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The quasiparticle model is extended to investigate thegutigs of strange quark matter in a strong magnetic
field at finite densities. For the density-dependent quarksmaelf-consistent thermodynamic treatment is
obtained with an additional effective bag parameter, whilepends not only on the density but also on the
magnetic field strength. The magnetic field makes strangekquatter more stable energetically when the
magnetic field strength is less than a critical value of thgeprl0 Gauss depending on the QCD scéle
Instead of being a monotonic function of the density for th@BQscale parametek > 126 MeV, the effective
bag function has a maximum nea30- 0.4 fm—3. The influence of the magnetic field and the QCD scale
parameter on the stiffness of the equation of state of thenetempd strange quark matter and the possible
maximum mass of strange stars are discussed.

PACS numbers: 24.85.+p, 12.38.Mh, 21.65.Qr, 25.75.-q

I. INTRODUCTION

Since strange quark matter (SQM) was speculated by Witteheapossible true ground state of strong interaction matter
[1], the properties of SQM in bulk, as well as in finite sizeg 8o called strangelets, have been extensively studiecipabt
decades [2-5]. The new form of matter is possibly producetkhstrial relativistic heavy-ion collision experimsri6] or
exists in the interior of compact stars [7]. It was found ttegt stability of SQM is strongly affected in a strong magaégld
[8]. The large magnetic fields in nature are normally assediavith astrophysical objects, where the density is mughéi
than the nuclear saturation. The typical strength couldflieeoorder~ 102 G on the surface of pulsars [9]. Some magnetars
can have even larger magnetic fields, reaching the surfdge sa large as 26~ 10'° G [10]. In the interior of compact stars,
the maximum possible magnetic field strength is estimatdtgisas~ 10'® G. The origin of the strong magnetic fields can be
understood in two ways. One is the amplification of the reddyi small magnetic field during the star’s collapse with metic
flux conservation [11]. The other is the magnetohydrodycatgnamo mechanism with large magnetic fields generated by
rotating plasma of a protoneutron star [12].

Because a strong magnetic field influences the single pagectrum while all quarks are charged, SQM in the innergfart
a compact star may show specific properties. Specially,¥amgle, the strong magnetic field leads to a more stableipethr
strange quark star (SQS)[13]. In heavy-ion collisions expents, the magnitude of a magnetic field plays an imponrgaletin
study(i)?gg the deconfinement and chiral phase transitionthd. HC/CERN energy, it is possible to produce a field as lage
5x 10~ G [14].

With various phenomenological confinement models, manksvon the properties of magnetized SQM have been done by a
lot of researchers. Based on the conventional MIT bag mgdekk matter in a strong magnetic field was studied by Chaktab
[8], and significant effect on the equation of state had beend. Furthermore, the magnetized strangelets at finitpeesmture
is investigated by Felipet. al.in their recent work [15, 16]. In Ref. [17], the effect of antepnal magnetic field on the chiral
dynamics and confining properties of SQM were discusseckitiiar sigma model coupled to the Polyakov loops. The apeci
properties of magnetized SQM were also investigated wgh\ambu-Jona-Lasinio (NJL) model [18-21]. The MIT bag model
the two-flavor NJL model, and the chiral sigma model had atsntcompared in studying the magnetized SQM [22].

In literature, the quasiparticle model, where the effextjuark mass varies with environment, was also successiulployed
by many authors to study the dense strange quark matterait@nce of an external magnetic field [23—25]. The main adgan
of the quasiparticle model is that it can explicitly desertjuark confinement and vacuum energy density for bulk m@4éand
strangelets [26]. The aim of this article is to extend therjugasiparticle model to studying the magnetized quarkenaiVe
find a density- and magnetic-field- dependent bag functi@tofdingly, a self-consistent thermodynamic treatmenbisined
with the new version of the bag function. The effect of a maigrfeld on the bag function and the stability of magnetiz€\Vs
will be discussed. It is found that the magnetic field make#/SQore stable when the magnetic field strength is less than a
critical value of the order 170G depending on the QCD scafe

This paper is organized as follows. In section 2, we derieettiermodynamic formulas in the quasiparticle model when
the magnetic field becomes rather important, and then demadeshe effective bag function for the case of both coristad
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running coupling respectively. In section 3, the stabiptpperties of magnetized SQM, the effective bag functiord the
mass-radius relation of magnetized quark stars are imagstl and discussions are shown about the effect of the madjakl
and QCD scale parameter. The last section is a short summary.

