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Are Soft y-Ray Repeaters Strange Stars?
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The soft y-ray repeaters (SGRs) are proposed to result from young, magnetized strange stars with
superconducting cores. As such a strange star spins down, the quantized vortex lines move outward
and drag the magnetic flux tubes because of the strong coupling between them. Since the terminations
of the tubes interact with the stellar crust, the dragged tubes can produce sufficient tension to crack the
crust and pull parts of the broken platelet into the quark core. The deconfinement of crustal matter into
strange quark matter will release energy. The model burst energy, duration, time interval, spectrum,
and the persistent x-ray emission from SGRs are shown to be in agreement with observed results.
[S0031-9007(97)05016-3]

PACS numbers: 98.70.Rz, 12.38.Mh, 26.60.+c, 97.60.Jd

The soft y-ray repeaters (SGRs) are a small, enig-was suggested [11] that glitches of normal pulsars are an
matic class ofy-ray transient sources. There are threeenergy source of SGRs. However, the current models for
known SGRs which are characterized by short rise timepulsar glitches [12] seem to give glitching intervals and
(as short as 5 ms) and duration30-150 ms, FWHM,  durations much larger than those of SGRs. Moreover,
some less than 16 ms), spectra with characteristic energie® SGR bursts have so far been detected from young
of ~30-50 keV and little or no evolution, and stochas- pulsars, e.g., the Crab pulsar, the Vela pulsar, etc. Third,
tic burst repetition within a time scale of1 month [1]. it was argued [13] that SGRs are magnetars, a kind of
SGR0525 — 66, the source of the 5 March 1979 event, neutron star with superstrong magnetic fields=ef X
appears to be associated with the N49 supernova remnar@'* G . Although this model can explain some important
(SNR) in the Large Magellanic Cloud and hence is apparfeatures of the famous 5 March 197%ray transient, e.g.,
ently the most distant known SGR source-&5 kpc from  rapid spin down to 8 s period ih0* yr and correlating
Earth [2]. The second burster, SGR06 — 20, which  the peak luminosity to this 8 s periodicity, there are still
produced~110 observed bursts during a 7-yr span [3] andseveral unsettled issues [10], e.g., (i) a power output from
recently became active again [4], appears to be coincidesuch a strong magnetic field may be inconsistent with
with SNR GI0.0 — 0.3 [5], confirming an earlier sugges- the plerion energy range; (ii) in such a strong field the
tion [6]. Thus, this source is at a distanceoi5 kpc.  radiation output is highly anisotropic but the observed
The third burster, SGR900 + 14, is associated with SNR shape seems to be angle independent. Furthermore, this
G42.8 + 0.6 [7]; and its age is~10* yr and its distance model also cannot provide a satisfactory explanation for
from Earth is~7 kpc. Accepting these SGR-SNR asso-burst duration, time scale between bursts, synchrotron self-
ciations, the burst peak luminosities can be estimated tabsorption feature, and the persistent x-ray emission for
be a few orders of magnitudes higher than the standar8GRs. Alternatively, we suggest that SGRs may be rapidly
Eddington value for a star with a mass oflM,. For rotating magnetized strange stars with superconducting
example, SGRI806 — 20 has produced events that are cores. The 8 s periodicity may result from an effect similar
~10* times the Eddington luminosity [8]. In addition to to that of subpulse drift phenomenon in pulsars which also
short bursts of both hard x rays and sgftays, the persis- have a periodicity of the order of seconds [14]. Our model
tent x-ray emission was also detected from SGRs [5,7,9]s actually stimulated by the work of Alcock, Farhi, and
The luminosities of the persistent x-ray sources-afeXx Olinto [15], who explained the 5 March 1979 burst by
10% ergs s'! for SGR0525 — 66, ~3 X 10¥ ergs s!  assuming the burster is a strange star collided by a lump of
for SGR1806 — 20, and~10* ergs s!for SGR1900 +  strange matter. However, although they can successfully
14. The observations show that the repeaters may bexplain many key features of thig-ray transient, their
young, magnetized neutron stars which power the sumodel did not provide a good explanation for the burst
rounding luminous plerionic nebulas. duration, time scale between bursts, synchrotron self-

There have been three classes of models for explainingbsorption feature, and the persistent x-ray emission for
the energy source of SGRs. In the first class of modelsSGRs. Our model will provide a detailed explanation of
SGRs were thought to result from accretion of neutrorthese observed features.
stars (for a brief review, see Ref. [10]). Since the highly The structure of strange stars has been studied [16].
super-Eddington flux requires the accretion inflow andStrange stars neardM have thin crusts with a thickness
radiation outflow to be channeled in different directions,of ~10* cm and mass of10°M,. However, some ob-
it makes any accretion model very difficult. Second, itjections against the existence of strange stars result from
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astrophysical arguments. It has been argued that the disince different superconducting species inside a rotating
ruption of a single strange star can contaminate the entirgtrange star try to set up different values of London fields
galaxy, and essentially all “neutron” stars are strange staiis order to compensate for the effect of rotation. Using
[17]. This conflicts with the relaxation behavior of pulsar the Ginzburg-Landau formalism, Chau [24] showed that,
glitches because the current strange-star models scarcehstead of setting a global London field, vortex bundles
explain it [18]. Furthermore, if strange stars can be crecarrying localized magnetic fields can be formed. The
ated directly in supernovas, then some strange stars shoutigpical field inside the vortex core is abol@'°-10'" G

