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X-ray Flares from Postmerger
Millisecond Pulsars

Z. G. Dai,™* X. Y. Wang,* X. F. Wu,? B. Zhang®

Recent observations support the suggestion that short-duration gamma-ray bursts are produced by
compact star mergers. The x-ray flares discovered in two short gamma-ray bursts last much longer
than the previously proposed postmerger energy-release time scales. Here, we show that they can
be produced by differentially rotating, millisecond pulsars after the mergers of binary neutron
stars. The differential rotation leads to windup of interior poloidal magnetic fields and the resulting
toroidal fields are strong enough to float up and break through the stellar surface. Magnetic
reconnection—driven explosive events then occur, leading to multiple x-ray flares minutes after the

original gamma-ray burst.

amma-ray bursts (GRBs) are flashes of
Ggamma rays occurring at the cosmolog-

ical distances. They fall into two classes
(1): short-duration (<2 s) hard-spectrum bursts
and long-duration soft-spectrum bursts. Long
GRBs result from core collapses of massive stars
(2), and short GRBs appear to be produced in
mergers of neutron star binaries or black hole—
neutron star binaries (3—9). Recently, thanks to
accurate localizations of several short GRBs
(3, 6, 8) by satellites Swift and High Energy
Transient Explorer 2 (HETE-2), the multiwave-
length afterglows from these events have been
detected and the associated host galaxies
have been identified. The observations pro-
vide a few pieces of evidence in favor of the
binary compact object merger origin of short
GRBs (1/0-12). Because it takes ~0.1 to 1 bil-
lion years of gravitational wave radiation
before the binary coalesces, at least some
short GRB host galaxies should contain a
relatively old stellar population. Because neu-
tron stars in the binary system usually receive
a very high natal velocity, the merger site is
preferably at the outskirt of the host galaxy,
and the circumburst medium density is like-
ly low. These characteristics have been re-
vealed by recent observations: First, the
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identified elliptical galaxies associated with
GRB 050509B (3, 4) and GRB 050724 (8, 9)
suggest that these hosts are early-type galaxies
with a low star-formation rate, ruling out
progenitor models invoking active star forma-
tion. Second, the nondetection of any super-
nova signal from GRB 050709 indicates that
short bursts are not associated with collapses
of massive stars (5, 7). Third, afterglow mod-
eling of GRB 050709 suggests a low-density
environment (/3), which is consistent with that
of the outskirt of the host galaxy or that of an
intergalactic medium.

However, the above merger origin was
recently challenged by the discovery of x-ray
flares occurring after two short bursts. X-ray
flares were discovered to occur at least ~100 s
after the triggers of the short GRB 050709 (5)
and GRB 050724 (8). These flares require that
the central engine is in long-lasting activity.
This requirement conflicts with the current mod-
els involving neutron star-neutron star mergers
(14, 15) or neutron star-black hole mergers (/6),
because all of these models are attached to a
common postmerger picture that invokes a black
hole surrounded by a torus. The predicted typical
time scales for energy release are much shorter
than >100 s, as observed in GRBs 050709 and
050724. Therefore, understanding the origin
of x-ray flares from short bursts is currently
of great interest. Here, we show that such flares
can be produced by differentially rotating, milli-
second pulsars with typical surface magnetic
fields that occur after the mergers of binary
neutron stars.

In the conventional scenarios of short
bursts (/0—12), after the merger of a neutron

