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Abstract

We present a model for atmospheric wind circulation in binary millisecond pulsar (MSP) companions, showing
how the optical light curve (LC) and radial velocities are sensitive to the wind flow, causing LC orbital phase shifts
and asymmetries, as observed for several “spider” MSPs. Velocity widths of spectral lines offer additional
opportunities for measuring surface wind speed. As examples, we fit optical data for the black widow pulsar J1959
42048 and the redback pulsar J2215+5135; the wind heating models (WH) are statistically strongly preferred over
direct heating (DH) for both objects, although the latter is even better fit with a heated spot. In general, WH effects
tend to increase the inferred orbital inclination i and decrease the inferred companion center-of-mass radial velocity
amplitude K; both effects decrease the inferred neutron star mass. Even with such a decrease, we find large masses
for the two neutron stars: 2.18 + 0.09M and 2.28f8[(1)8M@, respectively (for the modest surface speeds fit from the
bulk heat flow; supersonic photospheric winds can slightly change these values). These are among the highest
masses known, and our improved modeling increases confidence that the results are important for understanding
the dense matter equation of state.

Unified Astronomy Thesaurus concepts: Pulsars (1306)
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1. Introduction

Black widows (BWs) and redbacks (RBs), together known
as “spiders,” are binary systems of millisecond pulsars (MSPs)
and low-mass companions in tight <1 day orbits, with the
companion heated and evaporated by the pulsar spindown
power. Since the discovery of the BW PSR J1959+2048’s
companion, it has been known that the heating pattern and the
resulting light curve are important probes of the binary
geometry (Djorgovski & Evans 1988; Callanan et al. 1995)
and the mass of the MSP (Aldcroft et al. 1992; Van Kerkwijk
et al. 2011). With the advent of the Fermi LAT sky survey and
attendant follow-up searches, the number of known “spiders”
has greatly increased. We now have detailed light curves of
many of these objects (Draghis et al. 2019). Standard light-
curve modeling assumes direct pulsar irradiation of the
companion, which then reemits thermal radiation. Thus, in
this picture, the optical light curve is symmetric about a
maximum at pulsar inferior conjunction.

While rough measurements of the optical modulation are
broadly consistent with this picture, more detailed light curves
often show significant peak asymmetries (Stappers et al. 2001)
and phase-shifts (Schroeder & Halpern 2014). Several
elaborations of the heating model have been introduced to
explain such effects, including companion irradiation by an
asymmetric intrabinary shock (IBS; Romani & Sanchez 2016)
or propagation of shock particles to heat a companion magnetic
pole (Sanchez & Romani 2017). Here we discuss another
effect, companion superwinds, which can advect the pulsar heat
and affect the light curves and phase-resolved spectroscopy.
Such winds have a direct analog in similar surface circulation
inferred for the so-called “hot Jupiters.”

In this paper, we present a model for global wind circulation in
spider companions, starting in Section 2 from simple analytic
expressions that illustrate the principal effects, without following
the detailed hydrodynamics. We describe an efficient numerical
realization in the ICARUS light-curve fitting code (Section 3), and
include a treatment of the modification of the companion radial

velocity curve. We next apply this model to two spider pulsars
(Section 4). The results certainly show dramatic improvement
over direct heating (DH) fits, but because other models (e.g., the
heated magnetic pole described above) can induce asymmetry, we
compare with a simple hot-spot (HS) model. In one BW example,
the wind model is mildly preferred; for the RB example, the spot
model provides a better fit. Interestingly both models give very
similar binary parameters, including inclination and mass,
implying that these fits can be robust to the physical details of
the heating. However, we conclude by describing the observa-
tional improvements needed to distinguish the physical situation.

2. Wind Heat Redistribution Model

There is increasing evidence that many hot Jupiters display
winds with a strong equatorial eastward flow (Showman &
Guillot 2002; Seager et al. 2005; see Heng & Showman 2015 for
a recent review). We might expect similar winds for the spider
companions. Although exoplanets can have similar orbital
periods (e.g., 4.3 hr for K2-137b; Smith et al. 2017) and stellar
temperatures (e.g., ~3400 K for WASP-33b; von Essen et al.
2015), spider companions have relatively high masses, strong
subphotospheric heating, and short orbital periods (strong
Coriolis effects), so we might expect the global wind effects to
be even stronger for these objects. Also, because the only
significant visible light source in these systems is the heated
companion, optical photometry and spectra can probe these
effects more directly than possible for hot Jupiters. These factors
make the spiders interesting for probing global circulation
effects.

In a simple heuristic model, we assume that a tidally locked
companion is heated on the dayside by pulsar irradiation (with a
given parcel receiving a flux occos W, with U the angle between
the local normal and the direction to the pulsar). The interior also
provides heat which produces a characteristic un-irradiated
nightside temperature 7. Finally, the heated gas is assumed to
flow along the line of constant companion latitude 6 (in the E-W
direction), which transports heat from the point of absorption. A
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Figure 1. Schematic of the idealized wind flow and coordinate system used.

gas parcel reemits this heat at some temperature 7. We normalize
all temperatures to a characteristic Ty = (Lp/47ma2)l/ 4 at the
subpulsar point, with Lp the isotropically radiated pulsar
luminosity and a the orbital separation. This results in a
dimensionless energy balance equation for the companion
temperature profile 7 = T /Ty along a given latitude (see Cowan
& Agol 2010):

dar 1 = ~4 ~4

15 E(fp(@)+TN ), ey
where @ is the azimuth angle from the subpulsar point, f,(P) is
the pulsar flux at this angle, and € = 7,qwa,qy 1S the ratio of
radiation time to advection time. For strict tidal locking, e = 0,
meaning no wind energy transport across the star. Super-
rotating (eastward-going) winds have ¢ > 0 while subrotating
winds have € < 0. Numerical simulations of planetary atmo-
spheres show that the wind at the equatorial region often moves
from the substellar point in the eastward direction (blue arrow
in Figure 1), whereas the wind at midlatitudes extending up to
the poles moves in the westward direction (see, e.g., Cowan &
Agol 2010). While the detailed physics is not fully understood,
this zonal global wind structure can be traced to the asymmetry
of the Coriolis forces (Dobbs-Dixon & Lin 2008).