II. THERMODYNAMIC TREATMENT IN A STRONG MAGNETIC FIELD

The important feature of the quasiparticle model is the nmadiependence of quark masses in describing QCD nonperturba
tive properties. The quasiparticle quark mass is derivélgeazero-momentum limit of the dispersion relations fronetiactive
quark propagator by resuming one-loop self-energy diagrianthe hard dense loop (HDL) approximation. In this pages, t
effective quark mass is adopted as [24, 27, 28],

2112
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wheremjg and ; are, respectively, the quark current mass and chemicahpattef the quark flavoi. The constang is the
strong interaction coupling. One can also use a runningloayuponstanig(Q/A) in the equations of state of strange matter
instead of a constarg [29]. In our recent work by using phenomenological runniegiming [26], the quark masses were
demonstrated to decrease with increasing densities ajp&pregion.

Here we assume ttgevalue is in the range d0,0.5), as done in the previous work [24]. The current mass can blected
for up and down quarks, while the strange quark current nsas&én to be 120 MeV in the present calculations. Becaude=of t
vanishing current mass is assumed for up and down quark¢lJFg.reduced to the simple form
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Instead of inserting the effective massdirectly into the Fermi gas expression, we will derive thpressions from the self-
consistency requirement of thermodynamics. The quasgipadontribution of the flavor to the total thermodynamic potential
density can be written as

Qi = —(22;23/(;m{ln {1+e*<£iﬁpf“i)/q
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whereT is the system temperature addis the degeneracy factod(= 3(color) for quarks andl = 1 for electrons). All the
thermodynamic quantities can be derived from the chariatitefunction by obeying the self-consistent relation][30

To definitely describe the magnetic field of a compact staras@ime a constant magnetic fieBh¢ = Bm) along thez
axis. Due to the quantization of orbital motion of chargedipkes in the presence of a strong magnetic field, known aslaa
diamagnetism, the single particle energy spectrum is [31]

& = /P2 + ME+ @Bm(2n+ 5+ 1), (4)

wherep; is the component of particle momentum along the directiothefmagnetic fielBn, & is the absolute value of the

electronic charge (e.gg, = 2/3 for the u quark and 1/3 for the d and s quarks}, 0,1, 2, ..., are the principal quantum numbers
for the allowed Landau levels, aisd= 1 refers to quark spin up and down state, respectively. Fosdlke of convenience, we
setd =2n+s+1,wherev =0,1,2,.... The single particle energy then becomes [8]

& =/ P2+ + 2veBn. )
On application of the quantized energy levels, the intégmadverdpxdpy in Eq. (3) is replaced by the rule,
00 400
/ dp.dpy — 2meBn 5 Y. (6)
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Because there is the single degenerate state fo0 and the double degenerate statevfgf 0, we assign the spin degeneracy
factor (2— dy0) to the indexv Landau level. The thermodynamic potential density of Eqr(3he presence of a strong field can
thus be written as

0T m )= -TR2R 5 28 [ {Init+ x5 nft + exp = Japr ™




At zero temperature, Eq. (7) is simplified to give
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whereM\(,i) = /M + 2ve By is the quark effective mass in the presence of a magnetic fiettie case of zero temperature, the

upper limit vk of the summation index can be understood from the positive value requirement ototierithm and square
root function in Eq. (8). So we have
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where int means the number before the decimal point.
Accordingly, the pressur@, the energy densitl, and the free energy densiyfor SQM at zero temperature read [32]

P = —Q—B (10)
E = F:Qf-l-zuini-l-B*. (11)
|

HereQ¢ = 5, Q; is the free quasiparticle contribution with the summatiweheix going over all flavors considered. The notation
B* denotes the effective bag function and it can be divided tiwto parts: yj-dependent part and the definite integral constant
part, i.e.,B* = SiBi(ii) + Bo (i = u, d, ands) whereBy is similar to the conventional bag constant @itk ) is the chemical
potential dependent function to be determined.

