Particle Acceleration and Nonthermal Emission at the Intrabinary Shock
of Spider Pulsars. II: Fast-Cooling Simulations

Jorge Cortés'* & Lorenzo Sironi**{

' Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA
2Department of Astronomy, Columbia University, 550 West 120th street, New York, NY, 10027, USA

3 Center for Computational Astrophysics, Flatiron Institute, 162 5th avenue, New York, NY, 10010, USA

Received / Accepted

ABSTRACT

Spider pulsars are binary systems composed of a millisecond pulsar and a low-mass companion. Their X-ray emission,varying
with orbital phase, originates from synchrotron radiation produced by high-energy electrons accelerated at the intrabinary shoek.
For fast-spinning pulsars in compact binary systems, the intrabinary shock emission occurs in the fast cooling reginie. Using
global two-dimensional particle-in-cell simulations, we investigate the effect of synchrotron losses on the shock structure and
the resulting emission, assuming that the pulsar wind is stronger than the companion wind (so, the shock wraps-around the
companion), as expected in black widows. We find that the shock opening angle gets narrower for greater lossesythe lightcurve
shows a more prominent double-peaked signature (with two peaks just before and after the pulsar eclipse) for/stronger cooling;
below the cooling frequency, the synchrotron spectrum displays a hard power-law range, consistent with X-ray observations.
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1 INTRODUCTION

Spider pulsars are compact binary systems composed of a millisec-
ond pulsar and a low-mass companion—either a non-degenerate star
with mass ~ 0.2 — 0.4 M, (redbacks), or a degenerate star with mass
< 0.1 M,, (black widows). The relativistic, magnetically-dominated
pulsar wind interacts with the companion wind or magnetosphere,
leading to the formation of an intrabinary shock (IBS) (Phinney et al.
1988; Fruchter et al. 1990; Arons & Tavani 1993). The IBS is a sit€
of efficient particle acceleration and nonthermal emission (Harding
& Gaisser 1990; Arons & Tavani 1993), primarily observed in the
X-ray band (Huang et al. 2012; Bogdanov et al. 2014, 2021; Roberts
et al. 2015). The X-ray emission from spider pulsars often exhibits
orbital modulation (Bogdanov et al. 2015; Wadiasingh et al/2017;
Kandel et al. 2019), providing insights into the geometry of the IBS
and the physics of particle acceleration. The, observed X-ray flux
typically has two peaks, which has beenqattributed’to Doppler ef-
fects caused by the fast post-shock flow (Romani & Sanchez 2016;
Sanchez & Romani 2017; Wadiasingh et al. 2017, 2018; Kandel
et al. 2019, 2021; van der Merwe et al. 2020).

Observations of spider pulsars, challenge conventional models
of particle acceleration in relativistic shocks. X-ray spectra are
markedly hard, with photon indices I'y ~ 1 — 1.5 in black widows
and even harder in redbacks (Cheung et al. 2012; Romani et al. 2014;
Arumugasamy et-al. 2015;)Kandel et al. 2019; Swihart et al. 2022;
Sullivan & Romani,2024), implying electron energy distributions
dN/dy o« y7’ with pewer-law indices p = 2I'x — 1 ~ 1 — 2. Such
hard speetra are inconsistent with the standard theory of first-order

*\ E-mail: jicortes @ucsc.edu
+ E=mail: Isironi @astro.columbia.edu

Fermi acceleration at r€lativistic shocks (Fermi 1949), which yields
steeper spectra with,p > 2 (for a review, see Sironi et al. 2015). This
discrepancy suggests that alternative acceleration mechanisms, such
as magnetic reconnection, may play a significant role.

Near the pulsar equatorial plane, the pulsar wind consists of
toroidal magnetic field stripes with alternating polarity, separated by
current sheets (Bogovalov 1999; Pétri & Lyubarsky 2007). At the
IBS,/the stripes are compressed and the oppositely-directed fields
annihilate via shock-driven reconnection. Fully-kinetic particle-
in-cell (PIC) simulations—zooming in near the IBS apex—have
demonstrated that shock-driven reconnection produces power-law
particle spectra with a slope as hard as p = 1 (Sironi & Spitkovsky
2011; Lu et al. 2021). However, the local approach adopted by these
studies does not allow to capture the global IBS dynamics, which is
typically investigated with fluid-type simulations (Bogovalov et al.
2008, 2012, 2019; Bosch-Ramon et al. 2012, 2015; Lamberts et al.
2013; Huber et al. 2021).

