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Quark matter in a strong magnetic field
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The effect of a strong magnetic field on the stability and gross properties of bulk as well as quasibulk quark
matter is investigated using the conventional MIT bag model. Both the Landau diamagnetism and the para-
magnetism of quark matter are studied. How the quark hadron phase transition is affected by the presence of
a strong magnetic field is also investigated. The equation of state of strange quark matter changes significantly
in a strong magnetic field. It is also shown that the thermal nucleation of quark bubbles in a compact meta-
stable state of neutron matter is completely forbidden in the presence of a strong magneti{S@BEB-
2821(96)05712-9

PACS numbgs): 97.10.Ld, 12.39.Ba, 25.754, 97.60.Jd

[. INTRODUCTION presence of quark phase at the core may cause rapid cooling
of the star and can also produce significagray bursts. The
It is generally believed that if the density of neutron mat-other important aspect is the superconducting nature of the
ter at the core of a neutron star exceeds a few times normajuark matter core. Since quarks carry electric charges, unlike
nuclear matter density a deconfining transition to quark matneutron matter which exhibits superfluidity in a neutron star,
ter may take place. Whatever the order of this transition is, ithis particular phase as a whole behaves like a superconduct-
will convert a normal neutron star to a hybrid star with aning fluid (possibly type |—of course if there are very few
infinite cluster of quark matter at the core and a crust ofprotons present in neutron matter, they may form Cooper
neutron matter. If the speculation of Wittgh| that a flavor  pairs and give rise to superconducting zonés a result in
symmetric strange quark matté8QM) is the true ground such objects the magnetic field lines mainly pass through the
state of matter at zero temperature and pressure is corredrust region(if any), the consequence of which is the rapid
then there is a possibility that the whole neutron star will beohmic decay of the magnetic field. Therefore the surface
converted to a star of SQM, in which strange quarks aranagnetic field for such objects will be low enough compared
produced through the weak procesfg#lsand ultimately give  to the corresponding pure neutron star.
rise to a dynamical chemical equilibrium among the constitu- The other interesting part of such objects that must be
ents. The stability of such bulk and quasibulk objects hastudied is the time of quark matter nucleation. It is still not
been thoroughly studied using the MIT bag mofi2+6] as  clear whether such a transition takes place immediately after
well as other confinement models; e.g., we have studiethe supernova explosion or much lafés]. If it occurs al-
them using the dynamical density dependent quark massiost simultaneously with the explosidifi at all), then what
[2,7-9 (D3QM) model of confinement, both at zero and is the effect of the strong magnetic field present in the neu-
finite temperatures. In this context we should mention thatron star on thefirst or second orderquark-hadron phase
the results of the MIT bag model do not agree with the recentransition? It is also interesting to study the effect of a strong
lattice Monte Carlo results. The latter predict a weak first-magnetic field on the equation of state of quark matter.
order or a second-order QCD phase transition, whereas ac- From the observed features in the spectra of a pulsating
cording to the MIT bag model it is a strong first-order tran- accreting neutron star in a binary system, the strength of the
sition. On the other hand, we have seen that the predictionsurface magnetic field of a neutron star is found to-0*?
of the (D3QM) model more or less agree with the recentG. In the interior of a newly born neutron star, it probably
lattice Monte Carlo results. Since we do not know how toreaches~10'® G [14]. It is therefore advisable to study the
incorporate the effect of a strong magnetic field in latticeeffect of a strong magnetic field on SQM, which we expect
gauge calculations, we shall concentrate only on the MITio be present at the core of a compact neutron star. As is well
bag and D3QM models. To see the effect of a strong magknown, the energy of a charged particle changes significantly
netic field on the second order quark-hadron phase transitioim the quantum limit if the magnetic field strength is equal to
we shall assume a metal-insulator-type transition in the presr greater than some critical valug{®=m?c®/(q;%) in
ence of a strong magnetic field. The stability and gross propGauss, wheremn; and g; are, respectively, the mass and
erties of hybrid and strange stars have also been investigatetharge(absolute valueof the particle(e.g.,q; = 2€e/3 for the
[10-13. Although the gross properties of such self-u quark,e/3 for d ands quarks, ande for electron—here
gravitating objects do not differ significantly from a pure e=|e| is the absolute value of the electronic chargeandc
neutron stafexcept in the mass-radiMR) diagran], the  are, respectively, the reduced Planck constant and velocity of
light, both of which(along with the Boltzmann constakg)
are taken to be unity in our choice of units. For an electron of
*Electronic address: somenath@klyuniv.ernet.in mass 0.5 MeV, the strength of this critical field as mentioned
"Permanent address. above isB(9(®~4.4x10" G, whereas for a light quark
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of current mass 5 MeV, this particular value wheren=0,1,2 ..., are theprincipal quantum numbers for
becomes10°xB (9(®: on the other hand, for asquark of  allowed Landau levelss=*1 refers to spin ug+) or down
current mass 150 MeV, it is-10°° G, which is too high to  (—) states, and is the component of particle momentum
realize at the core of a neutron star. Therefore the quantunalong the direction of the external magnetic field. Setting
mechanical effect of a neutron star magnetic field onsan 2v=2n+s+1, whererv=0,1,2,..., we can rewrite the single
guark may be ignored. The critical magnetic field as definegarticle energy eigenvalue in the form

