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Is GRO 11 744-28 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 ~ 1 0 ' '  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 dls- 
co\~ered o n  2 December 1995 by the B~lrst 
and Transient Source Experiment (BXTSE) 
o n  the  Co~np ton  Gamma-Ray Observatory 
(GRO)  (1).  The  hursts were detected up to 
energies of -75 keV Ivith intervals betiyeen 
l~ursts of -200 s initially. After 2 Jays, the 

rate dropprd to - 1 per hour (2 ) .  HOLY- 
ever, hy 15 January 1996 tile burst rate haci 
increased to -40 per day. T h e  hurst dura- 
tions were -10 s. T h e  hurst f l ~ ~ e n c e s  (25 to 
60 keV) ranged from 1.7 x l C P '  to 6.8 X 

ergs cmP2; the a17erage flllellce S = 2.7 
( t 0 . 9 )  X lCP' ergs cmP'. T h e  position of 
the  source is near the galactic center. For a 
distance of -7.5 kpc, the  average peak lu- 
nlinosity was -2 x l0'%rgs s-', n.lth a flus 
o t  -3 x 10P'ergs cm--' sP1.  

Analysis of tile BATSE data indicated 
that the  source is a binary pulsar [vith a 
pulsation period of 0.467 b ,  a conlpanion 
with a mass of 0.22 to  1.0 M ,  (where M5 is 
the  Inass of the  sun) and a binary orbital 
period of 11.8 days (3) .  Because the  x-ray 
mass function is small ( -  1.3 1 X 1CP4 M,?), 
the system must he nearly face-on to a n  
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observer from Earth, wit11 a n  inclination 
angle of -18" (3-5). Furthermore, for the  
lneas~lred rotation nerioci derivative to be 
consistent n.ith standard accretion torque 
theory (6 ) ,  the  persistent luminosity of tile 
source a t  its peak should he close to  the  
Eddington limit (4 )  anci the  surface dipole 
magnetlc field of the  pulsar should he 
5 10" G 13-5). From the  observed nulsed 
fraction and the  pulsar's x-ray spectrum, the  
strellirth of the  local surface ~nagnet ic  field 
is estimated to be s e ~ ~ e r a l  teragauss (4) .  In 
addition, the  proportional counter array 
( P C A )  experiment (2 to  60 keV) o n  the  
Rossi X-ray Timing Explorer (RXTE) (7) 
haci cietected G R O  J1744-28 during tile 
perioci 18 J a n ~ ~ a r y  to 10 May 1996. T h e  
observations sho~ved that after tile earlier 
large l~ursts, the  flux dipped helow the  pre- 
burst level by as much as 25 to 30% and 
then made a sloa7 quasi-exponential recoy- 
erv back toa7ard tile vreburst level. T h e  
ohserved recovery period lasted up to  
-1000 s for some hursts, hut most bursts 
recovered in  a few hundred seconds. 

T h e  properties of tile hard x-ray bllrsts 
(HXRBs) from G R O  Jl744-28 differ fro111 
those of other known high-energy hursts- 
x-ray bursts, soft y-ray bursts, and y-ray 
hllrsts. First, the  HXRBs are nrobablv not 
type I s-ray bursts (8). Thus, thermonl~clear 
flashes in matter accreted onto  the  surface 
of a neutron star lnay not produce HXRBs. 
Second, the durations of the  HXRBs are 
several l l~lndred times those of the  three 
soft y-ray repeaters, e\-en though these ta70 
kincis of bursts have silnllar repeat times and 

spectra. Third, the  HXRBs are different 
from y-ray bursts, hecause y-ray hursts do 
not  have fast repeat times and their spectra 
are much harder. On the other hand, the  
repeat tilnes and spectra of the  HXRBs are 
somea7hat similar to those of type I1 x-ray 
hursts fronl the  r a p d  burster ( 2 ,  8). This 
suggests that some accretion instability may 
be a mechanism for producing HXRBs. 
Cannizso (9 )  st~ldied the  global, time-de- 
pendent evolution of the  Lightman-Eardley 
instability, \vllich might account for some 
observational features of the  HXRBs. Here, 
we propose an alternative lnodel in  which a 
strange star accretes matter from its lo\\-- 
Inass comnanion. 

