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Formation of MSPs 

(H#p://astronomy.swin.edu.au/cosmos/P/Pulsar+Evolu;on) 



•  In 1988, the first eclipsing  MSP PSR B1975+20 (Fruchter et al.)  
•  In 1990s, high-energy emission from intra-binary shock of MSP 

binary was discussed by several groups (Harding & Gaisseer 1990;  Arons & 
Tavani 1993) 

•  In 2003, the first evidence of  intra-binary shock emission 
   --- X-ray emission from PSR B1957+20 (Stappers et al. 2003) 

Intra-binary shock 

(Arons & Tavani 1993) 



MSPs in Fermi-Era 
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•  About  a half of gamma-ray pulsars is MSPs. 
Ø  Deep radio pulsar search at Fermi unidentified source.  
Ø  Many compact MSP binary systems (Porb<1day)      
    - Black widow and Redback   



•  Porb<1day. 

•  Radio eclipses due to the evaporating 
material from the companion.  

•  Black Widow (~12) 
•  very low mass (semi) degenerate companion 

(<0.05M⊙) 

 

•  Redback   (~8) 
•  >0.1M⊙ non-degenerate (G/M type) or 

degenerate companion   
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sume that the distribution of the accelerated particles is described

by a power law function, and we determine the maximum Lorentz

factor by balancing between the synchrotron loss time scale and

the acceleration time scale, yielding the maximum Lorentz factor

γmax = [9m2
ec4/(4e3Bs)]

1/2, where Bs represent the magnetic

field strength just after the shock. We assume the minimum Lorentz

factor is comparable to the Lorentz factor of the bulk motion in the

up-stream region, which corresponds to γpw ∼ 103−6 depending

on the spin down parameters (Takata et al. 2017). In this paper,

we apply γmin = 104. We note that the results of the our cal-

culation is insensitive to the minimum Lorentz factor. We obtain

the magnetic field in the shocked pulsar wind at the shock from

Bs = 3

√

Lsdσ/[r
2
s c(1 + σ)], and in the down stream region, we

estimate the magnetic field strength at the distance r from the shock

using the magnetic flux conservation, that is, B(r)r =constant along

the flow. In the downstream region, the particles lose their energy

via the adiabatic loss and synchrotron loss. For GeV band, we expect

that the emission is originated from the pulsar magnetosphere, and

fit the observation with a outer gap model developed by Wang et al.

(2010). Figure 4 shows the results of our model fitting for X-ray and

GeV gamma-ray bands. Here, we assume the accelerated particles

at the shock follow a power-law distribution with p = 1.5.

In our model, the shock wraps the pulsar and because the

shocked pulsar wind has a finite velocity, the X-ray orbital modula-

tion can be explained by Doppler boosting. To calculate the model

light curve, we assume that the shocked pulsar wind flows along the

shock cone with a constant speed. We further assume the velocity

of the shocked pulsar wind as v = 0.6c and a system’s inclination

of θs ∼ 70◦. In Figure 5, we compare the model light curve and

the NuSTAR 3–40 keV observations, and the model can reproduce

all the major features of the observations. The peaks in the model

light curve correspond to the positions when the line of sight cuts

through the surface of the shock cone. It is worth noting that from

optical light curve modelling, the derived inclination is 80.5 ± 7◦

(Bellm et al. 2016), implying a nearly edge-on system.

To compare with other two redback MSPs, PSR J1023+0038

and PSR J1723–2837, that have NuSTAR detections up to 79 keV

(Li et al. 2014; Kong et al. 2017), PSR J2129–0429 shares several

common behaviors. All three redbacks have a relatively hard non-

thermal power-law spectrum with a photon index of ∼ 1.2 and they

all show X-ray orbital modulation. This non-thermal emission as

well as the X-ray modulation can be modelled with an intrabinary

shock model. Perhaps the unique features of PSR J2129–0429 is

the thermal emission from the neutron star on top of the dominant

power-law emission and the double-peaked X-ray light curve. The

thermal emission of PSR J2129–0429 could be the result of a slightly

higher temperature of the polar cap and/or geometrical effect. The

double-peaked structure of the X-ray light curve can be explained

naturally by a shock warping pulsar with Doppler boosting effect in a

nearly edge-on (∼ 70◦) orbit. For PSR J1023+0038 and PSR J1723–

2837, their inclination is about 40◦ (Bogdanov et al. 2011; Crawford

et al. 2013), making the double-peaked feature less apparent (see

Figure 6 in Li et al. 2014). Lastly, PSR J2129–0429 has the longest

binary orbital period comparing to the other two and that may also

account the differences.
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Figure 2. Folded light curve of optical and Chandra observations of 1FGL J2339.7–0531 with a best-fit period of 4.6342 hr. Optical colors (g′ − I ) obtained
with MITSuME are also plotted. The phase zero is defined as 2010 October 31 (MJD 55500). Also plotted with the X-ray light curve is the X-ray hardness ratio
(1.5–8 keV/0.3–1.5 keV) with triangles. It is evident that both optical and X-ray light curves show similar modulation. The X-ray hardness ratio exhibits some
variability when the X-ray light curve is at its minimum. Note that the Chandra data only cover about one orbital period.
(A color version of this figure is available in the online journal.)

