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Is GRO J1744-28 a Strange Star?
K. S. Cheng,* Z. G. Dai, D. M. Wei, T. Lu

The unusual hard x-ray burster GRO J1744-28 recently discovered by the Compton
Gamma-Ray Observatory can be modeled as a strange star with a dipolar magnetic field
of =10"" gauss. According to this model, when the accreted mass of the star exceeds
some critical mass, its crust breaks, resulting in the conversion of the accreted matter
into strange matter and a release of energy. Subsequently, a fireball forms and expands
relativistically outward. The expanding fireball interacts with the surrounding interstellar
medium, causing its kinetic energy to be radiated in shock waves and producing a burst
of x-ray radiation. The burst energy, duration, interval, and spectrum derived from such
a model are consistent with the observations of GRO J1744-28.

Gro J1744-28 is a previously unknown
type of x-ray transient source that was dis-
covered on 2 December 1995 by the Burst
and Transient Source Experiment (BATSE)
on the Compton Gamma-Ray Observatory
(GRO) (1). The bursts were detected up to
energies of ~75 keV with intervals between
bursts of ~200 s initially. After 2 days, the
burst rate dropped to ~1 per hour (2). How-
ever, by 15 January 1996 the burst rate had
increased to ~40 per day. The burst dura-
tions were ~10 s. The burst fluences (25 to
60 keV) ranged from 1.7 X 1077 to 6.8 X
1077 ergs cm™?; the average fluence S = 2.7
(£0.9) X 1077 ergs cm~*. The position of
the source is near the galactic center. For a
distance of ~7.5 kpc, the average peak lu-
minosity was ~2 X 10°% ergs 5™, with a flux
of ~3 X 10 %rgs cm 2 s~ L.

Analysis of the BATSE data indicated
that the source is a binary pulsar with a
pulsation period of 0.467 s, a companion
with a mass of 0.22 to 1.0 M, (where M is
the mass of the sun) and a binary orbital
period of 11.8 days (3). Because the x-ray
mass function is small (~1.31 X 107% Mg),
the system must be nearly face-on to an
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observer from Earth, with an inclination
angle of ~18° (3-5). Furthermore, for the
measured rotation period derivative to be
consistent with standard accretion torque
theory (6), the persistent luminosity of the
source at its peak should be close to the
Eddington limit (4) and the surface dipole
magnetic field of the pulsar should be
=10"" G (3-5). From the observed pulsed
fraction and the pulsar’s x-ray spectrum, the
strength of the local surface magnetic field
is estimated to be several teragauss (4). In
addition, the proportional counter array
(PCA) experiment (2 to 60 keV) on the
Rossi X-ray Timing Explorer (RXTE) (7)
had detected GRO J1744-28 during the
period 18 January to 10 May 1996. The
observations showed that after the earlier
large bursts, the flux dipped below the pre-
burst level by as much as 25 to 30% and
then made a slow quasi-exponential recov-
ery back toward the preburst level. The
observed recovery period lasted up to
~1000 s for some bursts, but most bursts
recovered in a few hundred seconds.

The properties of the hard x-ray bursts
(HXRBs) from GRO J1744-28 differ from
those of other known high-energy bursts—
x-ray bursts, soft y-ray bursts, and +y-ray
bursts. First, the HXRBs are probably not
type I x-ray bursts (8). Thus, thermonuclear
flashes in matter accreted onto the surface
of a neutron star may not produce HXRBs.
Second, the durations of the HXRBs are
several hundred times those of the three
soft y-ray repeaters, even though these two
kinds of bursts have similar repeat times and

29. We thank the captain and crew of the CCGS Louis S.
St. Laurent for their efforts, K. Ellis for logistical sup-
port, S. Pike and R. Nelson for collecting the sam-
ples, and L. Hettinger for assistance with the analy-
ses. M. Charette made helpful comments on the
manuscript and J. Adkins stimulated examination of
the 230Th/2%2Th ratios. We would also like to thank
two anonymous reviewers for their comments. Sup-
ported by NSF and the Office of Naval Research.

22 December 1997; accepted 17 February 1998

spectra. Third, the HXRBs are different
from +y-ray bursts, because y-ray bursts do
not have fast repeat times and their spectra
are much harder. On the other hand, the
repeat times and spectra of the HXRBs are
somewhat similar to those of type Il x-ray
bursts from the rapid burster (2, 8). This
suggests that some accretion instability may
be a mechanism for producing HXRBs.
Cannizzo (9) studied the global, time-de-
pendent evolution of the Lightman-Eardley
instability, which might account for some
observational features of the HXRBs. Here,
we propose an alternative model in which a
strange star accretes matter from its low-
mass companion.

