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The missing compact star of SN1987A: a solid quark star?
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ABSTRACT

To investigate the missing compact star of Supernova 198/82analysed both the cooling
and the heating processes of a possible compact star baskd observational X-ray lumi-
nosity upper limit. From the cooling process we found thailamlgjuark cluster star (Lai & Xu
2011), with harder equation of state than liquid quark $i@s,heat capacity much smaller than
neutron star and would cool quickly below the observatioftahy luminosity upper limit,
which can naturally explain the non-detection of a pointrseuneutron star or quark star)
in X-ray band. On the other hand, we considered the heatiogess from magnetospheric
activity and possible accretion and obtained some constreo the parameters of a possible
pulsar. We conclude that a solid quark cluster star can dagibh the observational limitin a
large and normal parameter space, while a pulsar with skoidghand strong magnetic field
(or with long period and weak field) would has luminosity hegltthan the limit if the optical
depth is not large enough to hide the compact star. We expacthe constraints would be
tested if the central compact object in 1987A could be disoes by advanced facilities (e.qg.,
in radio bands) in the future.
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1 INTRODUCTION be much smaller than the minimum mass of NS, which is about
0.1M, and can spin with period shorter than 1 millisecond while
the NS can'tl(Du et al. 2009). Thus if a pulsar mass is smatilken t
0.1M or its period is shorter than 1 millisecond, it could not be
a NS. The maximum mass of pulsar can also be useful. Different
EoS of pulsar gives different maximum mass, thus the confirme
largest mass of pulsar can rule out those EoSs which dordrdcc
with it. The new confirmed massive pulsar PSR J1614-2230;,2

Pulsars are traditionally regarded as neutron stars (N8 she
discovery of the first pulsar (Hewish etlal. 1968). Neverhks) the
equation of state (EoS) of neutron star is not clear till niditten
(1984) pointed out that the true ground state of hadrons neay b
strange matter, which contains roughly equal numbers ofloyn
and strange quarks. It is then people realized that quarkosta
strange star (SS) might be the ground state of NSs (Alcock et a ]
19869Haensz(el et) Iy g986) thusgNSs May CONvert o SSs (Demorest et al. 2010) rules out almost all currently pregolsy-

. | "S' SS’ 5 iall y his i bl ' f peron or boson condensate EoSs (Lattimer & Prakash| 2007) and

tALe tpu sars Nt sor h S Essentl_a v t g’; a prrlp he(rjn 0 r_]t?n- traditional soft EoS of SS (Chan et al. 2009), but still cdimally
Fheer gtrroigein?eurZZtili)r: Sr()r((:)enggeini?mg\:; é(n?erg )’s\(lzvallg an:%‘zn verify whether it is a NS or a SS. Lai & Xu (2011) suggested that
hard to solve in mathematics. Fortunately, the );strontj‘mmer- solid quark cluster stars (SQS), a special kind of SS, coaleh
: R tiff EoS thus th i

vations could be capable of discriminating NSs and SSs tloustdy very st ) 0> fhus the maximum mass can even r.eachzt.(b?
contribute to understand the non-perturbative QCD issue. Besides the above methods, the bolometric radiation of a

There are as much methods to test the EoSs of pulsars agyoung pulsar could also make a distinction between NSs asd SS
the differences between NSs and SSs. For example, SSs fre sel be(?ause thgy are dn‘.ferent in .ther.mal capacity and surtatiation,
constraint while NSs are gravity constraint thus they hafferel which we will study in detail in this work. We note that a SQSha
ent mass-radius relations. If we can detect a pulsar's mags a very small thermal capacity, because its temperature isiriaweer
its radius, we can discriminate whether it is a NS or a SS. This than the Debye temperature (Ylf &)(u. 201,1)’ thus can C(,)OI Very
method doesn't succeed up to now mainly because there are tog@St @nd has very lower bolometric Iummosny than NSs. Thesm
much uncertainties in confirming the radius of any compact ob "9 compac.t objegt |n'SN.1987A (McCray 2007) will be studied
ject. Another testing is the minimum mass of pulsar and the su from this point of view in this paper.

millisecond pulsar. Since the SSs are self-constraini; thass can There is no doubt that SN1987A provides an unprecedented
opportunity in astronomy and astrophysics studies. Yeirtiptied

compact star in this exploding is still a mystery. On 23 Febru
* E-mail: xiongwliu@163.com ary 1987, the Kamiokande Il detector and the Irvine-Michiga
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Brookhaven detector both observed a neutrino burst (Hatodd
1987;|Bionta et al. 1987) from the Large Magellanic Cloudstju
before the optical sighting of SN1987A . The energy spectnal
the flux density of the neutrino burst correspond with theenir
theory of core-collapse supernova burst witBx10°* ergs en-
ergy released, which is expected to construct a NS thereioplP
are excited by the possibility of studying a NS at its veryibeg
ning. From then on, the powerful detectors on the ground and i
the space searched it from radio to gamma ray bands, oneaafter
other. Unfortunately, they didn't find any pulses or a pointirse
there (McCray 2007; Manchester 2007).