1031(θ/0.1 rad)2(δΩ/3 rad)−1(Lγ /1033 erg s−1) erg s−1, where
θ is the angular size of the companion star measured from the
pulsar and δΩ is the solid angle of the γ -ray beam. The observed
maximum R-band magnitude of 1FGL J2339.7–0531 is about
18 (see Table 1), which is consistent with the above estimation.

It has been suggested that X-ray emission from black widow
systems originate from the pulsar magnetosphere and/or from
an intrabinary shock due to the interaction between the pulsar
wind and the injected material from the low-mass star (e.g.,
Kulkarni et al. 1992; Stappers et al. 2003). If the X-rays are
produced in the magnetosphere, the orbital modulation will
be produced due to the physical eclipse of the pulsar by the
companion star. In this case, the minima of the X-ray and
optical light curves should be at the same phase, and we
indeed observed that (see Figure 2). Alternatively, if the X-rays
originate from the intrabinary shock region, an effect of the
Doppler boosting relating with the post-shock flow can produce
the orbital modulation (Arons & Tavani 1993). It has been
suggested for the pulsar and massive stellar system (e.g.,
PSR B1259-63/LS 2883 system, Bogovalov et al. 2008), the
post-shock flow can be accelerated into the relativistic regime
because of an explosion in the downstream region (see also Tam
et al. 2011). The Doppler boosting increases the intensity as
Iν ∝ D3+αI

′

ν , where I
′

ν is the intensity in the comoving frame,
D is Doppler factor and α is the spectral index in the comoving
frame. An orbital modulation by a factor of five may suggest
that the Doppler factor D ∼ 1.6 with α ∼ 0.5.

The X-ray hardness ratio roughly correlates with the X-ray
light curve (Figure 2). It may suggest that the pulsar (which
has a very hard X-ray spectrum) is physically eclipsed by the
companion and that the soft emission is an extra source of
light (e.g., a wind shock). There is some support for this in the

asymmetry of the optical light curve. Much better X-ray and
optical photometric data are required for serious modeling.

The source has a very low absorption (3 × 1020 cm−2)
along the line of sight in comparison with Geminga with
NH = 1.5 × 1020 cm−2 and a distance of 150–250 pc, and
SAX J1808.4–3658 with NH = 4 × 1020 cm−2 and a distance
of 1.3 kpc. The distance of 1FGL J2339.7–0531 is therefore
likely to be between 300 and 1000 pc. If the companion star is
a late-type main sequence (e.g., a M5 dwarf), and has V ∼ 21
during optical minimum when the heating effect is at minimum,
the implied distance is about 700 pc.

If we assume a distance of 700 pc, then the γ -ray power is
Lγ ∼ 1033 erg s−1. Most MSPs have an efficiency of about
10%, which gives a spin-down luminosity Lsd ∼ 1034 erg s−1.
According to Takata et al. (2012), the spin period of the MSP
can be derived from the spin-down power. Using the estimated
spin-down power, the spin period will be ∼4 ms. We note that
the distance to the source is uncertain; for instance, Romani &
Shaw (2011) estimated a distance of 1.1±0.3 kpc. If we assume
a distance error of a factor of two (i.e., 350–1400 pc), the spin
period will be 3–5 ms.

The bright Fermi source 1FGL J2339.7–0531 is an intriguing
object that is potentially the first “radio-quiet” γ -ray-emitting
MSP in a binary system. Despite 1FGL J2339.7–0531 being
one of the brightest unidentified pulsar-like Fermi sources
located at high Galactic latitude, no radio detection has been
reported. Based on a recent pulsation search with the Green Bank
Telescope, 1FGL J2339.7–0531 was not detected (Ransom et al.
2011). It may indicate that 1FGL J2339.7–0531 is “radio-quiet,”
or the radio emission must be very weak.

The system resembles black widow MSP for which the MSP
has a very low-mass (≪0.1 M⊙) companion in an orbit less than
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•  2FGL J2339.6-0532 (Kong et al. 2011)=PSR J2339-0533 
•  2FGL J1311.7-3429 (Romani 2012) = PSR J1311-3430 
•  1FGL J0523.5-2529 (Strader+ 2014) 
•  2FGL J2039.6-5620 (Romani 2015; Salvetti+ 2015) 
•  3FGL J1544-1125 (Bogdanov & Halpern 2015) 
•  3FGL J1048.6+2338(Deneva+ 2016)= PSR J1048+2339 
•  3FGL J0212.1+5320 (Li+ 2016; Linares+ 2017) 
•  3FGL J0838.8-2829 (Halpern+ 2017) 
•  3FGL J0954.8−3948 (Li et al. 2018) 

