 213, forms a dense equa-
torial disk, the pulsar may interact with the Be disk
at the periastron passage, just like the gamma-ray bi-
nary PSR B1259-63/LS2883 system. The decretion disk
model has been explored to describe the structure of the
Be disk (Lee et al. 1991; Carciofi & Bjorkman 2006;
Okazaki et al. 2011), and it implies the disk mass den-
sity (ρd) and the scale height (H) are described by

ρd(R, z) = ρ0

(

R∗

R

)n

exp

(

−
z2

2H2

)

, (8)
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Fig. 4.— Shock distance [equation (10)] for the pulsar/Be
disk interaction, if the pulsar interacts with the Be disk at the
given orbit phase (x-axis). The disk structure is calculated with
n = 3.5, β = 1.5, H0 = 0.02R∗ and circular velocity vd,K =

500km s−1(R∗/R)1/2. The relative velocity is assumed and is cal-

culated from vr ∼

√

v2p + v2d,K . The solid, dashed and dotted lines

show the ratio of the shock distance and disk scale height at the
pulsar for the base density of ρ0 = 10−9g cm−3, 10−10g cm−3 and
10−11g cm−3, respectively. The dashed-dotted line shows the ra-
tio of the scale height and separation, H/a. A cavity of the pulsar
wind around the pulsar may be formed when rs/H is less than
unity.

and

H(R) = H0

(

R

R∗

)β

, (9)

respectively, where n ∼ 3 − 3.5 and β ∼ 1 − 1.5 (n =
3.5 and β = 1.5 for the isothermal disk). In addition,
H0 ∼ 0.02R∗ and the base density is of order of ρ0 ∼
10−11 − 10−9g cm−3.
Takata et al. (2012) studied the orbital modulations

of the X-ray/TeV emissions from PSR B1259-63/LS2883
system. They argued that with the larger base density
(ρ0 ∼ 10−9g cm−3) for the Be disk, the pulsar wind
creates a cavity in the disk gas and this causes a sig-
nificant increase in the conversion efficiency from pulsar
spin down power to the shock-accelerated particle energy

separation

Shock �
distance 
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are for θE = 10◦, 60◦ and 80◦, respectively. In addition, σ0 = 0.1
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a constant magnetization parameter; the solid, dashed
and dotted lines are for σ0 = 0.5, 0.1 and 0.01, respec-
tively. In the calculation, we assumed η = 0.085 (that
is, ṀW ∼ 10−8M⊙yr−1), and ΓPW,0 = 104. In the left
panel of the figure, the results of the Swift observations

are also displayed.
We find in Figure 8 that the calculated light curve

with the constant magnetization parameter predicts the
increase in the X-ray flux slower than that of the Swift
observations after ∼ −2000 days from the periastron.
The synchrotron luminosity is roughly proportional to
Lsyn ∝ rsB2(rs) ∝ 1/rs for constant magnetization
parameter. As Figure 3 shows, the shock distance de-
creases about a factor of ∼ 2 during ∼ −2000days and
∼ −1000days, and as Figure 8 shows, therefore, the cal-
culated flux only slightly increases during that epoch,
which cannot explain the increase of the flux (a factor of
∼ 5− 10) measured by the Swift. The possible scenario
to explain the rapid increase of the observed X-ray flux
is the evolution of the magnetization parameter with the
shock distance, as indicated in Figure 8. We will discuss
this possibility in section 4.1.3.
Figure 9 shows how the calculated flux depends on the

model parameters, namely, the magnetization parameter
(left panel) and the averaged Lorentz factor of the un-
shocked pulsar wind ΓPW,0 (right panel). As seen in the
left panel of the figure, the calculated X-ray flux (solid
line) reaches the maximum value at the magnetization
parameter σ0 ∼ 0.1. This is because the internal en-
ergy (∝ P2) of the post-shock flow at the shock given
by the jump condition decreases as the assumed magne-
tization parameter increases (e.g. figure 4 of Kennel &
Coronit 1984), while the magnetic field at the shock (B2)

FX / B2
(rs)⇥Volume / 1/rs



Effect of Doppler boost
-- The pulsar is close to inferior conjunction.

-- Shock pulsar wind moves toward the Earth.