have compact companions, and the merging of such bingthe accurate value depends on strong interaction parame-
ries will lead to the Caldwell-Friedman effect [19]. Here ters). Using the similar idea proposed for the interaction
we want to point out that these arguments do not necbetween the proton fluxoids and magnetic neutron vortices
essarily disprove the existence of strange stars for sewn the core of a neutron star [25], he argued that the
eral reasons described in [20]. It has been argued [20}jortex bundles and the flux tubes can interpin to each
that when neutron stars in low-mass x-ray binaries accretether by interaction of their core magnetic fields. He
sufficient mass, they may convert to strange stars. Thisstimated that the pinning energy per intersectiai,is~

mechanism was further suggested as a possible origin %bONflfx MeV , whereN; . is the number of flux quanta
cosmologicaly-ray bursts. Here we suggest that stranggn, g flux tube. Such strong binding between vortex lines
stars may be formed during the core collapse of masang flux tubes implies that, when the vortex lines are
sive stars or during the accretion phase of newly borfnoying outward due to spinning down of the star, it will
neutron stars. One reason for this suggestion is that if thg,quce the decay of the magnetic field [24]. One of the
initial masses of some compact stars are ahdGtMo [21]  jmportant consequences of this coupling effect will be
then these massive stars, as argued in [20], may be stranggcussed below.

stars. Again, strange stars born in this mechanism may not \y/e now propose a plate tectonic model for strange stars
result in the Caldwell-Friedman effect. According to theyhich is, in principle, similar to that proposed by Ruder-
current theories, the close neutron star-neutron star bingngn [26] for neutron stars. As described above, there
ries, e.g., Hulse-Taylor binary, are evolved from high-massnight exist two different types of quantized flux tubes in
bmgrles. We believe that the strange star-neutron star bihe core of a strange star. The first type of flux tube is
naries should also be evolved from high-mass binaries, iformed when the stellar magnetic field penetrates through
they exist. However, there are two reasons which mighthe superconducting core. The second type of flux tube
make these binaries difficult to form. We have just sug-yortex lines) results from the requirement of minimizing
gested that the strange stars may be formed by a supermnoj rotating energy of the core superfluid. When the star
explosion, inwhich the core mass of the progenitor is abou§pins down due to magnetic dipole radiation, the vortex
1.73M¢ [21]. This requires the mass of the progenitor stafjines move outward and pull the flux tubes with them.  In-
to be aboutl9Mo. In this case, the companion star will g ctive currents do not strongly oppose this flux tube mo-
either be rejected during the supernova explosion, if theion because of current screening by the almost perfectly
orbit is too wide, or spiral in and merge with the massivegiamagnetic superconducting quarks. However, the termi-
core of the progenitor during the phase of common envengtions of flux tubes are anchored in the base of the highly
lope evolution. conducting crystalline crust. When the stellar spin-down

After _its birth, a strange star must start to cool dueme scaler, = /20 is shorter than the typical Ohmic
to neutrino emission. As with neutron stars, the strangejifrse time scale

star core may become superconducting when its interior oA
temperature is below the critical temperature. Using a ™3 3 X 10*0p R¢ yr, (1)

relativistic treatment of BCS theory, Bailin and Love [22]_ where o is the conductivity ands is the radius in units
suggested that strange matter becomes superconducting. |6 ¢ | the motion of flux tubes is limited by their
They showed that the pairing of quarks is most likely ©0yoinations in the crust unless the resulting pull on the

occur in bothud andss channels. The pairing state of . by these flux tubes exceeds the crustal yield strength,
the former is likely to bes wave and that of the latter namely

p wave. The superconducting transition temperature

is about 400 keV. Therefore, a strange star with age .
3 . ;

older than10’ yr after its supernova birth should have a\vhere B is the stellar magnetic fieldd is the angle

core temperature lower than the normal S“PeFCOUdUCt‘”Qetween the stellar magnetic moment and the flux tubes
temperature [23]. The quark superconductor is likely to ’

be marginally type-ll with zero temperature critical field w Is the shear modulugl, is the shear angle, antlis
; . . th tal thick . Substituting the typical val f
B. ~ 10'°-10'7 G [22,23] which depends sensitively on © crustal thickness. SUbSTILLNG the typical values o

. , strange star parameters into Eq. (2), we obtain
the interactions between quarks. 9 P a. (2)

g — —6p—1 p-1
On the other hand, the existence of quantized vortex Sin ~ 6 > 0. =3 X 10 7B 178, 053
lines in the rotating core of a strange star is unclear, X uxrlsRg ! rad, 3