2.1. Analytic Approximate Model

Here we describe the asymptotic behavior of Equation (1)
and numerically compute the temperature profile for a simple
spherically symmetric companion and isotropic pulsar flux. In the
limit of € — 0, the term € dT/d® — 0, thus Equation (1) simply
reduces to the temperature profile corresponding to direct heating:

T4~ f,(®) + Ty. )
In the opposite limit when € > 1, the left-hand term in
Equation (1) vanishes, thus giving

T (®) =~ constant. 3)

For a spherical companion, the flux from the pulsar at a fixed
angle 0 is fp(P) x max(cos P, 0), and Equation (1) becomes

3—; = é(max(cos ®,0) + Tn — TH. )
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Figure 2. Temperature of the star as a function of the azimuthal phase.

The resulting temperature profile for different choices of € has
been plotted in Figure 2.

From Figure 2, it is clear that € affects the heating pattern in
three major ways: (i) smaller € (i.e., Traq <K Tadvec) Tesults in
large temperature contrasts, whereas larger € tends to
horizontally homogenize temperature, increasing the nightside
temperature, (ii) the temperature profile becomes more
asymmetric about the maximum with increasing ¢, and (iii)
the temperature peak shifts in phase with increasing e. The
phase shift of the temperature maximum is to the left for e > 0
and to the right for ¢ < 0. To mimic the latitudinal variation in
the wind, we posit a reversal at an angle 6. to the companion
equator. With ¢ > 0 and large 6., the model goes to a
uniformly superrotating companion wind.

2.2. Characteristic Parameters for Companion Irradiation

Here we discuss physical parameters governing potential
wind circulation in BWs and RBs. A main quantity of interest
is the speed of heat redistribution for a given €, vy, = Rywaqy =
Ryé€/Traq- We can estimate the radiative cooling time 7,4 by

Trad = — 7> (5)
g

with p the density, cp the specific heat capacity, and H the
thickness of the heated advecting atmosphere layer. The
radiative parameters are set by the properties of the companion
heating zone.

The observed photon emission of the MSP is dominated by
the LAT ~-ray flux, with a spectral energy distribution peaking
at ~3-10 GeV, representing a modest ~1%-30% fraction of
the pulsar spindown power. We assume here that these photons
dominate the companion heating, although the bulk of the
pulsar emission is in the relativistic magnetized wind and, as
noted above, the high-energy particles from this wind (possibly
reprocessed in an IBS) can also be important for the companion
heating. For a direct heating model dominated by high-energy
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~-ray photons, we expect the energy Ej to be deposited in an
electromagnetic shower below the companion photosphere
with energy distributed as

dE
E()dZ

with @ = 1 + b[In(Ey/Ec) + 0.5], b ~ 0.5, critical energy
E.~ 0.7GeV/(1 + Z), and the depth z in units of the radiation
length in matter of atomic number Z and atomic mass A,

Xo~ 1430 gcm 24 /[z(Z + 1)(11.3 — InZ)]. (7

= b(b)“ Ve /T (a), (6)

This means that for the MSP ~-rays, the energy is deposited
over a depth ¥ ~ (10-12)Xy ~ 700 g cm 2.
If we take column density pH = X and use

cp 2 KB 35 10%ere Ko, ®)
2 pm,
for an ionized solar abundance plasma at temperature
500075000 K, we get an approximate heat flow speed of

3
- R*GO'TO

~ 2€(R*/01RC) T53000 km Sil, (9)
e

Vi
or equivalently wyq ~ (9.7 hr)~'e T3),. This is the bulk motion
averaged over the heated layer; the surface photospheric speed
may be larger or smaller and in general may show a complex
flow pattern. As C, = 8733 kms~!, the bulk heat flow is

subsonic at Mach number M ~ 0.25¢T3{3 except for very
strong winds on very hot companions. Because we believe that
in most cases BW and RB heating drives significant mass loss
which forms the IBS shock, at some point above the
photosphere, there must be an escape velocity outflow with
v > 440(M/R)"/? km s~!, with M and R in solar units.

Compared to hot Jupiters, a larger heating depth means that a
large mass is involved in the flow, and lower velocities can still
induce very large heat redistributions. The resulting surface
brightness changes induce very substantial departures from the
radial velocities expected from a uniformly direct heated
companion (let alone from an unheated companion star where
the center-of-light velocity vcor will be the same as the center-
of-mass velocity veon). The ~km s~! shifts associated with the
actual surface flow are more difficult to detect with current
instrumentation.

2.3. Numerical Implementation

We have implemented this wind transport model in the
ICARUS code of Breton et al. (2012). In this code, the star
surface is represented by a triangular tessellation. For every
triangular tile, we collect all other tiles that fall within a latitude
width of A#,. For each tile, we assign E-W and W-E
neighbors. To each tile, we then apply Equation (1), in
discretized form:

4T3 AD;
=T + ;3 1 - GXP(ﬁ)
4T, lel

X (fyi + Ty — T, (10)

where A®; = |[®; — $,4], and the indexes i+ 1 and i — 1
denote the E-W and W-E neighbor of i, respectively. The above
equation reduces to the simple finite difference expression in the
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limit when A®; /|¢| < 1, but yields better convergence when the
number of tiles in each latitudinal band is small (e.g., close to the
poles of the star). Finally, in order to find the equilibrium
temperature of all tiles, we repeatedly apply Equation (10), each
time with an updated temperature, until the system relaxes. This
procedure is followed for each latitude 6 on the companion.

In our modeling, we allow the night-time temperature 7y to
be a free parameter; for RB, this represents core nuclear
luminosity, and for BW tidal heating or deep circulation may
provide the nightside heat.

3. Light Curve and Radial Velocity Effects

From the relaxed companion temperature distribution, one
can obtain light curves for a given viewing angle at binary
inclination i. The detailed shape of the light curve will be
highly sensitive to € and 6. For . — 7/2 and € > 0, the peak
of the light curve will shift to an earlier binary phase; for
0. — 0, Pmax increases. When 6. takes on intermediate values,
the contribution from opposing velocity flows at equatorial and
midlatitudes moves heat toward the nightside at both the dawn
and dusk limbs. The net effect can be a broader light curve with
little or no peak shift. This has been clearly shown in the top
panels of Figure 3.

