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Figure 1: Competing structures and novel phases of subatomic matter predicted by theory
to make their appearance in the cores (R <∼ 8 km) of neutron stars [2].

transition to quark matter occurs. Neither do lattice Quantum Chromodynamical simulations provide
a conclusive guide yet. From simple geometrical considerations it follows that, for a characteristic
nucleon radius of rN ∼ 1 fm, nuclei begin to touch each other at densities of ∼ (4πr3

N/3)−1 ≃ 0.24 fm−3,
which is less than twice the baryon number density of ordinary nuclear matter, ρ0 = 0.16 fm−3 (energy
density ϵ0 = 140 MeV/fm3). Depending on rotational frequency and stellar mass, such densities are
easily surpassed in the cores of neutron stars so that gravity may have broken up the neutrons (n)
and protons (p) in the centers of neutron stars into their constituents. Moreover, since the mass of the
strange quark (s) is rather small, probably less than 100 MeV as indicated by the latest lattice results
[30], high-energetic up (u) and down (d) quarks may readily transform to strange quarks at about the
same density at which unconfined up and down quarks appear.

The phase diagram of quark matter, expected to be in a color superconducting phase, is very complex
[26, 27]. At asymptotic densities the ground state of QCD with a vanishing strange quark mass is the
color-flavor locked (CFL) phase. This phase is electrically charge neutral without any need for electrons
for a significant range of chemical potentials and strange quark masses [31]. (Technically, there are
no electrons only at zero temperature. At finite temperature the electron population is exponentially
(exp(−∆/T )) suppressed, where ∆ denotes the superconducting gap.) If the strange quark mass is heavy
enough to be ignored, then up and down quarks may pair in the two-flavor superconducting (2SC) phase.
Other possible condensation patterns include the CFL-K0 phase [32] and the color-spin locked (CSL)
phase [33]. The magnitude of the gap energy lies between ∼ 50 and 100 MeV. Color superconductivity,
which modifies the equation of state at the order (∆/µ)2 level [34, 35], thus changes the volume energy
by just a few percent. Such a small effect can be safely neglected in present determinations of models for
the equation of state of neutron star matter and strange star matter. This is different for phenomena
involving the cooling by neutrino emission, the pattern of the arrival times of supernova neutrinos,
the evolution of neutron star magnetic fields, rotational (r-mode) instabilities, and glitches in rotation
frequencies of pulsars (see Refs. [26, 27, 36, 37, 38, 39, 40] and references therein). Aside from neutron
star properties, an additional test of color superconductivity may be provided by upcoming cosmic ray
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Why Do Pulsar Masses Matter?

Our understanding of fundamental physics in the regime of a neutron star’s centre is rather poor.



The Equation of State

Demorest et al. 2010

Measuring both mass and radius in a given neutron star is experimentally difficult.

Statistical properties of radii and masses can independently restrain the phase space.

Range of radii

Maximum mass



Spiders: Black Widows and Redbacks

Fast millisecond pulsars (⪅5 ms)

Short, circular orbits (75 minutes - 15 hours)

Large spin-down luminosity (Edot = few 1034 erg/s)

Radio eclipses (0 - 70% of the orbit)

Optical flux/colour modulation

Very low companion mass (~0.02 M⊙)

?

Low companion mass (~0.2 M⊙)

Some show state transitions ‘MSP ⟷ LMXB’
(see A. Archibald’s talk)

Black Widows Redbacks
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Millisecond Pulsar J1023+0038
Observed for a full orbit at 92cm with WSRT

Zoom of “mini eclipses” 
and eclipse delays

Cumulative Pulse Profile
~10 million pulses summed

Eclipse
Ingress

Eclipse
Egress

Pulsar in the main eclipse
~50% of the orbit at 92cm

Artist’s Impression: Bill Saxton (NRAO)

(See J. Hessels’ talk)



Origin and Fate of Spiders

(More in T. Tauris’ talk)
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(Tauris & Savonije 1999)

(see e.g. Istrate et al. 2014)
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Origin and Fate of Spiders

(More in T. Tauris’ talk)

Redbacks unlikely to turn black widows because of 
evolution timescale. (Benvenuto 2015 vs Chen et al. 2013).

Irradiation (from pulsar spin down) required to sweep the 
companion of ‘normal’ evolution track.

(Black widow) companions are essentially semi-degenerate 
helium stars with small hydrogen envelope.

(see e.g. Istrate et al. 2014)



How to Measure Masses

Pulsar radio timing
5 Keplerian parameters
Unknown masses and orbital inclination

Optical follow-up of the companion
Light curves ➔ orbital inclination
Spectroscopy ➔ mass ratio (from projected velocity)



Difficulty #1: Light Curve Modelling

Irradiated model works well to first order but…
Short timescale variability
Spotty surface
Asymmetric light curve

∴ Hinders orbital inclination measurement

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
φB = 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 γ -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 χ2/dof ≈ 9, so the T1 and
i error estimates come from the range giving a ∆χ2 increase
of (χ2/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 (χ2

v /dof)min ≈ 1.5, so the error range
was estimated from this smaller χ2

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
2.2σ 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
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Romani et al. (2012)

Flickering Difficult to reconcile max/min

PSR J1311-3430
(see also Romani al. 2015)



Difficulty #1: Light Curve Modelling

Irradiated model works well to first order but…
Short timescale variability
Spotty surface
Asymmetric light curve

∴ Hinders orbital inclination measurement

Tang et al. (2014)

Flux variability but no/little colour change
(difficult to reconcile with eclipses)

PSR J1544+4937



Difficulty #1: Light Curve Modelling

Irradiated model works well to first order but…
Short timescale variability
Spotty surface
Asymmetric light curve

∴ Hinders orbital inclination measurement

Breton et al. (in prep)

Asymmetric light curve



Difficulty #2: Spectroscopic Modelling

The projected companion velocity doesn’t track the centre of mass
Solution: use ICARUS to model spectrum directly

Spectral ‘features’ departing from LTE

∴ Hinders mass ratio measurement

van Kerkwijk et al. (2011)

Where is the ‘centre of light’?



Difficulty #2: Spectroscopic Modelling

The projected companion velocity doesn’t track the centre of mass
Solution: use ICARUS to model spectrum directly

Spectral ‘features’ departing from LTE

∴ Hinders mass ratio measurement

van Kerkwijk et al. (2011)

Emission cores



The Pulsar Mass Landscape

PSR-NS

PSR-WD

Redbacks

Black widows
Black widows

Redbacks

PSR-NS tend to be less massive 
(simply evolution…)

Tantalising evidence for ‘black 
widows’ (and ‘redbacks’) to be 
more massive



Future Prospects: How Light/Heavy?

SKA should multiply the number of 
known binary pulsars by ~100

Catching light/heavy pulsars

Statistical analysis of the mass 
distribution

PSR-NS

PSR-WD
Redbacks
Black widows

Tauris et al. (2015)
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Conclusions & Open Questions

3(4) transitioning LMXB-pulsars systems so far
All are redback-type

Can black widows experience state transition?

What does trigger the state transition?

Is the radio pulsar still `on’ but screened, or has it turned `off’

What is happening in the accretion state?
Is the radio pulsar still `on’ but screened, or has it turned `off’
Is the neutron star accreting?
Is a jet being launched?