Strange matter (bulk quark matter) is 
coniectured to he more stahle than  hac3- 
sonic matter (10) .  T h e  existence of strange 
matter is allowable a7ithin uncertainties in- 
herent in  a strong-interaction calculat~on 
(1 1 ) ;  thus, strallge stars may exlst in  tile 
universe. Strange stars have crusts with 
masses of - 1 C P 5 M ,  (12).  Ho\ve\.er, the  
postglitch behavior hf p~llsars can he de- 
scriheci hv the  neutron-superfluid vortex 
creep tiledry (13) ,  which rLcluires a crustal 
Inass of 1 > 1 0 ~ ' M , .  T h e  conversion of a 
neutron star to a strange star may require 
the  forlnation of a strange matter seed, 
which is produced through tile deconfine- 
merit of neutron ~ n a t t e r  at a density of -7 
t o  9 p, (\\here p, is the  nuclear matter 
~lensity),  much larger than  the  central den- 
sity of a 1.4M,,, neutron star with a moder- 
ately stlff to stiff equation of state (14) .  
These trvo features suggest that strange stars 
may he forlned in lo\\.-mass x-ray binaries 
i l 5 )  hecause when the  neutron star in a , , 

loa7-mass x-ray hinary accretes sufficient 
Inass (perhaps 20 .4M,) ,  its central density 
can reach the  deconfinelnent density and 
tile a ~ h o l e  star \\.ill tile11 undergo a 'hase 
transition to become a strange star. T h e  

transition from nuclear matter to 
strange matter under the  condition of con- 
served charge rather than constant pressure 
may occur a t  a density as low as 2 to  3 pi, 
(16).  If so, strange stars may he fi~rmed 
during the  evolution of protoneutron stars 
(1 7). Some argunlents against tile existence 
of strange stars s l l o ~ ~ l d  he kept in mind; for 
example, the  disruption of a single strange 
star may conta~ninate  tile entire galaxy, and 
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essentially all neutron stars may he strange 
stars (18).  In  vie\\! of tllese uncertainties, we 
sho~lld regard strange stars only as possihle 
stellar objects. According to standard accre- 
tion torque theory (6)  and Daumerie e t  a!. 
(4), the  hinary system of G R O  Jl744-28 is 
nearing the end of the  Inass transfer phase. 
If t i i s  1s true, then the  companion has 
transferred mass of 20.4M, to the  pulsar 
and noa7 has a mass of - 0 . ' ~  to 0.5 M,,,. 

LVe next discllss the  burst mecilanism. 
W e  assume that a t  large distances from the 
proposed strange star, the  magnetic field is 
purely c3ipolar and the  accretion flow is 
snhericallv svmmetric. Lye consider tile , , 
simple case of a p~llsar with Inass MFulrdT = 

1.8M3 :and radius R ,,, = 10' cm. T h e  
Alf~::Cn radius for spherical accretion, oh- 
tained hy halancing accretion and nlagnetic 
pressure, is g i l~en hy Rq = 1.8 X 10' L T " ~  
Bq' cm, where L is the  total accretion 
l~~minos i ty  of -2 X lo3' ergs s-l (tile Ed- 
dington limit) and B is the  surface dipolar 
magnetic field strengtil ( in  units of 2 X 10" 
G ) .  rvhicil is close to the  B derived in (5) .  
For a n  assumed dipolar magnetic field ge- 
ometry, sin' 8,,,/r is a constant, where 8 , ,  is 
the  magnetic colatitude and r is the  dis- 
tance to the  star. Tilus, a t  tile stellar surface 
near a pole, the cross-sectional area of the  
accretion c o l l ~ ~ n n  is '4, ;= 1.8 x 1C" Lf" 
B-4/' c1n2, and the  corresponding radius of 
the accretion column is r, = 2.4 X 10' L!" 
BP'/' cm. 