•   See also Hui+ 2015 and Salvetti+ 2017 for other 
candidates 

Candidates 
 (Porb=4.6hours) 2FGL J2339.6-0532	

Orbital phase 
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corrected; all the uncertainties listed are in 90% confi-227

dence interval). Although it is not significant, the228

best-fit NH is a few times higher than the Galac-229

tic value of 1.34⇥1021 cm�2
(Kalberla et al. 2005),230

may indicating an intrinsic absorption of the sys-231

tem. If a value closer to the Galactic value is232

used, e.g., NH = 1021 cm�2
, the best-fit param-233

eters change to �
X

= 0.8 ± 0.5 and F0.3�10keV =234

3.1+1.9
�1.2 ⇥ 10�13

erg cm

�2
s

�1
. We also tried the ther-235

mal model mekal, which requires an unreasonably high236

temperature of kT ⇡ 30 keV to describe the spectrum.237

Given the poor data quality of the spectrum, we did not238

try any complex models with two or multiple emission239

components.240

Five XRT observations got only low exposure (i.e.,241

much less than 1 ksec) and the X-ray source was there-242

fore undetected in these datasets. Surprisingly, we also243

found that the source was undetected in a “deep” obser-244

vation taken on 2015 August 19 with an exposure time245

of about 1.6 ksec (Table 2). Within a 4700 radius circu-246

lar region centered at the source position (correspond-247

ing to 90% of the encircled energy fraction of XRT at248

1.5 keV; Moretti et al. 2005), only one photon (which249

is located near the edge of the region) was detected in250

this 1.6 ksec observation. Even assuming that this only251

event is from the source, the inferred count rate is much252

lower than the measurements in 2010 and 2015–2017—253

for example, seven source counts would have been de-254

tected in a 1.6 ksec observation with the count rate of255

4.4⇥10�3 cts s�1 measured five days later (Table 2). Us-256

ing a Bayesian approach (Kraft et al. 1991), we computed257

95% upper limits for all the non-detections. As expected,258

the upper limits for data with < 1 ksec are not very much259

constraining (i.e., a few ⇥10�2 cts s�1, while the aver-260

age count rate of the four individual detections is about261

4⇥ 10�3 cts s�1). The upper limit for the 1.6 ksec data262

is deeper (i.e., < 8.7 ⇥ 10�3 cts s�1), however, still in-263

su�cient to clarify whether the low-count-rate measure-264

ment is physically- or statistically-based. For a deeper265

constraint, we combined all the six XRT observations266

and the X-ray source can be marginally detected in the267

stacked image with 2.1+1.6
�1.2⇥10�3 cts s�1. Although this268

marginal detection shows a ⇠ 50% decrease on flux in the269

period from 2015 February 04 through August 19, the270

variability is not statistically significant (i.e., less than271

2�). To check whether this variability was seen at other272

frequencies, we performed a Fermi -LAT analysis with the273

data collected between 2015 February 04 and August 19,274

and the �-ray flux (100 MeV–100 GeV) did not vary sig-275

nificantly. In UV, there are some UVOT images taken276

simultaneously with the XRT observations. Although277

the UVOT magnitudes (obtained by aperture photome-278

try using the uvotsource task in HEAsoft v6.22) were279

significantly changing over time (Table 2), it is due to280

the orbital modulation (Figure 3; will be discussed in281

the coming sections).282

4. CATALINA SURVEYS DATA283

In the CSS Periodic Variable Star Catalogue, Drake284

et al. (2017) identified a Vcss = 18.45 mag can-285

didate optical counterpart for the X-ray system,286

SSS J095527.8�394752 (the accurate Gaia position in287

the Data Release 2: ↵(J2000) = 09h55m27.s8090842 ±288
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Fig. 3.— The figure shows (a) the radial velocities curve, (b) the
CSS light curve, (c) the UVOT light curves, and (d) the Swift/XRT
(0.3–10 keV) light curve (binned per orbit), of 3FGL J0954.8�3948,
which are all folded on the orbital period of Pjoint = 0.3873279 d
with phase zero at BJD 2458097.94395 (the ascending node). Two
cycles are shown for clarity. In the panel (d), 95% upper limits and
net count rates (even zero net count rate) are shown in the first and
second cycles, respectively, for bins with insignificant detection.