Strange matter (bulk quark matter) is
conjectured to be more stable than had-
ronic matter (10). The existence of strange
matter is allowable within uncertainties in-
herent in a strong-interaction calculation
(11); thus, strange stars may exist in the
universe. Strange stars have crusts with
masses of ~107°Mg, (12). However, the
postglitch behavior of pulsars can be de-
scribed by the neutron-superfluid vortex
creep theory (13), which requires a crustal
mass of =107°Mg,. The conversion of a
neutron star to a strange star may require
the formation of a strange matter seed,
which is produced through the deconfine-
ment of neutron matter at a density of ~7
to 9 py (where p, is the nuclear matter
density), much larger than the central den-
sity of a 1.4Mg, neutron star with a moder-
ately stiff to stiff equation of state (14).
These two features suggest that strange stars
may be formed in low-mass x-ray binaries
(15) because when the neutron star in a
low-mass x-ray binary accretes sufficient
mass (perhaps =0.4M), its central density
can reach the deconfinement density and
the whole star will then undergo a phase
transition to become a strange star. The
phase transition from nuclear matter to
strange matter under the condition of con-
served charge rather than constant pressure
may occur at a density as low as 2 to 3 p,
(16). If so, strange stars may be formed
during the evolution of protoneutron stars
(17). Some arguments against the existence
of strange stars should be kept in mind; for
example, the disruption of a single strange
star may contaminate the entire galaxy, and
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essentially all neutron stars may be strange
stars (18). In view of these uncertainties, we
should regard strange stars only as possible
stellar objects. According to standard accre-
tion torque theory (6) and Daumerie et al.
(4), the binary system of GRO J1744-28 is
nearing the end of the mass transfer phase.
If this is true, then the companion has
transferred mass of =0.4Mg to the pulsar
and now has a mass of ~0.22 to 0.5 M.

We next discuss the burst mechanism.
We assume that at large distances from the
proposed strange star, the magnetic field is
purely dipolar and the accretion flow is
spherically symmetric. We consider the
simple case of a pulsar with mass M., =
1.8Mg and radius Ry = 10° cm. The
Alfvén radius for spherical accretion, ob-
tained by balancing accretion and magnetic
pressure, is given by R, = 1.8 X 107 L7 %7
BY7 cm, where L. is the total accretion
luminosity of ~2 X 10°% ergs s™! (the Ed-
dington limit) and B, is the surface dipolar
magnetic field strength (in units of 2 X 10!°
G), which is close to the B. derived in (5).
For an assumed dipolar magnetic field ge-
ometry, sin? §_/r is a constant, where 0, is
the magnetic colatitude and r is the dis-
tance to the star. Thus, at the stellar surface
near a pole, the cross-sectional area of the
accretion column is A ~ 1.8 X 101 L2
B 47 cm?, and the conespondmg radius of
the accretion column is r, ~ 2.4 X 10° LY7
B, 47 em.

As the strange star accretes matter from
its companion, pressure is formed at the
base of the accreted matter near the polar
cap, because of the gravitational attraction
of the compact strange star. When this
pressure exceeds the critical stress of the
star’s thin crust, the crust may break. The
condition under which a crust-breaking
event takes place is given by phg = w0,
where p is the density at the base of the
accreted matter, h is the height of the ac-
cretion column, g is the surface gravity, w is
the shear modulus, and 0 is the shear angle
of the crust. For neutron stars in low-mass
x-ray binaries, 8 should be ~1073 to explain
the bimodal magnetic field distribution of
binary pulsars (19). We expect that 6 for
strange stars in low-mass x-ray binaries is
close to this value, because in both cases the
stellar crust is replaced by accretion mate-
rial. From (20), u. ~ 2.5 X 10?7 dyne cm 2,
and hence the column density of the ac-
creted matter is 0 = ph ~ 1.0 X 100 6_
cm 2, where 6_; = 6/10>. The interval
between crust-breaking events, T, can be
written as

