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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?
• Clean systems: circular orbits, many orbits, pulsar well timed, companion radial
velocities ==> inclination and component masses constraine
• 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 growin
• 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 shoc
• Target photons inverse Compton in the Te
• Flares of the companion — u~1 to u >> 1 erg/cm^3 — well suited flaring timescales for
IACT
• SED should peak in the MeV — some (all?) are gamma-ray binarie
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• Exciting for CTA and AMEGO (or any other sensitive MeV telescopes)

X-ray Observations
•

Spectral photon indices are typically Γ ≈ 1-1.5 implying very hard underlying
electron power-law distributions and ef cient acceleratio

•

Up to 80 keV NuSTAR PL implies downstream shocked B ≳ 1 G by containment
(Hillas criterion) arguments

wavelength
observations
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pulsar
binary
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J1227-4853, de Martino et al. (2015)
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Figure 5. Top panel: variation of power-law index (Γ) as a function of orbital
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B1957+20, Huang et al. (2012)

Geometric X-ray LC Fitting

Wadiasingh et al., in prep.

Orbital Modulation of Xrays from the intrabinary
shock in redbacks

Schematic Geometry (Pulsar State)
Physics somewhat similar
to massive binaries (cf.
Dubus) but scales and
geometry differ — shock
may be around companion
or pulsa

Wadiasingh et al. (2017)

a ≈ 1011 cm
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Model Schematic — Doppler Boosting

The Astrophysical Journal, 904:91 (23pp), 2020 December 1

van der Merwe et al.

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 i = 75 ,
while in the bottom panel i = 40 . Blue indicates ﬂow along the shock surface directed toward the observer, and red indicates ﬂow away from the observer. The
Van
der
Merwe,
Wadiasingh,
Venter,
Harding
&
Baring;
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).

ApJ 904:91, 2020

Kopp et al. (2013). For IC scattering

where ncr stands for the critical frequency (with pitch angle Θ)

Pulsar Wind + companion B

Wadiasingh et al. (2018)

Pulsar Wind + companion B

Wadiasingh et al. (2018)

Pulsar Wind
+
companion
B

The Astrophysical Journal, 850:100 (10pp), 2017 November 20

Fermi-LAT Orbital Modulation
Seen
in
a
small
subset
of
spiders
The Astrophysical Journal, 850:100 (10pp), 2017 November 20

An et al.

An et al.

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 T2 –T1, where, for ﬁxed T1 = 54682 , T2 increases to 57510 (left), or, for ﬁxed T2 = 57510 , T1 decreases to 54682 (right).
Events are selected using an R < 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).

R = 32 , respectively.
then calculated
the response ﬁles
Figure 2. Off-pulse phase (DfP = 0.127–0.587) orbital light curves taken with a R < 2 aperture (MJD 54682–57510)
for several We
different
energy bands:
the and
standard
tools
of the
SAS
version
20141104_1833
(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 using
deﬁnition
Section
2 for
timing
solution.
(rmfgen and arfgen). We then jointly ﬁt the two
The phase-averaged background level estimated following Abdo et al. (2013) is shown with a dashed line.

Black widow
E J1311—3430
for the “dip” phase is not well constrained, so we hold E

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
c

An et al. 2017
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0.3–10 keV spectra with an absorbed power-law model having
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Fermi-LAT Orbital Modulation — Pulse Enhancement

Clark et al.

C. J. Clark et al.

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.