The derivative of the thermodynamic potential denSitywith respect to the quark effective masshas an analytical expres-
sion, i.e.,
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The quark particle number density of the componésngiven as
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In literature, there are three methods to construct a camiset of thermodynamical functions with the effectiveadu
masses. One is applied in the quark mass density-dependelet in Refs.[33, 34], where all thermodynamic quantitiess a
derived by direct explicit function and implicit functioredendent relations. The second is the treatment in NJL matielre
the dynamical quark masses are solutions of gap equatigrlinguhe quark condensates [21, 35]. The energy and prssur
functions are modified accordingly. The third method is tbagself-consistent thermodynamical treatment with arcéffe bag
constant to describe the residual interaction [36]. Theatiffe bag constant acts as a part of a modified pressuredonttere
we employ the third method. The following requirement isaduced and applied as in Refs. [24, 37],

<§—;) = 0. (14)

From physical viewpoint, the constraint can make the foaraflparticle number function consistent with standardstteal
mechanics. From Egs. (10) and (11), it can be understoodthieagffective bag constant leads an additional term in the
modification in the energy and pressure functions.

Considering Eq.(14), we have the vacuum energy deBs{fy;) through the following differential equation,
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If we assume the vanishing current quark mass, one can &igeBq. (15) under the conditid@(y; = 0) = 0 and have

Hi 9Qjs dm
Bi(i) = — -— —du
I(ul) 0 5”‘{* T—ou dIJ| ul
. (i)2
die B = oo i =My
= - 280 [ | aPpin(—— =) (16)
2re VZO HF | |\/|\(/I> |
where the lower limit of the integration over is different from that in Ref. [24]. Its critical valug® should satisfy
uc? — ¢ —2veBy >0 (17)

To reflect the asymptotic freedom of QCD, the calculationtiweschanged by including the running coupling constant. The
approximate expression for the running quangity ) reads [38],

201 _
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whereA\ is the QCD scale parameter, the only free parameter in thathietermined by experiments. The magnitudé\of
controls the rate at which QCD coupling constant runs as etifomof exchanged momentu@? (see Ref. [29]). After applying
the running coupling constant (18), the effective bag fiamcin Eq. (16) is changed into,
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where the lower limit of the integration® satisfiesB; (u° = 0). Differently from the constant coupling case, the criticalue
pf can be obtained by inserting the running coupling constafg. (18) into the condition (17). The value pf depends not
only on the chemical potential of quarks but also on the Larateergy level.

1. PROPERTIESOF MAGNETIZED STRANGE QUARK MATTER

In this section, the properties of magnetized SQM are stlnith the new version of the quasiparticle model in the pnese
of a strong magnetic field. We will investigate the propertiéth a density- and magnetic-field- dependent bag funciidren
we discuss the effect of QCD scale parameter and the stroggetiafield on the effective bag function and strange quiiss

A. Thestability property of bulk magnetized SQM

As usually done, the SQM is treated as a mixture-Qfd-, s- quarks and electrons with neutrinos entering and leavieg t
system freely. To obtain the equation of states (EoS) of rzed SQM, a set of equilibrium conditions: the weak etuailim,
baryon number conservation, and electric charge newytrslibuld be considered by the following relations [8, 15:48H:

Hu+ He = Hd = Hs, (20)
Ny + Ng + Ns = 3ng, (22)
2 1 1

§nu—§nd—§ns—nezo. (22)

Eq. (20) is the chemical equilibrium condition maintainedthe weak-interaction processes suchsasu — u+d and
S— u-+e+ Ve etc., Eq. (21) is from the definition of the baryon number dgnsg, and Eq. (22) is the charge neutrality
condition. For a given baryon number density, we can obtain the four chemical potentigls Ly, Us, and e by solving the
four equations in (20)-(22). Other thermodynamic quaggitisuch as the energy density and pressure, can then b&atalcu
from the formulae derived in the previous section Il. A étdifference is that the Maxwell contribution have beenudeld in
our numerical calculations, i.e., the quasiparticle dbation Q; is replaced by [42—-44]

Bf

Q=0+, (23)



where the second term is the pure Maxwell contribution ofttagnetic field itself.