L;SM B;,T4/7 s

(1)

where M is the mass accretion rate. As the

Ay .
~22%X10°0_,

T =
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luminosity attributable to accretion de-
creases or the magnetic field decays, 7, in-
creases. This time scale is consistent with
the typical observed intervals between the
HXRBs. However, the accreted matter may
diffuse away from the polar cap area A,
before it builds up enough pressure to break
the crust. We can estimate the diffusion
time of the accreted matter across the local
surface magnetic field of the polar cap, B,
which is assumed to be dominated by the
multipole field component and is stronger
than that of the dipolar field component.
The transverse velocity resulting from col-
lisional diffusion in the presence of a pres-
sure gradient (VP) is approxnnated by vy ~
1.3 X 10% ZTg*2 B VP ems™! (21),
where Z =1 hydrogen and Tg is the matter
temperature (in units of 108 K). In the
present case, VP ~ l.l,e/T , so the diffusion
velocity is

vy~ 2 X 107 T332

)
XL_WBm( ) cms b (2)

IOG

Thus, the time scale for the accreted matter

to diffuse over a length of ~1 km is at least
10% s, which is much longer than 7,.

After the crust has been broken, the
accreted matter will fall into the strange-
matter core within ~1 ms. Two kinds of
energy are subsequently released: (i) gravi-
tational energy (~2 MeV per nucleon),
because of the movement of the accreted
matter from the stellar surface to the base of
the crust, and (ii) deconfinement energy
(~30 MeV per nucleon), because of the
conversion of the accreted matter to more
stable strange matter (22). The total re-
leased energy is E,, ~ 5.5 X 10%° 9_, L2/
B #7 ergs. Because the total volume of the
strange-matter blobs formed during the
conversion of accreted matter is small
(~10° cm?), most of E... will be radiated
through photons from the surfaces of the
blobs. However, a fraction of the radiation
energy may be absorbed and then reradiated
as neutrinos, which pass almost freely
through the crust. Thus, it is expected that
about half of the total released energy may
be finally radiated in photons that form a
fireball of volume ~A | (where | is close to
the crustal thickness, ~10* cm). Assuming
that € is the ratio of the fireball energy to
the total released energy, we obtain the
fireball energy

E‘Y ~ 2.8 X 1040 EI/Z 673 L?/7 B;4/7 ergs
(3)

where &, = 2& Let T, be the initial tem-
perature of the fireball. By using the expres-
51011 ”/4 aT} Al ~ Ev (where a = 7.6 X
107" ergs cm 3 K% is a constant), we
obtain

To~52x 107 &3 014K (4)

The fireball must be contaminated by bary-
ons, and we can estimate the amount of
contamination. The radiation-dominated
outflow begins when the radiation energy
density u, = V4 aT{ is equal to the gravi-
tational enelgy denmty u, = GMp/r (where
G is the gravitational constant) orp = 8.7
X 10°[To/(10°K)]* g cm ™. From (23), the
column density for the radiation dominated
surface layer is given by O‘ ~3 X108 ;1B
[p/(10% g con2)]*® g cm ™2, where ., is ‘the
mean molecular weight per electron (u, =
1 for hydrogen). Therefore, the amount of
the baryons loaded with the fireball is ap-
proximated by

AM ~ o'A, ~ 1.4 X 10'8
XEROBLIBTy )

Thus, the ratio of the initial fireball energy
to the rest energy of the contaminating
baryons is defined as

n=gya < 2ERR e ()
The fireball will expand outward because of
the large optical depth of photon-electron
scattering. Because AM/Mg, > 1.7 X 1071¢
(E,/10*! ergs) (24), most of the initial fire-
ball energy will be converted into the bulk
kinetic energy of the baryons during the
expansion. When the optical depth reaches
a value of 1, therefore, the rest radiation
energy becomes negligibly small. Fortunate-
ly, as suggested by Mészaros and Rees (25),
the expanding shell (having a relativistic
factor I' ~ m) will interact with the sur-
rounding medium, and its kinetic energy
will be converted into the random energy of
the shell by shock waves and finally radiat-
ed through nonthermal processes in these
shock waves. The time scale for radiation is
approximated by
T, ~ O‘IEI/;O(F/IOZ)_S/3 ng 'Ps
~ 90&}/12/9 eL13/9 L%/ZI B;MZ] ”51/3 s (7)
(25), where E_,, is the fireball energy (in
units of 104 elgs) and n, is the interstellar
density (~1 cm™). This time scale is con-
sistent with the typical observed durations
of the HXRB:s.