--Doppler boost: 
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the two winds. Figure 12 shows the dependency of
F0.3−10keV/F0.1−10TeV for the magnetization parameter
and the wind momentum ratio. If the future observa-
tion could measure the flux ratio in X-ray and TeV en-
ergy bands, we would discuss the momentum ratio of the
two winds; for example if the future observations pro-
vide F0.3−10keV/F0.1−10TeV ∼ 1 at the periastron, the
current model predicts that the magnetization σ0 ∼1 if
the momentum ratio η ∼ 0.0085. Using current model,
on the other hand, we can predict the future observa-
tions. As we will see in the later section, the fitting of
the X-ray data implies that the magnetization param-
eter at periastron is σ0 ∼ 1 at the shock and the mo-
mentum ratio is η < 0.085, suggesting the flux ratio is
F0.3−10keV/F0.1−10TeV ≥ 1 at the periastron.

4.1.2. Doppler effects

In the previous sections, we ignored the effect of the
motion of the post-shocked pulsar wind. In such a case,
as Figure 8 indicates, the orbital modulation of the X-ray
emission is symmetry relative to the periastron. Asym-
metry of the X-ray light curve as well as TeV light curve
will be introduced with the existence of the finite velocity
of the shocked pulsar wind.
The finite velocity of the shocked pulsar wind will cause

the Doppler effect, which enhances or suppresses the ob-
served emissions. It has been suggested that the ob-
served modulation of the X-ray emissions from gamma-
ray binary LS 5039 is results of the Doppler effects of
the shocked pulsar wind (Dubus et a;. 2010; Takata et
al 2014). The Doppler factor is calculated as

D =
1

Γpw

√

1− (vpw/c) cos θpw
, (24)

where Γpw is the Lorentz factor of the bulk motion of the
post-shocked flow, and θpw is the angle of the flow direc-
tion and the line of sight. We assume that the velocity
of the post-shocked pulsar wind flow is constant.
Figure 13 summarizes the Doppler effects with the dif-

ferent constant velocity of the post-shocked flow; vpw =
vpw,2 (solid lines) given by the jump condition, c/3
(dashed line) in the limit of σ0 = 0 and 0.6c (dotted
line). We can see in the figure that the Doppler effects
enhance the emissions before the periastron, while sup-
presses after the periastron. With η < 1, namely, for the
stellar wind stronger than the pulsar wind, the shock-
cone wraps the pulsar. Around the inferior conjunction
(∼ −150days), the post-shocked pulsar wind moves to-
ward the Earth and hence enhances the emissions. The
emissions are suppressed at around the superior conjunc-
tion (∼ +10days) where the post-shocked pulsar wind
moves away from the Earth.
The inclination angle of the system (θE) affects to the

shape of the light curve, since it is related to the angle
θpw in the Doppler factor of equation (24). Figure 14
compares the expected light curves for the different in-
clination with vpw = vpw,2; the solid, dashed and dotted
lines are for θE = 10◦, 45◦ and 80◦, respectively. Unfor-
tunately, we do not know the inclination angle, and hence
we cannot resolve the degeneracy between vpw and θE in
the Doppler factor. Future observations for this system
will be desired to constrain the inclination.

4.1.3. Radial dependent σ of pulsar wind

As seen in Figures 8, 13 and 14, the calculated X-ray
light curve with a constant magnetization parameter pre-
dicts the increase of X-ray flux slower than that of the
Swift observations after ∼ −2000days, suggesting the ra-
dial dependent magnetization parameter. In fact, the
radial dependent magnetization parameter has been dis-
cussed in the previous studies to explain the orbital mod-
ulations of the gamma-ray binaries (Takata et al. 2009;
Kong et al. 2011; Takata et al. 2014). In this paper, we
explore the radial dependency with a function form of

σ(r) ∝ r−α. (25)

The left panel in Figure 15 shows the results of the fit-
ting for the Swift X-ray data with different power law
index; α = 1 for solid line, 2 for dashed line and 3
for dotted line. Other parameters are η = 0.02 (Ṁ ∼

4 × 10−8M⊙/yr) and ΓPW,0 = 104. In addition, we ap-
plied vpw = vpw,2 taking into account the Doppler effect
discussed in section 4.1.2. To explain the observed flux
level by Swift, we normalized the magnetization param-
eter so as to be σ ∼ 0.01 at r ∼ 2.5AU for each power
law index. Figure 16 shows the evolution of the fitting
magnetization parameters at the apex of the shock-cone
along the orbit.
We can see in the Figure 15 that a faster evolu-

tion (larger α) of the magnetization parameter with
the radial distance reproduces a X-ray light curve be-
ing more consistent with the whole swift observations
after −4000days. As the figure shows, the current model
predicts that the peaks of the flux in the light curve is
occurred at a day before the periastron and the flux then
rapidly decreases during ∼ −20days and ∼ +10days by
about one order of magnitude. This is because (1) the
assumed magnetization parameter determined by the re-
lation, σ(r) ∝ r−α, exceeds the unity for α > 2, as Fig-
ure 16 shows, and (2) the Doppler boosting suppresses
the emissions around the superior conjunction. This fea-
ture can be testified by the future observations.

