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Fermi LAT Discoveries - Black Widows and Redbacks
• ~100 millisecond pulsars discovered in unidentified Fermi LAT sources

• ~20 black widows, ~9-10 redbacks (>60 known in other bands)

 Venter et al. (2015)



Why are “Spider” Binaries Interesting?
• We know pulsar winds are good accelerators and make TeV emission


• Clean systems: circular orbits, many orbits, pulsar well timed, companion radial velocities ==> 
inclination and component masses constrained


• Fermi gamma-ray pulsations — constrains pulsar magnetic obliquity and also binary inclination 
(if spin and orbital axes aligned)


• Many of them (~10 now with X-ray obs, ~60 in the radio) and growing


• Study shock acceleration and pulsar winds in oblique shocks

• Doppler boosting along shock necessary to match X-ray LCs. This constrains the character of 
the pulsar termination shock


• Target photons inverse Compton in the TeV


• Flares of the companion — u~1  to u >> 1 erg/cm^3 — well suited flaring timescales for IACTs


• Double humped SED should peak in the MeV and TeV — some (all?) could be “gamma-ray 
binaries”


• Exciting for CTA and AMEGO (or any other sensitive MeV concepts)



X-ray Observations
• Spectral photon indices are typically Γ ≈ 1-1.5 implying very hard underlying 

electron power-law distributions and efficient acceleration

• Up to 80 keV NuSTAR PL implies downstream shocked B ≳ 1 G by containment 

(Hillas criterion) arguments

B1957+20, Huang et al. (2012)Multi-wavelength observations of the transitional millisecond pulsar binary XSSJ12270-4859 3

position, to encircle ≈ 85% of the source photons. Back-
ground was accumulated from a 50 arcsec wide circular re-
gion far from the source. X-ray photons were reported to
the Solar system barycentre using the optical position of
the source reported by (Masetti et al. 2006). XSSJ1227 was
detected by each MOS camera at an average net level of
0.025(8) cts s−1 and of 0.040(9) cts s−1 in Obs. 1 and 2, re-
spectively.
In Obs. 1 and 2, the Optical Monitor (OM) (Mason et al.
2001) was operated in Fast mode, giving a temporal res-
olution of 0.5 s, with the U filter (3500-4800 Å). Ten ex-
posures were acquired in both observations for a total of
32.7 ks (Obs. 1) and 42.5 ks (Obs. 2). The OM-U band data
of Obs. 1 were presented in Bassa et al. (2014). For a com-
parative analysis of the two observations, the two data sets
were reprocessed and photometry was extracted using the
SAS task omchain. In a few exposures during Obs. 2 the
source was not detected and photometry was extracted per-
forming manual detection of the target using the omsource

task. The source was at an average magnitude of U=19.43(3)
and 19.92(4) in Obs. 1 and 2, respectively. Correction to the
Solar system barycentre was also applied.

2.2 The REM photometric data

XSSJ1227 was observed from 2015 Jan. 20 to Jan. 23 (here-
after Run 1) and from 2015 Feb. 12 to Feb. 14 (hereafter
Run 2) with the 0.6m INAF REM telescope in La Silla,
Chile (Zerbi et al. 2004). The telescope is equipped with the
ROSS2 camera2 that performs simultaneous exposures in
the Sloan filters g’, r’, i’ and z’ and with the REMIR camera
(Conconi et al. 2004) covering simultaneously the near-IR
in one band. Integration times were 300 s for all optical fil-
ters and a dithering of 5 exposures of 60 s was used for the
REMIR J-band exposures. The night of Jan. 22 was not pho-
tometric and thus the data are not included here. The total
coverages were 3.2 h, 3.51 h and 4.1 h in Run 1 and 4.6 h 5.3 h
5.5 h in Run 2. The log of the photometric observations is
also reported in Table 1.
The photometric data sets were reduced using standard rou-
tines of IRAF to perform bias and flat-field corrections. Due
to the low response of the z’ filter the corresponding images
have not been analysed. For the REMIR observations the
five dithered images were merged into a single frame.
For each data set, aperture photometry was performed opti-
mizing aperture radius and sky subtraction was done us-
ing annuli of different sizes. Comparison stars were used
to check and to correct for variable sky conditions. The
REM/ROSS2 and REMIR photometry was calibrated us-
ing the Sloan standard SA94 242 observed each night whose
near-IR magnitudes are also tabulated in the 2MASS cat-
alogue3. XSS J1227 was found at g’=18.62(2), r’=18.12(4),
i’=17.96(2) in Run 1 and at g’=18.75(3), r’=18.28(3) and
i’=17.91(4) in Run 2. Because the source was barely de-
tected in the individual J band images, image coaddition
for each night was performed to provide a mean magnitude.
XSS J1227 was at J=16.98(4) and J=16.92(4) in Run 1 and

2 http://www.rem.inaf.it
3 http://www.ipac.caltech.edu/2mass/
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Figure 1. X-ray orbital modulation observed during Obs. 1 (red
crosses) and Obs. 2 (blue circles), evaluated in 20 phase bins by
folding the background subtracted summed light curves observed
by the two MOS cameras in the 0.3-10 keV band, at the 6.91 h
orbital period according to the radio pulsar ephemeris given in
Papitto et al. (2015). Phase 0 corresponds to the passage of the
NS at the ascending node of the orbit.

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 0  0.25  0.5  0.75  1  1.25  1.5  1.75  2

F(
2-

10
 k

eV
)/F

(0
.3

-2
 k

eV
)

Orbital Phase

Figure 2. Orbital modulation of the hardness ratio evaluated as
the ratio of fluxes in the 2-10 keV and 0.3-2 keV bands in 8 phase
bins (see Fig. 1).

2, respectively. The g’, r’ and i’ light curves were also cor-
rected to the Solar system barycentre.

3 RESULTS

3.1 The X-ray orbital variability

The background subtracted summed MOS light curves in
the 0.3-10 keV range during Obs. 1 and 2 were folded at
the orbital period using the radio pulsar ephemeris given by
Papitto et al. (2015) where phase 0 is defined as the epoch at
which the NS passes at the ascending node of the orbit. The
uncertainties on the determination of the orbital phase with
these ephemeris is ! 1% for the two epochs. The orbital
modulation observed in Obs. 1 and 2 binned in 20 phase
intervals, each lasting " 1.25 ks is plotted in Fig. 1.
A minimum count-rate of 0.04 cts s−1 is observed in both
observations at orbital phase φ = 0.25, i.e. when the donor

c© 2015 RAS, MNRAS 000, 1–??

J1227-4853, de Martino et al. (2015)J1023+0038 (rotation-powered state)

 Tendulkar et al. (2014)
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Figure 4. Power-law fit to June NuSTAR observations. The data sets
30001027002, 30001027003, and 30001027005 were fit simultaneously
with the same model to improve signal-to-noise ratio. Column density was
undetectable and hence set to zero. The data from the two NuSTAR de-
tectors FPMA and FPMB were linked by a floating cross-normalization
constant. The fit achieved χ2/dof = 113.4/117. The correspondence be-
tween colors (in the electronic version of the manuscript) and spec-
tra are as follows: black:30001027002 FPMA, red:30001027003 FPMA,
green:30001027005 FPMA, blue:30001027002 FPMB, cyan:30001027003
FPMB, and magenta:30001027005 FPMB.
(A color version of this figure is available in the online journal.)

Table 2
NuSTAR Spectra During 2013 June

Parameter Observation (30001027xxx)

002 003 005 Average

CFPMB
a 1.10+0.23

−0.20 1.08+0.16
−0.14 1.10+0.13

−0.12 1.087+0.092
−0.085

Γ (NH = 0) 1.00+0.18
−0.17 1.26+0.13

−0.12 1.15+0.10
−0.10 1.17+0.08

−0.07

log10(FX)b −11.34+0.10
−0.10 −11.55+0.07

−0.08 −11.47+0.06
−0.07 −11.48+0.05

−0.05

χ2/dof 10.9/16 46.57/41 48.14/57 113.4/117

Notes.
a Scaling constant for FPMB data as compared to FPMA data.
b 3–79 keV flux in units of erg cm−2 s−1.

(3σ ), which is consistent with measurements by Bogdanov
et al. (2011) and Archibald et al. (2010). Setting NH = 0 did
not change the best-fit values of power-law index Γ and the
integrated flux; hence, NH was frozen to zero for all future fits
of the June data. No significant emission or absorption features
are observed in the spectra. The thermal emission contribution
observed by Bogdanov et al. (2011) with kT ≈ 0.55–0.75 keV
is too faint in the 3–79 keV band to be observed by NuSTAR.

Figure 5. Top panel: variation of power-law index (Γ) as a function of orbital
phase for the combined June spectrum. Two orbits are shown for clarity. Black
dots indicate best-fit values. All error bars are 90% confidence. The dash-dotted
lines indicate the error-weighted average of Γ = 1.10. The integrated 3–79 keV
flux from June (bottom panel) is depicted by black dots.