In recent years, global fully-kinetic PIC simulations of pulsars in
binary systems—whose companion is either a pulsar or a normal
star—have become possible (Cortés & Sironi 2022, 2024; Richard-
Romei & Cerutti 2024; Zhong et al. 2024). In spider pulsars, global
scales (i.e., the shock curvature radius R.,,,) are just three orders of
magnitude greater than microscopic plasma scales (i.e., the typical
post-shock Larmor radius ry o), well within the reach of modern
PIC simulations. In fact, the ratio of R, to the wavelength of the
striped wind A = 27¢/Q (here, Q is the pulsar spin frequency) is

R R Q
curv ~ 5 101 ( curv ) . 1
1 100 em )\ 1075 M

The ratio of stripe wavelength to the typical post-shock Larmor ra-
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assuming a wind multiplicity (Goldreich & Julian 1969) of k ~ 10*
(Harding & Muslimov 2011; Timokhin & Harding 2015) and a dis-
tance between the shock and the pulsar of digs ~ 10''cm (Cortés
& Sironi 2022, 2024; respectively, CS22; CS24). A multiplicity of
k ~ 10* may be an overestimate for millisecond pulsars (Harding &
Muslimov 2011), so the ratio in Eq. 2 might be closer to unity.

In our earlier papers (CS22; CS24), we neglected electron cool-
ing losses. For efficient magnetic dissipation via shock-driven re-
connection, the typical Lorentz factor of post-shock electrons is
Yo = wic/2Qk, where wic = eBic/mc is the electron Larmor fre-
quency at the light cylinder radius R ¢ = ¢/Q. Electron cooling
losses need to be included if the system is fast-cooling, i.e., if the
cooling time of y ~ vy, electrons is shorter than the dynamical time

RCLII"V ~ ( RCUTV )
“\10"%c¢m
where we have assumed that the post-shock flow is nearly rela-
tivistic. Most of the emission is expected to come from distances
~ 10 Ry, 0 the estimate in Eq. 3 is a conservative lower limit.
The synchrotron cooling time can be computed by extrapolating
the field from the light cylinder to the IBS as B = Byc(R.c/ds),
as appropriate for a toroidal field. The field at the light cylinder
is related to the dipolar field strength Bp at the surface as B¢ ~
Bp(Rns/Ric)®, where Rys =~ 10km is the neutron star radius. The
cooling time at the characteristic Lorentz factor y ~ 7y, is then
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The strong dependence of 7., on pulsar and orbital parameters im-
plies that compact systems harboring a fast-spinning millisecond
pulsar will likely be in the fast-cooling regime, with fcoo1 < fayn.
The same holds if the multiplicity is much smaller than k ~ 10*.

In this work, we employ global two-dimensional particle-in-cell
simulations and investigate the effect of synchrotron cooling losses
on the IBS structure and the resulting emission, assuming«that the
pulsar wind is stronger than the companion wind (sos the shock
wraps around the companion), as expected in black widews:, This
work then extends our earlier papers (CS22; CS24), to the fast-
cooling regime. We find that: (i) the shock opening-angle gets nar-
rower for greater cooling losses; (if) when the.pulsar spin axis is
nearly aligned with the orbital angular momentum, the light curve
displays two peaks, just before and after the pulsar eclipse; the peaks
get more pronounced for stronger-¢eoling; (iii) below the cooling
frequency, the spectrum displays a hard'power-law range; for strong
cooling, the spectral peak reaches theysynchrotron burnoff limit (de
Jager & Harding 1992).

The paper is organized=as=follows. We describe our simulation
setup in Section 2. Weypresent our results in Section 3, showing how
the flow structure, the particle and synchrotron spectra, and the syn-
chrotron lightcurves ‘depend on the strength of cooling losses. We
conclude in Section4 and discuss the implications of our findings.

2/ SIMULATION SETUP

We use the 3D electromagnetic PIC code TRISTAN-MP (Buneman
1993; Spitkovsky 2005). We employ a 2D spatial domain in the x—y
plane, but we track all three components of velocity, electric current,

and electromagnetic fields. Aside from the inclusion of synchrotron
cooling, our setup parallels very closely what we employed in CS22,
which we repeat here for completeness.

Since the distance between the pulsar and the intrabinary shock
is dips 2 Reuv, We assume that the pulsar wind can be modeled
as a sequence of plane-parallel stripes. The magnetically-dominated
electron-positron pulsar wind propagates along —X*. It is injected
from a moving boundary, that starts just to the right of the compan-
ion and moves along +X at the speed of light c. An absorbing layer
for particles and fields is placed at x = O (leftmost boundary). Pe-
riodic boundaries are used along y. The magnetic field in the pulsar

wind is initialized as
Q+COS(27T(X—+,3()Ct)]} )

1
B,(x,t) = Bptanh { —
y(X, 1) oan{A )

where By = (1 — 1/3)"/? is the wind velocity and yo =-3ithe bulk
Lorentz factor (a higher vy, yields identical results, apart’from an
overall shift in energy scale). The magnetic field flips across.current
sheets of hot plasma, having a thickness ~ AA. The field strength By
is parametrized via the magnetization o = B(Z) Tmyomngc® = 10 (ie.,
the ratio of Poynting to kinetic energy flux). Here, m is the electron
(or positron) mass and ng the density of particles’in the “cold wind”
(i.e. the region outside of current sheets). Finally, @ quantifies the
field averaged over one wavelength, such that (By)./By = a/(2—|al).
We employ a value of @ = 0-<-or equiyalently, “positive” and “neg-
ative” stripes of comparable width—appropriate for the equatorial
plane of the pulsar wind.