Radial velocity measurements provide another probe of
atmospheric circulation. Just as for light curves, heat
redistribution directly affects the radial velocity curve for finite
€. Recall that direct heating reduces the radial velocity
amplitude K by moving the center of light toward the nose of
the companion. Figure 3 shows the decrease from the center of
mass K. Wind effects mitigate this, by moving heat away from
the nose. In general, this increases the radial velocity amplitude
from the DH case (but not to the center-of-mass radial
velocity). However, note that because the wind heating (WH)
light curves are asymmetric, for some phases the flux-weighted
companion velocity competes with the orbital motion. This can
lead to small regions of radial velocity decrease (especially
€ >0, ¢p ~ 0.8-0.9).

The ratio w,q,/2 of the wind speed to the companion rotation
speed is an important factor in determining spectral distortion from
the wind compared to distortions created by simple companion
corotation. A large w,qy/S2 implies larger WH radial velocity
distortions. Because wyay /Q ~ T /Q ~ L3/ *a=3/207 1 ~ L3/*
(assuming that the star is tidally locked and €2 ~ a? 2), the
inferred spectral distortion for a fixed wind parameter € should be
largely independent of the binary period, but should increase with
pulsar-heating power.

Observationally, the light curve distortions of the WH model
translate directly to substantial nonsinusoidal terms in the radial
velocity curves that can be measured in high-quality spectro-
scopic data. But any effect that redirects heating flux to these
zones (e.g., magnetically ducted IBS particles (Sanchez &
Romani 2017) or other starspot-inducing effects; see van
Staden & Antoniadis 2016) will produce similar radial velocity
curve distortions. Accordingly, when showing the application
to two spiders in Section 4, we compare WH effects with those
from a simple HS.

Surface motions produce radial velocity shifts in addition to
the illumination-induced effects. For small vy < K, the
changes are subtle and the nonsinusoidal pattern is similar to
that induced by heating-induced temperature shifts. Interest-
ingly, the effects on the kinematic line widths can be more
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Figure 3. Wind heating effects for a binary system of Py ~ 5hr and i ~ 60°. The left and right columns correspond to |¢| = 1 super- and subrotating winds,
respectively. The central panels show 6. adjusted so that, for the assumed i = 60°, flux from the equatorial band with the superrotating winds nearly balances that from
regions extending from midlatitude to poles with the subrotating winds. Top: normalized light curves with (solid = WH) and without (dotted = DH) wind heat
transfer. Middle: radial velocity curves for the companion center of mass (dashed green line), DH flux-averaged radial velocity (dotted black line), WH flux-averaged
radial velocity with negligible surface motion (dashed red line), and WH including a global circulation flow of +10 km s~ in the direction of the heat flow (solid blue
line). Bottom: kinematic broadening (rms line width) for the DH (dotted black), negligible velocity WH (dashed red), and +10 km s~' WH (solid blue).

striking, because, for € > 0, the surface velocity acts in
opposition to the projected rotational velocity, resulting in
broadened lines (here the rms line width, equivalent to a
Gaussian 0). For € < 0, the phase variations are smaller and the
line widths are decreased. The bottom panel of Figure 3 shows
how ¢ sensitivity produces phase-variable line widths. Thus,
high signal-to-noise ratio (S/N), high-resolution spectra may
test the kinematic effects of WH with line-broadening studies.
Note that we have computed simple flux-weighted broadening;
additional effects from the lines’ equivalent width (EW)
temperature sensitivity can (modestly) modify these results.
We discuss such effects below.

Finally, as these are relatively faint, short-period binaries,
inevitably the spectroscopic exposure times 7., will be a
modest fraction of Pg. While distortions of the radial velocity
curve will be negligible for #,,s < Pp/20, the effects on the
velocity width are large. Figure 4 illustrates this. Because the
radial motion during the integration is largest when the surface-
velocity distribution is smallest, and vice versa, integration time
smearing decreases the variation o(¢pg) unless the exposures are
quite short. However, orbit-averaged surface-velocity-induced
width changes are relatively insensitive to fyps/Pp-

4. Applications of the Model
4.1. PSR J1959+2048

PSR J1959+2048 (hereafter J1959) is a BW system with a
P=16ms,E = 1.6 x 10 erg s~! pulsarin a P, = 9.1 hr orbit
with a ~0.03 M., companion. For the photometric fits, we use
BVRIK, magnitudes from Reynolds et al. (2007) and an assumed
extinction Ay = 0.82, and for spectral analysis, we use radial
velocity measurements published in Van Kerkwijk et al. (2011,
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Figure 4. Rms line widths for a finite observational time window, assuming
fons/Ps = 0.04, and a J2215-like K. = 420 kms~! and € = 0.16. The solid
line assumes an infinitesimal observational window. The three curves show
widths for three different cases: no surface motion (black), surface motion of
+20 km s~ ! (blue), and surface motion of —20 km s~ (red).

hereafter VBK11). This is the original BW pulsar and is of especial
interest, as VBK11, with an approximate treatment of DH effects,
infer that it may have a pulsar mass as large as 2.4 £+ 0.12M,,.
Table 1 shows the result of optical light-curve fitting
assuming three models: a standard direct heating model
(DH), a model with atmospheric circulation (WH), and DH
with a simple multiplicative HS which adjusts the underlying
temperature by a factor (1 4+ Apg) distributed as a Gaussian®
over the radius rys, located at (fys, dus), with (0, 0) the
subpulsar point at the nose. When looking at the light curves,
one can see that the phase shift in the maximum is small,
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Figure 5. BVRIKSs light curves for J1959. Three periods are plotted with ¢ = 0 at pulsar TASC (ascending node). Solid curves show the wind heating (WH) model.
The dotted curves of the first and the third cycles correspond to the direct heating (DH) model and hot-spot (HS) model, respectively. The lower panels show residuals
from the DH model (first cycle), WH model (second cycle), and HS model (third cycle).