In Fig. 1, the energy per baryon of magnetized SQM is shownmatibons of the density for severgl/alues. For comparison
purpose, we have also plotted the previous results in R6f.4®2 settingBm = 0. The solid curves are for magnetized SQM,
while the dotted ones are for the corresponding non-mazge®QM. The two groups of curves have apparently the similar
density behavior. Obviously, however, the magnetized SQ@B! lbwer energies than the non-magnetized SQM. To show the
effect of different coupling constants, we adopt three ealofg.
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FIG. 1: The energy per baryon versus the density at fixed @ugisbnstany = 2, 3,4 for magnetic field strength 8= 101’G. Compared
with the non-magnetized strange quark matter (the dottedeswithBny, = 0), the magnetized case has a lower energy per baryon.

In the quasiparticle model, the paramegestands for the coupling strength and it is related to thengtioteraction coupling
constanios by g = /4mas. Therefore, the g value has a large effect on the stabiliy@M [45]. To satisfy the requirement of
QCD asymptotic freedom, the running property of the coupparametrization should be considered. In Fig. 2, we shew th
running coupling constant as functions of the baryon nundeeisityng. The three lines are obtained with different values of
A. Itis very obvious from Fig. 2 that the running coupliggs a decreasing function of the density. With a big@eralue, the
couplingg is also bigger at any fixed density.
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FIG. 2: The running coupling constagtversus the baryon number density at differAntalues with the magnetic field 8= 10'’G. The
upper lines correspond to larger values\of

In Fig. 3, we show the same quantities as in Fig, 1 with the inmooupling constant, respectively for the two values &f th
different magnetic field 19 G (dashed lines) and 348G (solid lines). Itis clearly seen that the energy per baigoreases with
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FIG. 3: The energy per barydfy/ng of stable MSQM versus the number density at differenalues with the corresponding critical magnetic
field strength B,

increasing the QCD scale parameteii.e. SQM has a lower energy per baryon with smaNeslue at a fixed strong magnetic
field. This effect of the QCD scale parameter is consistettt thie constant coupling case in Fig. 1, because lakgereans
bigger coupling as indicated by Eq. (18).

An obvious observation from Fig. 3 is that there is a minimurargy per baryon for each pair of the parameteendBy,. In
Fig. 4, therefore, we show how the minimum energy of MSQMeviith the magnetic field strength. The QCD scale parameter
is taken to be 180 MeV (the upper dashed curve) and 120 MeMdther solid curve) respectively. It is found on each curve
that there is another minimum value corresponding to ecatithagnetic field strengtB,. For the values of\ = 120 MeV and
180 MeV, the correspondirigf, equals to 215x 10' G and 234 x 10" G respectively. When the magnetic field strength is less
thanB¢,, the minimum energy per baryon decreases with increas@gttength of the magnetic field. When the magnetic field
strength exceedB;,, or equivalently when the magnetic energy scale approatleeQCD scale, i.e,/€By ~ 76.9 MeV, the
field energy itself will have a considerable contributiorthie energy of SQM and hence the energy per baryon increagies wi
the magnetic field strength. In Fig. 3, the magnetic fieldngjtie is taken to be the corresponding critical value.
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FIG. 4. The energy of magnetized strange quark matter vavigsthe magnitude of the strong magnetic field for the fixedDQ&xale
paramete\ = 180 MeV (the upper dashed curve) alhd= 120 MeV (the lower solid curve) respectively. With decregdihe magnetic field
strength, the energy per baryon approaches gradually teatbe without a magnetic field indicated by a horizontal ddstied line.