The relativistic skin,_depth in the cold wind c/w, =
(yomc? [4me*ng)' (2 is \resolved with 10 cells, where e is the
positron charge. It'follows that the pre-shock Larmor radius r, =
Yomc? [eBy’= (efwp)! /o is resolved with 3 cells, for o = 10. The
post-shock Larmeor radius, assuming complete field dissipation, is
Fine! = O = (yoo)mc?/eBy = y,mc?/eBy, where we defined
vé'= Yo(1 +0) as the mean particle Lorentz factor assuming full dis-
sipation.’For ¢/w, = 10 cells and o = 10, ry_j is resolved with ~ 30
cells./The numerical speed of light is 0.45 cells/timestep. Within the
cold wind, each computational cell is initialized with two pairs of
cold (kT /mc* = 107*) electrons and positrons. The temperature in
the current sheets is set by pressure balance, which yields a thermal
spread kT, /mc> = ®, = o/2n, where we choose that current sheets
are denser than the striped wind by a factor of = 3.

Our computational domain is 4800c/w, wide in the y di-
rection. The center of the companion is placed at (x.,y.) =
(1500, 2400) ¢/w,, with a companion radius of R, = 70c¢/w,. The
companion surface (a cylinder, for our 2D geometry) is a conduct-
ing boundary for fields and a reflecting boundary for particles. The
value for R, is chosen such that the companion wind (see below) is
stopped by the pulsar wind at Ry =~ 200 ¢/w,, which then gives the
characteristic shock curvature radius. We set the stripe wavelength
to be A = 100 ¢/wy, so that the ratio A/ry pe = 30, as expected in re-
alistic systems. We then have R /A =~ 2, i.e., smaller than realistic
cases by an order of magnitude. In CS24, we showed that our results
are essentially the same for a larger companion, having Ry /A =~ 4.

In our setup, the pulsar wind is stopped by a companion wind
launched isotropically from its surface. We initialize an unmagne-
tized companion wind with realistic values of the radial momentum
flux (twice larger than the momentum flux of the pulsar wind), but
with artificially smaller particle density (and so, artificially higher
wind velocity) to make the problem computationally tractable, and
focus our computing efforts on pulsar wind particles. In the remain-
der of this work we will only consider acceleration and emission of
pulsar wind particles.
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Figure 1. 2D plots of a portion of the upper half ofthe domain for the uncooled case and the radiatively cooled cases with y;ag = 120, 60 and 30 (left to right
columns). We fix o~ = 10 and the companion radius R.'s 70/w), and we show results at w,? = 4050. From top to bottom row, we show: (1) number density of
pulsar wind particles in units of ng; (2) mean particle Lorentz factor; (3) flow velocity of the pulsar wind in units of ¢, with arrows of unit length depicting flow
direction; (4) magnetic energy density in units of the upstream value B(Z)/ 8x. Either a black circle (top three rows) or a white circle (bottom row) represents the
companion star. In the top three rows, the'grey region around and to the left of the companion star is populated by companion wind particles, which we exclude

from our analysis.

The change of momentum.due to radiative losses is implemented
using the reduced EKandau-Lifshitz formalism (e.g., Vranic et al.
2016). Given the“importance of shock-driven reconnection in par-
ticle acceleration at“the IBS (CS22; CS24), we characterize the
strength of ‘synchretron cooling losses by defining y,,4, the classi-
cal radiation-reaction or “burnoff” limit (de Jager & Harding 1992),
at which the synchrotron radiation-reaction drag force balances the
accelerating force from the reconnection electric field E.:

4, B

eE. = §O'T7rad§t

where o1 is the Thomson cross section. In reconnection, E,.. is re-

(0)

lated to the reconnecting magnetic field By as Eec = 7ec By, Where
the so-called reconnection rate 7, =~ 0.1 in the relativistic (o > 1)
regime appropriate for pulsar winds (e.g., Kagan et al. 2015). We
investigate a range of cooling strengths, by varying y;,q from 30 to
120, or equivalently y;.q4/Y, from 1 to 4 (moderately strong to weak
cooling). We also compare our results to the uncooled case y;,qg = 0.
From our definition of y,,q, one can find the Lorentz factor y.o at
which the synchrotron cooling time is comparable to the dynamical
time #4y,. We find

2
Yeool _1 [ "Lhot \ [ Yrad
T T el T @]
Yo e (Rcurv ) ( Yo )
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where fast cooling is identified as Yoo S V- In our simulations,
Reurv/TLnot = 63. For i ~ 0.1, the fast cooling regime is realized in
our simulations for y;.q/vs < 2.5, 80 for yq = 30 and g = 60.