Table 1
Light-curve Fit Results for J1959
Parameters DH WH HS
i(deg) 625413 63.8413 63.6%13
£ 0.900+3919 0.898+9.908 0.894+3:009
Lp/10%(erg s 1) 3.0159% 4827012 4741010
Ty (K) 2670139 2488*18 273473}
dipe 204351 2224033 2271353
€ —0.2570%3
0.(deg) 19.2103
Bhs(deg) 57.0131
Py (deg) : —71.7433
Ans 43124
ris (deg) 7.5%4¢
x2/DoF 140/89 119/87 118/85

although the peak is somewhat broadened and there is excess
flux at phases ¢ ~ 0.75-0.9, especially in the bluer bands. The
WH model accommodates this with an intermediate 6. ~ 20°,
adjusting the maximum shape with little overall phase shift.
The HS model in contrast adds blue flux in a narrow phase
range by hiding a small, unrealistically hot (5.3 x 7) spot in
the southern hemisphere, which pops out of eclipse to be
visible only near ¢ ~ 0.9. There appears to be no good HS
solution with the spot in the northern (visible) hemisphere.
Thus, while WH improves the fit by adjusting the light curve
over a broad phase range, the HS improvements come from a
small region of phase. This is geometrically allowed but it

seems more plausible to associate such narrow phase structure
with an added nonthermal flux (or photometry errors). With
fewer parameters, WH is in any event statistically preferred: the
DH model likelihood is just 0.5% while the HS likelihood is
11%, according to the Akaike Information Criterion (AIC).
Because the interpretation is also more physically plausible
than a tuned eclipsing HS, we infer that WH is the best model
for this data set. However, it is important to note that, according
to Table 1, WH and HS have very similar values for the binary
parameters. The principal difference is a somewhat lower base
(nightside) temperature for WH. Distance and therefore L, are
somewhat lower for DH than the other models.

The top panel of Figure 5 shows data (and other light curve
models) compared with the best-fit WH model. The lower three
panels show the fit residuals for the various models. An
improved test of the model would require more data, especially
for the brighter I, Ks colors and especially toward the light-
curve minima, where the characteristic WH asymmetry is
strongest. HS models are best probed with bluer colors, so
high-quality B or u light curves covering maximum would also
be useful.

We also analyzed the radial velocity data tabulated by Van
Kerkwijk et al. (2011), which were measured against a G2
stellar template. The observed radial velocity amplitude K, is
sensitive to the heating pattern as well as surface speeds. As
pointed out by LSCI18, absorption-line EWs depend on
photospheric temperature (and density), and so different
species are weighted by different EW(T) across the face of
the companion, giving different measured radial velocity
amplitudes. To estimate the true center-of-mass velocity K.,
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Figure 6. Radial velocity curve of PSR J1959. The black curve is obtained
using best-fit parameters assuming zero wind speed and the red dashed curve
by allowing variable wind speed, and the blue dotted curve is for the hot-spot
model. Lower panel: residuals with respect to the best-fit zero-speed wind
model—the points show the measurements, the red dashed line shows the
difference with the finite wind speed model curve, and the blue dotted curve
shows the difference for a hot-spot model.

we fit the data assuming illumination determined by the several
heating models. In the case of the WH model, we also consider
a finite photosphere speed following the heat motion fit by the
photospheric model fit. Each model generates K, curves, using
the EW(T) weighting (here using LSC18’s Mg 1 EW(T) for the
metal line-dominated template weighting, extrapolated to lower
T.¢ using archival template spectra, as needed), which are fit to
the tabulated velocities. Although we do not perform a
simultaneous photometry fit, we do marginalize the spectro-
scopic fit over the geometrical parameters from the end of the
photometric Markov Chain Monte Carlo chains, sampling ~2¢
uncertainties. Thus, the mass errors do include all uncertainties
in the model fitting, spectroscopic and photometric. We have
confirmed that these agree well with simple estimates for the
masses produced by the propagation of the individual
parameter errors. The results for the fitting are shown in
Table 3, and the radial velocity curves along with their
residuals for different models are presented in Figure 6. With
our base model of WH with v,, = 0 (and Mg I EW weighting),
the best-fit K. is ~338 kms™', slightly smaller than the
~340 km s~ predicted with the simple phase-shift model. This
small decrease in K, for our base model together with a small
increase in i (see Table 3) brings our estimated mass down to
2.18 M, from 2.29 M, Interestingly, if we allow the surface
speed to be a free parameter in our model, its best-fit value is
~33 kms™', which is ~4x larger than the sound speed and
>40x the estimate of Equation (9). We also check the
statistical likelihood of the three models. According to the AIC,
the DH, HS, and WH models(with no surface speed) are not
distinguished. WH with the large 33 kms™' surface flow is
preferred (zero-velocity models have an AIC relative likelihood
of 0.04%). The result of this large surface speed is a decrease in
K. to ~326 km s~!, and therefore a decrease in the estimated
neutron star mass to ~1.95 M. However, given that the night-
phase spectroscopy is very limited, that a Mach ~4 flow would
be quite puzzling, and that the preference for finite velocity is
not highly statistically significant, we still consider the zero-
speed WH to be our preferred model; additional spectroscopy is
needed before large surface speeds should be invoked.
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4.2. PSR J2215+5135

PSR J2215+5135 is a Py, =2.61 ms, E =5 x 10** erg s~
“redback” MSP in a 4.14 hr orbit about a ~0.3 M., companion.
Optical photometry shows a large day-night flux difference,
indicating that the companion star is strongly irradiated by the
pulsar. Moreover, there is evidence of an orbital phase shift in the
light-curve maximum of this system (see Schroeder & Halpern
2014; Romani et al. 2015, hereafter RGFKI15), so heating
asymmetries are strongly indicated. The system parameters are
also of interest as Linares et al. (2018, hereafter LSC18) infer
Mys = 2.27311M,, although RGFK15 inferred a much larger
inclination and hence a smaller Mys = 1.6M,