0.11mas, �(J2000) = �39�47052.0029613± 0.13mas; Gaia289

Collaboration et al. 2016, 2018), which is the only op-290

tical source located within the 90% positional uncer-291

tainty of 1SXPS J095527.8�394750. The source was292

classified as a non-EA (Algol type) eclipsing binary with293

Pcss = 0.387330 d (about 9.3 hours). The photomet-294

ric data (186 individual exposures) obtained from the295

Catalina Surveys Data Release 2 (CSDR2; Drake et al.296

2009)12 shows a clear sinusoidal-like profile at 9.3 hours297

(Figure 3; the light curve has been barycentric corrected298

to the TDB system; Eastman et al. 2010). We fit the data299

with a sinusoidal function and the best-fit mean magni-300

tude is Vcss ⇡ 18.4 mag with a peak-to-peak amplitude301

of �Vcss ⇡ 1.2 mag. For the XRT variability discussed in302

§3, no further investigation is allowed on the CSS optical303

light curve as it does not cover the time of interest.304

5. SOAR AND GEMINI SOUTH SPECTROSCOPY305

We obtained optical spectroscopy of the source using306

the Goodman Spectrograph (Clemens et al. 2004) on the307

SOAR telescope (UT 2017 Jul 11 to 2018 Jan 22) and308

using GMOS-S on the Gemini South telescope (2017 Dec309

8 to 19). The SOAR spectra all used a 400 l mm�1 grat-310

ing with a 0.0095 slit, giving a FWHM resolution of about311

5.3 Å. Most of the SOAR spectra covered a wavelength312

range of about 4850 to 8850 Å, but the last two had313

12 All the CSS data was taken unfiltered.
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3FGL J0954.8−3948 (Porb=9.3hours) 
  

(Kong et al. 2012) 



• New BW and RB enable us to do a detail study of 
the high-energy emission from the MSP binary  

   



2. X-ray/gamma-ray emissions of BWs/
RBs 

Broadband spectrum 
-- Optical (companion) 
-- energy peak around 1MeV 

RB	:	J2129-4029 

J1023+0023	
3FGL J0954.8−3948  

op;cal X-ray GeV 



2. X-ray/gamma-ray emissions of 
BWs/RBs 

2-1 X-ray  emission (see Takata et al. 2012) : 
1. Magnetosphere --  synchrotron process 
2. Heated polar cap (~106K)  
3. Intra-binary shock -- synchrotron process 
 
Lx vs. Lsd  
•  BWs : Heated polar cap emission dominates 

for lower spin down pulsar. 
                         (see Gentile et al. 2013 for  spectral analysis)  
àno pulsed emission has been confirmed yet. 
 
•  RBs: Shock emission dominates. 
à X-ray spectrum is well fitted by a power law 
 function. 

17

Figure 10. Same as Figure 9, but the different blue color lines are results for the different surface magnetic field strength,
which affects the temperature of the heated polar cap, as indicated by equations (4) and (5).The temperatures for the sold,
dashed and dotted lines are calculated with Bs = 1.5× 108G, 3× 108G and 6× 108G, respectively. The red lines in the top and
bottom panels represent the contribution of the shock emission calculated with δ = 0.3%.

Lx vs. Lsd  (Color : model)  

BW	

Blue	:	Total		Red		:	Heated	PC	
Green	:	Magnetosphere	

(Lee et al. 2018) 

18

Figure 11. Same as Figure 9, but for the RB MSPs. The solid, dashed and dotted blue lines are results for δ = 2%, 4% and
8%, respectively.

RB	



X-ray orbital modulation: Doppler boosting 
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Fig. 1.— Left: X-ray emission from PSR B1957+20 in the energy range of 0.3–8.0 keV as a function of the
pulsars orbital phase (φ). Right: A folded light curve at the orbital period. Two orbital cycles are shown for
clarity. The background noise level is found to be at ∼ 0.1 counts/bin. The phase zero (φ= 0.0) corresponds
to the ascending node of the pulsar orbit. Error bars indicate the 1σ uncertainty. The blue shaded regions
between the orbital phases 0.2–0.3 and 1.2–1.3 mark the radio eclipse of the black widow pulsar. The
phase-resolved spectrum covering the eclipsing region was extracted from the gray shaded regions (see §5.1).
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Fig. 2.— Left panel: Chandra ACIS-S3 image in the energy band 0.3–8 keV of the black widow pulsar system
smoothed with an adaptive Gaussian filter. The green circle with the 2.0′′ radius indicates the source region
we used in this study while two segments of the X-ray tail are chosen from the red rectangular regions. Right
panel: The Hα image taken from the Anglo Australian Telescope is overlaid with the X-ray contours. The
green contour levels are shown at 0.4, 0.8, 3.0, 15.4, and 84.8% of the peak x-ray surface brightness. The red
cross indicates the radio timing position of PSR B1957+20. The optical residuals correspond to incompletely
subtracted stars.
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BW:	PSR B1957+20 

Orbital phase 

Radio	eclipse	(INFC)		

BWs	:	Only PSR B1957+20 is bright 
enough to measure the orbital 
variation. 
à Shock wraps the companion. 

RBs: Peak at around SUPC  
à Some sources show double peak 
à Shock wraps the companion. 
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sume that the distribution of the accelerated particles is described

by a power law function, and we determine the maximum Lorentz

factor by balancing between the synchrotron loss time scale and

the acceleration time scale, yielding the maximum Lorentz factor

γmax = [9m2
ec4/(4e3Bs)]

1/2, where Bs represent the magnetic

field strength just after the shock. We assume the minimum Lorentz

factor is comparable to the Lorentz factor of the bulk motion in the

up-stream region, which corresponds to γpw ∼ 103−6 depending

on the spin down parameters (Takata et al. 2017). In this paper,

we apply γmin = 104. We note that the results of the our cal-

culation is insensitive to the minimum Lorentz factor. We obtain

the magnetic field in the shocked pulsar wind at the shock from

Bs = 3

√

Lsdσ/[r
2
s c(1 + σ)], and in the down stream region, we

estimate the magnetic field strength at the distance r from the shock

using the magnetic flux conservation, that is, B(r)r =constant along

the flow. In the downstream region, the particles lose their energy

via the adiabatic loss and synchrotron loss. For GeV band, we expect

that the emission is originated from the pulsar magnetosphere, and

fit the observation with a outer gap model developed by Wang et al.