As compared to CS22; CS24, we employ thicker current sheets,
with A1/2m = 5 ¢/w, rather than AA/27 = 2 ¢/w,. If we were to use
Ad/2n = 2c/w, also for cases with strong cooling (Y = 30 and
60), reconnection would be initiated well ahead of the IBS. In order
to isolate the effect of shock-driven reconnection (i.e., reconnection
should only be due to interaction with the IBS), we therefore choose
to increase the sheet thickness as compared to our earlier works. We
have checked that, for the uncooled case, the results are the same
between runs with A1/2n = 2¢/w, and Ad/2n = 5 ¢/ wy,.

3 RESULTS

In this section we present our results. First we describe how radiative
cooling losses affect the flow dynamics; then we show the depen-
dence of the synchrotron emission signatures (spectrum, emissivity,
lightcurve) on y,,q; finally we comment on the role of y,,q4 in inhibit-
ing particle acceleration to y > 7, .

3.1 Flow Dynamics

Figure 1 illustrates the global morphology of the four simulations
presented in this work. They range from the uncooled case (Y4 =
00) in the leftmost column to the strongest cooled case (ynq = 30)
in the rightmost column. From top to bottom, the rows display: the
number density of pulsar wind particles; the mean particle Lorentz
factor; the flow velocity of the pulsar wind; the magnetic energy
density. All panels refer to w,t = 4050, when the shock has reached
a quasi-steady state, as quantified in CS24. Either a black circle (top
three rows) or a white circle (bottom row) represents the companion
star. In the top three rows, the grey region around and to the left of
the companion star is populated by companion wind particles, which
we exclude from our analysis.

While the general flow characteristics—such as the formation,.of
the IBS, the presence of the upstream fast magnetohydrodynamic
(MHD) shock, and the development of plasmoids via shock-driven
magnetic reconnection—remain consistent with those presented in
the uncooled cases of CS22; CS24, strong synchrotron” cooling
losses introduce notable differences, which we now describer

Perhaps the most drastic effect, in regards~to the=structure of
the IBS and the post-shock region, is in the area‘covered by the
shocked pulsar wind, which substantially‘shrinks with increasing
cooling losses. As ;.4 decreases, the mean particle Lorentz factor
drops (second row), which reduces the post-shock pressure. The ram
pressure of the pre-shock pulsar wind,'which is insensitive t0 ¥,
then confines more effectively the downstream flow at lower 7,4, as
compared to the uncooled case, causing the shock opening angle to
shrink. In addition to thissmacroscopic/global effect, cooling losses
also affect the force’balanee in individual plasmoids. Previous PIC
simulations of collisionless relativistic reconnection under the influ-
ence of synchrotron losses (e.g., Hakobyan et al. 2019) have shown
that greater  cooling-makes the plasmoids more compressible, lead-
ing to smaller sizes and larger central overdensities. This trend is
apparent in the post-shock region of our simulations.

The mean post-shock Lorentz factor of pulsar wind particles,
shown in the second row of Figure 1, is systematically lower for
stronger cooling. In the uncooled case (left column), () peaks on the
outskirts of plasmoids, regardless of whether they are near the shock
or farther downstream. In contrast, for strong cooling (yr.a = 30,

no cooling ~ ----- Yrad = 60
=TT Tad = 1200 e Trad = 30
7 ~ 7
zlc 3
=1 |
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Figure 2. Top: Downstréam particle energy spectra for the uncooled case
(solid) and cooled runs, with y;,q = 120 (dot-dashed), 60 (dashed), and 30
(dotted), evaluatedwat w,t = 4050 (the same time as Figure 1). Vertical
lines, matching the style of the respective spectra, indicate y;,q (lower, red)
and y¢oo1 (upper, blue), as obtained from Eq. 7. For comparison, the aver-
age, post-shock Lorentz factor y, = yo(l + o) =~ 30, assuming complete
fielddissipation. Bottom: Corresponding angle-integrated synchrotron spec-
trawF,4 with the same line styles. We define y = w/w,, where the charac-
teristic synchrotron frequency w. = y2eBy/mc is calculated for y,,. Vertical
liries, matching the style of the respective spectra, indicate yraq = (Yrad/Yo)?
(lower, red) and ycool = (Ycool /')’o—)z (upper, blue).

right column), (y) is greatest near the shock (especially near its high-
latitude wings), and drops farther downstream, indicating that ac-
tive heating/acceleration is mostly localized in the shock vicinity. In
the strongest cooled case, the region hosting hot particles appears to
move away from the apex of the shock faster than the corresponding
uncooled case (compare left and right panels in the third row, in the
downstream region with x < 400 ¢/w,). As we demonstrate below,
this has an effect on the observed synchrotron lightcurves.