C

)
sing > ub, —, 2
s = (2)
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where B. 17 is in 107 G, B in 10'2 G, 6,5 in 1073,  energy and deconfinement energy, the total amount of en-
W7 in 1077 dyncmi 2, andly in 10* cm. Whené > 6.,  ergy released is estimated as

the stellar crust will crack ané will be reduced by an _ ) 2

amountd86 ~ min (0, Al/R) (Al is the displacement of AE ~ 3 X 1071 Mer,—sApoRs ™ €1gS (8)
the crustal plate). In the case of neutron stars, Rudermanhere n_; is the fractional mass in units of 0.1 in the
[26] estimated that\l ~ 2 X 10> cm for the Crab and cracking area & which is dragged into the core. At
Vela pulsars. For a strange star with a much thinneteast half of this amount will be carried away by thermal
crust than that of a neutron star, we expect that  photons with the typical energyT ~ 30 MeV . These
Al > 2 X 10> cm, which impliesé6 ~ 6. Since the thermal photons will be released continuously in a time
flux tubes move outward with the same speed as thecale of ~74,,. In the presence of a strong magnetic
vortex lines, which is given by field, the thermal photons will convert into electron-
positron pairs when

v~ R _3x 107 °Re7,, cms !, (4) E. B !
Ts L — sind ~ —, 9)

where 7,4 is in 10* yr, the time interval between two 2me* By 15
successive cracking events is estimated to be whereE, is the photon energy, = m2c3/hie = 4.4 X

R66

-1 p-— - 103 G, and® is the angle between the photon propaga-
Tine =~ T 10°B_ 17B1) 05, ~3p42714Rg ' 7545 (5) 9 P propag

tion direction and the direction of the magnetic field [27].
This value is consistent with the typical interval time scaleThe energies of the resulting pairs will be lost via syn-

of SGRs. chrotron radiation. The characteristic synchrotron energy
When the crust cracks, the flux tubes will con-iS given by

tract by a length scaleSR and drag some broken 3 , eB .

platelets into the core, which is only0* cm from Egn ~ 5 veh — sin® ~ 3.0 MeV,  (10)

the surface. The energy of each nucle¢h,) in . .
the platelets carried by the flux tubes into the coreVN€rév. is the Lorentz factor of the pairs-30). These

can be estimated asE, ~ (BB.A,0R/8m)/N, ~ synchrg)tron ph(t):]ons \{[\_/ill Ibg c;)hnvefrteg E[nto T‘,]e(;ondary
B12Bc.17(4,8R)12N, 4g MeV, where 4, is the area of p?(;r(;suct?ocr? :Jssr?wucﬁ Iz:\)rlmecrathar(\e I?)neOTPI?e(I)_c())rr;:-rl?tzol‘:;)cr?toﬁJ g:cr
the cracking surface andy, is the total number of Fhe secondary pairs is%bout30 L'iang and Fenimore [28]
nucleon dragged into the core. As normal matter IS ave shown that, in a strong magnetic figld10'% G),

pulled into the core, electron capture for the nuclei inself—absorbed svnchrotron  emission from a  coolin
the matter will occur continuously and then neutrons Y 9

dripped out of the nuclei will fall into the core and distribution of these mildly relativistic pairs provides

. o . excellent fits to the spectral data of SGRs: soft spectra
deconfine to quarks. This time scale is of the orderWith exponential decay with decay energy20-30 keV

of milliseconds because of the high electron density in ; B

the region between the normal crust and the quark cor ned, 'Eoigi (;ase?:t?fjrﬁGbgg\?H 42&\? Stveveep Vt\,l:)rS%VﬁLeOf

[15]. As described by [15], this hole will be gradually to rr?ake twopremarks about the r.adiation mechanism

refilled by readjusting the normal matter on the surface . S :
(1) Electror/positron cascade, initiated by a few tens

of the strange star by the strong gravitational force. of MeV photons. also occurs in the polar cap redion of
In the following, we make an estimate of the time scale P ' P p reg

for the platelet motion. The force pulling the cracking pulsars, but its radiation spectrum is known to be a power

platelet horizontally by the flux tubes is law (e.g., Ref. [29]). The key difference between polar
cap y-ray emission in pulsars and thg-ray emission

_ BB 0A . . (6) in soft y-ray repeaters is the direction of the emitted
8w 7 v rays. In the former case; rays are curvature photons
Thus, the time scale opening a hole with ared, is  emitted by relativistic electrofipositrons moving along
approximated by the magnetic field lines. These photons have to move a
1/2 1/2 tain distance away from where they are emitted be-
ApMe: 1 M s cer \ y
Tdrag = | 2/ ~ 80 7 ’ ms,

Fp

A7R2 F. fore their pitch angle becomes large enough and the
TR Fy local dicul ic i
perpendicular component magnetic field
) wrt photons become strong enough to convert the
where M, _s is the total mass of the crust in units of high energy photons into pairs. In the latter case, the
1073M,. The durations of SGRs are expected to be ohigh energy photons are thermal photons and are emitted
the same order as this time scale. in all directions from the hot spot. Thus they can be con-
Because each baryon can releas@0-30) MeV the verted into electron-positron pairs by the magnetic field
accurate value is dependent upon the quantum chroménmediately. (2) Our radiation mechanism is different
dynamics parameters), which are a sum of gravitationairom that of Alcocket al. [15], who considered radiation

5,—3M127R6
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