above is the typical strength at which the cyclotron lines )

begin to occur, and in this limit the cyclotron quantum is of €)= (K2 +m{+q;Bpn2v) "2 (2.2

the order of or greater than the corresponding rest energ

This is also equivalent to the requirement that the de Broglli\‘OW it is ver)r/] Ieasl)I/ t% show that the=0 state IIS singly
wavelength is of the order of or greater than the Larmord€generate while all other states wit0 are doubly degen-

radius of the particle in the magnetic field. erate.
In recent years much interesting work has been done on The general expression for the thermodynamic potential

the properties of dense astrophysical and cosmological maf the system is given by
ter in the presence of a strong magnetic figld—-17. A

study on how the primordial magnetic field affects the ex- QO=-T InZ=2 [ (T, u)V+Q; o(T,ui)S

pansion rate of the Universe and synthesis of light elements !

in the early Universe a microsecond after the big bang has +Q, o(T,1)C]+BV 2.3
I I l .

recently been done by Schramet al. [18] (see also Ref.
[19]). In a series of publications we have also reported théyhere the sum is ovar,d,s quarks and electronej.
work done by us on the effect of the strong magnetic field on  The first term on the second line of E®.3) is the vol-

SQM using both the MIT bag model as well as the D3QMume contribution, whose explicit form is given Hg6]
model of confinemenf20-23. We have also done some

work on the magnetostatics of superconducting quark stars Ty 3
and also on the stability and gross properties of strange stars QT i) == (2m)3 d*k In{1-+exd B(ui—e)
in the presence of a strong magnetic figd]. (2.9

The aim of the present paper is to investigate the stability
and some gross properties of quark matter in the presence Whereg; is the degeneracy of thigh speciesiequaling six

a strong magnetic field. In Sec. Il we study the thermody-for quarks and two for electrgrandV is the volume occu-

namic properties of bulk SQM in the presence of a strongPied by the system.

magnetic field. In Sec. Ill the thermal nucleation of stable The second term comes from the surface contribution and

quark matter bubbles in compact metastable neutron mattés given by[27]

at the core of a neutron star in the presence of a strong 3

magnetic field is investigated. In Sec. IV the properties of Q T f d°k 2 k

isti ' ; is(Toui)=—— 1— — arcta

coexisting bulk phases in the presence of a strong magnetic : 6472 |k| - m

field is studied. Assuming the possibility of a metal-insulator

type of second order quark-hadron phase transition at the XIn{l+exd B(ui—€)]}=0 (2.9

neutron star core at zero temperature, we investigate the ef-

fect of a strong magnetic field on such a transition in Sec. vandS is the area of the surface enclosing the voluhend

In Sec. VI, the paramagnetic properties of SQM are dis< is the surface energy per unit area or the surface tension of

cussed in detail. Section VII contains conclusions of thisquark matter.

work. The last term corresponds to curvature correction, which
becomes zero for a plane interface separating two phases.