3.2 Particle Energy Spectra and Synchrotron Spectra

Particle energy spectra and synchrotron spectra are presented in Fig-
ure 2 at wyt = 4050. For both sets of spectra, only the contribu-
tion from pulsar wind particles in the post-shock flow (i.e., behind
the IBS) is taken into account. The top panel of Figure 2 shows the
downstream particle spectra dN/d In (y — 1) for our four cases. Ver-
tical lines, matching the style of the respective spectra, indicate y;,q
(lower, red) and y.o0 (upper, blue), as obtained from Eq. 7.

In the absence of cooling (solid line), the particle spectrum can be
described as a broad distribution. Within the range from y ~ yy = 3
(the initial bulk flow Lorentz factor) toy ~ y, ~ 30 (the Lorentz fac-
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Figure 3. 2D plots of the angle-integrated synchrotron emissivity at wpt = 4050.\From left to right, columns correspond to the uncooled case and cooled runs
with yag = 120, 60, and 30. Rows from top to bottom display the emissivityfor different frequencies: y = w/w. = 1, 10, and 100. The emissivity in each panel
is normalized to the maximum value within that panel. A white circle represents the companion star. The grey region around and to the left of the companion

star is populated by companion wind particles, which we exclude.from our analysis.

tor achieved by particles in the case of complete. field dissipation),
the spectrum can be described by a power law; dN//dy o (y — 1)77,
with a hard slope of p ~ 1.6. In the cooled casesy the particle spec-
trum below the cooling break (v < vco01) 1s the same as the uncooled
spectrum, while cooled spectra aboye the cooling break are steeper
than the uncooled case. For y;,g = 30 and 60, we find that ycoo1 < Yor»
i.e., the system is in the fast-cooling regime, whereas the simulation
with ;¢ = 120 is in the slow-cooling regime.

Regardless of vy,,4, we.find that'some particles can be accelerated
beyond the nominal.§ynchrotron burnoff limit, i.e., up t0 ¥ 2 ¥pua-
Local PIC simulations of reconnection have demonstrated that in the
strong cooling regime electrons can accelerate beyond the standard
burnoft Loreéntz factor'in regions where the magnetic field compo-
nent perpendicular to the particle momentum is weak, which sup-
presses synchrotron losses (Cerutti et al. 2013, 2014; Chernoglazov
etzal. 2023)."Our global simulations of spider pulsars yield similar
conclusions, and they show that the fraction of particles exceeding
Yraa 1S greater for stronger cooling (i.e., smaller y,,q).

This trend carries over to the synchrotron spectra, shown in the
bottom panel of Figure 2. They are calculated following Kirk &

Reville (2010), by summing over the angle-integrated synchrotron
emission from every particle in the downstream region.! The syn-
chrotron frequency on the horizontal axis is normalized to the char-
acteristic frequency w, = yf,eBo /mc emitted by particles with y =
¥ For all spectra, the expected vF, « v*3 scaling is observed at
low frequencies. Beyond this, at ¥y = w/w, 2 1072, the uncooled
spectrum transitions to a scaling vF, o v7 up to y ~ 10. The slope
of the uncooled synchrotron spectrum in this range follows from the
power-law slope p =~ 1.6 of the particle energy spectrum. Above the
cooling break, i.e., for ¥ 2 Ycool = (Yeool/¥o)> (vertical blue lines),
the cooled spectra fall below the corresponding uncooled case. The
peak of the synchrotron spectrum recedes to lower frequencies for
increasing cooling strength; yet, in all cases a substantial fraction of

! More precisely, we adopt a generalization of the standard synchrotron for-
mula, that accounts for acceleration in both magnetic and electric fields by
formulating it in terms of the local curvature of the particle trajectory in the
simulation frame (Kirk & Reville 2010). Such an approach does not require
distinguishing between internal and bulk motions.
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Figure 4. Phase-resolved synchrotron lightcurves at y = w/w; = 1 for the
uncooled case (solid) and cooled runs with y,g = 120 (dot-dashed), 60
(dashed), and 30 (dotted), evaluated at wpt = 4050. The orbital phase ¢ is
defined such that ¢ = 0 corresponds to superior conjunction (when the pulsar
is eclipsed), while ¢ = +7 marks inferior conjunction. The main panel shows
lightcurves normalized to the peak value of the uncooled case, whereas the
inset—sharing the same axes as the main panel—-displays the same curves
normalized to their respective peak, highlighting differences in the double-
peaked feature.

the synchrotron power is emitted at frequencies exceeding the nom-
inal burnoff limit yyuq = (Yraa/ve)? (vertical red lines).