LSC18 present William Herschel Telescope (WHT) ACAM
g'r'i’ measurements from two nights, along with some TIAC-80
g'r’ magnitudes. To ensure that the photometry is on a
consistent flux and phase scale, we downloaded the WHT
J2215 images and associated calibration frames from the
archive, calibrated the images, and performed photometry on
the pulsar and a grid of nearby field stars. These field stars have
PanSTARRS catalog fluxes, so we converted these to SDSS
g'r'i’ magnitudes and used these to calibrate our pulsar
photometry. The exposure midpoint times were barycentered
and phased with an LAT ephemeris that allows an accurate
pulse fold from 2008.7 to 2017.1 (L. Nieder 2020, private
communication). The resulting light curves are consistent with
those of LSCI18, but have estimated photometric systematic
errors smaller than ém =~ 0.03mag and negligible phase
uncertainty. We were not able to obtain the IAC-80 frames.
These are interesting because they fill in gaps in the WHT light
curves, but all we can do is use the photometry and estimated
arrival phases plotted by LSC18. We find that substantial zero-
point shifts are needed (6g’ = 0.029 mag and é6r' = 0.034
mag) to match the IAC magnitudes to the WHT data at the
phase overlaps. This may be attributed to fluxing errors but
might also be due to intrinsic variability between epochs.
Indeed, the WHT data also show evidence for variation
between the two nights (see below). Accordingly, we use only
the WHT data in the fits, but plot the IAC points for
comparison. We also found some PanSTARRS DR2 individual
detections of the pulsar (PS2: 14 in g/, 7 in //, and 12 in ') so,
for completeness, we converted these to SDSS magnitudes and
phased the resulting points. The results were broadly consistent
with the expected magnitudes, but had much larger errors and,
because they were obtained over several years, may well
include substantial source variability. We thus ignore these in
further analysis.

LSCI18 find that the light-curve fit is significantly improved
by allowing an extra flat spectrum ~35-70 pJy, phase-
independent flux to be added to each filter. We do not find
such a large added flux, but we do notice a significant increase
in the flux of the second WHT night (2014 September 1),
which we cannot attribute to a calibration error. We can fit this
as a flat spectrum f, ~ (1.2 & 0.2) pJy addition. The overall
model also prefers a Am, ~ 0.031 £ 0.001 mag offset in the
night-two magnitudes, and so we include this as a free
parameter in the fits, covering a possible photometric zero-
point error. The night-one WHT data are consistent with no
veiling flux.

In fitting these data, we fixed Ay to 0.40, as estimated from
3D dust maps (Green et al. 2018). If fitted as a free parameter,
we find Ay ~ 0.42 £ 0.03. As noted above, we allow a veiling
flux (and 7 calibration offset) for night two. Table 2 shows the
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Figure 7. g'ri’ light curves for J2215, with colored points for the WHT data. IAC-80 points are shown in black but were not used for model fitting. Three periods are
plotted with ¢p = 0 at pulsar TASC (ascending node). Solid curves show the wind heating (WH) model. The dotted curves of the first and the third cycles correspond
to the DH model with an arbitrary phase shift (a fit without a phase shift is completely unacceptable) and the HS model, respectively. Lower panels show fit residuals

from the DH (with shift), WH, and HS models.

Table 2

Light-curve Fit Results for J2215
Parameters Phase Shift WH HS
i(deg) 581719 68.3118 68.9112
f 0924391 0.937901 0.94+391
Lp/10%*(erg s ) 54793 42192 3.9102
Ty (K) 56237 568414 568214
dype 361007 3.30700 3.307004
€ . 0.169%8 -
0.(deg) 35.011%3
Ag —0.008+3:991
£ (uly) L1533 12753 12753
s (deg) 324.01101
Py (deg) 73.21%§
Aps 06193
rns (deg) 15.5732
x2/DoF 489/235 336,234 297/232

best-fit parameter results. We start with a simple DH model.
This model is completely unacceptable unless we allow an
arbitrary phase shift A¢ (as an additional free parameter). The
wind model parameters give a superrotating equatorial wind
and subrotating midlatitude wind, which result in the overall
phase shift of the light-curve maxima of A®,,, ~ —0.009.
While the X2 decrease of this model is large, an even better fit is
obtained with a simple HS model, invoking a plausible 60%
temperature increase in a 15° radius spot to induce a similar
phase shift. Note that the best-fit second-night veiling flux and r
zero-point shift are the same for all the models; our results for i

and Ty are quite independent of the presence or absence of this
small veiling flux, although the fit quality improves signifi-
cantly when these parameters are included. AIC prefers HS
over WH at the 107> level, despite the higher number of
parameters (this is possible, because of the many degrees of
freedom). We conclude that for this RB, an HS (likely
associated with a magnetic pole) model is preferred.

Figure 7 shows the light curve for the best-fit WH model as a
solid line and dotted lines for the DH+phase shift and HS
models in panels 1 and 3, respectively. Fit residuals for the
three models are shown in the lower panels. The upper panels
show that the largest model differences happen to be at
¢ = 0.3-0.6, where we have only the less reliable IAC-80 data;
clearly, precision photometry in this range would allow even
better model discrimination. Nevertheless, we can see how the
WH/HS patterns absorb most of the light-curve structure,
while providing a physical origin for the large phase shift. Of
course, even HS is not a perfect match, showing, e.g., a small g
deficit near ¢ = 0.2. Additional emission components, such as
other small HSs or nonthermal IBS emission would be needed
for a perfect fit. But with y?/DoF = 1.28 for HS and nearly
identical binary parameters for WH and HS, it is likely that
these fits already robustly describe the heating and binary
viewing geometry.

For the spectroscopic analysis, we remeasured the DEI-
MOS/LRIS Keck spectra of RGFK15. For comparison, we
also examined the radial velocities obtained from the Balmer
and Mg I triplet absorption lines reported by LSC18. Although
we did not remeasure their spectra, we used the archive
exposure times and our ephemeris to recompute the phases of
the exposure midpoints, with negligible error. The phases are
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Figure 8. Corner plot showing the distribution of parameters from our radial velocity fitting for J2215 assuming a wind model with negligible surface speed. I'x and

T'y are the KO (Mg 1) and A2 (Balmer) template systemic velocities.

quite close to those of LSC18, although we do note that they
omitted measurements of one of their spectra (at ¢g = 0.199).

HI and MgI absorption-line strengths are weighted
differently across the face of the companion, giving different
observed K, radial velocity amplitudes for the same K..
Because J2215 displays a large range of Togr through the orbit,
this can be a substantial effect. To follow such effects, we
extracted radial velocities cross-correlating against GO and KO
templates, where the cross-correlation is dominated by neutral
metal lines, such as the Mgl triplet. To follow the Balmer
velocities, we cross-correlated with an A2 template (compar-
able to the temperature at maximum), restricting to £100 A
around Ha8v0.