Table 2 shows the measured values of Γ and 3–79 keV flux
from the three June observations. The error bars are quoted
at 90% confidence. In subsequent analyses, the observations
were simultaneously fit with a single model to improve the
signal-to-noise ratio. The combined fit values are Γ = 1.17+0.08

−0.07
and FX = 3.3 ± 0.16 × 10−12 erg cm−2 s−1, corresponding
to a 3–79 keV luminosity of 7.4 ± 0.4 × 1032 erg s−1 at
PSR J1023+0038’s measured distance. The fit achieved a χ2

of 113.4 with 117 degrees of freedom (dof).

3.1.3. Orbital Modulation of Spectra

To analyze the spectral variations during the orbit, we set
good-time-interval (GTI) windows for orbital phases: 0.0–0.2,
0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0. To improve the sig-
nal of the phase-resolved spectra from the June observa-
tion, we summed up the events from NuSTAR observations
30001027002, 30001027003, and 30001027005. The five
phase-resolved spectra extracted were fitted with an absorbed
power-law model. From the previous discussion, the absorption
column value was frozen to NH = 0. The power-law index Γ
and normalization were allowed to vary for each phase. Table 3
and Figure 5 list and plot the best-fit values for Γ and the in-
tegrated X-ray fluxes measured for the five orbital phases. The
errors are quoted at 90% confidence. The measurements are
consistent with a constant Γ value over the orbital phase with
an error-weighted average of 1.10 ± 0.12.

Table 3
Orbital Variation of Spectral Fits in Junea

Parameter Orbital Phase

0.0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0

PL index (NH = 0) 0.97+0.23
−0.23 1.05+0.24

−0.23 1.29+0.18
−0.17 0.96+0.16

−0.16 1.12+0.09
−0.09

log10(flux)b −11.41+0.14
−0.15 −11.59+0.14

−0.14 −11.53+0.10
−0.10 −11.25+0.09

−0.10 −11.47+0.05
−0.05

Notes.
a Spectra from observations 2, 3, and 5 were combined. Column density was undetectable and hence set to zero. The
fit achieved χ2/dof = 127.99/150.
b 3–79 keV flux in units of erg cm−2 s−1.
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Geometric X-ray LC Fitting

Wadiasingh et al., in prep.



Orbital Modulation of X-
rays from the intrabinary 
shock in redbacks



Schematic Geometry (Pulsar State)

a ≈ 1011 cm

Physics somewhat similar 
to massive binaries (cf. 
Dubus) but scales and 
geometry differ — shock 
may be around companion 
or pulsar


7

Wadiasingh et al. (2017)



Model Schematic — Doppler Boosting

Kopp et al. (2013). For IC scattering
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and is computed using the algorithm given by MacLeod
(2000). We note that as a matter of simplification, our IC
calculation assumes isotropic radiation, rather than anisotropic,
an improvement that we defer to future work. We lastly
transform the photon energy flux (luminosity) from the
comoving to the lab frame via the standard form (e.g., Böttcher
et al. 2012)

( )n d n= ¢ ¢n nF F . 353

Similarly, the photon energy becomes d= ¢g gE E .
We ensure that the resulting observer-dependent flux (the

flux in the observer frame that depends on the observer’s line of
sight) is grid independent by scaling the (azimuthally
independent) flux by f pd 2z , with fd z the bin size of the
azimuthal coordinate measured about the line joining the two
stars. The photon flux is already weighted by θ for each zone,
since the injection spectrum reflects the zone size (see
Equation (4)). It is not necessary to weight this flux by the
phase bin size Wd b, since we are calculating the n nF flux at a
specific orbital phase. Our calculation utilizes =N 50zones
zones along the shock surface to compute the steady-state
spectrum gdN de e, 300 bins for the SR and IC energies, 300
azimuthal bins, and 300 orbital-phase bins. Our flux predictions
do not change by more than 2% when choosing a finer grid.
Furthermore, the number of photon energy bins we use ensures
a smooth IC high-energy tail that exhibits some numerical
instabilities when this number is too low (see Figure 5). We
have also tested energy conservation in this code by
considering the energy input/output per zone due to particle
injection, escape, and radiation losses. We confirmed energy

Figure 4. Schematic indicating the shock geometry and beamed emission from the shock. The shock is around the pulsar. In the top panel, the inclination = ni 75 ,
while in the bottom panel = ni 40 . Blue indicates flow along the shock surface directed toward the observer, and red indicates flow away from the observer. The
normalized orbital phase is indicated in the left corner of each panel. For the BW case, refer to Figure 3 in Wadiasingh et al. (2017).
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Wadiasingh et al. (2018)

Pulsar Wind + companion B



Wadiasingh et al. (2018)

Pulsar Wind + companion B



Fermi-LAT Orbital Modulation
Seen in a small subset of spiders

Ec for the “dip” phase is not well constrained, so we hold Ec at
the value obtained for the “hump” phase. The spectra are
shown in Figure 4 and the fit parameters are presented in
Table 1. We have also fit a simple power-law (PL) model to the
off-pulse phase spectra. Using the log-likelihood fit statistic, we
find that PLEXP fits better than PL does with $D log of 9, 1,
and 7 for “all,” “dip,” and “hump,” respectively, in the
100MeV–300 GeV band. For the “all” and the “hump” spectra,
a curvature (i.e., a cutoff) is still required (3σ), but we cannot
tell whether the “dip” spectrum requires a curvature. Never-
theless, the shapes are very different from the on-pulse spectra
(Figure 4).

Because the low-energy light curves’ significance appears
concentrated in the early data, we also investigate long-term
source variability. The variability index (Acero et al. 2015) in
the 3FGL catalog is 52, and hence the total source flux has no
significant variability. Variability might still be significant in
some phase bins. As in Section 3.1, we selected four phase
intervals and constructed a light curve for each phase interval,
with time bin 2Ms for the faint off-pulse interval and 1Ms for
the rest. Note that there is a nearby variable source (J1316) that
can contaminate the J1311 light curves. For each time bin, we
performed a likelihood analysis using pylikelihood to fit
the amplitudes of J1311 and J1316. All other source and
background parameters are held fixed at those obtained by a
pulse-phase-resolved analysis (Section 3.1). We used the best-
fit source fluxes to calculate c2 for a constant flux. As expected
the on-pulse phases dominated by magnetospheric emission are
consistent with steady flux. The off-pulse phase gives
c =dof 57 862 , so even this interval is consistent with
steady emission. We conclude that there is no long-term time
variability in J1311, which is consistent with the study of
Torres et al. (2017).

3.2. X-Ray Variability and Spectrum

J1311 is known to exhibit optical and X-ray flares (Kataoka
et al. 2012; Romani 2012), and a possible orbital modulation in
the X-ray band has been reported (Kataoka et al. 2012;
Arumugasamy et al. 2015). So a re-examination of the X-ray
observations provides an important comparison with the
gamma-ray modulation.

We re-examined archival X-ray observations taken with
Swift, XMM-Newton, and Suzaku. Source fluxes were extracted
from apertures with radii = ´R 40 , = ´R 16 , and = ´R 40 ,
respectively, while the background was monitored by nearby
source-free apertures of radii = ´R 60 , = ´R 32 , and = ´R 60 .
Event times were barycentered with the ephemeris of

Section 3.1. In Figure 5, we plot the binned (D =t 300 s)
XMM-Newton and Suzaku flux time series, with t=0 set at the
ascending node prior to observation start. We use Chandra
observations for spectral analysis only because of the short
exposures and small number of counts. The source and
background events are extracted using a = ´R 3 aperture and
an annular region with = ´R 5in and = ´R 10out , respectively.
We investigate source variability in the time series using

the Bayesian-block algorithm (Scargle 1998; Scargle et al.
2013) implemented in the python astroML package
(Vanderplas et al. 2012). The algorithm computes the number
of optimal blocks and the change points for the time series. In
the source time series, we find 15, 13, 5, 7, and 2 blocks
for XMM-Newton, Suzaku/AO6, Suzaku/AO4, Swift, and
Chandra; there are some blocks with much larger count rates
than the minimum level and others similar to the minimum
level (Figure 5). We performed the same analysis with the
background time series to see if some of the source variabilities
can be attributed to background activities. The Suzaku/AO4,
Swift, and Chandra backgrounds are well explained with a
single block (i.e., no variability), and the others require two to
four blocks, suggesting some variability in the background;
these variabilities are small and do not seem to correlate with
the source activity. Furthermore, the background flux is only a
small fraction of the source flux, hence the small background
variabilities are unlikely to drive the source activities.
Strong flaring variability is clearly visible (Figure 5), with

episodes reaching > ´10 the quiescent flux. We have marked
some flux levels to help guide the eye at 4× the quiescent flux
(red horizontal lines). There is no obvious preferred phase for
flaring events. It appears, especially in the XMM-Newton data,
that the flares can be clustered in episodes lasting several orbits
of ∼10–20 ks.
The Swift data are snapshots over many years, so all we can

show is the phase dependence of intervals (100–1400 s) where
the flux was> ´4 the quiescence (Figure 5(e)). In Figure 5(e),
for only a few intervals was this excess more than 90%
significant (red points in Figure 5(e)). For the significance, we
calculate the Poisson probabilities of having the observed
counts in the time bins greater than the background plus ´4 the
(XMM-estimated) quiescent counts, considering the trial factor
(number of data bins in the figure). We denote these time bins
with green lines in the Bayesian-block light curve as well
(Figure 5(f)). Two of the high-significance data points in
Figure 5(e) have a corresponding peak in Figure 5(f). The
lowest one does not have a counterpart (green line at
T≈7×104 s in Figure 5(f)); this block has slightly elevated
flux compared to the minimum, suggesting low level

Figure 2. Off-pulse phase ( fD = –0.127 0.587P ) orbital light curves taken with a < nR 2 aperture (MJD 54682–57510) for several different energy bands:
(a) E=100 MeV–100 GeV, (b) E=200 MeV–1 GeV, and (c) E=1 GeV–100 GeV. See Figure 1 for the off-pulse definition and Section 2 for the timing solution.
The phase-averaged background level estimated following Abdo et al. (2013) is shown with a dashed line.
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variability. In Figure 5(f), the first flare does not have a high-
significance (red) counterpart in Figure 5(e); the corresponding
point is denoted as a green cross in Figure 5(e). Again there is
no clear phase grouping of the limited number of significant
flares.