Figure 3 presents the angle-integrated synchrotron emissivity,
for different cooling strengths (columns) and different frequencies
(rows). The figure shows that, for all cooled cases, most of the
emission comes from the downstream region (which we have in<
deed used to calculate the spectra of Figure 2). The same holds for
the uncooled case (left column), apart from the highest frequency
(x = 100), where high-energy particles streaming back, upstream
from the shock (CS22; CS24) appreciably contributeto jthe syn-
chrotron flux. For strong cooling (and, at fixed cooling, for higher
X), the synchrotron emissivity is sharply concentrated“in the near
downstream region, i.e., just behind the IBS. This\parallels closely
the trend observed in the mean particle Lotentz factor (second row
of Figure 1). The synchrotron flux at high frequencies (y = 100) for
small y,,q is dominated by few bright regions, likely hosting recent
episodes of efficient reconnection-driven acceleration.

3.3 Synchrotron Lightcurves

Phase-resolved lightCurves.at w,t = 4050 are presented in Figure 4
for different levels of cooling, at a fixed frequency w = w.. We define
a set of Njos = 32 lines of sight, all lying in the simulation (orbital)
plane. They are uniformly distributed over the angular range —7 to
n. The phase angle is such that ¢ = 0 corresponds to superior con-
junction, when the pulsar is eclipsed by the companion, and ¢ = =7
marks inferior conjunction. For each line of sight, we consider syn-
chrotron/emission from those particles whose velocity vector falls
within an angle of /Ny, around the chosen line of sight.

In the main panel of Figure 4, all curves are normalized to the peak
value of the uncooled case (solid line), while the inset highlights rel-

ative differences by normalizing the curves to their respective peak
value. The characteristic double-peaked structure, located at orbital
phases ¢ =~ +m/8 (just before and after superior conjunction), is
present across all cases, regardless of the cooling strength. However,
the fractional drop from the peaks (at ¢ ~ +n/8) to the trough (at
¢ = 0) is greater for stronger cooling: in the y,,q = 30 case, the flux
in the trough is smaller than the peak flux by 40%, compared to a
drop of only 10% in the uncooled case.

Figures 5 and 6 show the dependence of the lightcurve on fre-
quency and time, respectively. In both figures, only the contribution
from pulsar wind particles in the post-shock flow (i.e., behind the
IBS) is taken into account. Figure 5 shows that the double-peaked
feature generally persists across a broad range of frequencies, even
though the peak frequency shifts to lower values with increasing
cooling strength, as already demonstrated in Figure 2. The uncooled
case shows a double-peaked lightcurve up to y ~ 107, butat higher
frequencies the lightcurve has a single peak at superiof conjunction
(i.e., ¢ = 0). In contrast, in cooled cases the double-peaked signature
appears at all frequencies above the peak frequency. Furthermore,
for y..q = 30, the phase separation between the twO peaks increases
at higher frequencies, and the peaks get sharper (i‘e., the ratio of
peak-to-trough intensity is greater). For'strong cooling, high-energy
particles—dominating the high-frequency part of the synchrotron
spectrum—are confined to a narrow"strip/just downstream of the
IBS (see Figure 1 [second row] and Figure 3). There, the flow bulk
speed is consistently tangential to the shock surface, i.e., nearly uni-
directional (Figure 1 [third, row]). This enhances Doppler boosting
effects (Romani & Sanchez 2016; Sanchez & Romani 2017; Wadi-
asingh et al. 2017, 20187 Kandel et al. 2019, 2021; van der Merwe
et al. 2020), causing,a mere pronounced double-peaked signature for
stronger cooling,and higher frequencies.

Figure 6 assesses the temporal variability of the lightcurves at
differént frequencies. We confirm the trends seen in Figure 5: for
stronger cooling, the phase separation between the two peaks in-
creases at high frequencies; also, the ratio of peak-to-trough inten-
sity,is/greater, especially at high frequencies. Figure 6 confirms that
the double-peaked signature is robust at all times, regardless of the
level of cooling and the observed frequency (with the exception of
x = 100 in the uncooled case). The two peaks are generally com-
parable in intensity, although significant temporal variations exist,
especially for strong cooling and high frequencies. We note that sys-
tematic asymmetries in X-ray lightcurves (with one peak brighter
than the other) have been attributed to the orbital motion of the sys-
tem (Romani & Sanchez 2016; Wadiasingh et al. 2017). Our simu-
lations do not include the effect of orbital motion, so any temporal
variation should be attributed to the sfochastic nature of plasmoid
mergers and ensuing particle acceleration in the post-shock flow.

3.4 Particle Acceleration beyond vy,

In CS22; CS24, we demonstrated that shock-driven magnetic re-
connection efficiently energizes the pulsar wind particles up to, and
slightly beyond, a typical Lorentz factor y ~ v, = yo(1 + o). This
process remains robust in the presence of synchrotron cooling losses.
However, acceleration to higher energies (y > v, ) is significantly
affected by the level of cooling, as we now describe.

