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Lessons from Irradiated Pulsar Binaries



Pulsars as (Neutron Star) Radio Lighthouses

Radio timing:
✦ Very accurate orbital parameters

Radio emission is rotation-powered:
✦ Most energy carried away by relativistic wind

Lradio ~ 10-[10,4] Lspin-down

Lgamma-ray ~ 10-[3-1] Lspin-down

Optical work in this talk:
✦ High-time resolution... as orbital phase-resolved
✦ Multi-colour imaging (e.g. ULTRACAM)

© Michael Kramer



Neutron Star’s Terra Incognita

“Most” outstanding neutron star question: Equation of State

Predicts mass-radius relationship, determines internal structure.

Lattimer 2007

Maximum stable mass



Measuring Neutron Star Masses
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Double neutron star systems

Neutron star-white dwarf systems

Black widow systems

B1957+20

Via white dwarfs

(atmosphere modelling and radial velocity)

Via pulsar timing

(post-Keplerian orbital parameters)

*Needs to be relativistic*

Via irradiated systems



Irradiated Pulsar Binaries

•  Energetic (E – 1035 erg/s) rapidly rotating pulsars (P – few ms)

•  Compact orbits (few hours)

•  Two classes:

• “Black widows”: very low-mass companions (~0.03 M⊙)

• “Redbacks”: low-mass companions (~0.2 M⊙)

Evidence of ablation of the companion:

• Radio eclipses

Paradigm:

May harbour heavy pulsars because of 
long mass transfer episode.



Meet the Family

IAUS291. Surrounded by spiders 3

of young pulsar wind nebulae like the Crab. This means that we can probe the pulsar
wind in regions where the magnetization parameter of the ultra-relativistic wind ! may
still be relatively high.
Deep pulse searches of globular clusters over the years have yielded 18 binary pul-

sars with very low, black widow like, companion masses. They also yielded 12 short
orbit eclipsing systems with more ordinary companion masses often showing optical evi-
dence of a non-degenerate companion, i.e. redback like systems (see P. Freire’s webpage
http://www.naic.edu/!pfreire/GCpsr.html for a complete list of globular cluster
MSPs). Unfortunately, studies of the energetics, X-ray properties, and optical compan-
ions of globular cluster pulsars are di!cult due to the crowded fields, the on average large
distance, and the gravitational well of the cluster often making the intrinsic spin-down
rate impossible to infer. Nearby systems in the Galactic field are therefore desirable for
detailed studies.

Pulsar1 Ps Ė/1034 2 dNE2001 PB Mc
3 ref.

(ms) (erg/s) (kpc) (hr) (solar)

Old Black Widows

B1957+20 F 1.61 11 2.5 9.2 0.021 Fruchter et al. (1990)
J0610!2100 3.86 0.23 3.5 6.9 0.025 Burgay et al. (2006)
J2051!0827 4.51 0.53 1.0 2.4 0.027 Stappers et al. (1996)

New Black Widows

J2241!5236 F 2.19 2.5 0.5 3.4 0.012 Keith et al. (2011)
J2214+3000 F 3.12 1.9 3.6 10.0 0.014 Ransom et al. (2011)
J1745+1017 F 2.65 1.3 1.3 17.5 0.014 Barr et al. (2012)
J2234+0944 F 3.63 1.6 1.0 10 0.015 Keith et al. (2012a)
J0023+0923 F 3.05 1.6 0.7 3.3 0.016 Hessels et al. (2011)
J1544+4937 F 2.16 1.2 1.2 2.8 0.018 Bhattacharyya et al. (2012)
J1446!4701 F 2.19 3.8 1.5 6.7 0.019 Keith et al. (2012)
J1301+0833 F 1.84 6.8 0.7 6.5 0.024 Ray et al. (2012)
J1124!3653 F 2.41 1.6 1.7 5.4 0.027 Hessels et al. (2011)
J2256!1024 F 2.29 5.2 0.6 5.1 0.034 Boyles et al.(2011)
J2047+10 F 4.29 1.0 2.0 3.0 0.035 Ray et al. (2012)
J1731!1847 2.3 ?? 2.5 7.5 0.04 Bates et al.(2011)
J1810+1744 F 1.66 3.9 2.0 3.6 0.044 Hessels et al. (2011)

New Redbacks

J1628!32 F 3.21 1.8 1.2 5.0 0.16 Ray et al. (2012)
J1816+4510 F 3.19 5.2 2.4 8.7 0.16 Kaplan et al. (2012)
J1023+0038 F 1.69 " 5! 10 0.6 4.8 0.2 Archibald et al. (2009)
J2215+5135 F 2.61 6.2 3.0 4.2 0.22 Hessels et al. (2011)
J1723!28 1.86 ?? 0.75 14.8 0.24 Crawford et al. (2010)
J2129!0429 F 7.61 3.9 0.9 15.2 0.37 Hessels et al. (2011)

Table 1. Black Widows and Redbacks in the Galactic Field
1 an F indicates a Fermi source. 2 assuming 1.4M! and 10 km radius. 3 assuming 1.4M! pulsar
and i = 90".

