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Spin-Down of Radio Millisecond

Pulsars at Genesis

Thomas M. Tauris

Millisecond pulsars are old neutron stars that have been spun up to high rotational frequencies via
accretion of mass from a binary companion star. An important issue for understanding the physics of the
early spin evolution of millisecond pulsars is the impact of the expanding magnetosphere during the
terminal stages of the mass-transfer process. Here, | report binary stellar evolution calculations that show
that the braking torque acting on a neutron star, when the companion star decouples from its Roche lobe,
is able to dissipate >50% of the rotational energy of the pulsar. This effect may explain the apparent
difference in observed spin distributions between x-ray and radio millisecond pulsars and help account for
the noticeable age discrepancy with their young white dwarf companions.

illisecond pulsars (MSPs) are rapidly
Mspinning, strongly magnetized neutron

stars. They form as the result of stellar
cannibalism, where matter and angular momentum
flow from a donor star to an accreting neutron star
(1, 2). During this process the system is detectable
as an x-ray source (3). In some cases, x-ray pulsa-
tions reveal a fast spinning neutron star (4); the 13
known accreting x-ray MSPs (AXMSPs) have an
average spin period of (P)axmsp = 3.3 ms (9).
These AXMSPs are thought to be the evolutionary
progenitors of radio MSPs. When the donor star
decouples from its Roche lobe (6) and the mass
transfer generating the x-rays ceases, the radio emis-
sion is activated (7). Until now more than 200
recycled radio MSPs have been detected in our
galaxy, both in the field and in globular clusters,
with spin periods between 1.4 and 20 ms. These
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MSPs, which are observed after the Roche-lobe
decoupling phase (RLDP), have (P)ysp = 5.5 ms
(5) [see (8) for a critical discussion on selection
effects and statistics]. It is unknown whether this
spin difference is caused by the role of the RLDP
or subsequent spin-down from magnetodipole
radiation during the lifetime of the radio MSPs.

The interplay between the magnetic field of a
neutron star and the conducting plasma of the ac-
creted material is known to provide the accretion
torque necessary to spin up the pulsar (9—17). How-
ever, these interactions can also lead to a torque
reversal under certain conditions (/2), especially
when the mass-transfer rate decreases (/3). Simi-
larly, detailed studies of low-mass x-ray binaries
(LMXBs) using stellar evolution codes have demon-
strated (/4-17) that these systems undergo a long,
stable phase of mass transfer, which provides suf-
ficient mass to spin up the accreting neutron star
to spin periods of milliseconds. However, these
previous studies did not combine such numerical
stellar evolution calculations with computations
of the resulting accretion torque at work. Here, 1

REPOR

compute this torque during the termination of the
mass-transfer phase by integrating these two meth-
ods, using the time-dependent mass-transfer rate to
follow its effect on the pulsar spin rate.

The computation of an LMXB donor star de-
taching from its Roche lobe is shown in Fig. 1
[see further details in (8)]. The full length of the
mass-transfer phase was about 1 billion years (Gy);
the RLDP happened in the past 200 million years
(My) when the mass-transfer rate decreased rapid-
ly. The original mass of the donor star was 1.0 M,
and by the time it entered the final stage of the RLDP
it had lost 99% of its envelope mass, encapsulat-
ing a core of 0.24 Mg (i.e., the mass of the hot
white dwarf being formed after the RLDP). The
orbital period at this stage was 5.1 days, and the
MSP had a mass of 1.53 M. By using the re-
ceived mass-transfer rate, M(¢), from my stellar
models, the radius of the magnetospheric bound-
ary of the pulsar, located at the inner edge of the
accretion disk, can be written as rpye = @-7o
[with ra, the Alfvén radius (/8), calculated (8)
following standard prescriptions in the literature
(11, 19)]. Knowledge of the relative location of
mag, the corotation radius, 7, and the light cyl-
inder radius, 7y, enabled a computation of the
accretion torque acting on the pulsar (8) (fig. S1).
After a long phase of mass transfer as an LMXB,
the pulsar was spinning at its equilibrium period
when entering the RLDP. The rapid torque rever-
sals (unresolved in the center panel of Fig. 1; see
also fig. S1) originated from successive, small epi-
sodes of spin-up or spin-down depending on the rel-
ative location of 7, and 7, Which reflects the
small fluctuations in M(#). However, this equilibrium
was broken when M(¢) decreased substantially on
ashort time scale. That resulted in 7,4y increasing
on a time scale (fr; pp ) faster than the spin-relaxation
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time scale, fiorque, O Which the torque would trans-
mit the effect of deceleration to the neutron star,
and therefore 7, > 0. In this propeller phase
(12), a centrifugal barrier arose and expelled mate-
rial entering the magnetosphere, whereby a braking
torque acted to slow down the spin rate of the
pulsar even further (see bottom panel in Fig. 1 and
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fig. S2). The spin-relaxation time scale is given
by tiorque = J /N, which yields:

ttorque =50 My N

gy (M N\ M\
8 \0.1Mpgq 1.4M,

(1)