star binary, a stellar-mass black hole is formed
with a transient torus of mass ~1 to 10% of
the total. These scenarios are valid if the total
mass (~2.5 to 2.8 M, where M is the solar
mass) of the postmerger object is larger than
the maximum mass of a nonrotating Tolman-
Oppenheimer-Volkoff neutron star, M___ .
This is valid if the nuclear equation of state
(EOS) is soft to moderately stiff (/7).
However, the total mass of the postmerger
object is smaller than M ., for very stiff
EOSs on the basis of mean field theory (/7).
Timing observations of the millisecond pulsar
J0751+41807 in a circular binary system with
a helium white-dwarf companion (/8) reveal
the existence of a neutron star with mass of
2.1 £ 0.2 M (at the 1o confidence level).
This measurement implies that the maximum
mass of nonrotating neutron stars must be
larger than 2.1 Mg so that stiff EOSs are
favored. Furthermore, recent general relativ-
istic numerical simulations (/7, 19) have
shown that for stiff to very stiff nuclear EOSs,
the postmerger object is indeed a differential-
ly rotating massive neutron star with period of
~1 ms, because uniform rotation and differ-
ential rotation can support a maximum mass
~20 and ~50% higher than M__ ,, re-
spectively. It is therefore reasonable to as-
sume the existence of a differentially rotating
millisecond pulsar after a double neutron star
merger. Such a pulsar should also be sur-
rounded by a hot torus with mass ~0.01 to 0.1
Mg, Similar to the previous scenarios, a short
burst may be produced by the Parker in-
stability in the torus (//) or the annihilation of
neutrinos emitted from the torus (/2).

After the GRB trigger, differential rotation
starts to wind the interior magnetic field into
a toroidal field (20, 21). To represent physical
processes of windup and floating of the
magnetic field, we considered a simple two-
component model in which the star is divided
into two zones with a boundary at the radius
R, = 0.5 R, (where R, is the stellar radius): the
core and the shell components. Their moments
of inertia are /, and I, and their angular
(rotation) velocities are Q and €, respectively.
The differential angular velocity is then AQ =
Q. — Q_ and its initial value (marked by a
subscript zero) is taken as (AQ), = A4,Q_,
(where A, is the ratio of the initial differential
angular velocity to the shell’s initial angular
velocity). If the radial magnetic field compo-
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nent is B,, then the toroidal field component B,
increases as

dBy
T = s, (1

There is a magnetic torque, Ty, = (¥/3)R3B.By,
acting between the core and shell (22). This
torque opposes the differential rotation. Another
torque results from magnetic dipole radiation,
Ty = 2B2RSQ3 /(3¢?), where ¢ is the speed of
light and B, = B, (here, € is defined by the
ratio of the effective surface dipole field
strength to the radial field strength). Under
action of these two torques, the angular
velocities of the shell and the core components
evolve according to

dQ

I
S dt

=Tm— Iq4 (2)

and

respectively. The torque from magnetic di-
pole radlatlon can be neglected if B, >
B.e(R./R.)*(R.L/c)’. This condition is easﬂy
satisfied at the time 7 > 1o = €24, 'Q_ (R./R.)’

(where 1, is ~ 0.2 ms for typlcal parameters).
Thus, from Egs. 1 to 3, we obtained

dzAQ 21
dr? 3[ I

BI(AQ)  (4)

where I = I + I_is the total moment of

inertia of the star. Lettmg
27 V2 B
T= (3” ch) =23 x10°(£/0.3)Bg s
cfs
(5)

where [, =/ =10% g - cm? and R, = 10° cm
are taken and B¢ is in units of 108 G, we
found a solution of Eq. 4:

AQ =A4Q; cos (1/7) (6)

This indicates that differential rotation would
behave as a resonator if there were no energy
dissipation.

The increasing toroidal field becomes un-
stable because of the buoyancy effect when B, =

)
B, =10'7 G (20). This corresponds to the time

By, 4
ty = ——— =4.8 x 107(¢/0.3
* BAoQso (6/03) (7)

=1 41
X B Ay Pooms $

where P, is the initial spin period of the
shell component in units of milliseconds.
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Comparing Eqgs. 5 and 7, we see that ¢ is
substantially less than t for 4, lps,O‘ms <1 and
that the differential angular velocity AQ is
approximately constant until the time ¢,. At this
time, the buoyant force is just equal to the force
from antibuoyant stratification existing in the
star. As the time increases, the buoyant force
acting on the toroid would begin to exceed the
antibuoyant force, and the toroid will float up
toward the stellar surface. The net force density
acting on this toroid is given by

BByApQs 0 (t - tb)
4mc?

fo= (8)

where c, is the speed of sound of the em-
bedding medium and g is the surface gravity. In
terms of Eq. 8 and Newton’s second law, we
obtained the buoyancy time scale for the toroid

to float up and penetrate through the stellar
surface:

127pR,.c; ” Vs
Aty = | PR 1L 026(e/0.3)"
b= {B BogdoQ,, 0} (e/0:3)

x By, P,

s.0ms S

©)

where p = 10% g cm 3 is the mass density of
the embedding medium, and the typical values
of the speed of sound and the surface gravity
are 10’ cm s~ ! and 10'# cm s 2, respectively.
This time scale is much shorter than #,, sug-
gesting that the toroid, after its field strength
reaches B, would rapidly float up to the stellar
surface.

