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Black Widows & Redbacks

Venter et al. (2015)

Much of this talk is focused on B1957+20/J1959+2048, the original Black Widow, but 
the methods developed here will be applied to more of these systems in the near future

Nearly all circular orbits (see Paul Ray’s 
poster for an exception)



Optical Observations of the Stellar Companion
• Photometry with a model of anisotropic heating can constrain the system inclination 

• Spectroscopic radial velocity studies can constrain the mass ratio 

• Companion temperature as high as few times 10
4
 K on heated side 

J1544+4937, Tang et al. (2014)J1311-3430, Romani et al. (2012)



Radio Eclipses
• Many black widows and redbacks show frequency-

dependent radio eclipses or shrouding of the MSP over 
large fractions of their orbit, centered at superior 
conjunction where the companion is between the observer 
and MSP 

• Ingress-egress shrouding asymmetry tends to always 
decrease with higher observing frequencies ==> high 
frequencies probe denser wind regions closer to the shock 
where asymmetry due to orbital motion is lower
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Ryba & Taylor (1991) — B1957+20



X-ray Observations
• Soft X-ray observations of many black widows and redbacks show a flux minimum around superior or 

inferior conjunction, and many exhibit double-peaked light curves 

• The emission is likely due to synchrotron radiation, modulation by Doppler boosting and/or 
shadowing by the companion 

• Spectral photon indices are Γ ≈ 1-1.5 implying very hard underlying electron power-law distributions

B1957+20 (Huang et al. 2012)J1023+0038 (Bogdanov et al. 2011)



Double-Peaked Soft X-ray Light Curves
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Figure 2. Panel (a): average MOS-equivalent count rate in the 0.2–12 keV
energy range as a function of orbital phase. These data are a weighted average
of all the imaging-mode data. Dashed and dotted vertical lines indicate the
beginning and end of the 1.4 GHz radio eclipse, respectively. The dashed curve
is a best-fit combination of four sinusoids. Panel (b): the number of MOS
photons in the 1–12 keV range divided by the number of MOS photons in the
0.2–1 keV range, also as a function of orbital phase. Both panels show two
cycles for clarity. The companion’s closest approach to our line of sight to the
pulsar happens at orbital phase 0.25; that the radio eclipse is off-center may be
due to eclipsing material being far out of the orbital plane, as shown in Figure 5.

distribution in orbital phase would be this non-uniform; the
reduced χ2 for a constant fit to the histogram is 11.3, with
11 degrees of freedom. While the evidence for variability is
strong, with only ∼3 orbits covered by the two observations it is
not certain that this variability is linked to orbital phase, although
the fact that the minimum in the X-ray light curve occurs near
orbital phase 0.25, when the companion passes closest to our
line of sight to the pulsar, suggests a link. To test this, we
plotted the photon arrival rates for each orbital period separately.
Figure 3 shows that the flux during each individual orbit appears
to be lower during phase 0–0.5 than during phase 0.5–1, which
suggests that the variability is indeed orbital. Note that Homer
et al. (2006) detected variability, but having only limited orbital
coverage, could not determine whether it was orbital. We also
computed a hardness ratio (Figure 2(b)), dividing the number of
photons harder than 1 keV by the number of photons softer than
1 keV and comparing the eclipse versus non-eclipse regions (for
this purpose we defined the “eclipse” region to be phases 0–0.5).
The reduced χ2 for a fit of these values to a constant hardness
ratio is 8.76 for 1 degree of freedom, and the probability of
such a reduced χ2 arising if the hardness ratio were constant is
3.1×10−3 (2.7σ ). Thus, we see marginally significant softening
in the eclipse region.
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Figure 3. Average count rate in the 0.2–12 keV energy range as a function of
orbital phase, for each orbit independently; the starting MJD for each orbit is
indicated. The vertical axis is MOS-equivalent count rate (based on MOS1/2
and imaging-mode PN data, scaled to match the MOS1 count rate) and the
dashed horizontal line indicates the average count rate over all orbital phases
and data sets. Where no bar is plotted, no data are available.