Fig. 1. Final stages of mass transfer in an
LMXB. The gradual decoupling of the do-
nor star from its Roche lobe causes the
received mass-transfer rate, M (i.e., the ram
pressure of the inflowing material), to de-
crease, whereby the magnetospheric bound-
ary of the neutron star, ryag, moves outward
relative to the corotation radius, r.,, and
the light cylinder radius, r (top). The al-
ternating spin-up/spin-down torques during
the equilibrium spin phase are replaced by
a continuous spin-down torque in the pro-
peller phase (r, < fmag < ric), until the
pulsar activates its radio emission and the
magnetodipole radiation remains as the sole
braking mechanism [center; see also (8)
and figs. S1 and S2]. After an initial phase
of spin-down, the spin equilibrium is bro-
ken, which limits the loss of rotational en-
ergy of the pulsar and sets the value of the
spin period, Py, of the radio MSP at birth
(bottom). Also shown in the bottom panel
is the resulting characteristic age, 19 <P,
of the recycled radio MSP, assuming a con-
stant B field of 108 G during the RLDP. The
gray shaded regions indicate the propeller
phase.
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where the spin angular momentum of the neutron
star is J = 2n/ /P and the braking torque at the
magnetospheric boundary is roughly given by
N ~ M,/GM Tmag (8). Here, G is the gravitational
constant; M and / are the neutron star mass and
moment of inertia, respectively; and Bg is the
surface magnetic flux density in units of 108 G. In
addition to this torque, the magnetic field drag on
the disk (20) was included in the model, although
this effect is usually less dominant. In these cal-
culations, I assumed that the strength of the neu-
tron star B field has reached a constant, residual
level before the propeller phase, a reasonable as-
sumption given that less than 1% of the donor
star envelope mass remained to be transferred. The
propeller phase was terminated when rpye > 7ic.
At this point, the MSP activated its radio emis-
sion and turned on a plasma wind, which then
inhibited any further accretion onto the neutron
star (13, 21). The duration of the RLDP in this
example was frpp > 100 My (including early
stages before the propeller phase), which is a
substantial fraction of the spin-relaxation time
scale, forue = 200 My, calculated by using Eq. 1 at
the onset of the propeller phase. For this rea-
son, the RLDP has an important effect on the
spin rate, Py, and the characteristic age of the
radio MSP at birth, 5. In the case reported here,
the radio MSP was born (recycled) with Py =
5.4 ms and an_initial so-called characteristic
age 19 = Py/2Py = 15 Gy. The spin period be-
fore the RLDP was about 3.7 ms, implying that
this MSP lost more than 50% of its rotational
energy during the RLDP. If the pulsar had not
broken its spin equilibrium during the RLDP, it
would have been recycled with a slow spin pe-
riod of Py = 58 ms and thus not become an
MSP (22).

Radio pulsars emit magnetic dipole radiation
as well as a plasma wind (79, 23). These effects cause
rotational energy to be lost, and hence radio MSPs

Fig. 2. Evolutionary tracks during the RLDP. Computed
tracks are shown as arrows in the PP diagram, calculated
by using different values of the neutron star B-field strength.
The various types of arrows correspond to different values of
the magnetospheric coupling parameter, . The gray-shaded
area indicates all possible birth locations of recycled MSPs
calculated from one donor star model. The solid lines
represent characteristic ages, t, and the dotted lines are
spin-up lines calculated for a magnetic inclination angle,
o = 90°. The star indicates the radio MSP birth location for
the case presented in Fig. 1. The two triangles indicate
approximate locations (36) of the AXMSPs SWIFT ]1756.9
—2508 (upper) and SAX 1808.4—3658 (lower). Observed
MSPs in the Galactic field are shown as dots [data taken
from the ATNF Pulsar Catalogue, December 2011]. All the
measured P values are corrected for the Shklovskii effect, a
kinematic projection effect that affects the apparent value of
P for pulsars (37). If the transverse velocity of a given pulsar
was unknown, | used a value of 72 km s™, the median value
of the 44 measured MSP velocities. The average spin periods

0.1 of AXMSPs and radio MSPs are indicated with arrows at the
" bottom of the diagram (8).