XMM-Newton has the highest count rate and the longest
continued coverage. To test for orbital modulation, we formed
the light curve for “flare” ( <T 56872.1 MJD, the first ∼4
orbits in Figure 6 left) and “quiescent” ( >T 56872.1 MJD)
periods (Figure 6 left). The quiescence light curve is fully
consistent with constant flux (p=0.5); no variability is seen in
our Bayesian-block analysis. With limited flare events in XMM
alone the light curve is spiky, but we cannot discern a preferred
phase. Substantially longer integrations are needed to infer the
detailed flare behavior—but the data already show that flares
can start at any phase.

The XMM-Newton data provide by far the best statistics for
measuring the X-ray spectrum. We can distinguish between the
“flare” epoch and “quiescent” epochs. For each, we extracted
source and background events using apertures of = ´R 16 and

= ´R 32 , respectively. We then calculated the response files
using the standard tools of SAS version 20141104_1833
(rmfgen and arfgen). We then jointly fit the two
0.3–10 keV spectra with an absorbed power-law model having
a common absorbing column density (NH). The source
absorption is undetectably small; it is consistent with 0 with
the current statistics. Unsurprisingly, the flare spectrum is
substantially harder than that in quiescence (Table 3).
While other X-ray data sets provide insufficient statistics for

accurate fits, we can at least estimate fluxes and hardness. In all
cases, we fix = ´ -N 1 10 cmH

20 2. For the Suzaku data, we
use = ´R 40 and = ´R 60 for the source and background
apertures, respectively, and response files generated with
XSELECT. The AO4 data had a clear bright flare and the
separate flare and quiescence spectra have indices similar to the
XMM measured values. In AO6, the source is relatively hard
and bright when compared to the quiescent state observed with
XMM-Newton, suggesting substantial flare contributions
(Table 3; see also Figure 5(c)). In the first of two archival
CXO ACIS data sets, the source is relatively bright with
substantial flare contribution; the second is closer to quies-
cence. The spectral index uncertainties are too large to select a
state. For Swift, we simply combined all XRT observations,
used pre-processed files for the source spectra, and separately
created background spectra using = ´R 60 apertures in the
source-free regions. A fit to the merged spectrum gave an
intermediate level average flux and a poorly determined, but
hard Γ, again suggesting substantial contribution from poorly
measured flares. Note that if the XMM flare/quiescence flux
ratio is typical, a flare duty cycle as small as 10% will cause
significant contamination in the spectral fits.

3.3. Optical variability

The optical light curve has the dramatic ∼4 mag (~ ´40 )
orbital modulation characteristic of BW pulsars, with max-
imum at pulsar inferior conjunction f = 0.75B when the heated
face of the companion is best visible. In addition, it shows
optical flares with rise times as short as ∼300 s and amplitudes
as large as~ ´6 the peak flux (Romani 2012). We would like to
know how these optical events relate to the X-ray flares above.

Figure 3. Forward (left) and reverse (right) time-cumulative probabilities for the null hypothesis of a flat orbital light curve from the weighted counts shown in
Figure 2. The time intervals for these plots are –T T2 1, where, for fixed =T 546821 , T2 increases to 57510 (left), or, for fixed =T 575102 , T1 decreases to 54682 (right).
Events are selected using an < nR 2 aperture, and each event is weighted by the probability. Three lines are for different energy bands: 200 MeV–100 GeV (black),
200 MeV–1 GeV (blue), and 1–100 GeV (red).

Figure 4. Fermi-LAT SED of J1311. Flux in each energy band was measured
by fitting the amplitude of the best-fit model (see Section 3.1) in that band.
When the TS value for the fit is less than 5, the 95% flux upper limit was
derived by scanning the amplitude until log $ changes by 1.35 with the
UpperLimits.py script provided along with the Fermi-LAT Science Tools.
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Black widow 
J1311—3430

An et al. 2017

Peaks near 
pulsar inferior 
conjunction



Fermi-LAT Orbital Modulation — Pulse Enhancement
Redback J2039—5617

Clark et al. (2021)

Pulsed enhancement 
near pulsar superior 

conjunction

922 C. J. Clark et al.

Figure 3. Orbital light curves of J2039 from XMM–Newton (lower panel)
and Fermi-LAT (upper panel) observations. Data have been folded using the
pulsar timing ephemeris from Section 3.2. The dashed red horizontal line on
the gamma-ray light curve indicates the expected background level computed
from the distribution of photon weights.

Table 2. Gamma-ray spectral parameters in two orbital phase regions.
Photon and energy fluxes are integrated over photon energies E > 100 MeV.
Uncertainties are at the 1σ level.

Parameter 0 < " ≤ 0.5 0.5 < " ≤ 1

Photon index, # 1.25 ± 0.13 1.42 ± 0.14
Exponential factor, a (10−3) 9.0 ± 1.3 5.7 ± 1.2
Photon flux (10−8 cm−2 s−1) 1.8 ± 0.2 1.3 ± 0.2
Energy flux, Gγ (10−11 erg cm−2 s−1) 1.7 ± 0.1 1.3 ± 0.1

Figure 4. Gamma-ray spectral energy distributions (SEDs) for PSR J2039–
5617, measured in two discrete orbital phase ranges around pulsar superior
(0.0 < " ≤ 0.5) and inferior (0.5 < " ≤ 1.0) conjunctions. Error bars are
derived by fitting the normalization of a power-law spectrum with index 2
to the flux measured in five discrete logarithmically spaced energy bands
per decade. The deviating points at low energies are likely due to source
confusion, as seen in the SEDs of several sources in 4FGL. The curved
lines and shaded regions illustrate the best-fitting spectral models and one-
sigma uncertainties in each phase interval. The blue curve and shaded regions
show the difference between the spectral models measured in the two phase
intervals.

Figure 5. The gamma-ray pulse profile of PSR J2039–5617 measured in data
taken in two equally sized orbital phase regions around the pulsar superior
(left) and inferior (right) conjunctions. The red dashed line indicates the
background level, estimated independently in each orbital phase region using
the distribution of photon probability weights. The gamma-ray pulse profile
is clearly enhanced around superior conjunction, and there is no evidence for
an unpulsed component in either orbital phase region.

compared to our earlier model where the gamma-ray flux is constant
with orbital phase.

Similar orbital modulation has been observed from a handful of
other spider systems (Wu et al. 2012; An et al. 2017, 2020; An,
Romani & Kerr 2018). In two of these systems, the gamma-ray
flux peaks at the same orbital phase as is seen here from J2039,
and importantly, from the redback PSR J2339–0533, the orbitally
modulated component appears to be pulsed in phase with the ‘normal’
intrinsic gamma-ray pulses.

Using the timing solution from Section 3.2, we can now inves-
tigate any rotational phase dependence of the orbitally modulated
component. In Fig. 5, we show the gamma-ray pulse profile, split
into two equal orbital phase regions around the pulsar superior (0 <

" ≤ 0.5) and inferior conjunctions (0.5 < " ≤ 1). We find that the
estimated background levels, calculated independently in each phase
region from the photon weights as b =

∑
j wj − w2

j (Abdo et al.
2013), are very similar between the two orbital phase selections,
that the pulse profile drops to the background level in both, and
that the gamma-ray pulse is significantly brighter around the pulsar
superior conjunction. There is therefore no evidence for an unpulsed
component to the gamma-ray flux from J2039, and the extra flux at
the companion inferior conjunction is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.

We consider two possible explanations for this orbitally mod-
ulated excess. In these models, charged particles are accelerated
in an inclined, fan-like current sheet at the magnetic equator that
rotates with the pulsar. The intrinsic pulsed gamma-ray emission is
curvature radiation seen when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
relativistic leptons upscattering the optical photon field surrounding
the companion star. In the second, these leptons emit synchrotron
radiation in the companion’s magnetosphere. These processes cause
the normally unseen flux of relativistic leptons that is beamed towards
the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in
phase with the intrinsic emission. We shall defer a full treatment of
this additional emission component to a future work (Voisin et al.,
in preparation) and instead, discuss some broad implications of the
detection.