3.3. Pulsations at the Pulsar Period

To test for pulsations, we extracted source and back-
ground photons from the PN camera using the energy range
0.25–2.5 keV, selected to give the most significant detection.
We barycentered the photon arrival times and used the pro-
gram tempo12 and the contemporaneous radio ephemeris given
in Archibald et al. (2009) to assign each photon a rotational
phase (see Figure 4). We then tested these photons for uniform
distribution in phase. The Kuiper test (Paltani 2004) gave a
(single-trial) null hypothesis probability of 3.7 × 10−6 (4.5σ )
and the H test (de Jager et al. 1989) gave a (single-trial) null
hypothesis probability of 2.4 × 10−6 (4.6σ ), using an optimal
number of sinusoids (two). We confirmed that no significant
pulsations were detected with the background photons or with
an incorrect ephemeris. We also verified that the period pre-
dicted by the ephemeris is very close to the period at which
the significance peaks (holding all other ephemeris parameters
fixed).

12 http://www.atnf.csiro.au/research/pulsar/tempo/
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Figure 3: XMM �Newton 0.1-10 keV light curve of

PSR J2129�0429 as a function of orbital phase. The

pulsar superior conjunction is indicated by vertical blue

lines.

3. PSR J2129�0429

Discovered in a survey of Fermi sources using
the GBT at 350 MHz [Hessels et al. 2011], PSR
J2129�0429 is a 7.61 ms pulsar in a 15.2 hr orbit
around a M

c

> 0.37M�companion which shows ex-
tensive radio eclipses, as much as half the orbit at low
frequencies (Hessels et al. in prep). The pulsar has a
very high magnetic field for a MSP (B ⇠ 1.6⇥109 G),
and so still has a high spin down energy Ė ⇠ 3.9⇥1034

despite its relatively long spin period. The dispersion
measure distance is d ⇠ 0.9 kpc. A variable, bright
UV counterpart was evident in the Swift UVOT, as
was significant X-ray variability from the Swift XRT
data. Further optical observations suggest the com-
panion is minimally heated and mostly Roche lobe
filling and radial velocity measurements suggest a
pulsar mass M

ns

> 1.7M�and a companion mass
M

c

⇠ 0.5M�[Bellm et al. 2013]. These system prop-
erties suggest that PSRJ2129�0429 is in a relatively
early stage in its evolution compared to other redbacks
which are more fully spun-up and have typical mag-
netic fields of a few 108 G. Very large orbital variations
are observed through radio timing, and pulsations are
dominant in the �-ray emission.

We observed PSR J2129�0429 for 70 ks with
XMM � Newton. There were no background flares
during the observation, meaning we got continuous
coverage over slightly more than a complete orbit.
The X-ray light curve has very large amplitude vari-
ations, with two clear peaks centered on the pulsar’s
inferior conjunction (Fig.3). We first fit the spectrum
with an absorbed blackbody plus power-law, which
gave an adequate fit. The flux is dominated by the
power-law component, with an average 0.3-8 keV flux
F
x

= 2.25 ± 0.05erg cm�2 s�1. There is very little
absorption (nH = 1.8(0 � 4.6) ⇥ 1020cm�2) and the
thermal component (kT = 0.21(0.16�0.26) keV) has a
0.3-8 keV flux F

bb

⇠ 1.2⇥10�14erg cm�2 s�1, or about
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Figure 4: Unfolded XMM �Newton PN spectrum of

PSR J2129�0429 at two orbital phases, keeping the

blackbody component fixed.

1/4 of the flux near superior conjunction. The power-
law component is very hard (� = 1.04(0.92 � 1.15)),
similar to other redbacks. Presuming a constant ther-
mal component throughout the orbit, the di↵erence
in the non-thermal flux between the peak at orbital
phases 0.575-0.65 and the minimum at phases 0.2-0.3
is about a factor of 11 (Fig. 4). There is no evidence
of significantly increased absorption. Complete spec-
tral results will be presented in an upcoming paper
(Roberts et al. in prep).