We thus model the observed velocities with model K,
computed for a given K, by averaging up the radial velocities
over the companion surface elements, weighted by the received
g + r flux (our dominant spectral range) times the temperature-
dependent EW(T) of LSC18 for Balmer and Mg1 lines, as
appropriate, and fit to the cross-correlation velocities. As for

J1959, the fits are marginalized over the photometric parameter
uncertainties. As an example, the resulting distribution of
parameters from our radial velocity fitting for a wind model
with negligible surface speed is shown in Figure 8. We show
the radial velocity curves along with their residuals for different
models in Figure 9 and also report the results as the
corresponding center-of-mass radial velocity K. v,, and
systemic velocity I'. (see Table 3). Our templates were not
well calibrated to the local standard of rest, so the I'. are not
meaningful—indeed, we find small shifts between the different
templates.

Our base wind fit assumes negligible surface velocity v,,, but we
can also allow a finite surface speed. Here, “+” indicates global
circulation in the direction of the local heating flow (e.g., positive
at equatorial latitudes and negative at midlatitudes, for super-
rotation). In this case, we obtain the best-fit v, ~ —30 %
15 kms . This is five times larger in magnitude than estimated in
Equation (9), with a direction opposite to the heat flow. We also
check the statistical likelihood of the three models. According to
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Table 3
Radial Velocity Fit Results

Parameters J1959 DH/¢-shift Wind Wind (v,,) HS J2215 DH/¢,-shift Wind Wind (v,,) HS
Kc(kms™!) 339.573% 338.373%¢ 325.6749 337.6%37 431.5732 429432 421.8733 429.8739
I(km s 124.4%39 123.97%¢ 120.5719 124.4+37 142.833 142.4%33 142.3%33 142.433
o (km s71) 33.6432 . —30.671¢7
Mys(Ms) 2.29%840 218706 1951068 2187060 3.055014 2287549 2162015 224755
M. (M) 0.0347540} 0.03375061 0.030756} 0.033 601 0427683 0314301 0.30%881 0314301
x2/DoF 28/12 28/12 8/11 29/12 68/33 67/33 62/32 72/33

PSR J2215 4 5135

600 T

RadialVelocity (km/s)

0.0 0.2 0.4 0.6 0.8 1.0
Binary Phase

Figure 9. Upper panel: radial velocity curve of PSR J2215 for cross-correlation
measurements with K-star and Balmer-line (A-star) templates. The solid curves
show the best-fit wind model with zero surface speed, the dashed curve shows
the best wind model with finite surface speed, and the dotted curve shows the
hot-spot model. Bottom panels: residuals with respect to the best-fit zero-speed
wind model—the points show the measurements, the red dashed line shows the
difference with the finite wind speed model curve, and the blue dotted curve
shows the difference for a hot-spot model.

the AIC, the DH model and the WH model (with no surface speed)
have likelihoods of 62% and 81%, respectively, compared to the
WH model with surface speed. Thus, for the radial velocity data
alone, no model is strongly preferred.

In view of the results in Figures 3 and 4, we would like to
better constrain v, by using the companion line widths.
Unfortunately, our J2215 spectra lack the S/N to allow detailed
profile fitting of the strong Balmer lines, even at maximum,
and the individual weak metal lines are much too noisy for
such analysis. We attempted to extract mean line widths from
the cross-correlation analysis. To do this, we applied o =
0-100 km s~ " artificial broadening to the spectra of the G-type
comparison star, simultaneously observed through the slit, added
Poisson noise to return the convolved spectrum to its original
signal-to-noise level, then applied cross-correlation analysis to
these spectra. This gives the spectrum-by-spectrum dependence
of the cross-correlation width on the companion velocity
dispersion, Unfortunately, with 0.62 Apixel_1 (resolution ~
89 km s_l) for our Keck spectra, we lacked the resolution to
probe the expected ¢ = 50-60 km's~ " line widths. In the best set
of Keck LRIS data covering ¢ = 0.51-0.74, we found a mean
width of o = 74 £ S(scatter) £ 4(calib.variability) km s L
But because the cross-correlation peak width showed little to
no sensitivity below ¢ = 50 km s~ we conclude that the
evidence for larger companion velocity widths is weak at best.

Higher spectral resolution data, with good S/N, will be needed
to make the required measurements.

4.3. Comparison with Previous Fits

For J1959, our direct heating fits are quite similar to those
of VBKI1I. Our best-fit i is slightly smaller than their
i = (65 £ 2)° estimate, but our smaller center-of-mass correc-
tion (assuming MgI-like EW weighting) more than compen-
sates for it, leaving a smaller mass. The superior WH fit implies
a slightly larger i and a further 1o decrease in the best-fit pulsar
mass to 2.18 £ 0.09M,: nearly identical values are found for
the best-fit HS model. If we allow a large surface velocity in the
WH model, the mass can drop below 2.0M,,, but this requires a
highly supersonic photosphere speed, larger than the mean
speed of the heating zone estimated in Equation (9). Supersonic
motions are modeled for hot Jupiter winds (see Fromang et al.
2016), so flows with Mach numbers of a few may be possible
on strongly heated spider companions. It is less clear whether
the surface photospheric speeds can exceed the speed of bulk
heat transport in the absorption zone (Equation (9)). However,
one can imagine a Hadley cell-like circulation with larger,
mildly supersonic speeds in the photospheric layers averaging
to slower heat transport via return flow in deeper layers. In
principle, one might have a surface overshoot giving a negative
photospheric velocity (as fit for J2215), but this seems rather
contrived.

Improved photometry can distinguish the WH and HS
heating patterns. High-precision photometry near orbital
minimum can detect the characteristic asymmetry imposed by
wind flow, while more detailed measurements of blue colors
near maximum are sensitive to HSs. For example, the small
Mys =~ 1.7M,, allowed by the magnetically ducted heating
model of Sanchez & Romani (2017) resulted from the very
small particle-heated region needed to allow d well under
2 kpc. High-precision B or u photometry should reveal such
structure, which is not indicated in the present analysis. Most
important, though, are improved spectroscopic constraints on
WH surface motions. Figure 6 suggests that radial velocity
measurements during the night half of the orbit, where
departures from a sinusoid are large, could help. Alternatively,
high-resolution measurements of line shape near midday could
be useful.