Because we study magnetized strange quark matter in theolaniged” approximation, it is appropriate to estimate the



maximum magnetic field strength when such an approximatorbe reliable. To this end, in principle, we can investidghage
polarized quarks with spin up (+) and down (-) by introduding polarization parametér as [13, 41]

) _ (=)

n'’ —n
&= "5 (24)
) +nl~)
Whereni(+) and ni(f> denote the number density of spin up and davitype quarks. For the sake of simplicity, we assume a

common polarization raté for u-, d-, ands-quarks, i.e.§, = &g = & = . In Sec.ll, the summation for fixed spg= +1 or
s= —1 should go over the principal quantum numbeisstead ofv. The degeneracy factor 24,0) in Eqgs.(7), (8), (12) and
(13) should be deleted because the spin degeneracy disagpepolarized particles. The polarization parametet § < 1
will decrease with increasing the number density. Assurtangger value of the polarizatiof = 0.6, the energy is enlarged by
4.5%. In fact, even for very larger magnetic fi@g = 5 x 10'8G , the parametef remains in the range (@1~ 0.02) when the
densityng > 0.2 fm —3 [13]. We do the numerical calculation and find that the freergy per baryon will be enlarged by8%
at¢ = 0.1. So the effect of the unpolarized approximation on theudision of the stability of SQM is very small especially
when the magnetic strength is less that®@which is an estimated maximum possible strength of theiottenagnetic field.

B. Theeffective bag function for magnetized SQM

The effective bag functioB* is generally used to represent the vacuum energy densityeiase QCD matter [46]. Com-
paring it with the standard Statistical Mechanics, one @mover the thermodynamics consistency of system densitioan
temperature- dependent Hamiltonian with the extra tBrmThe meaning oB* plays an important role in studying properties
of quark matter. The interpretation Bf was first given by Gorenstein and Yang in Ref.[37]. In quasigie model, because the
dispersion relation is density and/or temperature depenBeis regarded as the system energy in the absence of quaisigart
excitations, which cannot be discarded from the energytapped47]. In this senseB* acts as the bag energy or bag pressure
through the application in bag-like model. One can interfite confinement mechanism consideriigas the difference of
perturbative vacuum and physical vacuum.

In addition to the constant vallgy of the bag model, the expression®if has been developed in several different forms. Li,
Bhalerao, and Bhaduri obtained the temperature dependgradnstant in the QCD sum-rule method [48]. Song obtained a
andT- dependent bag constant by incorporating one-loop caoreat imaginary time formulation of finite temperature field
theory [49],

% _ 1 4 01 50 TN,
In the work of Burgio [50], the Gaussian parametrization efisity dependence & is employed as,
B"(n) = B + (Bo — Bs) eXp(—Y(N&/N0)?), (26)

where the parameteBs,, y, andng are given in Ref. [50]. The effective bag constants in thesgipus works are all monoton-
ically decreasing functions of the density and temperd&g In our present work, the effective bag functiBhis associated
with a magnetic field, and consequently has a different debshavior. We thus plot the effective bag functi®hversus the
baryon number density with differentvalues in Fig. 5. The dashed lines are for the magnetic fieqthgthBy, = 10''G, while

the solid lines are for a higher magnetic strenBgh= 10'8G. The open circles indicate non-magnetized SQM. The nwaleri
results show an important property that the effective bagtionB* remains decreasing monotonously with increasing dessitie
for smallerA = 120 MeV. But for larger valué\ = 180 or 200 MeV, the bag functio®* has a maximum value at about23
times the nuclear saturation density® fm—3. Generally, when the QCD scale parameter is bigger thanritigat value 126
Me\é, the effective bag function is not a monotonic functiomaeach a maximum valug;, ., at the density range.8~ 0.4
fm~—2.