In the uncooled case, particles energized by shock-driven recon-
nection can propagate back into the upstream if their Lorentz factor
i ¥/Yoe 2 (A/rLpo)/4m ~ 2.5. In order to propagate far ahead of
the shock, a particle must be able to traverse half of the stripe wave-
length (and so, reverse its sense of gyration in the upstream alter-
nating field) before being overtaken by the shock. In the upstream,
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Figure 5. Contour plots of the vF, intensity as a function of orbital phase ¢ (horizontal axis) and normalized frequency y = w/w, (vertical axis),for different
levels of cooling. Each panel is taken at w,t = 4050 and normalized to its peak value. Only the contribution from pulsar wind particles in the post-shock flow
(i.e., behind the IBS) is taken into account.
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Figure 6. Contour plots“of the vF, intensity as a function of orbital phase ¢ (horizontal axis) and time w,t = 3442 — 4050 (vertical axis). From left to right,
columns corréspond.to the uncooled case and cooled runs with y,q = 120, 60, and 30; rows, from top to bottom, refer to normalized synchrotron frequencies
of y = 1, A0pand 100. Each panel is normalized to its peak value. Only the contribution from pulsar wind particles in the post-shock flow (i.e., behind the IBS)
is taken' into/account.
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Figure 7. 2D histograms of particles tracked in y — R space, for different levels of cooling. All particles are selected such that their Lorentz factoris y > y, ~ 30
at some point within the time range w,t = 2025 — 4050. High-energy upstream particles/are surrounded by a green rectangular box for the uncooled case (top

left panel). Each particle appears as many times as it is saved.

the particle is then accelerated by a mechanism akin to the pick-up
process widely discussed in space physics (e.g., Mobius et al. 1985;
Iwamoto et al. 2022): the particle is accelerated by the motional elec:
tric field while gyrating around the upstream field. Cooling losses
will inhibit the propagation of high-energy particles upstream of the
shock, if the cooling rate is greater than the pick-up acceleration rate.

We quantify this effect in Figure 7. For different levels'of cooling,
we track the particles whose Lorentz factor exceeds 'y, ~ 30 at some
point within the time range wyt = 2025-~4050.)We then plot 2D
histograms of the tracked particles in the y — R-plane. The quantity
R is defined as follows. At each time, we fit the shape of the IBS
with an ellipse, whose centre is_at (xp,)%”= y.). At each time, the
best-fitting values for the semi-major«(a,) and semi-minor (b,) axes
are then used to compute

=X -y
N a b2 ®

for a particle having”coordinates (x,y). It follows that R serves as
a proxy for the particle position relative to the IBS. Based on R, a
particlean be classified as residing in: (i) downstream, R < 0.9; (ii)
IBS,.0.9 s R 5'1.1; or (iii) upstream, R > 1.1.

The figure shows that some features are common to all cases. The
pulsar wind comes towards the shock with a typical Lorentz factor
v = vy = 3. The flow is then slightly decelerated at the fast MHD
shock (R ~ 2—-2.5), where its typical Lorentz factor decreases down
to y =~ 2. Upon interaction with the IBS (R ~ 1), rapid energization

by shock-driven reconnection pushes particles up to y ~ y, =~ 30.
Eventually, most of the particles reside in the downstream (R < 0.9).

The main difference between the uncooled case and all cooled
cases—including the ¥, = 120 case of weakest cooling—is the
fact that cooled cases lack high-energy particles (y 2 10?) residing
in the upstream (R > 1.1). In the upper left panel of Figure 7, which
refers to the uncooled case, such a population is highlighted with a
green rectangular box. Even a moderate level of synchrotron cooling
is sufficient to inhibit particle acceleration due to the pick-up process
described in CS24. For all y,,g < 120, high-energy particles are con-
fined solely to the post-shock flow (R < 0.9). Even weaker cooling,
i.e. Yma = 120, would be required to establish how cooled cases
transition to the uncooled case, as regard to the physics of upstream
pick-up acceleration. This can be understood by comparing a few
important timescales. In order to propagate far ahead of the shock,
a particle must be able to traverse half of the stripe wavelength (and
so, reverse its sense of gyration in the upstream alternating B, field)
before being overtaken by the shock. This criterion is best phrased
in the upstream frame, where the time to cross half of the stripe
wavelength is yy4/2c. For a relativistic shock seen in the upstream
frame, particles returning upstream are caught up by the shock af-
ter completing a fraction ~ ;" of their Larmor orbit, and so after a
time ;' (27/wy), where wi. = eBy/y}ymc is the upstream Larmor
frequency for a particle having Lorentz factor vy in the downstream
frame. At the same time, in the presence of cooling losses, the syn-
chrotron cooling time in the upstream field needs to be longer than
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the gyration time (more precisely, a fraction ~ y;' of the gyration
time). The two conditions can be written (see also CS24) as

1/2
L4 <<l<<( ! ) (@) 9
4” I'L hot Yo 2” Mrec Yo
and they can be both be satisfied only if
1/2
Tad ('7—) 1 (10)
Yo 81 T'L hot

For ne. =~ 0.1 and our choice of A/r_py =~ 30, this requires
Yrad/ Yo > 2, which is not satisfied by our simulations (our largest
value of the radiation reaction Lorentz factor is yp,q = 4 v,-).