As the  strange star accretes lnatter fronl 
its companion, pressure is formed at  the  
base of the  accreted matter near the  polar 
cap, hecause of the  gravitational attraction 
of the  conlpact strange star. \Vile11 this 
pressure exceeds the  critical stress of the  
star's th in  crust, the  crust may hreak. T h e  
condition under a~i l ich a crust-hreaking 
event takes place is given hy phg = p0 ,  
where p is the  density a t  the  hase of the 
accreted matter, h is the  height of the  ac- 
cretion column, g is the  surface gravity, p. is 
the  silear modulus, and 0 is tile shear angle 
of the  crust. For neutron stars in low-mass 
x-ray binaries, 8 should he -lo-' to explain 
the  hinlodal magnetic field distribution of 
hinary pulsars (19).  \Ve expect that 0 for 
strallge stars in  lev-mass x-ray hinaries is 
close to this value, hecause in hoth  cases the  
stellar crust is replaced hy accretion mate- 
rial. From (2L1), IJ, = 2.5 X 10" dyne cn- ' ,  
and hence the  column density of the  ac- 
creted matter is a = ph ;= 1.0 x 10'' H P 3  g 
cm-', where H-.3 = 0/1CP3. T h e  interval 
hetween crust-hreaking events, T , ,  can he 
written as 

where li? is the  Inass accretion rate. As the  

luminosity attrlhutahle to  accretion de- 
creases or the  magnetic field decays, T, in- 
creases. This time scale is consistent with 
the  typical observed intervals hetween the  
HXRBs. However, t he  accreted lnatter may 
diffuse arvay from tile polar cap area A,, 
hefore it builds up enough pressure to  hreak 
the  crust. LVe can estimate tile diffus~on 
time of the  accreted lnatter across the  local 
surface magnetic field of the  polar cap, Bs, 
which is assumed to  he dominated tile 
multipole field component anc3 is stronger 
than that of the  dipolar field component. 
T h e  transverse velocity resulting from col- 
lisional difflision in tile presence of a pres- 
sure gradient (GP) is approxi~nated hy L , ~ ,  - 
1.3 x 10' Z T i 3 / ' B ~ '  TP c m s - '  (21),  
wilere Z = 1 hydrogen and T,, is the  lnatter 
temperature ( in  units of 10' K) .  In  tile 
present case, TP - p.8/r1,, so the  d i f f~~s ion  
velocity is 

Thus, tile tlrne scale for the  dcc~eted 1n;ltter 
to diffuse over a length of - 1 km is a t  least 
10%, a~h ic i l  is much longer than 7,.  

After the  crust has heen broken, tile 
accreted lnatter will fall into the  strange- 
matter core within -1 Ins. Two kinds of 
energy are subsequently released: ( i )  gra1.i- 
tational energy (-2 MeV per n~lcleon) ,  
hecause of the  movement of the  accreted 
matter fro111 the  stellar surface to the  base of 
the  c r ~ ~ s t ,  and (ii)  deconfillement energy 
(-30 Ale\: per nucleon),  hecause of tile 
conversion of tile accreted lnatter to Inore 
stahle strange matter (22).  T h e  total re- 
leased energy is EtL,, - 5.5 X lo4' 0-3 L'" 
B-"/' ergs. Because the  total volume of the  
strange-matter hlohs forlned during tile 
conversion of accreted matter is small 
(-10%tn3), most of E,,, n.ill he radiated 
through photons from the surfaces of the  
hlohs. However, a fraction of the  radiation 
energy may he ahsorhed and then reradiated 
as neutrinos, rvilich pass allnost freely 
through the  crust. Thus, it is expected that 
ahout half of the  total released energy may 
he finally radiated in  photons that for111 a 
firehall of ~ o l u m e  -,4,1 (where 1 is close to 
the  crustal thickness, -10' cm).  Assuming 
that 5 is tile ratio of the  firehall energy to  
the  total released energy, a7e obtain the  
fireball energy 

E, - 2.8 X 104"1:2 0-! L2/; B P ' " ~  ergs 
( 3  

wilere = 25. Let T, he the initial tem- 
perature of the  firehall. By using the expres- 
sion aT: A,l -, E_ (where a = 7.6 x 
1CP" ergs c n p 3  K-' is a constant), we 
ohtain 