Electrons can be accelerated by shock
waves to high energy with the minimum
Lorentz factor vy, ~ (m,/m)I" (where m
and m, are the masses of the proton and
dectlon, respectively), assuming that all
particles behind the shock waves have the
same energy. If the shock waves can pro-
duce approximate equipartition between
the magnetic field energy density and the
particle energy density, then the strength of

the magnetic field is B = 0.3I'n}/? G (25).
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The typical synchrotron photon energy €,
emitted by electrons with the Lorentz factor
Youin 2t the observer’s frame is

g, = 1&;3P 0°4° nl? KeV (8)

The diffusion shock wave acceleration can
produce a power-law electron spectrum,
dNe/d'y - 'Y#p’ 'ymin = Y = 'ymax’ Where Ne
is the electron number and the spectral
index p is typically between 2 and 3 (26).
For photon energies greater than ¢, the
synchrotron radiation for electrons with
such a distribution has a spectrum with a
power-law form and a photon index of a =
—(p + 1)/2 (27). Hence, the theoretical
value of a may be in the range —1.5 to -2.0.
This result is consistent with observations
by the Oriented Scintillation Spectrometer
Experiment (OSSE) (28) and by RXTE (7),
which gave & = —(2.0 = 0.6) and o ~ —1.3,
respectively.

The bursting spectrum for our radiation
model is similar to the spectrum of the
persistent emission observed in (7, 28).
Theoretically, the radiation processes at the
surface near a magnetic pole of the accret-
ing strange star are complicated, and these
processes are beyond the scope of this re-
port. Some models of the radiation process-
es of an accreting neutron star with a rather
strong magnetic field may give power-law
spectra with an index near —1.5 (29). In
addition, the spectrum does not evolve dur-
ing the bursting period, because the spectral
index for the electron distribution behind
the shock wave during the shell’s expansion
is unlikely to change (30).

We can estimate the recovery time scale
as follows. When a burst occurs, the huge
radiation pressure will push the accreted
matter outward over a distance Ar ~
(E,RA /LR, ..), where L is the accre-
tion luminosity and v, is the radial velocity
of the accreted matter. After a burst, the
accreted matter will fall back toward the
strange star over a time T, ~ Arfo, ~ 2.4 X
10° &,,, 6_5 L' s, which is consistent with
the typical observed recovery time scale (7).

We can compare other characteristics
determined from Egs. 1, 3, and 7 with the
observations. First, the RXTE observations
on GRO ]1744-28 between 29 January and
26 April 1996 (7) indicate that the data for
the nonbursting flux from this source can be
approximately fitted with the straight-line
flux (measured in units of 1073 of the flux
from the Crab Nebula) = 2703.3 — 23.0D,
where D is the day number in 1996. If this
expression can be extrapolated to Decem-
ber 1995, the ratio of the persistent flux on
5 December 1995 to the persistent flux on
30 January 1996 is ~1.6. Because the inter-
val time scale is proportional to L; 7 (Eq.
1), the ratio of the typical interval time
scale for the HXRBs on 30 January 1996 to
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that on 5 December 1995 is ~1.4. The
observations from RXTE on 30 January
1996 (7) and BATSE on 5 December 1995
(2) showed that this ratio is ~1.38. There-
fore, Eq. 1 is consistent with the observa-
tions. Second, for our model, the bursting
flux is obtained by dividing Eq. 3 by Eq. 7,
and this flux is proportional to L#?!. This
means that the bursting flux is weakly de-
pendent on the persistent flux, in agree-
ment with the observations from BATSE
(2, 8) and OSSE (28).

The surface radiation in the crust-break-
ing region during the bursts should show
pulsations whose amplitude is close to that
of pulsations during the nonbursting peri-
ods. This model agrees with the observa-
tions from OSSE (28) and RXTE (31).
However, the RXTE results indicate that
the bursting flux seems approximately lin-
early proportional to the persistent flux (32,
33). On the other hand, accretion instabil-
ity models indicate that during this insta-
bility, a great deal of matter falls onto the
surface near a magnetic pole of the pulsar,
and subsequently a large amount of gravita-
tional energy is released and an HXRB is
formed. If this is correct, pulsations during
the bursts should be detected whose ampli-
tude is much larger than that of pulsations
during the nonbursting periods.

A similar strange star model was recently
proposed to explain the soft y-ray repeaters
(34). There are several key differences be-
tween the soft y-ray repeater model and our
model: (i) The crust cracking of the soft
y-ray repeater model results from the spin-
down of the strange star instead of accre-
tion. (ii) The amounts of energy released
from these two mechanisms differ by two
orders of magnitude. (iii) The strengths of
the dipolar magnetic fields in these two
kinds of sources also differ by two orders of
magnitude. (iv) The time scales of energy
release are different by at least one order of
magnitude. These differences make the
magnetic energy density of the soft y-ray
repeaters stronger than the radiation energy
density, and therefore the fireball mecha-
nism cannot be developed.
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