Despite the low probability of a detection in radio bandshia t
first few years, Parkes 64-m radio telescope searched SM1&37

frequencies between 400 and 5000 MHz and gave an upper limit

~0.2 mJy at 1.5 GHz (Manchester 1988). The followed observa-
tions obtained similar parameters and upper limits. The sesrch
was carried out at Parkes in 2006 in several bands, but nd-sign
icant candidates with a S/N ratio greater than 9.0 were wbder
(Manchester 2007). Some optical observations announ@deh
tection of a pulsar in SN1987A (Kristian et/al. 1939; Murd@oy;
Middleditch|2000), but all were proved to be wrong or have not
been confirmed at last. Percival et al. (1995) reported artaipt
search using Hubble Space Telescope, which observed nié- sign
icant pulsations in the period range 0.2 ms to 10 s with anuppe
limit for the pulsed emission equivalent to a V magnitude-@4.
A similar search was reported by Manchester & Peterson (1996
using 3.9-m Anglo-Australian Telescope with similar paetens
and results._Shtykovskiy etlal. (2005) obtained a lumiryofsibit
in the 2-10 keV band of x 103* erg s'! using XMM-Newton.
Park et al. (2002, 2004) obtained upper limits505 x 10%3 erg
s tand1.5 x 10%* erg s'* in the same band using Chandra. Note
that the interaction between the shock and the intersteiétium
is making the supernova remnant brightening (McCray 200ig),
limit is increasing.

To explain the non-detection of the predicted NS, several

luminosity is zero. For NSs and SSs, the cooling processedear
termined by their heat capacities and surface radiations.

The heat capacities of NS, conventional SS and SQS are as
follows (Maxwelll1979| Ng et al. 2003; Yu & Xu 2011),

Cns = CRs + CRs, 1
Css = Cg + C557 + (s, 2
Csqs = CéQS + Csqs, (3

where the superscripts n, e, gygand |, denote the contributions of
neutrons, electrons, quarks, quark-gluon plasma andédastruc-
ture, respectively. In egs. (1) and (Z)xg andCgy are larger than
CRg and C§g when temperature is higher than critical tempera-
ture 7. (~10° K). WhenT < T. the superfluid state appears,
Cxs and Cgg will exponential decay and vanish quickly. In egs.
(2) and (3),C&5” and C4qg are both in proportion ta™*, while
C§s andCgqg are in proportion td'. Thus the heat capacities of
all of these compact stars would be dominated by the coriitou
of electrons when temperature is not too high, whick 1€°K for
NS and SS, and-10'°K for SQS (Yu & Xu|2011). These compact
stars’ temperatures will quickly reduce beld@’K within dozens
of seconds. Therefore, the heat capacities of electroninddethe
cooling process in almost all the observational time. Thet loa-
pacities of electrons in NS, SS and SQS are summarized ag/oll
ing (Maxwelll1979| Ng et al. 2003; Yu & Xu 2011),

C%s = 1.9 x 10°7 My p [>Ty erg K™, Q)

cSs = 1.7 x 1020(Yp/p0)2/3T9 erg (em® K) 7, ®)
. kT

CSqs ~ Ne=2—= kg, ©)
Er

where M; = M/Me, p1a = p/10" gem™3, Ty = T/10° K,
Y is the electron fractiony is nuclear matter densityy. is the
electron number in a stakg is Boltzmann’s constanf is the

schemes are proposed. First, some of the ejected material ma value in the star's local reference frame, dnd is the Fermi energy

fell back to the NS surface shortly after the supernova bamsk
changed it to a black hole (BH), thus we can't find the NS since
it has converted to a BH. Another possible situation is thatN'S
may be located in the cold dust cloud (McCray 2007) at theezent
of SN1987A, which is opaque to photons in some band. But if the
NS is not inside the dust or the dust is optical thin, it woutdviery
interesting because the observed upper limit at around likel/
ready lower than the expected luminosity of a cooling NS with
heating |(Park et al. 2007; McCray 2007). Chan etlal. (2008} su
gested that the compact star at the center of SN1987A maytlze no
NS but a SS with softer EoS than that of neutron star mattaéghwh
could have X-ray luminosity less than*Oerg s™! at its 20 year
age. Note that this SS is almost ruled out by the new foudd:2

NS (Demorest et al. 2010), because its maximum mass is smalle

than that detected due to softer EoS. But the quark starsstifth
EoS are still possible, e.g. the SQS (Lai &Xu 2011).

In this work we will first analyze the cooling process of SQS
contrast with NS and traditional liquid SS, and then furtsiidy
the constraints on the parameters via heating processeslash
section is our discussions and conclusions.