In the ICS scenario, it appears unlikely that the ICS population
and the population responsible for the intrinsic (curvature) emission
share the same energy. Indeed, the typical energy of the scattered
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derived by fitting the normalization of a power-law spectrum with index 2
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sigma uncertainties in each phase interval. The blue curve and shaded regions
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Figure 5. The gamma-ray pulse profile of PSR J2039–5617 measured in data
taken in two equally sized orbital phase regions around the pulsar superior
(left) and inferior (right) conjunctions. The red dashed line indicates the
background level, estimated independently in each orbital phase region using
the distribution of photon probability weights. The gamma-ray pulse profile
is clearly enhanced around superior conjunction, and there is no evidence for
an unpulsed component in either orbital phase region.
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that the pulse profile drops to the background level in both, and
that the gamma-ray pulse is significantly brighter around the pulsar
superior conjunction. There is therefore no evidence for an unpulsed
component to the gamma-ray flux from J2039, and the extra flux at
the companion inferior conjunction is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.

We consider two possible explanations for this orbitally mod-
ulated excess. In these models, charged particles are accelerated
in an inclined, fan-like current sheet at the magnetic equator that
rotates with the pulsar. The intrinsic pulsed gamma-ray emission is
curvature radiation seen when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
relativistic leptons upscattering the optical photon field surrounding
the companion star. In the second, these leptons emit synchrotron
radiation in the companion’s magnetosphere. These processes cause
the normally unseen flux of relativistic leptons that is beamed towards
the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in
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in preparation) and instead, discuss some broad implications of the
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and the population responsible for the intrinsic (curvature) emission
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pulsar timing ephemeris from Section 3.2. The dashed red horizontal line on
the gamma-ray light curve indicates the expected background level computed
from the distribution of photon weights.
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Figure 4. Gamma-ray spectral energy distributions (SEDs) for PSR J2039–
5617, measured in two discrete orbital phase ranges around pulsar superior
(0.0 < " ≤ 0.5) and inferior (0.5 < " ≤ 1.0) conjunctions. Error bars are
derived by fitting the normalization of a power-law spectrum with index 2
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per decade. The deviating points at low energies are likely due to source
confusion, as seen in the SEDs of several sources in 4FGL. The curved
lines and shaded regions illustrate the best-fitting spectral models and one-
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intervals.

Figure 5. The gamma-ray pulse profile of PSR J2039–5617 measured in data
taken in two equally sized orbital phase regions around the pulsar superior
(left) and inferior (right) conjunctions. The red dashed line indicates the
background level, estimated independently in each orbital phase region using
the distribution of photon probability weights. The gamma-ray pulse profile
is clearly enhanced around superior conjunction, and there is no evidence for
an unpulsed component in either orbital phase region.
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Romani & Kerr 2018). In two of these systems, the gamma-ray
flux peaks at the same orbital phase as is seen here from J2039,
and importantly, from the redback PSR J2339–0533, the orbitally
modulated component appears to be pulsed in phase with the ‘normal’
intrinsic gamma-ray pulses.
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that the pulse profile drops to the background level in both, and
that the gamma-ray pulse is significantly brighter around the pulsar
superior conjunction. There is therefore no evidence for an unpulsed
component to the gamma-ray flux from J2039, and the extra flux at
the companion inferior conjunction is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.

We consider two possible explanations for this orbitally mod-
ulated excess. In these models, charged particles are accelerated
in an inclined, fan-like current sheet at the magnetic equator that
rotates with the pulsar. The intrinsic pulsed gamma-ray emission is
curvature radiation seen when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
relativistic leptons upscattering the optical photon field surrounding
the companion star. In the second, these leptons emit synchrotron
radiation in the companion’s magnetosphere. These processes cause
the normally unseen flux of relativistic leptons that is beamed towards
the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in
phase with the intrinsic emission. We shall defer a full treatment of
this additional emission component to a future work (Voisin et al.,
in preparation) and instead, discuss some broad implications of the
detection.

In the ICS scenario, it appears unlikely that the ICS population
and the population responsible for the intrinsic (curvature) emission
share the same energy. Indeed, the typical energy of the scattered
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to 53° for J1023+0038; Archibald et al. 2009), requiring the
emission region (and intrabinary shock) relatively close to the
companion in the occultation model. Although the X-ray
emitting and radio eclipse regions need not be coincident, the
large >50% orbital fraction of radio shrouding of the MSP
suggests the plasma is not well-confined near the companion.
However, it is difficult to envision a plausible and relatively
stable hydrodynamic scenario where a shock exists near the
companion L1 point but other plasma is shrouding the pulsar
50% of the orbit, but generally not at pulsar IC for such low
55° inclinations. Moreover, for an X-ray emission region
close to the companion, occlusion also innately leads to a DP
structure that has a peak separation of ∼0.5 that is too wide for
any observed BW or RB. Unlike eccentric TeV binaries, the
DP light curves in circularized BWs and RBs also cannot be
explained by dynamical changes of shock radius and particle
cooling between periastron and apastron (e.g., Tavani &
Arons 1997).

We argue in this paper that geometric Doppler boosting of
emission along an intrabinary shock, either bowed toward or
away from the companion, can naturally explain the DP light
curve structure centered at SC or IC, respectively. Then, the
phase centering of the DP structure is a key discriminant of
the shock orientation and system state. In addition, the light
curve structure serves as a probe of shock geometry, particle
acceleration, and shock mixing. The bulk Lorentz factor that
predicates the Doppler boosting is critically dependent on the
level of mixing between the relativistic e+e− wind and the
shock-heated ionized companion matter—that is, the baryon
loading of the flow. For a striped wind of magnetization
σ where the shock approximately lies around the line
joining the two stars, the striped pulsar wind field orientation
relative to the shock normal is critical for particle acceleration
(e.g., Sironi & Spitkovsky 2011b; Summerlin & Baring 2012).
For a striped wind that is envisioned as parallel slabs of
alternating field orientation, the shock geometry is quasi-
perpendicular at the nose with the highest compression ratio,
transforming smoothly to quasi-parallel at the flanges with a
lower compression ratio. This spatial dependence of the
compression ratio, relativistic shock obliquity, along with
higher particle resident time near the stagnation point (the fast
cooling locale in Figure 1), should inherently influence the
local particle acceleration, cooling, and emergent radiation,
depending on what shock locales the observer line of sight
samples as a function of orbital phase. However, a detailed
exploration in a self-consistent geometry with a transport
model for leptons along the shock is deferred to a future
paper. For our present study, we focus on the gross DP
structure of the light curves in different geometries that can
easily be adapted for different sources and energies.

It can be shown that the equatorial upstream wind magnetic
field magnitude Bw, dominated by the toroidal component at
large cylindrical radii rs?RLC from the pulsar, is
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This relatively large magnetic field advocates synchrotron
cooling as a significant energy loss mechanism for electrons. A
rudimentary estimate for the pulsar contribution to the
electron/positiron number density near the shock may be

found by assuming isotropic particle outflow from the MSP at a
multiplicity%o of the Goldreich–Julian rate ṄGJ (Goldreich &
Julian 1969) from the pulsar polar caps,
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For MSPs, the secondary multiplicity from pair cascade codes
is typically % ~o –10 102 4 of the primary polar-cap outflow
rate (Harding & Muslimov 2011; Timokhin & Harding 2015;
Venter et al. 2015) while constraints from young PWNe studies
(Sefako & de Jager 2003) or the double pulsar (Breton
et al. 2012) suggest% ~o –10 103 5. Thus for BWs, the typical
pulsar contribution probably does not exceed ∼103 cm−3,
unless the pair wind is highly anisotropic in the plane of the
orbit. For IC-centered spiders and transitional systems where
the shock may be much closer to the MSP, the pulsar pair
density can be profoundly larger by a factor up to

1( )a R 10LC
2 8, and may be a significant influence for the

radio eclipses and radiation physics.
For a well-defined MHD shock to develop, the magnetiza-

tion must attain a σ=1 upstream of the shock, either by
shock-mediated reconnection (Sironi & Spitkovsky 2011b)
very near the shock precursor, or other kinetic-scale dissipa-
tion processes far upstream. Neglecting any baryonic mass
loading, the condition 1s p g= á ñ( )B n m c4 1e

2
e,MSP w

2 with
Equations (1)–(3) implies a mean Lorentz factor gá ñw for an
isotropic pair wind,
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where%o � 1 is the pulsar pair multiplicity of the Goldreich–
Julian rate (cf. Equation (2)). Following attaining σ=1, the
magnetic field in the shocked pulsar wind field Bs then scales as

s~B B3s w in the ultrarelativistic perpendicular shock limit
(Kennel & Coroniti 1984). However, the magnetic dissipation
processes upstream may convert or destroy the striped wind
morphology, such that the shock may be quasi-parallel in the
proper frame. A containment argument based on the observed
X-ray power-law provides a rudimentary lower bound on Bs; the
Larmor radius rL of electrons in the shock must be smaller than
about 1% of the orbital length scale 1 ~r a0.01 10 cmL

9 .
Then, assuming emission at the critical synchrotron dimension-
less energy � g= ( )B B3 2c s cr e

2, with Bcr≈4.414×1013 G and
electron Lorentz factor γe, for an observed power-law extending
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where we have neglected factors of roughly unity associated with
Doppler shift of energies corresponding to mildly relativistic bulk
speeds along the shock. Therefore, power laws extending up to
� » »0.15 80X,max keV/(mec

2) observed by NuSTAR for J1023
+0038 advance 2BsBw∼200 G in the relativistic
magnetized shock if rs∼1010 cm, which implies radiating
electron Lorentz factors of order 105–106 (i.e., well-above a
thermal population). A more loose assumption of rL∼a still
results in Bs10−1 G, still considerably higher than those in
PWNe. Therefore this synchrotron component extends into the
UV/optical/IR and lower energies, but such a power-law
extrapolation yields expected fluxes well below the sensitivity
of any facility. For other “spiders” where observations at energies
above the classical soft X-ray band are not available, the field
magnitude is still greater than about 1 Gauss, orders of magnitude
larger than those in plerions. We consider implications of these
bounds on the shock in Section 3.