This very remarkable variability suggests that a
large fraction of the shock region is blocked by the
companion around superior conjunction, suggesting a
quite small emission region and a large inclination
angle. The two distinct peaks may be a result of
doppler boosting and/or relativistic beaming of the
synchrotron radiation. The latter would require a
strong, well ordered magnetic field. The orbital phases
of the peaks, ⇠ 0.6 and ⇠ 0.9, are quite curious. If
the shock was wrapped around the companion, then
you would expect there to be peaks between phases
0.0-0.5. The qualities may suggest a significant role
for the magnetic field of the companion. If the com-
panion is tidally locked, like one would expect, then
the orbital period of 15.2 hr is the spin period of the
companion, which is very rapid. Low mass, rapidly
spinning stars can have surface magnetic fields of sev-
eral hundred to a few thousand Gauss [Morin 2012].
Such potentially large companion fields should not be
ignored when investigating the shock emission from
redbacks.

In summary, X-ray emission from the intrabinary
shock in redbacks is orbitally dependent, with the in-
creased emission centered on inferior conjunction with
potentially a fairly ubiquitous double peaked struc-
ture. The emission seems to come from a region that
is not much larger than the companion, is very hard
and very e�cient, which needs explanation. The pre-
viously ignored potential role of the companion’s mag-

eConf C141020.1
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Figure 1. Background-subtracted light curves of PSR J1723−2837 as observed
by Chandra ACIS in 0.3–7 keV (upper panel) and by XMM-Newton in
0.3–10 keV with the data from all of the EPIC cameras combined (lower panel).
The same data have been repeated for another orbital cycle in order to clearly
demonstrate the modulation. The shaded region illustrates the range of the radio
eclipse. The dotted line and the dashed line illustrate the phases of INFC and
SUPC, respectively.

orbital period. The X-ray modulation can be clearly seen with
all three cameras. In order to improve the photon statistics, we
combined all of the EPIC data and the resultant light curve is
shown in Figure 1. We adopted the time of the ascending node
(MJD 55425.320466) to be the epoch of phase zero. Due to the
incomplete orbital coverage after data filtering, there is gap at
the orbital phase interval 0.14–0.18 in this XMM-Newton data.

The minimum of the X-ray orbital modulation occurs at the
same phase interval at which radio eclipse has been observed
in 1.4–3.1 GHz (see Figure 1 in Crawford et al. 2013), which
is illustrated by the shaded region in Figure 1. This interval
encompasses the inferior conjunction (INFC) at a phase of
∼0.25, where the pulsar is behind its companion. Apart from
the region around the INFC, some observations at 2 GHz
performed in the phase interval of 0.5–0.6 were also unable
to detect the pulsar (Crawford et al. 2013). However, when
examining the X-ray orbital modulation at this interval, we
cannot identify any peculiar behavior. On the other hand, the
maximum of the modulation is found in the orbital phase interval
of 0.7–0.9, which encompasses the superior conjunction (SUPC;
see Figure 1). In this interval, we have found a dip near a phase
of ∼0.8.

In order to investigate its X-ray spectral properties, we
extracted the source and background spectra from the same
regions adopted in the temporal analysis. We grouped the spectra
obtained individually from MOS1 and MOS2 so as to have at
least 50 counts per bin. For the PN spectrum, we grouped it
to have at least 60 counts per bin. The spectra obtained from
all three cameras are fitted simultaneously to the tested models.
All of the uncertainties quoted in this paper are 1σ for two
parameters of interest (i.e., ∆χ2 = 2.3).

First, we examined the phase-averaged X-ray spectrum of
PSR J1723−2837. We found that a simple absorbed power-law

model can describe the observed spectral data reasonably well
(χ2 = 171.84 for 179 degrees of freedom (dof)). The observed
spectrum and the best-fit model are shown in Figure 2. The
best-fit model yields a column density of NH = 2.31+0.28

−0.25 ×
1021 cm−2, a photon index of ΓX = 1.19 ± 0.05, and a
normalization of 1.10+0.08

−0.07 × 10−4 photons keV−1 cm−2 s−1 at
1 keV. The best-fit NH is consistent with the value inferred from
the optical extinction AV = 1.2 of this system (Crawford et al.
2013; Predehl & Schmitt 1995). The unabsorbed energy flux
in 0.3–10 keV is fx = 1.32+0.19

−0.16 × 10−12 erg cm−2 s−1. At a
distance of 0.75 kpc, this corresponds to an X-ray luminosity
of Lx ∼ 8.9 × 1031 erg s−1. We also attempted to fit the
X-ray spectrum of PSR J1723−2837 with thermal models.
While a black body yields a reduced χ2 much larger than unity,
the thermal bremsstrahlung model results in an unphysically
high temperature (kT > 200 keV).