2 COOLING OF THE POSSIBLE CANDIDATES

For a stellar mass BH, it has no classical radiation, eveldaigk-
ing radiation is absolutely negligible in astronomy, thissciooling

of the degenerate electron gas. In the extremely reldtivisise,
Er = (3”8%”3)1/3(:, wheren, is the number density of electrons,
h is Planck’s constant, andis the speed of light. From eq. (6) we
have

Céqs ~ 3.5 x 1057 (Y M1)*/® ReTo erg K™, (7)

whereRs is the star radius in units dD® cm. The electron number
in quark star is much smaller than that in neutron star, 107°.
Thus the heat energy conserved in a quark star is far lesdrttaan
neutron star.

Surface radiation is another important factor that deteesi
the cooling process. On the NS surface, the radiation camipys
treated as approximate black body radiation because offdt of
atomic atmosphere. On SS or SQS surface there is no atonie atm
sphere, therefore the radiation mainly depends on theaictien
between electric layer and photons. Chan et al. (2009) stege
that the surface radiation of SS is bremsstrahlung, andiqiesd
a luminosity smaller thai0®** erg s™* when it is older than 20
years. The cooling curves of SQSs with different masses ketd e
tron fractions are shown in Figure 1, where we used the mddel o
Lai et al. (2011), presumed black boldy radiation and igddies
neutrino radiation. It shows that the luminosity of cooli8@Ss
would be smaller thari03* ergs s only a few days after the
birth. And becaus€’'sqs is a little smaller thart’'ss, the luminosity
of cooling SQS would lower than the upper limit even it emiys b
bremsstrahlung.
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Figure 1. The cooling curves of SQSs with black body radiation. Neatri
radiation is not taken into account. The observational ufipet is marked
with a horizontal dotted line. Here we have stellar mé&ss= M; M and
the number ratio of electron to barydn

3 CONSTRAINTSON THE PARAMETERSVIA
HEATING PROCESSES

The bolometric luminosity of a compact star is not only theo
tribution of cooling process, but also of heating procesadsch
include the activity of magnetosphere and the accretiom fraer-
stellar medium and accretion disks. The heating luminagiguld
also be lower than the upper limit to accord with the obsérnat
Usually, the activity of magnetosphere can produce both the
mal and non-thermal X-ray emissions. When particles arelacc
erated in the magnetosphere they can emit non-thermal X-ray
with power law spectrum. When particles go in and bombard
on the pulsar surface they will heat it and emit thermal Xsray
Becker & Trumper|(1979) found that the non-thermal X-ramiu
nosity L., and spin down energy loss rafé have a rough rela-
tion of L, = 107% | E |.[Yu&Xu (2011) found the thermal
X-ray luminosity also has the similar relation with energgs rate,
Ly, ~ 1073 E |. Since the observations have given a upper limit
of thermal X-ray luminosity.S, ~ 10** ergs™* (Park et al. 2002,
2004), we can get a upper limit of spin energy loss faténd we
can further make a restraint to the parameters of spin andietiag
field of the implied pulsar becauge is the function of spin and
magnetic field,
= ut 0! ®
3c3 ’
wherep; and (2 are the vertical fraction of magnetic moment
and the spin angular frequency of pulsar. We use a parameter
to present the section of thermal X-ray luminosity in spimwdo
energy lost rate, i.e.

Liy=al|E]. ©)
And then we get
p~3.22 x 10Ma 213 2 P2, (10)

whereP = 27r/Q is the spin period of pulsar.

Note that most of the pulsars have X-ray luminosity in the
region of 104 — 1072 E in both cases (Becker & Triimper 1979;
Yu & Xul2011), we used: = 10™*, 10~* and10~2 for the upper
left three lines in both panels of Figure 2. In the figure, thgion
to the left of the dash-dotted line should be ruled out bez@uven
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the X-ray component is as small 84, it's luminosity should be
larger than10®* erg s !. The region below the solid line should
be safe, because the X-ray luminosity is smaller th@if erg s~
even the component is as largelds 2. The region between those
two lines is somewhat uncertain.

The accretion heating can also give a restriction to thegpuls
parameters. The accretion from interstellar medium imsitely
dependent on the proper motion of pulsar, and usually hadl sma
luminosity. Thus we ignore it and only consider the poss#dere-
tion from fall back disk.