Pulsed enhancement
near pulsar superior
conjunction
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compared to our earlier model where the gamma-ray flux is constant
Figure 3. Orbital light curves of J2039 from XMM–Newton (lower panel)
with orbital phase.
and Fermi-LAT (upper panel) observations. Data have been folded using the
Similar orbital modulation has been observed from a handful of
pulsar timing ephemeris from Section 3.2. The dashed red horizontal line on
other spider systems (Wu et al. 2012; An et al. 2017, 2020; An,
the gamma-ray light curve indicates the expected background level computed
Romani & Kerr 2018). In two of these systems, the gamma-ray
from the distribution of photon weights.
flux peaks at the same orbital phase as is seen here from J2039,
and importantly, from the redback PSR J2339–0533, the orbitally
Table 2. Gamma-ray spectral parameters in two orbital phase regions.
modulated component appears to be pulsed in phase with the ‘normal’
Photon and energy fluxes are integrated over photon energies E > 100 MeV.
intrinsic gamma-ray pulses.
Uncertainties are at the 1σ level.
Using the timing solution from Section 3.2, we can now investigate any rotational phase dependence of the orbitally modulated
Parameter
0 < " ≤ 0.5
0.5 < " ≤ 1
component. In Fig. 5, we show the gamma-ray pulse profile, split
Photon index, #
1.25 ± 0.13
1.42 ± 0.14
into two equal orbital phase regions around the pulsar superior (0 <
Exponential factor, a (10−3 )
9.0 ± 1.3
5.7 ± 1.2
" ≤ 0.5) and inferior conjunctions (0.5 < " ≤ 1). We find that the
Photon flux (10−8 cm−2 s−1 )
1.8 ± 0.2
1.3 ± 0.2
estimated background levels, calculated independently
in each phase
Energy flux, Gγ (10−11 erg cm−2 s−1 )
1.7 ± 0.1
1.3 ± 0.1
!
region from the photon weights as b = j wj − wj2 (Abdo et al.
Figure 5. The gamma-ray pulse profile of PSR J2039–5617
measured
in data the two orbital phase selections,
2013), are very
similar between
that the pulse
profile drops
to the background level in both, and
taken in two equally sized orbital phase regions around
the pulsar
superior
the gamma-ray
pulse is significantly
brighter around the pulsar
(left) and inferior (right) conjunctions. The red that
dashed
line indicates
the
superior conjunction. There is therefore no evidence for an unpulsed
background level, estimated independently in each component
orbital phase
using
to the region
gamma-ray
flux from J2039, and the extra flux at
companion inferior
the distribution of photon probability weights. Thethegamma-ray
pulseconjunction
profile is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.
is clearly enhanced around superior conjunction, and
there is no evidence for
We consider two possible explanations for this orbitally modan unpulsed component in either orbital phase region.
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
compared to our earlier model where the gamma-ray
flux isseen
constant
curvature radiation
when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
Figure 3. Orbital light curves of J2039 from XMM–Newton (lower panel)
with orbital phase.
relativistic leptons upscattering the optical photon field surrounding
and Fermi-LAT (upper panel) observations. Data have been folded using the
Similar orbital modulation has been observed
from astar.handful
of these leptons emit synchrotron
the companion
In the second,
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Redback J2039—5617

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.

Multizone Modeling — Simultaneous
spectra and light curves
Van der Merwe, Wadiasingh, Venter, Harding and Baring;
ApJ 904:91, 2020
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Characteristic Scales
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Simultaneous Spectra and Orbital Light Curves: Particle Injection
and Transport + Beaming and Emission Code in Multiple Zones

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.

Injection Spectrum
Cut-off Energy:

This is usually the minimum and sets Ecut

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

Solid Angle & Diffusion:

Normalisation - Current and Energetics:

Model Schematic

The Astrophysical Journal, 904:91 (23pp), 2020 December 1

van der

1. Schematic diagram indicating a cross section of the shock wrapping around the companion, putatively corresponding to the BW case, with parameters
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
k, 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
are accelerated at the shock locale to ultrarelativistic energies and acquire slight anisotropy in their steady-state distribution function (mildly relativistic “bulk
) along the shock tangent, as indicated by an increase in the bulk momentum βΓand the corresponding blue color.

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 t
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.

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 º cos q , 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 ) =

Ne, i - 1
1
Qi =
+ (cos li - cos li + 1) Q PSR ,
tdiff, i - 1
2

with tdiff the diffusion timescale deﬁned in Section 2

Van der Merwe,
Wadiasingh,
2.4. The Convection–Diffusion and Particle Tran
Equation
Venter, Harding
&
Baring;
We implement a bulk ﬂow of relativistic particles
shock tangent and parameterize the bulk speed such
ApJ 904:91,
2020
diasingh
et al. 2017)

Rsh2 + a2 - 2Rsh a cos q ,

l (q ) =

while the injection spectra for other zones (i = 2, ..

sin-1

⎛ r (q ) sin q ⎞
⎜
⎟.
⎝ Rsh ⎠

(10)

(11)

⎛ qi ⎞
(b G)i = (b G)max ⎜
⎟,
⎝ qmax ⎠

with b = (b G) 1 + (b G)2 . The maximum bulk m
required to describe the X-ray light curves is gene

Particle Transport (Boltzmann or Convection-Diffusion Equation)

Convection almost always dominates τeff but Doppler boosting
compensates

Models
Case Study Black Widow B1957+20
Astrophysical Journal, 904:91 (23pp), 2020 December 1

van der Merwe et al

Van der Merwe, Wadiasingh, Venter, Harding & Baring;
ApJ
904:91,
2020
ure 13. Plot for PSRB1957+20 depicting the model (a) SED for both i = 65 (gray) and i = 85 (black) and (b) energy-dependent light curves for i = 85 . Th

Models
Case Study Redback J2339–0533

e Astrophysical Journal, 904:91 (23pp), 2020 December 1
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Conclusion
• Millisecond pulsar binaries are a growing in number and are
“clean” systems for understanding pulsars and pulsar wind
• We have a new multizone code which can predict SR and IC
fluxes, or energy-dependent orbital modulatio
• This constrains pulsar injection and particle acceleration
parameters by anchoring on the X-ra
• SED could peak in the MeV — some (all?) are spiders are
“gamma-ray binaries
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• Exciting for CTA and AMEGO (or any other sensitive MeV
telescopes)