We proceeded to investigate if the spectral properties vary at
different orbital phases. We have extracted the spectra from two
phase ranges, 0.2–0.4 and 0.7–0.9, which encompass INFC and
SUPC, respectively. For the INFC interval, the best-fit yields
an NH = 2.94+2.30

−1.25 × 1021 cm−2 and ΓX = 1.23+0.32
−0.19. On

the other hand, the corresponding parameters for the SUPC
interval are estimated as NH = 2.01+0.49

−0.43 × 1021 cm−2 and
ΓX = 1.09 ± 0.09. Within the statistical uncertainties, the
spectral parameters inferred in these two intervals are consistent
with the phase-averaged values. Based on this XMM-Newton
observation, there is no evidence of X-ray spectral variability
across the orbit of PSR J1723−2837.

2.2. Chandra Observations

Chandra observed PSR J1723−2837 with the Advanced
CCD Imaging Spectrometer (ACIS) on 2012 July 11 (ObsID:
13713). The orbital coverage is continuous with a sum for a
good time interval of 55 ks, which is slightly more than one
orbital cycle. The ACIS was operated with a sub-array mode
to achieve a timing resolution of 0.4 s. Due to the loss of
efficiency for the sub-array model, the effective exposure is
shorter (49.9 ks). Similar to the XMM-Newton observations,
we performed barycentric correction to the arrival times of all
of the events by using the updated planetary ephemeris JPL
DE405. PSR J1723−2837 is clearly seen and is the brightest
source in the image. In order to reduce the background, we
limited our analysis to the 0.3–7 keV band. Using a circular
source region with a radius of 4′′, there are 4468 counts for
subsequent analysis. An annular-source-free region centered at
PSR J1723−2837 was used for background subtraction.

We extracted the 0.3–7 keV light curve of PSR J1723−2837;
similarly to the XMM-Newton observation, the 14.8 hr orbital
modulation is clearly seen (see Figure 1). Although the number
of counts is much lower than that of XMM-Newton, the light-
curve profile is consistent with that of XMM-Newton. In spite of
the large error bars, it is worth noting that there is a hint of the
dip at phase ∼0.8 seen in the XMM-Newton data.

For spectral analysis, we first investigated the phase-averaged
spectrum. The spectrum can be well described (χ2 = 186.85
for 204 dof) with an absorbed power-law model with NH =
(1.68±0.34)×1021 cm−2 and ΓX = 1.00±0.07. The unabsorbed
0.3–10 keV flux is 1.64+0.04

−0.06×10−12 erg cm−2 s−1. The spectrum
of Chandra is only slightly harder than that of XMM-Newton.
Since PSR J1723−2837 is bright for Chandra, some pile-up
may contaminate the spectral analysis. We also included a pile-
up model and found that the pile-up fraction is only 1.7% and
the spectral parameters are more or less the same. We then
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J2039-5618, Salvetti et al. 2015

– 29 –

Fig. 2.— Left: Background-subtracted light curve combining data from the 3 EPIC cameras

for Source 3 in the 0.3–10 keV energy range, sampled with a bin time of 2500 s. Right: Same
but folded around the best period of 0.2245 days normalized to the average source intensity.

In both panels, error bars are reported at 1σ.