(2010). Figure 4 shows the results of our model fitting for X-ray and

GeV gamma-ray bands. Here, we assume the accelerated particles

at the shock follow a power-law distribution with p = 1.5.

In our model, the shock wraps the pulsar and because the

shocked pulsar wind has a finite velocity, the X-ray orbital modula-

tion can be explained by Doppler boosting. To calculate the model

light curve, we assume that the shocked pulsar wind flows along the

shock cone with a constant speed. We further assume the velocity

of the shocked pulsar wind as v = 0.6c and a system’s inclination

of θs ∼ 70◦. In Figure 5, we compare the model light curve and

the NuSTAR 3–40 keV observations, and the model can reproduce

all the major features of the observations. The peaks in the model

light curve correspond to the positions when the line of sight cuts

through the surface of the shock cone. It is worth noting that from

optical light curve modelling, the derived inclination is 80.5 ± 7◦

(Bellm et al. 2016), implying a nearly edge-on system.

To compare with other two redback MSPs, PSR J1023+0038

and PSR J1723–2837, that have NuSTAR detections up to 79 keV

(Li et al. 2014; Kong et al. 2017), PSR J2129–0429 shares several

common behaviors. All three redbacks have a relatively hard non-

thermal power-law spectrum with a photon index of ∼ 1.2 and they

all show X-ray orbital modulation. This non-thermal emission as

well as the X-ray modulation can be modelled with an intrabinary

shock model. Perhaps the unique features of PSR J2129–0429 is

the thermal emission from the neutron star on top of the dominant

power-law emission and the double-peaked X-ray light curve. The

thermal emission of PSR J2129–0429 could be the result of a slightly

higher temperature of the polar cap and/or geometrical effect. The

double-peaked structure of the X-ray light curve can be explained

naturally by a shock warping pulsar with Doppler boosting effect in a

nearly edge-on (∼ 70◦) orbit. For PSR J1023+0038 and PSR J1723–

2837, their inclination is about 40◦ (Bogdanov et al. 2011; Crawford

et al. 2013), making the double-peaked feature less apparent (see

Figure 6 in Li et al. 2014). Lastly, PSR J2129–0429 has the longest

binary orbital period comparing to the other two and that may also

account the differences.
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sume that the distribution of the accelerated particles is described

by a power law function, and we determine the maximum Lorentz

factor by balancing between the synchrotron loss time scale and

the acceleration time scale, yielding the maximum Lorentz factor

γmax = [9m2
ec4/(4e3Bs)]

1/2, where Bs represent the magnetic

field strength just after the shock. We assume the minimum Lorentz

factor is comparable to the Lorentz factor of the bulk motion in the

up-stream region, which corresponds to γpw ∼ 103−6 depending

on the spin down parameters (Takata et al. 2017). In this paper,

we apply γmin = 104. We note that the results of the our cal-

culation is insensitive to the minimum Lorentz factor. We obtain

the magnetic field in the shocked pulsar wind at the shock from

Bs = 3

√

Lsdσ/[r
2
s c(1 + σ)], and in the down stream region, we

estimate the magnetic field strength at the distance r from the shock

using the magnetic flux conservation, that is, B(r)r =constant along

the flow. In the downstream region, the particles lose their energy

via the adiabatic loss and synchrotron loss. For GeV band, we expect

that the emission is originated from the pulsar magnetosphere, and

fit the observation with a outer gap model developed by Wang et al.

(2010). Figure 4 shows the results of our model fitting for X-ray and

GeV gamma-ray bands. Here, we assume the accelerated particles

at the shock follow a power-law distribution with p = 1.5.

In our model, the shock wraps the pulsar and because the

shocked pulsar wind has a finite velocity, the X-ray orbital modula-

tion can be explained by Doppler boosting. To calculate the model

light curve, we assume that the shocked pulsar wind flows along the

shock cone with a constant speed. We further assume the velocity

of the shocked pulsar wind as v = 0.6c and a system’s inclination

of θs ∼ 70◦. In Figure 5, we compare the model light curve and

the NuSTAR 3–40 keV observations, and the model can reproduce

all the major features of the observations. The peaks in the model

light curve correspond to the positions when the line of sight cuts

through the surface of the shock cone. It is worth noting that from

optical light curve modelling, the derived inclination is 80.5 ± 7◦

(Bellm et al. 2016), implying a nearly edge-on system.