Once penetrating through the surface, the
toroidal fields with different polarity may
reconnect (20), giving rise to an explosive
event. Its energy is

2
Ey = g—an = 1.6 x 105'ergs(%> (10)
where ¥, and V, are the toroid’s volume and
the stellar volume, respectively. This energy
depends on the toroid’s volume rather than on
the initial magnetic field and the stellar spin
period. An upper limit to the outflow mass
ejected is estimated by

Mymax = foVo/g ~ 0.9 x 107" Mo (e/0.3)

2 14
Y3 43D Y3 b
x Bl PsomS<V*)

(11)
Because of an initial huge optical depth, the
outflow will expand relativistically and its mini-
mum average Lorentz factor is

Domin = 1.0 x 10*(2/0.3)" B3 4," P,

s,0,ms

(12)

The x-ray flares observed at 7, . ~ #, =100 s
after GRBs 050709 and 050724 require that the

surface magnetic field of a central pulsar By ~
4.8 x10"(g/0.3)4; ' Py 0.ms (tpare /100 5) ' G.
For typical values (19, 22) of the model pa-
rameters (ie., 4, ~ 1, P, ~ 1 ms, and € ~
0.3), this field strength is in the range of the
surface magnetic fields of isolated pulsars.
Furthermore, it is characteristic of the stellar
magnetic field that has decayed in ~0.1 to 1
billion years before the merger of a neutron star
binary (23). Inserting this field into Eq. 12, we
found the minimum average Lorentz factor of
the outflow from a magnetic reconnection—
driven explosion, T ..~ 160(ty, /100 s)*
showing that the outflow is ultrarelativistic.
After the end of this event, a similar windup of
the interior magnetic field with B would start
again following the same processes described
above, leading to another explosion.

Collisions among the outflows with different
Lorentz factors would produce late internal shocks
and x-ray flares (24, 25). These shocks must
produce lower energy photons than did the earlier
internal shocks during the prompt GRB phase.
For the internal shock model, the characteris-
tic synchrotron frequency is v, ¢ L”* R, ~' o
LT, 728+~ ! (where L is the lummosr[y, 4, is the
shock radius, I, is the bulk Lorentz factor, and ¢
is the time interval between two adjacent energy
shells that the central engine ejects). The late, soft
flare is the result of the combination of a lower
luminosity and a longer time interval (than that of
the prompt emission, where 8¢ ~ ¢, in our flare
model). In addition, as the stellar differential
rotation weakens (i.e., 4, decreases), the time
interval 8¢ and the outflow’s Lorentz factor I'
increase (see Egs. 7 and 12). Because the maxi-
mum flux density of the synchrotron radiation
scalesas F, oc T, =3 (24), the flux density at
frequency v is F, = Fy max(V/Vn) IR Ced
[,~@8t " " for v > v in the slow-cooling
case (where p is the spectral index of the shock-
accelerated electrons) (26). Thus, the flare
occurring at later times has a smaller flux density
because of the larger Lorentz factor and longer
time interval. This result is consistent with the
observed reduced flaring activity of GRB 050724.
Therefore, our model can provide a self-consistent
explanation for all the observations including the
energetics (see Eq. 10) and the temporal and
spectral properties of the x-ray flares.