T h e  firehall must he contaminated hy hary- 
ons, ani3 we can estimate the amount of 
contamination. T h e  radiation-dominated 
outfloa7 hegins \\hen tile radiation energy 
denslty u, = aTj is equal to  tile gravi- 
t a t ~ o n a l  energy density tlU = GMp/? (ivhere 
C; 1s the  gravitational coEstant), or p = 8.7 
x lCi[T,/(lC'%)]" c ~ n - ~ .  From (23) ,  the  
c o l ~ l ~ n l l  density for the  radiation-dominated 
surface layer is given hy a' = 3 X lCs p . ~ ' / ~  
[p/(lC" c111-~)]"' g cm-', where is the  
lnean molecular weight per electron ( p ,  = 

1 for llvdroeen). Tilerefore, the  amount of , c> 

the  haryons loaded wit11 tile firehall is ap- 
proximated hy 

Thus, the  ratio of tile initial firehall energy 
to the  rest energy of the  contaminating 
haryolls is defined as 

T h e  firehall will expand outrvard hecause of 
the  large optical depth of photon-electron 
scattering. Because AM/M,? > 1.7 x 
(E,/1C4' ergs) (24) ,  most of the  initial fire- 
hall enerev will be conr~erted into tile hulk 

L 7  1 

ki~le t ic  energy of the  haryons during tile 
expansion. W h e n  the  optical depth reaches 
a value of 1, therefore, the rest radiation 
energy becomes negligibly small. Fortunate- 
ly, as suggested hy M6ss;iros and Rees (25) ,  
the  expanding shell (ilaving a relativistic 
factor r - r)) will interact rvith tile sur- 
rounding medium, and its kinetic energy 
will he conr:ertec3 into the  random energy of 
the  shell hv silock waves and finally radiat- 
ed throl~gl; ~ l o n t h e r ~ n a l  processes ill  these 
silock waves. T h e  time scale for radiation is 

(25) ,  where E,,4J is the  firehall energy ( in  
~ ln i t s  of 10" ergs) anc3 n? is tile interstellar 
density (-1 c m ~ ~ ) .  This time scale is con- 
sistent wit11 the  typical ohserved durations 
of the  HXRBs. 

Electrons can he accelerated by silock 
waves to  high energy with the  minirnu~n 
Lorent: factor y ,,,,,, - (m,/ni,)r (where m, 
anci me are the  masses of tile proton and 
electron, respectively), assuming that all 
particles hehind the  silock waves have tile 
same energy. If tile shock waves can pro- 
duce approximate equipartition hetrveen 
the  magnetic field energy density and the  
particle energy density, then the  strength of 
the  magnetic field is B - 0.3rn4" G (25).  

:E VOL. 13C 17 APRIL 1993 n.\vw.sciencen 



msrn 
The typical synchrotron photon energy £p 

emitted by electrons with the Lorentz factor 
'Ymin a t t n e observer's frame is 

8p - l^/2
4/3 ®-f K'2 KeV . (8) 

The diffusion shock wave acceleration can 
produce a power-law electron spectrum, 
dNJdy ~ T* 7m i n < 7 < 7max, where Ne 

is the electron number and the spectral 
index p is typically between 2 and 3 {26). 
For photon energies greater than e , the 
synchrotron radiation for electrons with 
such a distribution has a spectrum with a 
power-law form and a photon index of a = 
-(p + l)/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 a = -(2.0 ± 0.6) and a ~ -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 ~ 
(E7RA<ur)/(LRpulsar), where L is the accre
tion luminosity and vr is the radial velocity 
of the accreted matter. After a burst, the 
accreted matter will fall back toward the 
strange star over a time T3 ~ Ar/vr ~ 2 . 4 X 
103 £1/2 9_3 JUT1 s, which is consistent with 
the typical observed recovery time scale (7). 

We can compare other characteristics 
determined from Eqs. 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 10~3 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=75/7 (Eq. 
1), the ratio of the typical interval time 
scale for the HXRBs on 30 January 1996 to 

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 WJ21. 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 7-ray repeaters 
(34). There are several key differences be
tween the soft 7-ray repeater model and our 
model: (i) The crust cracking of the soft 
7-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 7-ray 
repeaters stronger than the radiation energy 
density, and therefore the fireball mecha
nism cannot be developed. 
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