To compare with other two redback MSPs, PSR J1023+0038

and PSR J1723–2837, that have NuSTAR detections up to 79 keV

(Li et al. 2014; Kong et al. 2017), PSR J2129–0429 shares several

common behaviors. All three redbacks have a relatively hard non-

thermal power-law spectrum with a photon index of ∼ 1.2 and they

all show X-ray orbital modulation. This non-thermal emission as

well as the X-ray modulation can be modelled with an intrabinary

shock model. Perhaps the unique features of PSR J2129–0429 is

the thermal emission from the neutron star on top of the dominant

power-law emission and the double-peaked X-ray light curve. The

thermal emission of PSR J2129–0429 could be the result of a slightly

higher temperature of the polar cap and/or geometrical effect. The

double-peaked structure of the X-ray light curve can be explained

naturally by a shock warping pulsar with Doppler boosting effect in a

nearly edge-on (∼ 70◦) orbit. For PSR J1023+0038 and PSR J1723–

2837, their inclination is about 40◦ (Bogdanov et al. 2011; Crawford

et al. 2013), making the double-peaked feature less apparent (see

Figure 6 in Li et al. 2014). Lastly, PSR J2129–0429 has the longest

binary orbital period comparing to the other two and that may also

account the differences.
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of d = 2.4+1.2
�0.7 kpc (probability contained: 68%; Bailer-473

Jones et al. 2018; Luri et al. 2018). Although these con-474

straints are not totally consistent with each other, they475

both roughly agree d ⇡ 1.7 kpc. Assuming d = 1.7 kpc,476

the Vcss ⇠ 17 mag G-type companion would have a ra-477

dius of R
c

⇠ 0.7R�
14. This stellar size is indeed in line478

with the fact that no obvious ellipsoidal variation is seen479

in the CSS light curve (average error: 0.3 mag), given480

that only weak ellipsoidal variability can be created by481

a R
c

⇠ 0.7R� secondary for 3FGL J0954.8�3948 (e.g.,482

peak-to-peak amplitude ⇠ 0.4 mag for M1 = 1.4M� and483

M2 = 0.4M�, computed with the ELC code; Orosz &484

Hauschildt 2000).485

7.2. X-Ray Orbital Modulation?486

To look for the X-ray modulation, we made an XRT487

light curve folded on the orbital period of Pjoint =488

0.3873279 d (Figure 3). As we have mentioned in §3, the489

X-ray counterpart was not detected in every Swift/XRT490

observation. For better visualization, we plotted the bins491

with di↵erent colors based on whether the source was492

detected in a single full observation (detected: red; un-493

detected: black). For all non-detection data bins, we494

present Bayesian bins (i.e., net count rates handled by495

a Bayesian approach, even for bins with zero net count496

rate; Kraft et al. 1991) in addition to 95% upper lim-497

its to scratch the possible orbital modulation in X-rays498

(Figure 3d).499

While the black dataset does not show evidence for500

a modulation, the red one is likely orbitally modulated501

with stronger X-ray emission seen in phase 0.6–0.8 (Fig-502

ure 3d). This tentative X-ray peak seemingly aligns with503

the optical/UV peak at phase 0.75, which is the superior504

conjunction of the pulsar binary. Interestingly, X-ray505

modulation peaks around the superior conjunctions were506

commonly observed in redbacks, e.g., PSR J2129�0429507

(Hui et al. 2015) and PSR J1723�2837 (Kong et al.508

2017).509

The poor data quality could be the reason to explain510

why the modulation was unseen in the black dataset (see511

§3). Alternatively, it may imply a slightly unstable or-512

bital modulation of the binary. In fact, it has been shown513

in PSR J1723�2837 that the X-ray orbital modulation514

of redback MSP binaries can change slightly from orbit515

to orbit due to, e.g., the wind instability of the compan-516

ion (see Figure 1 in Kong et al. 2017). Further X-ray517

observations would remove the ambiguity.518

7.2.1. No Sign of Gamma-Ray Orbital Modulation519

We also searched for possible �-ray orbital modulation520

at > 100 MeV by folding the �-ray photons accordingly.521

Di↵erent aperture radii from 0.�1 to 1� were tried, but no522

evidence for an orbital modulation was found.523

7.3. Interpretation for the High-Energy Emission524

14 Vcss ⇡ 17 mag was inferred from the best-fit mag-
nitude at night presented in §4 (without irradiation of
the pulsar). An extinction correction with the best-
fit NH of 5.2 ⇥ 1021 cm�2 obtained from X-ray spectral

fitting (Güver & Özel 2009) has been applied. If NH

= 1021 cm�2 is assumed, the Vcss magnitude will increase
to 18.6 mag (fainter) with a smaller inferred companion
size of Rc ⇠ 0.3R�.

Swift/XRT

Fermi-LAT

Fig. 5.— Spectral energy distribution of 3FGL J0954.8�3948 in
the soft X-ray band (Swift/XRT; 0.3–10 keV; absorption cor-
rected with NH = 5.2 ⇥ 1021 cm�2) and the GeV �-ray band
(Fermi-LAT; 0.1–100 GeV). The solid and the dashed lines are the
energy spectra from the intra-binary shock and the outer gap of
the pulsar magnetosphere, respectively. See §7.3 for more details
of the model.