• Centered about 
inferior or superior 
conjunction 

• Second peak nearly 
always at a modestly 
lower flux level

-0.3 10 keV is ~ ´ -f 2.1 10x
13 erg cm−2 s−1. The BB

component contributes ~2% of the total flux in this band.
Motivated by the variation of X-ray hardness across the orbit

(cf. Figure 2), we performed a phase-resolved analysis to
investigate how the emission nature varies with orbital phase.
We divided the orbit into two intervals, ϕ = 0.0–0.5 and
ϕ = 0.5–1, which encompass the peak and the trough of the
orbital modulation respectively. For ϕ = 0.0–0.5, we found that
a single PL model is already sufficient for modeling the
observed spectrum (χ2 = 57.57 for 58 dof) which yields

= ´-
+N 5.2 10H 5.2

28.1 19 cm−2, Γ = 1.10± 0.06 and a PL model
normalization of ´-

+ -2.9 100.2
0.3 5 photons keV−1 cm−2 s−1 at

1 keV. Adding a BB component does not result in any
improvement (χ2 = 57.51 for 56 dof). The best-fit PL+BB

model in this phase interval yields = ´-
+N 2.9 10H 2.9

20.4 20 cm−2,
G= -

+1.10 0.24
0.15, a PL model normalization of ´-

+ -2.9 100.6
0.7 5

photons keV−1 cm−2 s−1 at 1 keV, = -
+kT 0.16 0.16

0.19 keV, and
= -

+R d95.6 95.6
927.7

1kpc m. Although the BB parameters are poorly
constrained in ϕ = 0.0–0.5, we note that their best-fit values are
consistent with those inferred from the phase-averaged
analysis.
On the other hand, in ϕ = 0.5–1, we found that the BB

component is required at>99% confidence level. In this phase
interval, the PL+BB fit yields < ´N 4.5 10H

20 cm−2,
G = -

+1.13 0.26
0.14, a PL model normalization of ´-

+ -7.1 102.1
1.8 6

photons keV−1 cm−2 s−1 at 1 keV, = -
+kT 0.19 0.05

0.04 keV, and
= -

+R d84.4 25.5
34.1

1kpc m. The corresponding goodness-of-fit is
χ2 = 48.81 for 52 dof. The BB parameters are fully consistent
with those inferred in ϕ = 0.0–0.5 and the phase-averaged
analysis. This suggests the thermal component provides a
constant contribution in all orbital phases.
We have checked the robustness of the quoted spectral

parameters by repeating all the aforementioned spectral fits
with the background spectrum sampled from various source-
free regions. Within 1σ errors, the parameters inferred from
independent fittings are consistent.

3. FERMI/LAT GAMMA-RAY OBSERVATIONS

Gamma-ray data were obtained, reduced, and analyzed using
the Fermi Science Tools package (v9r33p0), which is available
from the Fermi Science Support Center.11 Events in the
reprocessed Pass 7 “Source” class were selected and the
P7REP_SOURCE_V15 version of the instrumental response
functions were used. To reduce contamination from the Earth’s
albedo, we excluded time intervals when the region-of-interest

Figure 2. Background-subtracted light curve of PSR J2129-0429 as observed by XMM-Newton in 0.3–10 keV with the data from all EPIC cameras combined (upper
panel), the X-ray hardness variation (middle panel), and the UV light curve as observed by XMM-Newton OM with the model light curves overlaid (lower panel; see
Section 4 for details). The orbital period adopted for folding is 0.64 day as reported by Ray et al. (2012). The epoch of phase zero is set at MJD 56593. Two periods of
orbital motion are shown for clarity.

Figure 3. Phase-averaged X-ray spectra of PSR J2129-0429 as observed by
XMM-Newton PN (upper spectrum) and MOS1/2 cameras (lower spectra) and
simultaneously fitted to an absorbed power-law plus blackbody model (upper
panel) and contribution to the χ statistic (lower panel).

11 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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Particle Acceleration 

Shock acceleration spectrum 

Maximum acceleration energy 
(Harding & Gaisser 1990) 

Normalization 
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Phinney et al. (1988)

The shock is quasi-perpendicular, relativistic and possibly magnetically 
dominated σ >> 1 upstream  — reconnection or DSA?  

Acceleration should be most prolific near the stagnation point

Shock is only ∼1011 cm away from the MSP in black widows, contrasted to ∼1016-1017 cm for PWNe!