However, for the 20 years between the discovery of PSR B1957+20 and PSR J1023+0038,
eclipsing MSPs remained rare outside of globular clusters. Only two black widow like sys-
tems were discovered during this time period, both with relatively low spin-down energies.
Radio surveys sensitive to fast pulsars in tight binaries have recently greatly increased
the number of known black widows and redbacks in the Galactic field (see Table 1). Sur-

Roberts (2012)

1988-2009: 3 known systems

2009-today: > 20 known systems

Irradiated systems found in 
targeted radio follow-ups of 
Fermi point sources.



Determining the System Geometry

Orbital Phase

Changing the 
filling factor

Changing the 
temperature

Changing the 
inclination



The Case of the ‘Original’ Black Widow B1957+20

van Kerkwijk, Breton & Kulkarni (2011)

Breton et al. (in prep)



Constraining the Pulsar Mass

Reynolds et al. (2007): 63° < i < 67°

[2.21-2.61] M⊙

Most massive so far!?

van Kerkwijk, Breton & Kulkarni (2011)

Mass ratio determination is 
non-trivial:

Centre-of-light displaced 
away from centre-of-mass

Solution:

Modelling time-resolved 
spectral lightcurves



Constraining the Pulsar Mass

Reynolds et al. (2007): 63° < i < 67°

[2.21-2.61] M⊙

Most massive so far!?

van Kerkwijk, Breton & Kulkarni (2011)

Mass is highly sensitive to 
orbital inclination:

Error propagates as sin 3(i)

Solution:

High-time resolution, multi-
colour images



PSR J1311-3430: First γ-Ray Detected MSP

Romani et al. (2012)

The Astrophysical Journal Letters, 760:L36 (6pp), 2012 December 1 Romani et al.

Figure 3. Top: SOAR (filled points) and GROND (open points) photometry; g!r ! “flare” measurements are flagged as crosses. Points during the second period exclude
flare epochs. Curves are from the “L1 Spot” ELC fit. Bottom: Keck radial-velocity measurements, aligned with the light curve. Residuals are shown amplified by a
factor of 10. The curve is from the same “L1 Spot” fit.
(A color version of this figure is available in the online journal.)

SOAR/GROND photometric points. During the first period all
g!r ! measurements and errors are shown—“flaring” points (at
!B = 0.15–0.35 and 0.45–0.8) are plotted as crosses. During the
second period we display only the quiescent points, but include
the GROND i !z! quiescent data. All SOAR i ! were affected by
strong flaring.

To constrain the system properties we have fit these “qui-
escent” light curves along with the radial-velocity measure-
ments, using the “Eclipsing Light Curve” (ELC) code of Orosz
& Hauschildt (2000). Typically, the code computes filter colors
from atmospheres of the “NextGen” library (Hauschildt et al.
1999), but we found that these did not match the data well,
plausibly due to the He domination of the photosphere. Instead,
we fit using blackbody emissivities which gave reasonable light
curves and colors. All fits used the " -ray-determined phasing
and pulsar projected semimajor axis.

There are five basic fit parameters: the system mass ratio
q = MNS/Mc, the pulsar irradiation, modeled here as an
isotropic flux LX , the companion’s underlying temperature T1
and Roche-lobe fill factor f1, and the orbital inclination i. LX is
quite well constrained by the g! " r ! and r ! " i ! colors near
maximum light, giving log(LX) = 35.3. This is in accord
with the spectroscopically estimated Teff = 12,000 K near
maximum. We also find that the secondary is very close to
Roche-lobe filling in all acceptable fits, so we set f1 = 0.99.
We therefore adjusted the three remaining parameters to fit the
light curves and spectral points. The very small photometric
errors near maximum, coupled with stochastic variability, meant
that even the best fits had formal #2/dof # 9, so the T1 and
i error estimates come from the range giving a !#2 increase
of (#2/dof)min around the fit minimum. For q (and MNS) the