2.1.2. Radio Phenomenology

Orbital eclipses of the MSP’s radio pulsations are a common
feature in many BWs and RBs in the rotation-powered state.
Observed orbital eclipse fractions fE are ordinarily fE∼5%–15%
for BWs, and typically much larger for RBs, increasing in low
radio frequency bands. For example, PSR J1023+0038 eclipses
for less than 5% at 3 GHz to more than ∼60% of an orbit at
150MHz (Archibald et al. 2009, 2013). Some BWs also have
extensive eclipses. There appears to be a dichotomy in the
relative stability of eclipses: for some BWs, like B1957+20,
eclipses near SC are generally stable orbit-to-orbit, while sporadic
mini-eclipses are seen in some other systems, particularly those
systems with larger eclipse fractions (e.g., Archibald et al. 2009;
Deneva et al. 2016). However, even in these erratic systems
with mini-eclipses, the pulsar is generally unshrouded at IC in
relevant bands. A standard decomposition of fE into symmetric
and antisymmetric parts about SC is attainable as a function of
observer frequency, ν. Frequency dependence of the eclipse
fraction asymmetry is standard, with larger asymmetry in
ingress-egress delays at lower observing frequencies (e.g., PSR
B1957+20; Ryba & Taylor 1991; Stappers et al. 2001) and
J1023+0038 (Archibald et al. 2009, 2013). At the highest radio
frequencies ν, the antisymmetric part of fE is typically small
compared with the symmetric part.

For B1957+20 and other systems, the symmetric part of
these eclipses encompass inferred length scales that are
significantly larger than R* for a fully Roche lobe-filled
companion, even for sin i≈1. No eclipses by the companion
are expected if *< n - ( )i R a90 arcsin , but many systems
with eclipses have well-constrained inclinations and compa-
nion sizes which violate this inequality. Therefore eclipses
must be predicated on plasma within the system and/or a
secondary magnetosphere. Eclipses typically exhibit large
plasma dispersion measures before the coherence in the timing
solution of pulsations is lost, likely due to absorption rather
than scattering (Roy et al. 2015); continuum eclipses of
the pulsar are also seen in some systems at low frequencies

(e.g., for BW B1957+20; Fruchter & Goss 1992) and RB
J2215+5135 (Broderick et al. 2016), with a scaling nµ -f .E

0.4

There are a panoply of potential eclipse mechanisms (cf.
Michel 1989; Eichler 1991; Gedalin & Eichler 1993; Thompson
et al. 1994), depending on physical parameters realized in the
intervening plasma. Cyclotron absorption has been posited in
B1957+20 (Khechinashvili et al. 2000), but relatively little
Faraday rotation is seen, consistent with a 1–10G mean
magnetic field magnitude in the eclipsing medium (Fruchter
et al. 1990), not inconsistent with Equation (5), since the
eclipsing medium consists of the ionized companion wind as
well. Moreover, it is now known that the companion in B1957
+20 is likely non-degenerate (Reynolds et al. 2007). Excess
delays, consistent with plasma dispersion, generally show that
the average free electron column density rises sharply from
á ñ ~n d 10e

15 cm−2 to 1018 cm−2 at phases deep into the eclipse
(Ryba & Taylor 1991; Stappers et al. 2001) for BWs, for d∼a
the line of sight column depth, but it is anticipated that there is
also clumping near the shock contact discontinuity. This á ñne is
much higher than implied by Equation (3); therefore the
companion wind must have some influence. Whatever the
mechanisms for eclipses, the momentum flux balance between
the pulsar wind and a companion wind or magnetosphere defines
a geometric volume of plasma through which the MSP is
eclipsed, bounded by the shock surface (gray curves depicted in
Figure 1).
Consequently, we advance that the dichotomy of eclipse

phenomenology is the orientation of the shock surface germane
to the X-ray light curve phasing in Table 1. For the SC-centered
DP phase centering, where the shock is bowed around the
companion, as for BW 1957+20, the relative stability and
small fE are consistent with this picture. Contrastingly, for IC-
centered X-ray phasing where the shock is orientated around
the pulsar, larger and more erratic eclipses are expected, where
the companion wind can enshroud the pulsar and is necessarily
turbulent for the obligatory angular momentum loss. The radio
optical depth, as well as the shock orientation, depend on the
companion wind mass-loss rate. This can be very low or
substantial through evaporation or quasi-Roche lobe overflow
(e.g., Bellm et al. 2016), respectively, but is poorly understood.
For the IC-centered scenario, canonical Roche lobe overflow

at the characteristic ion sound speed cannot be a wind source,
since the circularization radius Rcirc must be larger than the
shock radius R0 (measured from the MSP), or the system will
be predisposed to a disk-state (Frank et al. 2002, p. 398).
Moreover, for the radio pulsar state, R0 must exceed the light
cylinder scale—that is, > ( )R R RMax ,0 circ LC . This then favors
an evaporatively driven quasi-Roche lobe overflow supersonic
wind model for rotation-powered states. The mass loss must
be low enough to escape IR/optical detection. The scenario
is somewhat fine-tuned, such that the companion wind is
fast enough to inhibit a disk, while dense enough such that
angular momentum losses owing to turbulence are sufficient
for gravitational influences to overpower the pulsar wind.
Such turbulence may also be driven by the radio absorption
that predicates the eclipsing mechanism. Accordingly,
* ~ �( ˙ ˙ )R m c E 1g0

2
SD

2 , where * = GM c2 MSP
2 is the

Schwarzschild radius of the MSP and ṁg is the gravitationally
captured wind’s mass rate. However, there are stability concerns:
the pulsar termination shock that arrests accretion flow and
shrouds the pulsar and delineates the eclipsing medium may only
be pushed out to a modest 2–100 multiples of pulsar light
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Model Assumptions — UMBRELA Code
1. Hemispherical polar cap shape for shock surrounding companion (to be relaxed 

soon).
2. Azimuthal symmetry about line joining pulsar and companion (d/dφ = 0). 

3. Steady-state (d/dt = 0).

4. Isotropic black-body emission at temperature T from companion. IC on companion 

photons dominates at TeV. SSC is negligible. 

5. Approximate particle transport using timescales (linearization).
6. Isotropic steady-state particle spectrum in comoving frame.

7. Bulk flow: linear profile for βΓ(θ) (bulk momentum linearly increasing).

8. τγγ is quite small, even for flaring companions and is neglected for now.

Simultaneous Spectra and Orbital Light Curves: Particle Injection 
and Transport + Beaming and Emission Code in Multiple Zones



Cut-off Energy:

Injection Spectrum

Normalization - Current and Energetics:

Solid Angle & Diffusion:

Ecut = min{ESR RRLA, EHillas, EMSP �}
<latexit sha1_base64="SWEQEcUG3ZwxcmJJie4MXr70g3Y="></latexit>

This is usually the minimum and sets Ecut



Model Schematic

of spider binaries. However, for expediency, we assume an
infinitely thin, hemispherical shock morphology as a zeroth-order
approximation for a shock surrounding either the pulsar or the
companion (Figures 1 and 2). Such an “umbrella”-like symmetry
and hemispherical structure should be generic for any nonpatho-
logical shock structure close to the shock apex (“nose”) and
therefore is a reasonable approximation at this juncture. We

implement azimuthal symmetry about the line joining the pulsar
and companion ( f¶ ¶ = 0), as well as a steady-state regime
(∂/∂t=0). Relativistic electrons are injected by the pulsar and
captured by the shock, where a substantial magnetic field Bsh leads
to SR. Isotropic blackbody (BB) emission at a temperature T from
the facing hemisphere of the companion in the observer frame is
presumed as a soft-photon target field for IC. Following our

Figure 1. Schematic diagram indicating a cross section of the shock wrapping around the companion, putatively corresponding to the BW case, with parameters
defined as indicated. The pulsar wind is emanating from the pulsar, indicated by green lines, and the particles are captured by and flow along the intrabinary shock. In
this work, we approximate the shock as a 3D thin hemispherical shell, rather than one of finite thickness and multilayer structure (as alluded to in the inset). The
particles are accelerated at the shock locale to ultrarelativistic energies and acquire slight anisotropy in their steady-state distribution function (mildly relativistic “bulk
motion”) along the shock tangent, as indicated by an increase in the bulk momentum βΓand the corresponding blue color.