Electron Timescales in the Intrabinary Shock
• Inverse Compton cooling timescale τIC computed at the stagnation point — Klein-Nishina 

reductions allow SR cooling to dominate IC cooling at high Lorentz factors

Electrons up to ∼TeV, 
cut-off due to 
synchrotron burn-off 

Fastest 
timescales: spatial 
convection a/c 
and τSR  

Bdownstream ≈ 3σ1/2Bup  

(Kennel & Coroniti 
1984)



Schematic Geometry



• We model two types of bow shocks, a ”type I” parallel-wind (Wilkin 1996) and “type II” two-spherical-wind shock (Canto 
et al. 1996) and adopt an optically thick model for eclipses (Rasio et al. 1989) 

• One-to-one coupling between eclipse fraction and orbital inclination i for a shock with stand-off distance R0 — R0 values 
compatible with kilogauss companion magnetospheres or thermally driven winds 

• B1957+20: 6-10% eclipse fraction (green band) 

• Blue line: 65° ± 2° (Reynolds et al. 2007) with looser limits 55°-75° (van Kerkwĳk et al. 2011) 

• Cyan line:  i ≈ 85° found from outer-magnetospheric pulsed γ-ray light curve modeling of the MSP (Johnson et al. 2014) 
if ζ ≈ i

Radio Eclipses by Intrabinary Shocks



Orbitally Modulated Doppler Boosting



Orbitally Modulated Doppler Boosting



Orbitally Modulated Synchrotron Emission
• If the bulk velocity along the shock is high enough, doppler boosting produces a characteristic 

double-peaked light curve 

• For where the stagnation point R0 is close to the companion, shadowing can be a strong influence 

• Below: Orbitally modulated SR emission for B1957+20 at a fixed energy where the emission is a 
power law, with shadowed and unshadowed fluxes joined and dotted curves, respectively

Shadowed	
Unshadowed



Orbitally Modulated Synchrotron Emission

• Complex interplay between the shock shape, R0, shadowing, bulk Lorentz factor, 
and electron density along the shock controls the light curve modulation 

• The type II shock scenario yields more significant modulation than the cone-like 
type I scenario, with a different peak separation for a given inclination

Shadowed	
Unshadowed



SR Discussion
• Must originate from the shocked MSP wind (mildly relativistic) rather the shocked 

companion wind (nonrelativistic) 

• A natural path to produce double-peaked light curves and spectral hardening  

• Redbacks where the double peaks are centered around inferior conjunction imply a 
scenario where the shock surrounds the pulsar ==> consistent with >50% radio 
eclipse fractions (e.g. J1023+0038 in non-accreting state, Archibald et al. 2009) and 
LMXB state transition 

• Optical non-thermal synchrotron emission (and orbitally-modulated polarization) 
could exist depending on the accelerated electron spectrum and level of plasma 
turbulence in the downstream B 

• Companion magnetosphere may influence B or support shock ==> kilogauss fields 
might be probed with high-resolution spectroscopy of Zeeman line broadening in the 
IR/optical for some redbacks 

• Lower second peak possibly due to absorption or asymmetric particle acceleration/
transport in the shock induced by orbital motion



Inverse Compton

reduction of the Compton cross-section due to the Klein–Nishina
effect means that the X-ray band is the main contributor to the
Comptonization of the wind. The X-ray flux is well measured up to
100 keV (ref. 14) and therefore the calculations of the inverse-
Compton radiation depend basically on the site and the dynamics
(speed) of transformation of the Poynting flux to kinetic energy of
bulk motion.