Spin-down power is the major energy source for525

rotation-powered pulsars. Although the pulsations as526

well as the spin-down rate of 3FGL J0954.8�3948 have527

not been detected yet, we can still infer the spin-down528

power by measuring the pulsar irradiation on the com-529

panion, if the spin-down power and the irradiation power530

are approximately the same. With the assumptions531

that the radiation/pulsar wind from the pulsar532

are both isotropic and the irradiated hemisphere533

of the companion is uniformly heated, the spin-534

down power of 3FGL J0954.8�3948 can be estimated535

from536

✏L
sd

⇠ �
B

(T 4
d

� T 4
n

)
2⇡R2

c

�⌦
, (1)

where ✏ is the heating e�ciency, �
B

is the Stefan-537

Boltzmann constant, T
d

⇠ 8000K and T
n

⇠ 5700K are538

the “day” and “night” temperatures, respectively, and539

�⌦ is the fraction of the sky covered by the compan-540

ion star seen from the pulsar, which can be written as541

�⌦ ⇠ ⇡(R
c

/a)2 ⇠ 0.47 for a ⇠ 1.8⇥1011cm (correspond-542

ing to M2 ⇡ 0.2�). The inferred spin-down power is543

L
sd

⇠

1
✏

⇥ 1034 erg s�1, a very typical value for MSPs.544

Presumably, the X-ray and GeV �-ray emission of545

3FGL J0954.8�3948 originates from the intra-binary546

shock and the pulsar magnetosphere (Takata et al. 2014;547

Li et al. 2014; An et al. 2017), if it is a redback MSP,548

i.e., the shock-accelerated electrons and positrons emit549

X-ray/soft �-rays via synchrotron radiation, and even550

TeV photons via inverse-Compton scattering o↵ the stel-551

lar photons.552

The outer gap emission from the pulsar magnetosphere553

(Cheng et al. 1986) will contribute significantly in the554

LAT energy domain, especially above 1 GeV. We com-555

puted the outer gap spectrum using the emission model556

developed by Wang et al. (2010) with the spin-down557

power of558

L
sd

= 3.8⇥ 1035
⇣ P

s

1ms

⌘�4⇣ B
s

108 G

⌘2

erg s�1, (2)

which gives the strength of the surface dipole field B
s

⇠559

3FGL J0954.8−3948  

(see Takata et al. 2014, Li eta l. 2014, Kong et al. 2017, 2018, and Li et al. 2018 ) 

p=1.5 	
p=1.5 	 p=1.5 	



2-2 Gamma-ray  emission  : 
1. Magnetosphere (GeV) 

à Curvature radiation 
2. Relativist cold pulsar wind (GeV) 

à Inverse-Compton scattering  
3. Intra-binary shock   

à  Inverse-Compton scattering (TeV) 

•  Spectra observed by Fermi are well described 
by the power law + exponential cut-off 
à  Magnetospheric emission dominates 
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sume that the distribution of the accelerated particles is described

by a power law function, and we determine the maximum Lorentz

factor by balancing between the synchrotron loss time scale and

the acceleration time scale, yielding the maximum Lorentz factor

γmax = [9m2
ec4/(4e3Bs)]

1/2, where Bs represent the magnetic

field strength just after the shock. We assume the minimum Lorentz

factor is comparable to the Lorentz factor of the bulk motion in the

up-stream region, which corresponds to γpw ∼ 103−6 depending

on the spin down parameters (Takata et al. 2017). In this paper,

we apply γmin = 104. We note that the results of the our cal-

culation is insensitive to the minimum Lorentz factor. We obtain

the magnetic field in the shocked pulsar wind at the shock from

Bs = 3

√

Lsdσ/[r
2
s c(1 + σ)], and in the down stream region, we

estimate the magnetic field strength at the distance r from the shock

using the magnetic flux conservation, that is, B(r)r =constant along

the flow. In the downstream region, the particles lose their energy

via the adiabatic loss and synchrotron loss. For GeV band, we expect

that the emission is originated from the pulsar magnetosphere, and

fit the observation with a outer gap model developed by Wang et al.

(2010). Figure 4 shows the results of our model fitting for X-ray and

GeV gamma-ray bands. Here, we assume the accelerated particles

at the shock follow a power-law distribution with p = 1.5.

In our model, the shock wraps the pulsar and because the

shocked pulsar wind has a finite velocity, the X-ray orbital modula-

tion can be explained by Doppler boosting. To calculate the model

light curve, we assume that the shocked pulsar wind flows along the

shock cone with a constant speed. We further assume the velocity

of the shocked pulsar wind as v = 0.6c and a system’s inclination

of θs ∼ 70◦. In Figure 5, we compare the model light curve and

the NuSTAR 3–40 keV observations, and the model can reproduce

all the major features of the observations. The peaks in the model

light curve correspond to the positions when the line of sight cuts

through the surface of the shock cone. It is worth noting that from

optical light curve modelling, the derived inclination is 80.5 ± 7◦

(Bellm et al. 2016), implying a nearly edge-on system.