For J2215, our fit of i = 58°1 for the simple phase-shift
model differs slightly from the equivalent value of i ~ 6379
in LSC18. As these are both measured principally from the
WHT photometry and because of the potential importance of
the source for neutron star mass measurements, we discuss the
origin of this discrepancy in the Appendix. In RGFKI15, a
much larger i was found. We refit the 2010-2011 Schroeder &
Halpern (2014) MDM photometry analyzed in that paper with
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the DH model and confirm that this fit gives i ~ 88° and
Ty ~ 6300 K; however, as noted by LSCI8, this Ty is
inconsistent with the nightside spectra. This was evidently due
to a large veiling flux at that epoch. Including such a flat-
spectrum component, which the model fits to 11.9 £ 0.1 ply,
the inclination drops to i = 62°4 + 2°4 and Ty drops to
(5850 =+ 100) K. The fit improves by Ay? = —15. The large
2010-2011 veiling flux can, therefore, explain the fit values
(and small neutron star mass) inferred in RGFK15. In contrast,
our 2015 Keck spectra set a limit of ~1.5 Jy on the line
veiling flux at Ca H & K at that epoch.

We conclude that in spider binaries, there can be an
important, and variable, veiling flux. When bright, this can
substantially affect the light-curve minima. With a blue
nonthermal spectrum, this might be plausibly associated with
the IBS. Detailed studies of spider light curves should allow for
such veiling. Because IBS emission might not be phase
independent, it may be challenging to isolate this emission
from light curves alone. But veiling may certainly be revealed
by high-quality phase-resolved spectra. For example, our Keck
data show that at our spectroscopic epoch, we did not
experience the very large (35-70 pJy) veiling flux quoted
by LSC18.

We find that our observed J2215 radial velocity amplitudes
are quite similar to those of LSC18, for both neutral metal lines
and Balmer-dominated estimates. However, the model correc-
tions to K, are quite different, and we discuss this discrepancy
in the Appendix. We infer that, with a DH model, one should
derive an unphysically large ~3 M., mass for the pulsar and
that LSC18’s treatment may be in error. However, the WH
model fit gives an interesting, but plausible, 2.28"519 M.,
neutron star mass, assuming small surface velocities. The HS
model mass is very similar. Coincidentally, this is close to the
value quoted by LSC18. Because WH and HS produce large
decreases in y?> over DH models and explain the otherwise
arbitrary phase of maximum, we believe that such models, with
their more reasonable mass, are strongly preferred.

As for J1959, if highly supersonic surface motions are
allowed, we can accommodate a somewhat smaller mass, just
consistent with 2M;, at the 1o level (although in this case the
motion would need to be, implausibly, opposite to the bulk heat
flow). Improved spectroscopy to measure or bound such
unexpectedly large surface motion is certainly desirable.

5. Conclusion

We have examined global wind circulation in “spider”-type
companion-evaporating pulsars, finding that the light curves
and radial velocity curves of these objects can be significantly
affected by wind heat advection. By applying a simple energy
transport model, we see that the resulting synthetic light curves
can explain otherwise puzzling light-curve maximum phase
shifts and asymmetries. These effects are sensitive to the ratio
of the radiative and advective times in the subphotospheric
heating zone. These winds are analogous to those inferred for
hot Jupiters, albeit at higher companion temperatures. How-
ever, in the MSP case, we have no optically bright primary star
to contend with; the optical signal comes purely from the wind-
affected object. This means that detailed photometry and
spectroscopy allow much more sensitive probes of the wind
dynamics than can be obtained for the hot Jupiters.

Global winds (and likely any model with large-scale flows)
move heat away from the subpulsar point. This moves the

10

Kandel & Romani

center of light closer to the center of mass, reducing the
correction from the former (observed) quantity. In addition, the
heat flow tends to broaden the light-curve peak from DH
models. This allows models with higher inclination i to fit the
photometric data. Together, these two effects tend to decrease
the masses from those inferred from DH models. They also
naturally lower the required T, which is surprisingly high for
many BWs. Thus, these effects are quite important to consider
when measuring spider pulsar masses. Importantly, global wind
flow introduces characteristic asymmetries in the light curves,
radial velocities, and line-width variation, so that high-quality
observations can provide excellent tests for these effects.

We have applied our model to a BW (PSR J1959+4-2048) and
an RB (PSR J2215+5135), both of which show strong pulsar
irradiation, and compared our model with a heuristic model of a
heated starspot. For the BW J1959, the WH model is
significantly preferred, by both the photometric and spectro-
scopic fits; the fit gives us useful constraints on the wind
parameters (e and 6.). For the RB J2215, although the WH
improves greatly over a DH fit, a simple starspot model is even
better. Because RB companions are low-mass fully convective
stars, we expect that rapid rotation will drive powerful
dynamos, giving rise to strong magnetic fields and, possibly,
poles heated by particle precipitation. Indeed, light-curve
asymmetries attributable to starspots seem relatively common
for RBs. We can speculate that BWs have, in some cases,
weaker convection and surface fields. With weaker fields,
large-scale heat transport by winds may be a plausible means of
introducing asymmetry. More examples should be studied, and
more detailed light curves and spectra are needed to infer the
physical origin of the asymmetric heat distribution (as
described above) before one should make a generalization.

Applying the revised heating pattern from the WH photo-
metry models also allows improved fits to the radial velocity
data. As expected, the WH model implies smaller neutron star
masses: 2.18 + 0.09M,, for 11959 and 2.28 " J49M., for J2215.
For the latter, the HS fit is even better, giving a very similar
2.24 + 0.09 M; WH and HS fits reduce the mass from a very
large, likely unphysical DH value. However, while decreased,
these masses are still interestingly large. Both exceed 2M,, at
the 20 level (2.70 level for J2215) and exceed the present
largest mass from the Shapiro delay in pulsar timing
(2.1473:80M, for J0740+6620; Cromartie et al. 2020). At face
value, our measurements can thus be very important for
constraining the equation of state at supernuclear densities.