The explicit form for the curvature term is given pbg8|

II. BULK SQOM IN STRONG MAGNETIC FIELDS

To study the deconfining transition at the core and the Q) o(T,u;) f In{1+exd B(ui—€)]}
stability of SQM in the presence of a strong magnetic field, 48773 |k |2
we consider the conventional MIT bag model. The limitation
of this model has already been discussed in the Introduction. {1 § L ™ arcta £ (2.6)
For the sake of simplicity we are assuming that quarks are 2m, : '

moving freely within the system and as usual the current

masses of botlu andd quarks are extremely lowin our  whereC is the length of the line element drawn on the sur-

actual calculation we have taken current mass for both ofaceS.

them to be 5 MeV, whereas farquark, the current mass is At finite T~x, one has to consider the presence of anti-

taken to be 150 Mey/ quarks and positrons in the system. We assume that for an-

_For a constant magnetic field along the axis tiparticlesu;=—u;; i.e., they are also in chemical equilib-

(Bm=Bm,»=Bm=cons}, the single particle energy eigen- rium with respect to annihilation processes. We would like to

value is given byf25] see the necessary changes for these expressions that has to be
incorporated if a strong external magnetic field is present in
the system. With these modified forms of thermodynamic

€ns=[K*+m’+qiBn(2n+s+1)]*, (2.)  potentials, we shall investigate the magnetism arising from a
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guantization of orbital motion of charged particles in thefield in the next section, when we discuss thermal nucleation
presence of a strong magnetic field, known as Landau diasf quark droplets in the presence of a strong magnetic field.
magnetism. It is well known that in the presence of a magdn this section we shall consider only the bulk term.

netic field along thez axis, the path of the charged particle ~ We shall use Eq(2.4) for s ands and Eq.(2.8) for u, d,

will be a regular helix whose axis lies along theaxis and  ande and their antiparticles. In Eq2.4), €= (k*+m?)'2,
whose projection on the-y plane is a circle. If the magnetic whereas in Eq(2.9), it is given by Eq.(2.2).

field is uniform, both the linear velocity along the field di-  From the well-known thermodynamic relatiof6], the
rection and the angular velocity in they plane will be  expression for the kinetic pressure of the system is given by
constant, the latter arising from the constant Lorentz force

experienced by the particle. Quantum mechanically the en- p— _2 Q. 2.1
ergy associated with the circular motion in tkey plane is i Ve '
guantized in units of ;B,,. The energy associated with the

linear motion along the axis is also quantized, but in view the number density of thigh species is given by

of the smallness of the energy intervals, they may be taken as

continuous variables. We thus have E@.1) or (2.2 as n:_(‘mi:V) (2.12
single particle energy eigenvalues. These magnetized energy ' I T’ '

levels are degenerate because they result from an almost con-

tinuous set of zero field levels. All these levels for which theand finally the expression for the corresponding free-energy
values of the quantitk;+k7 lies between 8;B,» and  density is given by

2q;B,(v+1) now coalesce together into a single level char- 50

acterized by the quantum number The number of these UiZQi,v+Mini—T( 'vV) _ 2.13

levels is given by aT "

S dk.dk = 4Bm 2.7 The last term in Eq(2.13 comes from the nonzero entropy
(2m)? W27 ' of the system, which is zero faf=0. Then the total energy
density of the confined SQM is given by

whereS is the area of the orbit in the-y plane. This ex-

pression is independent of Then in the integral of the form _ .

Jdk f(k), we can replaceffdk,dk, with the expression v 2.: UitB. (214
given above, whereas the limit &, which is a continuous

variable, ranges from-= to +«. Then we can rewrite Egs. To evaluate all of these thermodynamic quantities as de-
(2.4—(2.6) in the presence of a strong magnetic field in thefined above for a given temperature and bag parameter, we

form need chemical potentials for all the constituents present in
the system. Assuming the condition @f equilibrium, we
q.gAB * © » have
Qy=-T5 7 2 J diIn{1-+ex B(ui— ") 1},
=0 Jo 28 wy=pms=pm (say (2.19
and

qigiBm - * dkz . (216)
167 v=0 JO \/(k§+k12_,(i)) Hum B fe: ‘

whereas the charge neutrality condition gives

Qi,S:T

XIn{1+exd B(ui— )]}

2 k
1-— p arctaréﬁ } 2n,—ng—ng—3ne=0. (2.17)

(2.9 Again the baryon number density of the system is given by

and nB:%(nu"_nd"_ns)r (2.18
4i9iBm <« [~ dk, which is considered as a constant parameter.
Qi,C:TTﬂ_T = |, (k2—+k2_) We have solved these equations numerically to obtain
2 e chemical potentials for all the species for various values of
XIn{1+exd B(ui— €)1} B (including zerg and then evaluated the thermodynamic

quantities of the SQM system.