γγ Absorption & Pair Creation
ε0 - the energy of the outgoing VHE photon, emitted towards observer from ∼ 0.2a near the companion

 


•

fl

Although temperatures of black widow and redback companions can be high, due to their small size,
absorption is insigni cant except perhaps for J1311-3430 in a aring state, where Teff ∼ 40000 K

fi

•

Radio Telescope (WSRT) (Fig. 1, A to F). We
also see very brief eclipses at all orbital phases
(Fig. 1E in particular). Given the established
range of i, the line of sight between the pulsar and
Earth will not intersect the Roche lobe of the

than that of J1023 (16). Such eclipses have also
been seen in several radio MSPs in globular
clusters (17, 18). In both cases, they have been
attributed to the presence of gas flowing out from
the irradiated companion, as is probably the case

2008 was less than 4.8 × 10 erg s (d/1.3 kpc) .
The variable nature of low-mass x-ray binary
(LMXB) x-ray emission cannot explain this low
6
Archibald
et al.
luminosity:
On 1 February 2001, when an
optical
emission line spectrum was observed (9), the av34
−1
erage flux1.0
was
less
than
2.4
×
10
erg
s
(d/1.3
0.8
0.6
kpc)2. If accretion
occurred during the active phase,
0.4
the annual0.2upper limit would imply that the magMJD 54961
netic field1.0of the NS in J1023 was less than 6 ×
0.8
6
10 G, smaller
than that of any known MSP.
0.6
0.4
It therefore
seems more likely that infalling
0.2
MJD 54965
matter did1.0not reach the NS surface, but instead
underwent0.8
what is known as “propeller-mode
0.6
accretion”0.4(20): Infalling matter entered the light
0.2
cylinder but
was stopped by magnetic pressure
MJD 54966
0.0
0.0
0.2
0.4
0.8
1.0
outside the1.0corotation
radius,
which prevented
it 0.6
0.8
from falling
further inward. This process also has
0.6
0.4 accretion rate and minimum lumia minimum
0.2
MJD 54831
nosity: If the
infalling matter does not reach the
1.0
0.8
light cylinder,
the radio pulsar mechanism will
0.6
presumably
0.4 become active. If this occurs, no stable balance0.2exists between outward radiation and
MJD 54837
1.0
the wind pressure
and ram pressure of infalling
0.8
0.6 the disk will be cleared from the sysmaterial, and
0.4
tem (19). The
minimum luminosity for propeller0.2
MJD 54990
0.0
mode accretion
lower than
0.0 is substantially
0.2
0.4 that for
0.6
0.8
1.0
1.0
standard accretion;
our timing-derived upper limit
0.8
0.6
on the magnetic
field (Table 1) implies a minimum
0.4
luminosity0.2of just 2.7 × 1032 erg s−1 [using formuMJD 54770
1.0
las from (19)].
Thus, it seems likely that during
0.8
0.6
J1023’s active
phase, the mass transfer rate was
0.4
high enough
for propeller-mode accretion but not
0.2
MJD 54774
1.0 for material to reach the NS surface.
high enough
In this 0.8
scenario, a small drop in the mass trans0.6
0.4
fer rate would
clear the disk from the system and
0.2
MJD 54781
return J1023
0.0 to its current quiescent state. Over0.0
0.2
0.4
0.6
0.8
1.0
flowing matter from the companion would
then
Orbital phase
Fig. 5.— Several
full-orbit near
observations
of J1023. Lagrange
Color indicatespoint
flux density as a function of pulse and orbital phase. The top group
encounter
a shock
the inner
of three panels shows 1400-MHz observations with the GBT, the middle shows 350-MHz observations with the WSRT, and the bottom
shows be
150-MHz
observations
Within(19),
each panel,
the observation
begins(2013)
with the black vertical line, wraps around, and
and
carried
out with
of the
theWSRT.
system
possibly
Archibald
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ends with the black line. The date of the observation is indicated within each panel; the second and third 1400-MHz panels are in fact
taken from a single
so that the third
panel takes
up where
the second leaves o↵. For each of the observations below 1400-MHz, we fit
explaining
thescan,
observed
variable
hard
power-law
Pulse phase

Redback J1023+0038

Fig. 1. Frequency dependence of eclipses, DM variations, and pulse profiles. (A to F) Flux density as a
Archibald
etatal.
(2009)
function of pulse phase
and orbital phase
3000,
2000, 1600, 700, 350, and 156 MHz, respectively. (G)

3

3

Radio Eclipses
•

Many black widows and redbacks show frequencydependent radio eclipses or shrouding of the MSP
over large fractions of their orbit sometimes > 50

•

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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