4.2. GeV emissions and multi-wavelength spectra

Gamma-ray binaries have been also detected by the
Fermi-LAT and the emissions will be originated from
the pulsar’s magnetospheric processes (if compact ob-
ject is pulsar) and/or the intra-binary processes. For
PSR J2032+4127, the pulsed GeV emissions due to the
pulsar spin has been measured by the Fermi-LAT with
an energy flux ∼ 1.6 × 10−10erg cm−2 s−1 (section 2).
The high-energy tail of synchrotron spectrum and the
low energy tail of ICS process of the intra-binary shock
discussed in the previous sections could contribute to the
energy bands (0.1-300GeV) of the Fermi-LAT. In addi-
tion to the shock emissions, the ICS process of the cold-
relativistic pulsar wind with ΓPW,0 ∼ 104−5 produces
GeV gamma-rays (c.f. Figure 7).
Figure 17 compares the observed flux level of the pulsed

emissions with the predicted flux levels of the shocked
emissions (solid line) and of ICS process of the cold-
relativistic pulsar wind (dashed line). In the calcula-
tion, we assume Γ0 = 104 for the average Lorentz factor
of the particles of the cold-relativistic pulsar wind, and
θE = 60◦ for the inclination of the system. As we see
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Fig. 13.— Orbital modulation with Doppler effects due to the finite velocity of the shocked pulsar wind. The different lines assume the
different flow velocity; vpw = vpw,2 (solid line) given by the jump condition, c/3 (dashed line) and 0.6c (dotted line), respectively. The
assumed inclination angle of the system is θE = 60◦. The results are for η = 0.085, ΓPW,0 = 104, and σ0 = 0.1.
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Fig. 15.— The X-ray (left) and TeV (right) light curves with a radial dependent magnetization parameter. The sold, dashed and dotted
lines are results for α = 1, 2 and 3, respectively in equation (25). All cases assume η = 0.02 and ΓPW,0 = 104. The magnetization
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Recent X-ray light curve

Li et al. 2017, arXiv:1705.09653



  Instead of a monotonically increase in X-ray flux, 
the light curve may be characterized by:�
1) a long-term increase trend from 2013-2015: the 
low state�
2) short-term (weeks-months) flares: the flaring 
state



Recent X-ray light curve



  Instead of a monotonically increase in X-ray flux, 
the light curve may be characterized by:�
1) a long-term increase trend from 2013-2015: the 
low state=> lower nH�
2) short-term (weeks-months) flares: the flaring 
state=> higher nH



Some thoughts

  It would ease the difficulties faced by too rapid increase of 
magnetic field at the shock (proportional to binary 
separation)

  Local clump(s) of clouds from stellar wind, consistent 
with high nH required



PSR J2032+4127 �
&�

 PSR B1259-63 �
are two similar systems



GeV flares in 2011 & 2014!

Tam et al. �
(2011, 2015)

see also 
Caliandro et al.(2015)

Chernyakova et al. (2015)



X-ray light curves

Tam et al. (2015)�
PSR B1259-63

Li et al. (2017)
PSR 2032+4127





Summary(1): general

  It’s now a good time to study gamma-ray binaries with 
orbital period of years

  Pulsar/Be binary : laboratory of the pulsar wind, 
studying magnetosphere/Pulsar wind/Shock emissions.

  Prototype: PSR B1259-63/LS2883, origin of GeV flare 
still not solved



Summary(2): PSR J2032+4127

  PSR J2032+4127/MT91 213 : what causes the X-ray 
flares?

  Prediction from the shock model: Orbital modulating 
GeV/TeV emissions in the next periastron passage (late 
2017, Takata, Tam et al., 2017). 

  The first and last chance for us.



Thank you!



PSR J2032+4127

  Gamma-ray pulsars with radio timing solutions (Camilo+ 2009)

  It has TeV and X-ray counterparts (PWN?)

7 arcmin 3 degrees



X-ray/GeV connection?

Tam et al. (2015)

I

II
III



X-ray/GeV connection?
I

II

III

Tam et al. (2015)