We assume that at a distance Rw from the pulsar, the wind is
accelerated to the Lorentz factor Cw (Fig. 2). Particles of the accelerated
wind cannot move purely radially, because the wind should carry both
the energy and the angular momentum lost by the pulsar. From the
relation between the rotation energy (Erot) and angular momentum
(Mrot) losses, _Erot~V _Mrot, where V is the angular velocity of the
rotating sphere and a dot denotes a time derivative, we can define
the trajectory of the wind particles. Indeed, each particle of the wind
carries energy Cwmc2 and angular momentum CwmrHv, where m, rH
and v are the particle’s mass, lever arm and speed, respectively, and c is
the speed of light. Because CwmrHvV 5 Cwmc2, particles in the
accelerated wind move along straight lines, tangent to the light
cylinder. Therefore, all photons emitted by the magnetosphere will
collide with electrons of the wind at a non-zero angle, h, resulting in
inverse-Compton c-rays. The c-ray production efficiency depends on
the electron Lorentz factor, the density of the target photons and the
interaction angle. Because the cold wind carries almost the entire spin-
down luminosity, even a tiny efficiency of about k < 1026 should be
sufficient to produce detectable c-rays at an energy flux level of
FE~k _Erot=4pd2<10{15 J m{2 s{1, where d < 6 3 1019 m is the dis-
tance to the Crab.

Generally, the light curve of the target photons should be reflected in
the time structure of the inverse-Compton c-ray signal; however, they
cannot be identical, owing, for example, to the effects related to the
specifics of the anisotropic inverse-Compton scattering. More impor-
tantly, the geometrical effects may lead to non-negligible differences
between the arrival times of the target photon and the secondary c-ray
pulses (Fig. 3). For wind located close to the light cylinder, the c-ray
signal seems shifted in time relative to the reported c-ray data, by
Dt < 0.1T. By contrast, for wind acceleration at Rw 5 30RL, the widths
and the positions of the predicted and observed c-ray peaks (P1 and
P2, respectively) are in very good agreement. However, whereas in
the case of the isotropic wind the predicted P1/P2 flux ratio of the
c-ray signal mimics the X-ray light curve15 (Fig. 3, black crosses),
the reported c-ray data7,9 seem to correspond to a smaller ratio,
P1/P2 , 1. This can be explained by there being a non-negligible wind

anisotropy, which would introduce noticeable corrections to the shape
of the c-ray light curve in general and to the P1/P2 ratio in particular
(Fig. 3). The large uncertainties in the present c-ray data prevent us
from a reaching a strong conclusion in this regard, but the improve-
ment of the quality of VHE c-ray light curves should in future allow the
strength and the character of the wind anisotropy to be decisively
probed.

GeV c-rays have a light curve10 that is essentially different from the
reported VHE light curves7,9. This can be interpreted as a result of the
production of GeV and TeV c-rays in regions well separated from each
other. This conclusion is supported by the spectral energy distribution
of the time-averaged GeV and TeV signals. As demonstrated in Fig. 1,
the entire c-ray region can be considered a superposition of two sepa-
rate components. Indeed, by introducing a new, flat-spectrum VHE
component of the Comptonized wind, in addition to the nominal
(magnetospheric) GeV component, the reported data in the GeV-to-
TeV energy intervals can be smoothly matched.

Although inverse-Compton c-rays are produced by mono-energetic
electrons, the spectral energy distribution of c-rays in the range of tens
to hundreds of GeV is quite flat. This is caused by the combination of
effects related to the broad power-law distribution of seed photons and
the transition of the Compton cross-section from the Thomson regime
to the Klein–Nishina regime. On the other hand, the spectrum is
expected to have a very sharp cut-off at E 5 Cwmc2. This not only
can serve as a distinct feature for the identification of the wind origin
of c-rays, but also should allow us to determine the Lorentz factor of
the wind. In fact, the measurements available at present do not allow
strong deviation of the Lorentz factor from 5 3 105. We note that the
calculations do not depend on the ‘magnetization parameter’ s (the
ratio of the electromagnetic energy flux to the kinetic energy flux) as
long as Rw?RL. However, formally we can explain the pulsed VHE
emission even for s $ 1. In this case, the acceleration should occur
closer to the pulsar (Rw / 1/s1/2) to compensate for the reduction in
the wind’s kinetic energy. But in this case, the inverse-Compton c-ray
radiation is expected to have quite different spectral and temporal
features.