Since the QCD scale parameteiplays a great role on the effective bag funct®h we plot the bag functioB* of stable
SQM, i.e.,P =0, versus\ on the left axis Fig, 6. If one requires that the bag funcBdishould be a non-monotonic decreasing
function of the density, thA value should be bigger than the critical value 126 MeV. Theasponding baryon number density
ng marked by a dashed line on the right axis is also plotted. HgeftonctionB* and the baryon number density all increase
with the QCD parametek.

C. Massradiusrelation of magnetized strange quark stars

Strange quark stars (SQS), a family of compact stars camgisompletely of deconfined, d, s quarks, have attracted a
lot of researchers. The gravitational mass (M) and radiysofRrompact stars are of special interests in astrophysite
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FIG. 5: The effective bag functioB* for magnetized SQM versus the baryon number density atrefiffe\ values. By, = 10'G and
Bm = 10'8G are marked by dashed lines and solid line respectivelyy @nlarger/A, theB* has a maximum valuB;;,.,indicated by asterisks
at 2~ 3 times nuclear saturation density.
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FIG. 6: A\ dependence of the bag functign (solid line) and baryon number density (dashed line) cpording to the zero pressure. The
should be larger than the critical value 126 MeV to produceramonotonic behavior d8*.

strange quark stars were studied by many authors as satibstars different from neutron stars. It is pointed out that
possible configuration of compact stars, such as the stlaadeons, hyperonic matter and quark matter core, can stifeen
equation of states of neutron stars [52—54]. In this sectiencalculate the mass-radius relation of magnetized SQ&her
with the effective quark mass scale. Using the EoS of mage@tsQM in the proceeding sections, we can obtain M and R by
numerically solving Tolman- Oppenheimer-Volkoff (TOV)wations when fixing a central pressue Varying continuously

the central pressure we can obtain a mass-radius relst{®) in Fig. 7. The stable branches of the curves must satisfy the
conditiondM /dP. > 0. In this way, we can find the maximum mass along the same cuvieh is denoted by full dots in
Fig. 7. Other solutions, on the left side of the maximum massunstable and collapsible.

Itis seen from Fig. 7 that the maximum mass is bigger with dlema& value and an extremely large magnetic field. However,
it is still not as big as the recently observed maximum mad$33R J1614-2230 [55]. This may mean that a simple ordinary
phase can not explain the large mass. Some new phaseshe gupiperconductivity phase in dense matter [56-58], shmail
further studied in the future.
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FIG. 7: The mass-radius relation of SQS at differavalues with different magnetic fields,;B= 10'’G (dashed lines) andB= 108G (solid
lines). The maximum masses on all curves are marked by ftgl do

IV. SUMMARY

We have extended the quark quasiparticle model to studyrtbpepties of strange quark matter in a strong magnetic field a
finite density. The self-consistent thermodynamic treatine obtained through an additional bag function. The bangtion
depends not only on the quark chemical potentials but alsth@magnetic field strengtB,. By comparison with the non-
magnetized quark matter, we find that the magnetic field chamce the stability of SQM when the magnetic field strength is
lower than a critical value of the order 40G. But when the magnitude of the magnetic field is larger tharctitical valueBs,,
the magnetic energy will have a considerable contributicthé energy of SQM. So the energy per baryon of MSQM increases
with increasing the field strength. Because the quark matesgsnd on the corresponding chemical potential, an additio
effective bag function, which depends not only on the chahgotentials but also on the magnetic field strength, appdaoth
the energy density and pressure. The effective bag funbiera maximum at about~2 3 times the saturation density when
the QCD scale parameter is larger than 126 MeV. Although goolanized approximation is assumed, we find the energy per
baryon would increase by.&% for the usual polarization parameter whgrt> 0.2 fm 3.

On application of the new equation of state of the magnetitethge quark matter in ordinary phase to calculate the-mass
radius relation of a quark star, it is found that the maximuassdoes not explain the the newly observed maximum mass of
about two time the solar mass. This means that other phagesupperconductivity and/or mixed phases, might be sacgs
to explain the new astronomic observations, and furthelistuare needed.
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