In fall back disk regime a pulsar often undergoes three ghase
pulse phase, propeller phase and accretion phase. To tartérs
the evolution of fall back disk we have three radius: thetlgeed
radiusry,, the co-rotation radius., and the magnetosphere radius
T'm, @S,

rr, = cP/2m,

P (11)
Teo = (GM /4m?)M/3 P2/3 (12)
- M4/7(2GM)71/7M72/77 (13)

whereG, M and M are the gravitational constant, the mass of pul-
sar and the accretion rate, respectively. The pulse phases éx
early stage of a pulsar, when the young pulsar has fast sgin an
strong radiations which push the interstellar medium outhef
light speed radiusy,, thus the compact star acts as a pulsar. When
the radiation becomes not so strong some of the medium may go
into the light radius and interact with the magnetospheréeklv
Teo < Tm < T OF VENr,, is a little smaller tham.,, the magnetic
freezing effect would force the going in medium to co-rotaith

the pulsar and the spin energy of pulsar will transfer to tleeliom

via the interaction. This is so called propeller phase. Is finase
there is little medium can diffuse and fall on the star swefaod
emit low luminosity X-ray. If the accretion material can @ss the
co-rotation radius and access a so called break ragjysvhich is

a little smaller tharrq, (i.e.7m,m < 76r < Tco), @ Massive accretion
would occur. This is the accretion phase, which usually reay v
large X-ray luminosity.

The Hubble Space Telescope found a dust clouds interior de-
bris in SN1987A|(McCray 2007), which could be in favor of the
formation of a fall back disk around the centra compact #téne
fall back disk do exist, we would expect the pulsar is not in ac
cretion phase which usually results in X-ray luminositygkarthan
1034 erg s!. Thus the disk should be expected to has > ry,..

We presume,. is proportion torc,, i.e.ry. = breo, whereb is a
constant and < b < 1. Therefor to accord with the observations
we need

T'm > breo, (24)

Submittingr,,, andr., to the above inequation, we get the relation
of the pulsar parameters,

piz0 > 0.074b™/ 4 My 5/ N1 12 PT/°, (15)

wherejizo = 11/10°° and My = M /10'°.

The lower right three lines in both panels of Figure 2 show the
magnetic moment depend on spin period with given parameters
We presumed = 0.9 in both cases)M; = 2 for leftandM; = 1
for right. And we used accretion rate frod = 10*® g s* to
M = 10" g s ! in this figure. It should be noticed that when
M < 10'* g s™! the heating luminosity can't exceed®* erg
s ! even in the accretion phase, and for a disk around a pulsar the
accretion rate is almost impossible to exceétf erg s .
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Figure 2. Constraints on the parameters of the possible compacttahjec
SN1987A via magnetosphere action heating (upper left times) and fall
back disk accretion heating (lower right three lines). thel: M, = 2
andb = 0.9 for all. « = 10~ for red dash-dotted lineg = 10~3 for
red dashed lineg = 102 for red solid line,A/ = 10'® erg s~* for blue
solid line, M = 106 erg s~! for blue dashed line andif = 101 erg s~!
for blue dash-doted line. Right panélf; = 1, other parameters are all the
same.

In this section, two kinds of heating mechanisms provide two
kinds of limit to the parameters of a possible pulsar, as shiow
Figure 2. From the combination of both heating mechanishes, t
region between two solid lines is safe, while the upper lefi a
lower right regions are dangerous in some conditions. Froen t
comparison of left panel and right panel we can see that tlalesm
pulsar has wider safe region than the bigger one.

4 CONCLUSIONSAND DISCUSSIONS

In this work we first analysed the cooling processes of compac
stars and found that the SQSs could have thermal luminasitgrl
than the observational upper limit of SN1987A. And then welst
ied the possible heating processes of a young pulsar anthetta
some constraints on the pulsar parameters. Combining \iligr o
contributions about SN1987A it should be reasonable to came
the following conclusions.

(i) Asolid quark cluster star with normal parameters is iocad
with the non-detection in SN1987A, because both its coading
heating luminosities are lower than the observational ufipet.

A low mass quark star has wider possible parameter spaceathan
high mass one.

(i) If the compact star is shielded by opaque dust, the con-
straints to the candidates and parameters should be relaxetie

parameter space of a SQS can be wider or even it can be a normal

NS.
(iif) However, a black hole candidate can't be ruled out bgleo
ing and heating analysis.

Also the predicted parameters in this paper could be tested b
the future observations. The impact of the supernova blasew
with its circumstellar matter is producing a ring which isibie
from mm-band to X-ray band (Bouchet etlal. 2006; Gaenslekiet a
2007;. McCrayi 2007;_France et al. 2010) and is still brighigni
This ring would make it almost impossible to detect or rulé au
cooling compact star in these bands. But a heating pulsarbmay

detected in the future because the heating luminosity fragne-
tospheric activity decays very slowly, and when the fallkdisk
evolves into accretion phase the X-ray luminosity could heim
larger than in other phases thus could be detectable. Bpsivae

is no observational evidence showing whether the low freque
radio andy-ray bands are effected by the ring, which preserves the
possibility of discovering the compact star and test theupaters

by the future advanced facilities, e.g. the Square KilomAteay
(SKA) telescope.
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