Figure 2. Schematic diagram indicating a cross section of the shock wrapping around the pulsar, putatively corresponding to the RB case, with parameters defined as
indicated. The pulsar wind is emanating from the pulsar, indicated by green lines, and the particles are captured by and flow along the intrabinary shock.
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azimuthal angle about the z-axis that is oriented along the line
joining the two stellar centers by fz.

We divide the shock into multiple zones of equal width in
m qº cos , with θ the angle measured from the companion
center with respect to the z-axis. When the shock is wrapped
around the pulsar, let us label the latitude as measured from the
pulsar by λ, the shock radius from the pulsar center by Rsh, the
orbital separation by a, and the distance from the companion to
the shock as ρ (see Figure 1). Using elementary trigonometry,
we find

( ) ( )r q q= + -R a R a2 cos , 10sh
2 2

sh

( ) ( ) ( )
⎛
⎝⎜

⎞
⎠⎟l q

r q q
= -

R
sin

sin
. 111

sh

In the BW case (shock around companion) the origin is
centered on the companion, with θ running clockwise and
being used to define the spatial zones along the shock. The
distance from the companion center to a particular zone is
always Rsh. However, when we consider the RB case (shock
around pulsar; see Figure 2), the origin is centered on the pulsar
using λ(θ) (Equation (11)) to indicate the spatial zones along
the shock. To calculate the distance from the companion center
to a particular zone, we then use a cosine rule as seen in
Equation (10). Most of the power of the pulsar wind (if spin
and orbital axes are aligned) is confined to the equator at a
pulsar colatitude of q p= 2PSR or λ=0, corresponding to
the nose of the shock. For small values of λ, we approximate
the injection spectrum assuming isotropy of the pulsar wind
near the nose. Furthermore, the ith zone in the shock
intercepts a fraction of the total injected wind QPSR such that

[ ( ) ]l p= WQ d Q4i i PSR, as illustrated by large arrows in
Figure 3, with ( )lWd i the solid angle subtended by the
ith zone.

For zones i>1, there is also a contribution of particles
diffusing isotropically from the previous zone into the current
one, as indicated by the small arrows in Figure 3. It thus
follows that the injection spectrum for the first zone is

( ) ( )

⎛
⎝⎜

⎞
⎠⎟ò òp

f l l

l l

=

= -

p

l

l
Q d d Q

Q

1
4

sin

1
2

cos cos , 12

1
0

2

PSR

1 2 PSR

1

2

while the injection spectra for other zones ( =i N2, ... ) are

( ) ( )l l= + --

-
+Q

N

t
Q

1
2

cos cos , 13i
i

i
i i

e, 1

diff, 1
1 PSR

with tdiff the diffusion timescale defined in Section 2.4.

2.4. The Convection–Diffusion and Particle Transport
Equation

We implement a bulk flow of relativistic particles along the
shock tangent and parameterize the bulk speed such that(Wa-
diasingh et al. 2017)

( ) ( ) ( )
⎛
⎝⎜

⎞
⎠⎟b b

q
q

G = G , 14i
i

max
max

with ( ) ( )b b b= G + G1 2 . The maximum bulk momentum
required to describe the X-ray light curves is generally low,
( )bG 1 10max . Given that the particles in the comoving frame
are themselves ultrarelativistic, γe  104, such a bulk flow may
be regarded as a small anisotropy in momentum space of
otherwise nearly isotropic relativistic plasma. We note that in
thin-shell models (e.g., Canto et al. 1996; Wilkin 1996), a
linear dependence on momentum is recovered by performing a
Taylor series expansion near the shock nose, and therefore such
a linear term is a zeroth-order approximation to a generalized
curved shock tangent velocity. Implementing a bulk flow along
the shock tangent implies that the effects of convection and
adiabatic losses in our transport equation are important. Below,
we approximately solve a Boltzmann-type convection–diffu-
sion equation for particle transport, including the effect of
radiative losses, isotropic in momentum space in each zone in
the comoving frame, applicable to relativistic particle flow and
a spatially independent diffusion coefficient ( )k ge (e.g., van
Rensburg et al. 2018):

· ( ) ( )

( ) ( · ) ( )�

�

�

k g

g
g

¶
¶

=- + �

+
¶
¶

- +

V

V

N
t

N N

N N Q, 15

e
e e

2
e

e
e,tot e e

with Ne the differential particle distribution function per energy
interval in units of erg−1 cm−3, b=V c the bulk velocity
(assumed to be directed along the shock tangent), γe the particle
energy, � � �g g g= +e,tot e,ad e,rad, �ge,ad the adiabatic losses, and
�ge,rad the total radiation (SR and IC) losses. In a steady-state
approach, ¶ ¶ ºN t 0e . Under various assumptions (see

Figure 3. Schematic of particle injection and transport in zones along the shock colatitude sectors. A fraction of QPSR is injected into the ith zone of the shock (as
indicated by large arrows). The small arrows between cells signify the direction of bulk motion of particles flowing away from the nose of the shock.
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Particle Transport (Boltzmann or Convection-Diffusion Equation)

Convection almost always dominates τeff but Doppler boosting 
compensates



Some Results 



Models
Case Study Black Widow B1957+20

IBS, for example the IC scattering of optical photons by leptons
in the upstream pulsar wind.

4. Summary and Outlook

The single-peaked or double-peaked orbitally modulated X-ray
emission, along with orbital-phase- and frequency-dependent
radio eclipses of MSPs observed in spider binary systems, imply
the existence of an IBS. This shock is believed to be a site of
particle acceleration, with the predicted X-ray SR being Doppler
boosted owing to a bulk flow of plasma along the shock tangent.
These bulk motions include a dependence on the distance from
the pulsar-companion axis, with an increase in speed away from
the shock nose to its periphery. In this study, we used our newly
developed UMBRELA code to predict energy-dependent light
curves and phase-resolved spectra from these binary systems. This
multizone code solves a simplified transport equation that includes
diffusion, convection, and radiative energy losses in an axially
symmetric, steady-state approach. The emissivities for SR and IC,
including Doppler beaming, are then calculated for each spatial
zone as the particles move along the shock surface. Modeling the
expected SR and IC emission from the intrabinary shock and
constraining our model parameters using observational data on

these sources enabled us to investigate the underlying physics of
these systems.
In this work, we present models of the spectra and light

curves in the X-ray through the VHE band from two BW
(PSR J1311−3430, PSR B1957+20) and two RB (PSR J1723
−2837, PSR J2339−0533) sources. We employed reported
X-ray spectral fits for all four of these systems to approximately
anchor our SR spectra, enabling us to make a more robust
prediction for the expected high-energy to VHE flux. We
ascertained that the general character of our model light curves
is fairly similar to the observed data for PSRB1957+20 and
PSRJ1723−2837, the systems most archetypal with among the
best determinations of their orbital flux modulations.
We find that the predicted light curves and spectral models

are currently quite unconstrained solely by X-ray and optical
information. More broadband detections are needed, especially
by VHE instruments, in order to better constrain the model
parameter space. This prompted us to explore the parameter
space, finding that the most important parameters for reprodu-
cing the SR spectra are the injection spectral index (p), pair
multiplicity (Mpair), magnetic field at the shock (Bsh), and
acceleration efficiency (òacc). Additionally, detectability of
these sources by instruments such as H.E.S.S. and the future

Figure 13. Plot for PSRB1957+20 depicting the model (a) SED for both = ni 65 (gray) and = ni 85 (black) and (b) energy-dependent light curves for = ni 85 . The
bottom panel shows how the model predictions compare to modulated GeV emission reported in Wu et al. (2012).

Figure 14. Plot for PSRJ1723−2837 indicating (a) the SED where we show two cases, one matching Fermi LAT spectral data (black line) and the other not (gray
line), and (b) energy-dependent light curves. The light curves on the right correspond to the black SED model on the left. The top panel (black line) is a model light
curve for an energy close to that of the observed X-ray one. The blue (SR) and red (IC) lines in the bottom panel illustrate energy-dependent pulse shapes, for energies
as indicated in the legend.
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Models
Case Study Redback J2339–0533

context of Figure 5. Once again, the energy-dependent SR and IC
light-curve shapes are indicated, for both the quiescent and flaring
state. One can see that the predicted peaks become more widely
separated as energy is increased. The SR and IC pulse shapes are
similar, but there are minor differences. Our model is able to
describe the GeV modulations reported by An et al. (2017) for the
1–100GeV bin and for the off-pulse pulsar phases reasonably
well, although our SR-band peaks are not completely aligned with
the data. Future MeV and TeV data may constrain different
scenarios for the character, and perhaps physical origin (i.e.,
magnetic reconnection in the companion magnetosphere), of the
optical/X-ray flares.