To compare with other two redback MSPs, PSR J1023+0038

and PSR J1723–2837, that have NuSTAR detections up to 79 keV

(Li et al. 2014; Kong et al. 2017), PSR J2129–0429 shares several

common behaviors. All three redbacks have a relatively hard non-

thermal power-law spectrum with a photon index of ∼ 1.2 and they

all show X-ray orbital modulation. This non-thermal emission as

well as the X-ray modulation can be modelled with an intrabinary

shock model. Perhaps the unique features of PSR J2129–0429 is

the thermal emission from the neutron star on top of the dominant

power-law emission and the double-peaked X-ray light curve. The

thermal emission of PSR J2129–0429 could be the result of a slightly

higher temperature of the polar cap and/or geometrical effect. The

double-peaked structure of the X-ray light curve can be explained

naturally by a shock warping pulsar with Doppler boosting effect in a

nearly edge-on (∼ 70◦) orbit. For PSR J1023+0038 and PSR J1723–

2837, their inclination is about 40◦ (Bogdanov et al. 2011; Crawford

et al. 2013), making the double-peaked feature less apparent (see

Figure 6 in Li et al. 2014). Lastly, PSR J2129–0429 has the longest

binary orbital period comparing to the other two and that may also

account the differences.
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•  They are brighter at around INFC.   

•  The cold-relativistic pulsar wind produces the 
GeV gamma-rays by the inverse-Compton 
process. 

àAnisotropic I.C. process à Orbital modulation 

 

The Astrophysical Journal, 761:181 (7pp), 2012 December 20 Wu et al.

Figure 2. Test-statistic (TS) maps of 2◦ × 2◦ regions centered at the position of PSR B1957+20 (labeled by green crosses). The color scale below each pair of images
is used to indicate the TS values. (a): (1) TS map at energy >2.7 GeV using only photons in Phase 1. (2) Same as (a)(1) but using only photons in Phase 2. (b): (1) TS
map at <2.7 GeV for Phase 2. (2) Same as (b)(1) but with data within full width at half-maximum of the pulsation peaks removed (see the text). (c): Same as (b) but
with energy >2.7 GeV.
(A color version of this figure is available in the online journal.)

r of the aperture. The best profile (r = 0.◦965) is presented in
Figure 4, with an H-test TS of 19 (de Jager & Büsching 2010),
corresponding to a significance of ∼3.3σ . The post-trial signifi-
cance, associated with 21 trials on the aperture radius, is ∼2.3σ .

3. DISCUSSION

We have reported the evidence of orbital-modulated GeV
γ -ray emission from the black widow system PSR B1957+20.
We have fitted the spectrum of Phase 2 (half of the orbit centered

at the inferior conjunction) using the best-fit PLE model of
Phase 1 plus the Gaussian component with Ē = 3.76 ±
0.59 GeV and σG = 1.10±0.39 GeV. The additional component
in the spectrum has been found with a ∼7σ confidence level.
We have also shown that the orbital modulation above ∼3 GeV
can be found with a ∼2.3σ confidence level.

It can be expected that the PLE component below 3 GeV will
be dominated by the emission from the pulsar magnetosphere.
For the additional component above 3 GeV in Phase 2, we will
speculate on the possibility of the inverse Compton process of

4

Orbital modulation of gamma-rays 

•  Tail-on collision 
•  Low efficiency 

•  Head-on collision 
•  High efficiency 

(Wu et al. 2012) 

INFC region  SUPC region  
BW:	PSR B1957+20 

– 13 –

Fig. 4.— The gamma-ray folded light curve of 3FGL J2039.6-5618 at the orbital period of

P

B

= 0.2279817 day. The photon count in each bin is weighted by the probability that the

photon is coming from the source.

RB Candidate : 3FGL J2039.6-5618  

(Ng et al. 2018) 

INFC	 SUPC	

•  Three candidates: 
-  PSR B1957+20 (Wu et al. 2012) 

-  PSR J1311–3430 (Xing and Wang 2015) 

-  3FGL J2039.6-5618 (Ng et al. 2018) 



Summary 
•  Fermi increases the population of BWw and RBs. 
•  X-ray properties of BWs and RBs show some differences.   
    -- Heated polar cap emission is important for BWs.  
•  Shock acceleration produces a very hard energy distribution of the 

particles.                                                 
   -- we need MeV telescope to determine the maximum energy of the 
particles. 
•  X-ray orbital modulation shape indicates the shock wraps the pulsar for 

the RB 
   -- Magnetized stellar wind? 
•  The magnetospheric emission dominates in GeV, but IC scattering of the 

cold-relativistic pulsar wind also contributes for some systems.   



Future works 
•  How many RB/BW populations ? 
 à Fermi unidentified source  
 à A deep search by FAST 

•  Formation process 
à RB are BW  are evolutionally connected? 

•  Destiny 
àIsolate MSP ? 
à Ultra compact MSP binary? 
à Merger?  

MSP binary (in the field)  

? ?

?

Isolated	
MSPs 