Table 1
ELC Fit Parameters

Parameter Basic LC L1 Cold Spot Eq Hot Spots

i ($) 60.4 ± 0.4 67.3 ± 0.3 57.9 ± 0.3
T1 (K) 3440 ± 50 <2000 <1600
q 179.7 ± 3.9 177.1 ± 3.2 180.2 ± 3.3
MNS (M%) 2.68 ± 0.14 2.15 ± 0.11 2.92 ± 0.16
Kcor 1.06 1.04 1.06

value (for a given fit i) is controlled by the radial-velocity
measurements. These had (#2

v /dof)min # 1.5, so the error range
was estimated from this smaller #2

v increase.
For both PSR B1957+20 (Reynolds et al. 2007) and

J2339"0533 (Romani & Shaw 2011) the photometric data are
limited, and simple models with a pulsar-heated hemisphere
gave adequate light-curve fits. In contrast, the flat light-curve
maxima of J1311"3430 produce relatively poor fits to such
models (R12). The best fit (Table 1) has a 60$ inclination, re-
sulting in a rather large pulsar mass, but the peak is too narrow,
the minimum is too bright by &1 mag, and the predicted Kobs is
2.2$ below the measured value.

Adding equatorial hot spots to the companion surface brack-
eting the L1 point (30$ radius at 35$ and "65$) can broaden the
light-curve peak. This mimics equatorially concentrated heat-
ing, which may be plausibly invoked, as there is strong equa-
torial concentration in pulsar wind nebula (PWN) flows, giving
rise to PWN tori. Alternatively, these asymmetric components
may represent reprocessed pulsar flux in a companion wind out-
flow. With these added components, the model is a good match to
the g!r !i ! light curves. The heated equator allows slightly lower

4

Massive neutron star, but how much?

Flares are seen.

Lightcurve may depart from simple 
irradiated model.The Astrophysical Journal Letters, 760:L36 (6pp), 2012 December 1 Romani et al.

Figure 4. Mass constraints on the PSR J1311!3430 system. The pulsar mass
function gives the solid diagonal lines for various inclinations i. The dotted
vertical line gives the minimum from the companion mass function. The
Kcorr increase of the observed radial velocity is critical: we show the physically
allowed range from the Keck data (dotted diagonal red lines, labeled by the
appropriate value of q for J1311!3430), along with the range for PSR B1957+20
preferred by vKBK (Kcorr = 1.06–1.13; shaded region). Fit regions for the three
models in Table 1 are indicated with blue ellipses.
(A color version of this figure is available in the online journal.)

log(LX) = 35.0, but the Kcor = 1.06 is large and the best-
fit inclination is small, giving a very (possibly unphysically)
large mass.

If, in contrast, we cool the region near L1, by applying a 40"

spot with 1/2 the local T, we also flatten the maxima. In this case,
the CoL moves toward the CoM, resulting in a small Kcor = 1.04
and larger i. These two effects allow a neutron star mass of
2.15 M#. The fit quality is good, albeit with higher !2 than the
equatorial spot model. This scenario gives the smallest MNS of
any viable fit. Such decreased L1 flux might plausibly arise from
large limb and gravity darkening effects in the He-dominated
atmosphere. We thus attempted to flatten the light curve by
invoking extreme gravity darkening coefficients, as have been
claimed for some semidetached binaries (Nakamura & Kitamura
1992). This allowed intermediate inclination and masses; for
example, for "gr = 0.5, we find i = 63" and MNS = 2.30 M#.
For all cases the fit models underpredict the z$ flux. This is likely
related to the extra IR component seen in Figure 2.

5. DISCUSSION AND CONCLUSIONS

It is clear that additional physics is needed to fully model
the light curve. Certainly, specific intensities from an appropri-
ate He model grid would be useful. However, a good fit may
also require some asymmetry in the heating, or reprocessing of
pulsar flux to produce optical/IR emission from the companion
wind. We conclude that, at present, model assumption system-
atics dominate the statistical fit errors and preclude accurate
mass determination. Nevertheless, the large mass function of
PSR J1311!3430 virtually guarantees a large MNS. In this it
joins B1957+20, supporting the suggestion of vKBK that BW
pulsars as a class may have high masses. The challenge is that

secondary spectroscopy-derived estimates for these BW masses
inevitably have substantial systematic uncertainty. In this sense,
the mass estimates cannot match the “gold standard” timing-
based MNS = 1.97 ± 0.04 M# for PSR J1614!2230 (Demorest
et al. 2010). However, since EoS constraints tighten rapidly as
the minimum required MNS exceeds 2 M#, it is worth consider-
ing the prospects for refining the J1311!3430 mass estimate.