4 SUMMARY AND DISCUSSION

We have employed global 2D particle-in-cell simulations and inves-
tigated the effect of synchrotron cooling losses on the IBS structure
and the resulting emission, assuming that the shock wraps around
the companion star, as expected in black widows. Global kinetic
simulations allow to capture the shock dynamics concurrently with
the physics of field dissipation and particle acceleration, thus over-
coming the limitations of fluid-type simulations and semi-analytical
models. This work extends our earlier papers (CS22; CS24) to the
fast-cooling regime, Y00 < V- We find that: (i) the shock opening
angle gets narrower for greater cooling losses, due to the drop in
post-shock plasma pressure; (ii) when the pulsar spin axis is nearly
aligned with the orbital angular momentum, the light curve displays
two peaks, just before and after the pulsar eclipse; the peaks get
more pronounced for stronger cooling; (iii) below the cooling fre-
quency, the synchrotron spectrum displays a hard power-law range;
for strong cooling, the spectral peak reaches the synchrotron burnoff
limit (de Jager & Harding 1992).

In our work, we have considered the role of cooling losses in the
case that the radiation-reaction Lorentz factor y,,q 2 7y, and the
cooling Lorentz factor y.. < 7Y, (in our runs, this is satisfied for
vraa = 30 and 60). For realistic spider systems, the characteristic
Lorentz factor vy, is

eBic JoQ 2( Bp ) 10*
- ~33% 104 [ | (22 ) (= 11
Imeax - 07 (1035‘1 106/ & (L

and its associated synchrotron photon energy is (CS22; CS24)

Yo

B,
hy2 22 (12)
mc

104\ (10" em\/ Bp ¥ [ /0 \°
02~ ( ) keV (13
(K)( diss ) 10°G (1035-1) ev.(13)

On the other hand, the synchrotron burnoff Lorentz factor is

hw. =

R

- 1/2 1/2
Viad = —6ﬂemec ~ 1.1x107 10°57'\(10°G (Urec )1/2 dips
O—TBIBS Q Bp 0.1 10! cm

(14)
where Bigs = Bp(Rns/Rie)’ (Ric/dss) is the field at the IBS. It fol-
lows that in realistic’spider systems y,q > ., Whereas our simu-
lations have ypy just-above y,. In order to preserve the fast-cooling
regime ¥cool S Yovand at the same time allow for realistic g > Yo,
one_would need simulations with much larger Ry /rinor than we
have employed here, see Equation 7. In future work, we will fix
Yeoor/Vorand increase Yid/Ye o (Reurv/TLno)'/?, to validate the ro-
bustness of our conclusions towards the realistic regime y;qq >> ¥,

Our simulations employ a magnetization of o = 10, lower than
in realistic pulsar winds. In the uncooled case, CS24 showed that

9

higher magnetizations lead to similar results (in terms of shock dy-
namics, synchrotron spectrum and lightcurve), aside from an overall
shift in energy scale (as encoded in y,-), and a moderate trend for
harder X-ray spectra at higher magnetizations (with vF, o v in the
limit o > 1). We argue that radiatively-cooled simulations with
o > 10 would lead to similar results as in this work, as long as the
ratios Yrad/Yes Yeool/ Yo and Rey/TLnot are preserved (see Equation
7). Further work is needed to validate this conjecture.

We conclude with a few caveats, as we have already discussed in
the non-radiative cases of CS24. First, we have employed 2D sim-
ulations, and we defer to future work an assessment of 3D effects,
which can alter the IBS geometry as well as the physics of parti-
cle acceleration in reconnection (e.g., Zhang et al. 2021, 2023). 3D
simulations will also be able to provide a first-principles assessment
of the synchrotron polarization properties as a function of frequency
and orbital phase (Sullivan & Romani 2023). Second, weshavene-
glected the orbital motion of the system, which has beén invoked to
explain asymmetries in the light curve (Kandel et al2021).. Third,
the thickness of the pre-shock current sheets is .chosen such that re-
connection does not spontaneously start before the shocek; in reality,
magnetic field dissipation should start already since'the pulsar light
cylinder (Cerutti & Philippov 2017; Cetuttiret al#2020). Finally, we
have assumed that the pulsar wind can.bé modeled as a sequence of
plane-parallel stripes. This is appropriate.if digs > R.,, Whereas
for realistic spider systems djs 18, not;much larger than R.,. In a
realistic 3D configuration, this also implies that one cannot assume
a single value of «, since andepends on latitude (CS24).
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