The above estimates of the location of wind’s acceleration site and its
Lorentz factor are quite robust, but they are obtained under the
assumption that the transformation of the Poynting flux proceeds
very quickly, at a specific radius between Rw and Rw 6 dRw with
dRw/Rw # 1. This is not an obvious assumption, but is instead a
working hypothesis that the wind acceleration takes place in a narrow
zone at the radius Rw < 30RL. We cannot a priori exclude the possibility
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Figure 2 | Complex comprising the pulsar
magnetosphere, the ultrarelativistic wind and the
pulsar wind nebula. Dense electron (e2)–positron
(e1) plasma produced in the pulsar magnetosphere
by pair creation processes19 initiates an electron–
positron wind at the light cylinder, which has
radius RL < 106 m. Initially, the rotational energy
lost by the pulsar, _Erot~5|1031 J s{1, is released
mainly in the form of electromagnetic energy
(Poynting flux) and the wind’s Lorentz factor
therefore cannot be very large. At a distance Rw, the
Poynting flux is converted to the kinetic energy of
bulk motion (green zone), leading to an increase in
the bulk-motion Lorentz factor to at least20

Cw < 104. The termination of the wind by a
standing reverse shock at Rsh < 3 3 1015 m boosts
the energy of the electrons to 1015 eV and
randomizes their pitch angles2. The radiative
cooling of these electrons through the synchrotron
and inverse-Compton processes results in an
extended non-thermal source21–23, the Crab nebula.
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• IC target photon fields: companion (optical/UV), shock synchrotron (X-ray), MSP 

• Similar physics to TeV binaries (e.g. Dubus 2013), but much more compact 

• Accelerated electrons: shock and possibly upstream pulsar wind 



IC γ-ray Observability & Caveats

• Energetics governed by pulsar Edot & orbital modulation critically dependent 
on inclination 

• Orbitally modulated γ-ray emission has been claimed  for B1957+20 (Wu et 
al. 2012) and J1311-3430 (Xing & Wang 2015) but are unconfirmed (6-10 
years, Pass 8 and ToOs to optical flares may help) 

• For most systems, the IC optical depth < 1 on orbital lengthscales a∼1011 cm, 
but may exceed unity for hot companions or flaring states where Thot > 104 K 

• Optimistically — IC luminosity ∼ σTnγa x ηEdot ∼ η1033 erg/s ==> ∼ η10-11 
ergs/s/cm2 for d=2 kpc with efficiency η dumped into e+e-  and emission is 
beamed, nγ should include both thermal and synchrotron photons targets 

• Focus should be on nearby systems with high X-ray luminosities, hot 
companions and flaring states, and near edge-on inclinations



Volume Normalized IC Emissivity - B1957+20



Orbitally Modulated Cold Wind IC — B1957+20
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• Horizontal cuts — light curves; vertical cuts — spectra 

• Occultation by the companion of the emission region may be 
important for inclinations near edge-on



Future

• Steady-state particle transport along the shock and self-
consistent synchrotron light curves 

• Additional anisotropic IC components and SEDs 

• Orbital motion and sweepback effects 

• Application to more black widow and redback systems 

• Multiwavelength studies are critical for understanding these 
systems 

• Stay tuned!



Backup Slides



γγ Absorption  
• Although temperatures of black widow and redback companions can be high, due to their small size, 

absorption is insignificant except perhaps for J1311-3430 in a flaring state, where Teff ~ 40000 K  

• ε0 - the energy of the outgoing VHE photon, emitted at stagnation point towards observer



• For the eclipses at ingress, the frequency dependence of the eclipse width can 
give insight into the spatial dependence of the turbulent plasma and absorption 
causing the eclipses

Growth Curve of Radio Eclipses

If the eclipse fraction fE ∼ g(θ) ∝ ν-n  with optical depth  τ ∼ Σ σ and absorption cross 
section σ ∼ ν-m, then Σ(θ) ∼ g(θ)-m/n



Orbital Sweepback — Ballistic Model



Orbital Sweepback Parameter Exploration
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• ΔfE = Egress - Ingress eclipse asymmetry 

• White — excluded region for B1957+20

Shocked companion wind cometary 
tail length versus velocity 



Orbital Sweepback Parameter Exploration
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• ΔfE = Egress - Ingress eclipse asymmetry 

• White — excluded region for B1957+20

Shocked companion wind cometary tail 
velocity versus pulsar wind acceleration