Figure 4 shows the present situation in the mass–mass plane.
Compared to PSR B1957+20, J1311!3430 has a larger ob-
served mass function (1.54 M# versus 1.34 M#). However,
our models give substantially smaller Kcor than assumed for
PSR B1957+20, so in this sense our mass fits are conservative.
The remaining systematic uncertainties in the light-curve shape
allow inclinations 57" < i < 67". This large range dominates
the systematic mass uncertainty. The best hope for eliminating
otherwise plausible models and reducing the systematics lies
with additional spectroscopy. Full-orbit coverage will, at mini-
mum, substantially decrease the uncertainty in q. We also expect
to detect the non-sinusoidal radial-velocity component, and with
sufficient spectral resolution, the variations in absorption-line
profile expected as the visible heated surface varies. Additional
simultaneous multicolor photometry from many epochs could
further isolate the photospheric light curve from a variable wind
component. Deep multicolor images can constrain the resid-
ual illumination at pulsar superior conjunction, with additional
i constraints. Of course, improved models are needed to fully
exploit such data.

Our data also illuminate several other aspects of this unique
system. The IR-dominated variability likely probes the ex-
tremely dense wind flux. Correlation with periods of radio-
pulse visibility could be very revealing. The ultra-low-mass He
companion points to unusual evolution, with substantial mass
transfer and irradiative stripping of the core of an evolved sec-
ondary. Benvenuto et al. (2012) describe such a scenario, giv-
ing parameters remarkably similar to those of J1311!3430.
This model’s slow mass transfer should allow substantial neu-
tron star mass growth. Interestingly, for the large neutron star
masses indicated here, the EoS must be very “stiff.” This means
that for MNS % 2.5 M#, we can have a moment of iner-
tia as large as &4 ' 1045 g cm2 (Lattimer & Prakash 2007).
This increases the spin-down power of J1311!3430 from
Ė = I!!̇ = 5 ' 1034 erg s!1 (for I45 = 1), accommodat-
ing the large heating flux inferred from the peak colors and
spectroscopic Teff , even without equatorial concentration.

In summary, PSR J1311!3430 presents a number of unique
properties that make it a potential Rosetta Stone for irradiation-
driven evolution in tight binaries. If we can reduce the allowed
model space, it seems likely to provide some of the most
important constraints on the EoS of dense matter. Furthermore,
even if PSR J1311!3430 or PSR B1957+20 do not provide
the final word on the EoS, it is worth remembering that Fermi
has proven to be an excellent finder of short-Pb BW systems,
including detection via # -ray-blind searches. Future studies of
this extreme population may well provide a bulletproof case for
a stiff EoS.

We thank Jerry Orocz for helpful discussions on ELC model
fitting, Simon Jeffery for alerting us to the He model atmo-
spheres, and Vlad Sudilovsky for obtaining the GROND cal-
ibration observations. This work was partially supported by
NASA grant NNX11AO44G. Part of the funding for GROND
(both hardware and personnel) was generously allocated
from the Leibniz-Prize to Professor G. Hasinger (DFG grant
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Using GROND: 7-channel, fast imager

Porb = 94 min



The
Lessons



Equation of State

Excluding several equations of state…

‘Stiff’ EoS are preferred

Lattimer 2007

PSR B1957+20



Canonical Neutron Star Mass, Not

Difficult systems to form (e.g. compact orbit):

✦ Did not accrete much large mass
✦ Accretion efficiency could be low

From the sample of pulsar masses:
✦ Probably not all neutron stars born 

around the same mass

Tauris et al. (2011)



More New Black Widows

Four new optical counterparts detected with Gemini.
ULTRACAM studies are underway.

       






















































Breton et al. (2013)

✦ Reflection effects amount 10-30% of spin-down 
luminosity

✦ Some of them might only partly fill their Roche-lobe



Studying the Behaviour of Spiders

Breton et al. (in prep.)

“Normal”: PSR J2256-1024 “Peculiar”: PSR J1023+0038



Studying the Behaviour of Spiders

Breton et al. (in prep.)

“Normal”: PSR J2256-1024 “Peculiar”: PSR J1023+0038



Conclusions

Neutron star mass proxy via irradiated systems:
✦ PSR B1957+20: probable mass [2.21-2.61] M⊙ 
✦ PSR J1311-3430: mass > 2 M⊙ , up to ~2.7 M⊙

Neutron star masses:
✦ Equation of state most likely stiff
✦ Probably not all born at a canonical mass

Binary physics
✦ Reflection effects ~10-30% of Lspin-down

✦ Hints that system may only partly fill their Roche lobe
✦ ‘Strange’ lightcurves, why?

All of the above require time resolution and multiple colours + spectroscopy