Spin period, P (sec)
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will slow down their spin rates with time after the
RLDP. However, they cannot explain the apparent
difference in spin distributions between AXMSPs
and radio MSPs, because radio MSPs, which
have weak surface magnetic field strengths, could
not spin down by the required amount even in a
Hubble time. The true age of a pulsar (23) is given
by t = P/((n— 1)P)[1 = (Py/P)""]. Assum-
ing an evolution with a braking index n =3
and B = 1.0x 10% G, the time scale ¢ is larger
than 10 Gy, using Py = (P)axmsp = 3.3 ms and
P(t) = (P)msp = 5.5 ms. To make things worse,
one has to add the main-sequence lifetime of the
LMXB donor star, which is typically 3 to 12 Gy,
thereby reaching unrealistic large total ages. Al-
though the statistics of AXMSPs still has its basis
in small numbers and care must be taken for both
detection biases (such as eclipsing effects of radio
MSPs) and comparison between various sub-
populations (8), it is evident from both observa-
tions and theoretical work that the RLDP effect
presented here plays an important role for the
spin distribution of MSPs.

The RLDP effect may also help explain a few
other puzzles, for example, why characteristic (or
spin-down) ages of radio MSPs often largely ex-
ceed cooling age determinations of their white
dwarf companions (24). It has been suggested
that standard cooling models of white dwarfs may
not be correct (25-27), particularly for low-mass
helium white dwarfs. These white dwarfs avoid
hydrogen shell flashes at early stages and retain
thick hydrogen envelopes, at the bottom of which
residual hydrogen burning can continue for sev-
eral billion years after their formation, keeping the
white dwarfs relatively hot (~10* K) and thereby
appearing much younger than they actually are.
However, it is well known that the characteristic
age is not a trustworthy measure of true age (28),
and the RLDP effect exacerbates this discrepancy
even further. In the model calculation presented
in Fig. 1, it was assumed that B = 1.0 x 103G
and ¢ = 1.0. However, Pj and 1y depend strong-
ly on both B and ¢. This is shown in Fig. 2, where
I have calculated the RLDP effect for different
choices of B and ¢ by using the same stellar
donor model [i.e., same M(¢) profile] as before.
The use of other LMXB donor star masses, met-
allicities, and initial orbital periods would lead
to other M(¢) profiles (16, 17) and hence different
evolutionary tracks. The conclusion is that recycled
MSPs can basically be born with any characteristic
age. Thus, we are left with the cooling age of the
white dwarf companion as the sole reliable, although
still not accurate, measure as an age indicator.

A final puzzle is why no sub-millisecond pul-
sars have been found among the 216 radio MSPs
detected in total so far. Although modern obser-
vational techniques are sensitive enough to pick
up sub-millisecond radio pulsations, the fastest
spinning known radio MSP, J1748-2446ad (29),
has a spin frequency of only 716 Hz, correspond-
ing to a spin period of 1.4 ms. This spin rate is
far from the expected minimum equilibrium spin
period (8) and the physical mass shedding limit

of about 1500 Hz. It has been suggested that grav-
itational wave radiation during the accretion phase
halts the spin period above a certain level (30, 37).
The RLDP effect presented here is a promising
candidate for an alternative mechanism, in case a
sub-millisecond AXMSP is detected (8).
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Revealing the Superfluid Lambda
Transition in the Universal
Thermodynamics of a Unitary Fermi Gas

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein*

Fermi gases, collections of fermions such as neutrons and electrons, are found throughout nature, from
solids to neutron stars. Interacting Fermi gases can form a superfluid or, for charged fermions, a
superconductor. We have observed the superfluid phase transition in a strongly interacting Fermi gas by
high-precision measurements of the local compressibility, density, and pressure. Our data completely
determine the universal thermodynamics of these gases without any fit or external thermometer. The
onset of superfluidity is observed in the compressibility, the chemical potential, the entropy, and the heat
capacity, which displays a characteristic lambda-like feature at the critical temperature T/T; = 0.167(13).
The ground-state energy is % EN Ep with & = 0.376(4). Our measurements provide a benchmark for

many-body theories of strongly interacting fermions.

Water freezes into ice, electron spins sud-
denly align as materials turn into magnets,
and metals become superconducting. Near the

Phase transitions are ubiquitous in nature:

transitions, many systems exhibit critical behav-
ior, reflected by singularities in thermodynamic
quantities: The magnetic susceptibility diverges
at a ferromagnetic transition, and the specific heat
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