Because the details of the surface heating are important in
computing spider masses from optical photometry and
spectroscopy, such masses naturally engender less confidence
than those directly from pulsar timing. But as the sophistication
of our companion modeling improves and physically motivated
models provide increasingly accurate descriptions of the optical
data, confidence in these results may increase. Global winds are
an excellent example, with good physical motivation for heat
transport from the subpulsar point and rather direct analogs
observed in hot Jupiters. Our model, amenable to direct
data fits, can produce a marked improvement in describing
the photometric data. Because the principal effect is from the
revised heating pattern, any model that similarly improves the
match to the photometric data (e.g., an arbitrary collection of
starspots or heating by IBS flux) will result in similar values for
the binary parameters.
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Our study also points to the importance of epoch variability
in these binaries. In particular, it seems that the veiling flux can
change from year to year. There is also evidence in RBs (e.g.,
van Staden & Antoniadis 2016) that the heating asymmetries
can vary; this is naturally expected if we attribute this to
magnetic poles in a rapidly evolving dynamo. However, we
might also expect global wind patterns to be highly turbulent
and variable. This means that for neutron star mass measure-
ments, it is safest to extract light-curve constraints on the
detailed heating pattern at the same epoch as the critical radial
velocity measurements. Carefully flux-calibrated spectra are, at
minimum, needed to check that the light curve is in a similar
state.

However, at this point, the largest model mass uncertainty in
our study is the absence or presence of supersonic photospheric
flows. At the subpulsar point sound speed (8 kms ' for J1959
and 10kms ™' for J2215), the corresponding mass shifts are
+0.07M,, and +0.05M,,, respectively. These are important for
precision values but do not dramatically change our conclu-
sions. These kinematic effects can be probed by higher
resolution optical spectroscopy. Already, our improved com-
panion modeling, including the effect of global winds, bolsters
our confidence that these spider binaries are among the most
massive neutron stars known. Additional spectroscopy can put
the physical assumptions of these models to the test, checking
the high masses and better probing the nature of the wind- or
spot-induced light-curve asymmetries.

We thank Alex Filippenko and colleagues for continued
collaboration in obtaining optical data on spider pulsars, which
motivated much of the modeling work above. Questions raised
by the anonymous referee also spurred important clarifications
in the discussion. This work was supported in part by grant
80ONSSC17K0024.

Appendix

We have noted above differences with the model fits
of LSCI18 for PSR J2215+4-5135. Because we start with very
similar data sets, we have attempted to trace the origin of these
discrepant fit values. The first is the modest difference in the fit
inclination, our i ~ 58°1 versus their i ~ 63°9. To understand
this discrepancy, we attempted to duplicate LSC18’s analysis
by combining the IAC-80, N1, and N2 magnitudes (with the
arbitrary amplitude shifts they allow between all data sets and
filters) into a single light curve for each color. Fitting these
combined light curves, we obtained a best-fit inclination of
i ~ 62°0 4 2°5, consistent with the value in LSC18. The
remaining difference may be due to the fact that they binned
the photometry into 37 (g, i’) and 28 (') phase bins before
fitting. We note that our phase-shifted unbinned DH fit has
fewer parameters and is statistically preferred (but is in any
case superseded by our WH/HS fits).

For the velocities, our corrections from K, to K. are quite
different, especially for the Mgl case. LSC18 in fact find
K. < Kyg; for this case. We do not find this to be consistent
with the heating pattern, which would require the Mg line flux
to be very strongly concentrated on the back (night) side. At
any given phase, the absorption-line radial velocity is
computed by a weighted sum over the s tiles of the companion
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surface,

v= Z(m < EW) /30 % Ew]

s

where f; is the surface thermal flux directed at the observer and, as
emphasized by LSCI18, the absorption-line EW, are a function
of the local surface temperature. For consistency, we use the
particular EW(7T) relationships plotted by LSC18. While the
Mgl EW is indeed largest at the low nightside temperatures,
the larger dayside fluxes f; keep the absorption-line centroids from
nightside domination. To reproduce the LSC18 K. values, we had
to modify the weighting. The simplest possibility is to drop the f;
terms (weight the lines only by EW). Alternatively, one might
erroneously include the veiling flux in f; so that the effective
nightside flux was a larger fraction of the day flux, while
erroneously having a large absorption-line EW. However, to
induce backside dominance, one requires the veiling flux to be
>300 wJy, substantially larger even than LSC18’s suggested value.
Finally, if temperatures on the front side are large enough, one can
indeed reduce EW, even at the terminator so that the backside
dominates. In practice, we found that this required pulsar-heating
fluxes Lp > 5 x 10% erg s7!, again even larger than that found
by LSC18 (and much larger than the total spindown luminosity); it
is in any case difficult to see how such high T could be consistent
with the observed light-curve colors.

We speculate that they may have made one of the errors noted
above—for example, ignoring f; in the weights then gives
K.(Mg1) = 395 + 8 km s~! for their observed MgT velocities.
In this case, LSC18’s Balmer K.(B) = 429 + 9 km s~! would
be 40 away from their Mg I value, with combined fitting giving an
intermediate value of K. = 411.2 £ 6.0km s™!, used in their
mass estimate. Similarly, the large L, error gives K.(Mg1) =
400 + 8 kms~!, still 40 from the Balmer value of 432 +
9 km s~! (combining to K, = 414 & 6 km s~!). In contrast, with
the correct weighting, we get K.(Mg1) = 430 + 9 km s~! and
K.(B) = 448 + 10 km s~! in reasonable agreement, combining
to K. = 436 £ 7 km s~'; results with our own spectral measure-
ments are quite similar and consistent. However, with this large K.
and the best-fit i, the correctly treated DH model predicts an
improbable Myg = 3.05 + 0.18 M. As LSCI18’s observed
radial velocity amplitudes and best-fit i are similar, we believe
that LSCI8 should have also found a large mass. Thus, the
improved x* for light-curve fitting, the explanation for the very
significant phase shift, and the more modest mass lead us to prefer
the HS (or WH) model. In light of the apparent inconsistencies in
their application of a DH model, the similarity of our HS/WH
mass to that of LSC18 is a coincidence.
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