3.3.3. J2339−0533 (RB)—ICDP

PSRJ2339−0533 is an ICDP RB system. The companion is
nondegenerate with a temperature of ~T 6000comp K. The mass
ratio is ~q 18.2, which implies a companion mass of

:~M M0.1comp (Romani & Shaw 2011). We use a pulsar mass
of :=M M1.7NS , period P=2.88 ms, � = ´ -P 1.41 10 20,
distance =d 1.10 kpc, orbital period =P 4.6 hrb , and an
inclination of = ni 54 as reported by Kandel et al. (2019). We
make use of publicly reported Chandra spectral fits from Romani
& Shaw (2011). Note that we are able to match the X-ray data for
PSRJ2339−0533 in two model scenarios, as was shown in
Figure 9(b). The model in Figure 12(a) is similar to the gray
models in Figure 9(b) but with slightly different parameters (see
Table 1), leading to a slightly higher VHE flux and better match to
the X-ray spectrum (we chose to incorporate a high minimum
energy break in the particle spectrum). This model has a particle
spectral index of p=1.8 and low pair multiplicity ( =M 500pair ).
The model indicates that this source may be detectable by
AMEGO.

We noted in Section 1 that An et al. (2020) recently reported an
orbitally modulated gamma-ray light curve that is offset by 180°
in binary phase from the X-ray double-peaked light curve. This
implies that this GeV component measured by Fermi LAT must
arise from a different energetic leptonic population than the IBS
emission that we consider in this work. In this work, our gamma-
ray and X-ray light curves are predicted to be phase aligned, as
they originate from the same underlying particle population.
Moreover, our predicted SR spectrum cuts off before the Fermi
LAT energy range for the parameters we used, and thus our
predicted SR light curves will only be detectable by AMEGO in

this case. We leave the modeling of the extra spectral component
that has now been measured by Fermi LAT to a future work.

3.3.4. J1959+2048 (B1957+20) (BW)—SCDP

PSRB1957+20 is the original and famous BW system
(Fruchter et al. 1988). We adopt :=M M1.7NS , period
P=1.60 ms, and � = ´ -P 1.69 10 20. The companion has a
temperature of ~T 8500comp K (Reynolds et al. 2007; van
Kerkwijk et al. 2011). This system is located at a distance of
~d 1.40 kpc, has an orbital period of =P 9.17 hrb , and has an

inclination of either = ni 65 or = ni 85 (Reynolds et al. 2007;
van Kerkwijk et al. 2011; Johnson et al. 2014; Wadiasingh
et al. 2017). Considering the lower limit on the mass of the
companion, :2M M0.03comp (Reynolds et al. 2007), we use

:~M M0.03comp , yielding a mass ratio ~q 70. We model
Chandra data from Huang et al. (2012). We are able to match
the X-ray spectral data for PSRB1957+20 for both inclination
angles. Both models require a low-energy break in the particle
spectrum, and the X-ray data cannot be described with the
intrinsic single-particle SR slope of 4/3. The gray line
( = ni 65 ) is a model that has a very soft particle spectral index
(p=2.5) and very high pair multiplicity ( =M 9000pair ). The
black model has similar p and Mpair values, but for a much
higher magnetic field at the shock =B 7sh G and smaller shock
radius =R a0.2sh compared to =B 1.5sh G and =R a0.4sh for
the i=65° case. The IC component satisfies the VHE upper
limits obtained by MAGIC (Ahnen et al. 2017). Our predicted
light curves are double peaked and provide a reasonable match
to the X-ray data from Kandel et al. (2019), which are not fine-
tuned to our fixed energy of 10 keV. One way to improve the fit
would be to lower the bulk flow magnitude; alternatively, one
could diminish the latitudinal variation of the bulk Lorentz
factor constituted by Equation (14). This would modify the
Doppler beaming in an array of directions, reducing the “pulse
fraction,” i.e., the amplitudes between maximum and minimum
light. The considerable scatter in the light-curve data in
Figure 13 (and also in Figure 14 for PSR J1723−2837) limits
the insights to be gleaned from taking such a step currently. Wu
et al. (2012) reported a low-significance modulation above
2.7GeV at the orbital period using Fermi LAT data. Although
we can fit these GeV light curve data invoking the shock IC
spectral component, our model predicts double peaks and not
single peaks. This perhaps suggests a nonshock emission
component, from a different electron population than that of the

Figure 12. Model (a) SED and (b) energy-dependent light curves of PSRJ2339−0533.

15

The Astrophysical Journal, 904:91 (23pp), 2020 December 1 van der Merwe et al.

Van der Merwe, Wadiasingh, Venter, Harding & Baring; 
ApJ 904:91, 2020



Model SEDs - varying injection
Case Study Redback J1723-2837

determines how many particles need to share the total available
power (see Equation (4)). Thus, increasing Mpair results in
broader SR and IC spectra since more particles share the
available power, and thus gmin is lower in this case (Venter
et al. 2015). While we vary individual parameters in this survey
stage of our presentation, it should be noted that there exist
parameter correlations and degeneracies. Moreover, the para-
meter variations may also be coupled. For example, the
conditions promoting an increase in the number of cascade
generations and therefore higher Mpair should yield lower gmin
and gmax and significant changes to the value of ppair
(Daugherty & Harding 1982; Harding & Muslimov 2011;
Timokhin & Harding 2015); this is discussed further in
association with Figure 9.

The distance of the IBS from either the pulsar (RB case) or
companion (BW case) is set by Rsh. Varying this parameter only
has a significant effect on the SR flux for this RB case. This is
because an increase in Rsh, while keeping the number of spatial
zones fixed, leads to physically larger zones. Thus, while the same
number of particles are injected into a particular zone (see
Equation (12)), since the solid angle remains constant, the
residence time of particles in that zone is longer, since this scales

linearly with Rsh. An increased number of particles therefore leads
to a higher SR flux. On the other hand, the reason that we do not
see a significant change in IC flux is more complicated. One
would naively expect the IC flux to increase for a larger value of
Rsh, because the shock and associated energetic pairs are then
closer to the source of soft photons, if one assumes that

~u R1sp sh
2 . Also, the size of the spatial zones is larger, thus

increasing the residence time of the particles in each zone, as
indicated above. However, the scaling of usp is associated with a
cosine rule used to calculate the distance from the companion to a
specific zone along the shock, leading to a more complicated
behavior for usp. The zone-to-companion distance is given by
r m= + -R a aR2sh

2 2
sh mid , where μmid is the angle associated

with the middle of a specific zone (see Equation (10)). This causes
usp to be larger at zones close to the shock nose (as would be
expected for a simple R1 sh

2 scaling), but then it drops off much
quicker than R1 sh

2 for zones farther from the shock nose. This is
indicated in Figure 10(b). The net result is an approximate
cancellation of these effects of first increasing and then decreasing
the IC flux, with the IC flux then dropping only slightly for an
increase in Rsh.

Figure 8. Model SED plots for PSR J1723−2837 depicting the effect of varying (a) injection spectral index p and (b) pulsar pair multiplicity Mpair.

Figure 9. Model SED plots (a) for PSR J1723−2837 depicting the effect of varying bG and (b) for PSRJ2339−0533 indicating two different fitting scenarios: (1)
large gmin so that we fit X-ray data using the intrinsic single-particle SR spectral slope of 4/3 (black line), and (2) using a lower gmin so that the X-ray spectrum is
matched by varying the particle spectral index p (gray line).
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Model SEDs - Flaring States
Case Study Black Widow J1311–3430

(ICDP) or the pulsar superior conjunction, i.e., companion
between pulsar and observer (SCDP). In the ICDP (typically
the RB) case, we assume that the shock is wrapped around the
pulsar; otherwise, in the SCDP case, we assume that the shock
is wrapped around the companion (typically the BW case). All
model parameters of our illustrative scenarios are detailed in
Table 1. In the cases shown below, the SEDs show the flux for
sources with the IBS around the pulsar at orbital phase of
Ωbt=180° and the flux for sources with the IBS around the
companion at Ωbt=0°.

3.3.1. PSRJ1723−2837 (RB)—ICDP

PSRJ1723−2837 is an ICDP RB system. We adopt a
pulsar mass :=M M1.7NS , period P=1.86 ms, and � =P

´ -7.61 10 21. This system is located at a distance of d=
0.93 kpc and has an orbital period of Pb=14.8 hr. In Crawford
et al. (2013) the inclination angle was derived from radial
velocity data and assuming a pulsar mass range of 1.4–2.0Me,
which gives an inferred companion mass range of 0.4–0.7Me.
These mass ranges then yield an orbital inclination angle of
30°–41°. For this work we choose i=40° and q=3.5, which
implies that the companion has a mass of Mcomp∼0.57Me.
Optical spectroscopy indicates the companion to have a
temperature of Tcomp∼6000 K (Crawford et al. 2013). We
have used XMM-Newton, Chandra, NuSTAR, and Fermi LAT
spectral data (Hui et al. 2014; Kong et al. 2017a) to anchor our
models for this system. We are able to match the X-ray data for
PSRJ1723−2837 in two distinct ways. Both fits require a
minimum energy break γe,min and cannot be described with the
intrinsic single-particle SR slope of 4/3. The black line is a
model that has a very soft spectral index (p=2.5) and low pair
multiplicity (Mpair=400). These parameter choices enable us
to match the Fermi LAT data that may be associated with this
source. Additionally, a second model is shown without
matching the Fermi LAT data (gray line) as no orbital
modulation has been demonstrated in this component. This
model has a very hard spectral index (p=1.4) and a much
larger pair multiplicity (Mpair=2000). Both illutrative models
indicate that this source may be detectable by AMEGO,
H.E.S.S., and CTA. In particular, CTA measurements of the IC

component above 100 GeV would enable constraints mainly
on the bulk Lorentz factor at the intrabinary shock and the
temperature of the companion. Further in the future, a mission
like AMEGO that is sensitive in the MeV band would probe
the maximum Lorentz factor and magnetic field strength in the
shock environs.