Generally speaking, the surface magnetic
field of the postmerger pulsar could have a
wider range than the preferred value invoked
here to interpret the ~100-s flares in GRBs
050709 and 050724. For stronger fields, this
would give rise to multipeaks in the prompt
phase (as observed in some short GRBs) or, if
the flares are not bright enough, they may be
masked by the steep decay component of the
prompt emission tail (25). For weaker fields, the
putative flares occur much later and are
energetically insignificant. This would give rise
to smoother x-ray afterglow lightcurves as in
several GRBs observed by Swift (e.g., GRB
050509B) (3).
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X-ray flares were observed in nearly half of
long Swift bursts (27, 28). Even though the two
classes of bursts have different progenitors
(namely collapsars for long bursts and binary
neutron star mergers for short bursts), similar
temporal properties (e.g., peak times and tem-
poral indices before and after the peaks) suggest
that the x-ray flares may have a common origin.
Therefore, we suggest that some long bursts
may originate from moderately magnetized
millisecond pulsars with hyperaccreting accre-
tion disks after the collapses of massive stars,
and their x-ray flares are the result of strong
interior differential rotation of these pulsars. The
differences in duration, energetics, and spectrum
for the two classes of bursts would be due to
different accretion disks [e.g., a transient torus
for short bursts (/0—12) and a fall-back accretion
disk for long bursts (29, 30)]. When the surface
magnetic fields are strong enough, the spin
down of this central engine pulsar would
provide energy injection to the postburst relativ-
istic outflow (37), which could interpret the late
x-ray humps detected in many GRBs (25, 28).
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Explaining the Color Distributions
of Globular Cluster Systems in

Elliptical Galaxies

Suk-Jin Yoon,™* Sukyoung Ken Yi,? Young-Wook Lee*

The colors of globular clusters in most large elliptical galaxies are bimodal. This is generally
taken as evidence for the presence of two cluster subpopulations that have different geneses.
However, here we find that, because of the nonlinear nature of the metallicity-to-color
transformation, a coeval group of old clusters with a unimodal metallicity spread can exhibit
color bimodality. The models of cluster colors indicate that horizontal-branch stars are the main
drivers behind the empirical nonlinearity. We show that the scenario gives simple and cohesive
explanations for all the key observations and could simplify theories of elliptical galaxy formation.

ne of the most outstanding discoveries
from observations of elliptical galaxies
over the past decade is the bimodal
color distribution of globular clusters, gravita-
tionally bound collections of millions of stars
(1-8). The phenomenon is widely interpreted
as evidence of two cluster subsystems with
distinct geneses within individual galaxies (9).
However, given the many ways of forming
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clusters in elliptical galaxies, it is surprising that
the cluster color distributions behave in an
orderly way. For instance, the numbers of blue
and red clusters in large galaxies are roughly
comparable (/-8); blue and red clusters are old
(>10 billion years) and coeval (9) and differ
systematically in spatial distribution and kine-
matics (5, 10-16); and their relative fractions and
peak colors strongly correlate with host galaxy
properties (2-8). Here, we propose a simpler
solution that does not necessarily invoke distinct
cluster subsystems and has a sound basis in both
empirical and theoretical relations between met-
allicity and colors.

A recent observation (&) reveals that the
g — z color (17) of clusters correlates with their

[Fe/H] (18) (Fig. 1A). The observed relation is
tight enough to show a notable departure from
linearity with a slope rapidly changing at
[Fe/H] = —1.0. A closer inspection suggests
that it might follow an inverted S-shaped
“wavy” curve with a quasi-inflection point at
[Fe/H] = —0.8. To examine this indication, we
overplotted predicted colors of 13-billion-years
(Gy) clusters from two different models (19, 20).
Although there is good agreement between
the models, they predict systematically redder
colors for the [Fe/H] = —1.0 clusters that serve
as key part of the possible inverted-S shape of
the observed relation. We present our equivalent
13-Gy models with the [Fe/H] grid spacing of
A[Fe/H] = 0.1 (Fig. 1B), a resolution sufficient to
sample the region of [Fe/H] = —1.0. The main
asset of our model is the consideration of the
systematic variation in the mean color of
horizontal-branch (HB) stars as a function of
[Fe/H] (21-24). The version of our model that
excludes the prescription for the systematic HB
variation, although showing agreement with the
other models, does not match the observations
as well. However, by including the realistic
HB variation we can reproduce the clusters
with [Fe/H] = —1.0 and, in turn, the observed
wavy feature. This suggests that the wavy
feature along the sequence defined by the
observed clusters is real.

The observed wavy feature in the metallicity-
color relation is a result of two complementary
effects (Fig. 1B): (i) The integrated color of the
stars before the HB stage (i.e., the main se-
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