3.3.2. J1311−3430 (BW)—ICDP

PSRJ1311−3430 is a BW system, but we interpret the orbital
modulation in the X-ray band as shown in An et al. (2017), as
implying that the shock is wrapping around the pulsar. This
implies high magnetic fields (' 104 G) on the companion as a
source of the pressure balance and shock orientation. For our
modeling, we adopt a pulsar mass MNS=1.7Me, period
P=2.56 ms, and � = ´ -P 2.1 10 20. This system is located at
a distance of =d 1.40 kpc, exhibiting an orbital period of

=P 1.56 hrb and an inclination of » ni 60 , as inferred from
light-curve fitting described in Romani et al. (2012). The
companion has inferred surface temperatures of =T 12,000comp
and 40,000 K, respectively, in the quiescent and flaring states as
reported by Romani et al. (2015). We adopt these two
characteristic temperatures as case studies on quiescent or flaring
states. Since UMBRELLA is a time-independent approach, the
illustrative models on the two states should not be overinterpreted.
A companion mass of :~M M0.01comp (An et al. 2017) yields a
particularly high mass ratio of ~q 180. To model the quiescent
state (black line), we employ XMM-Newton, Chandra, Suzaku,
Swift-XRT, and Fermi LAT spectral data (An et al. 2017) to
constrain as many of our model parameters as possible. For the
flaring state we use the associated XMM-Newton and Suzaku
spectral data obtained by An et al. (2017). We consider two
possible scenarios for the flaring state as shown in Figure 11. The
first is for a higher companion temperature, pair multiplicity, and
bulk flow along the shock tangent (solid gray line). For the
second, we keep all parameters identical to the quiescent state and
only increase the magnetic field at the IBS to =B 3sh G and the
companion temperature again to =T 45,000comp K (dashed gray
line). It can be seen that this significant rise in temperature has a
large effect on the predicted IC flux from this system because of
its dependence of temperature as described in Section 3.2 in the

Figure 11. Plot for PSRJ1311−3430 depicting (a) the SED and (b) energy-dependent light curves for the quiescent (blue and purple) and flaring (orange and red)
states. The dashed gray line represents an SED model for the flaring state in which all parameters are identical to the quiescent state (black line), except the companion
temperature and magnetic field at the shock. The solid gray line represents an alternative model to the flaring-state spectral data. We do not exhibit light-curve data in
the right panel owing to their low quality. The light curves should only be taken as a qualitative indication of the predicted double-peak shape.
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(3) The pulsar polar cap (PC) voltage drop Φopen, limiting the
maximum primary electron energy to
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Here e is the elementary charge, me is the electron mass, c is
the speed of light in vacuum, a = �e cf

2 is the fine-structure
constant, and = » ´�B m c e 4.41 10cr e

2 3 13 G is the quant-
um critical magnetic field, at which the cyclotron energy w� B
of the electron equals its rest-mass energy m ce

2. Here
w = eB m cB e is the electron cyclotron frequency, which
defines the scale for the rate of gyroresonant diffusive accelera-
tion. The dimensionless parameter ( )l gº� -r 1acc g e expresses
the diffusive mean free path ( )l ge in units of the electron’s
gyroradius rg. It describes the complexities of diffusion near the
shock and how they impact the acceleration rate; �acc is around
unity in the so-called Bohm limit when lepton diffusion is quasi-
isotropic and on the gyroradius scale, and it can be much less than
unity if field turbulence that seeds diffusion is at a low level (see,
e.g., Baring et al. 2017, for blazar contexts).

The third estimate applies for a pulsar of radius RPSR, surface
polar field strength BPSR, and a rotational period P, corresponding
to an angular frequency pW = P2 , Goldreich & Julian (1969).
Evaluating the resulting potential drop for the open-field-line region
leads toF = W R B c2open

2
PSR
3

PSR
2, yielding a maximum γ∼108;

seeEquation (7), which defines the most optimistic acceleration
case. We enforce ( )g g g gº min , ,e,max e,max

H
e,max
acc

e,max
P . The

third estimate of the Lorentz factor is typically an absolute upper
limit; however, in our case we choose Bsh independently, so we
have to take the minimum of these factors as the maximum particle
energy.
We normalize the particle injection spectrum by requiring

(Sefako & De Jager 2003) the pulsar wind to be the sole
supplier of pair flux incident on the IBS:
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This pair flux is thereby benchmarked using the Goldreich–
Julian primary particle injection rate � ºN I eGJ GJ for pulsar
magnetospheres, which is expressed in terms of the current

�~I E cGJ SD . The Goldreich–Julian current IGJ is determined
as follows. The charge density is · ( )Wr p» - B c2 , so that
∣ ∣r » B PcPSR at the surface. For small PC sizes, the area of
both PCs that are proximate to this charge is p» =A R2cap PC

2

( )p R Pc4 2
PSR
3 . The flux of charge through this area is then
∣ ∣r=I A cGJ cap and reduces to �eNGJ with �NGJ as given in

Equation (8). The primary flux is enhanced by the pair
multiplicity Mpair in a magnetospheric pair cascade, i.e., the
number of pairs spawned per primary accelerated in the
pulsar’s PC EP field. Typically –~M 10 10pair

2 5 results from
pulsar models; see just below.
A parallel constraint is that the power in pairs impinging on

the shock not exceed the pulsar spin-down power �ESD. Thus,
we introduce a conversion efficiency h < 1p that is defined by

Table 1
Model Parameters for Illustrative Cases

B1957+20 B1957+20 J1723−2837 J1723−2837 J2339−0533 J1311−3430
(A) (B) (Black) (Gray) Quiescent (Flaring)

Parameters Symbols Values

Orbital separationa a (́ 1011 cm) 1.95 1.95 2.90 2.90 1.25 0.597
Orbital period Pb (hr) 9.17 9.17 14.8 14.8 4.6 1.56
Mass ratio q 70 70 3.5 3.5 18.2 180
Pulsar mass Mpsr (Me) 1.7 1.7 1.7 1.7 1.7 1.7
Pulsar radius Rpsr (́ 106 cm) 1.0 1.0 1.0 1.0 1.0 1.0
Pulsar period P (ms) 1.60 1.60 1.86 1.86 2.89 2.56
Pulsar period derivative �P (́ -10 20 s s−1) 1.7 1.7 0.75 0.75 1.4 2.1
Moment of inertia of pulsar I (́ 1045) 1.0 1.0 1.0 1.0 1.0 1.0
Inclination angle i (deg) 65 85 40 40 54 60
Distance d (kpc) 1.40 1.40 0.93 0.93 1.10 1.4
Companion temperature Tcomp (K) 8500 8500 6000 6000 6000 12,000 (45,000)

Shock radius R ash 0.4 0.2 0.4 0.4 0.3 0.4
Magnetic field at shock Bsh (G) 1.2 7.0 0.8 0.8 0.8 1.0 (1.2)
Pair multiplicity Mpair 9000 9000 400 2000 500 600 (3000)
Maximum particle conversion efficiency hp 0.6 0.8 0.9 0.8 0.8 0.8 (0.9)

Acceleration efficiency l=� rgacc 0.001 0.001 0.08 0.001 0.01 0.1 (0.01)
Index of injected spectrum p 2.5 2.4 2.5 1.4 1.8 1.4 (1.8)
Bulk flow momentum ( )bG max 4.0 5.0 6.0 7.0 7.0 5.0 (8.0)
Maximum shock angle qmax 61 68 60 50 55 65 (60)

Note.
a This is a derived value using ( ( ) )p= +a GM M P q q1 4 .NS comp b

2 2 1 3
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Conclusion
• Millisecond pulsar binaries are a growing in number and are “clean” 

systems for understanding pulsars and pulsar winds


• We have a new multizone code which can predict SR and IC fluxes, or 
energy-dependent orbital modulation


• This constrains pulsar injection and particle acceleration parameters 
by anchoring on the X-ray


• SEDs should peak in the MeV and TeV — some (all?) of spiders could 
be “gamma-ray binaries”


• Exciting for CTA and AMEGO (or any other sensitive MeV telescopes)


• IACTs particularly suited for time inverse Compton variability 
associated with flaring companions