% [ 1- 3 k [Z_ arctarE k H (2.10 Since for any nonzero temperatdre-0 analytical expres-
2m |2 mi/ ||’ ' sions for the thermodynamic quantities cannot be obtained,
_ we shall give zero temperature and for the sake of illustration
wherek {)=2v0;B,,,. low temperature analytical expressions, whereas in actual

Since the surface and curvature terms play significantalculations forT #0, we shall use numerical solutions of the
roles during quark bubble nucleation in dense neutron matgeneral expressions.
ter, and are not at all important for a bulk quark matter sys- Now for T=0, we have the number density of the com-
tem, we shall study their dependence on a strong magnetionenti (i=u, d, or e):
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FIG. 1. The variation ofu, d, s quarks and electron number
density with the magnetic field intensiB;,,, ng=2.5n;.

[Vine
m=nf|"+2 > (a—w”] (2.19
v=1
where
q;B
ny :ﬁ_zllz;:z gi (2.20
2 2
My
= 2.2
gl 2qum ( 1)

and [vﬂ])ax] is the greatest integer not exceedifjg The v
limit becomes finite for thd—0 limit only, when the maxi-

mum available energy of a particle is approximately equal to

its Fermi energy. On the other hand, foquark, the expres-
sion for number density is given by the usual expression

2 2
(ne—my¥?

n _—h.
s T

(2.22

In Fig. 1 we have shown the variation of number of den-
sities foru, d, s quarks and the electron with the magnetic
field intensityB,,. At low enough magnetic field strength, all
the number densities remain almost constant and are equal to
their zero field values. For relatively higher field strengths

>10°xB(9(® G, electron density increases wiiy,. The
s-quark density decreases wi, at relatively higher values
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large magnetic field. One can very easily check that these
oscillating and increasing and/or decreasing natures of num-
ber densities are consistent with the charge neutrality and
constancy of baryon number density conditions. The physi-
cal meaning of change isrquark density and electronic den-
sity is the shift of theB-equilibrium point in the presence of
a strong magnetic field. As a cross check one should try to
see how the rates of weak processes in whkicluark and/or
electron are created or annihilated, and change in the pres-
ence of a strong magnetic field detailed analysis on the
effect of a strong magnetic field on weak and electromag-
netic processes in SQM will be reported elsewHe ).

The expression for kinetic pressure and free-energy den-
sity for theith species are given by=u, d, ande)

[vin

q;9;B 1 )
Pi=—Qi,v=|2—7lTrm P Eui(M?—MS”)W
1 ) Mi"‘(M'Z_M(i)z)l/z
_Zpm2 ! v
2MV' In M(Vi) (2.23
and
[Vmaxl
= _Gi9iBnm 2_ ap()2y112
=0 vt uin= 22 Zo [z,ui(,ui M3’%)
1 ) . _Z_M(Vi)Z 1/2
+ - M(VI)2|n /“LI (Iu’l (I) ) ,
2 MY

(2.29

whereM = (m2+2vq;B,,) Y2 Fors quark, they are given
by the usual expressions

1
Ps=g—7 | 2us(g—M5)*?=3mZpug(ug—m5)™
pst (ps—mg)*?
+3miin| = (2.25
mS

and
3
3 2 2 2 2 2
&=g—2 [ 2pd(pui—md)M2—mZuy(ui—md)*?

(2.26

Ms+(/f«§—m§)1’2“

4
—mgIn
S ms

These two expressions are without the bag pressure or

than that of the electron and becomes negligibly small fovacuum energy density. Here we have also not taken mag-

extremely large field strength 10°xB (9(®) G. On the other

netic pressure and magnetic energy density into account.

hand, u-quark density becomes almost two times the zerdThey are given by the usual expressions 2/8, where the
field value at this extremely large field strength, whereas th@lus sign is for magnetic energy density and the minus sign
d-quark density remains almost constant within this range ofs for magnetic pressure. Now f&,,=10" G, the magnetic
magnetic field. All the number densities, however, show osenergy density is;s=32.283 Me\#, which is too small com-
cillating behavior with the increase of magnetic field inten- pared with the free energy densityl0° MeV*, whereas for
sity. The number densities show oscillating nature, as th@®,,~10' G, it is given bye;g=10°X ;5. The same conclu-

consecutive Landau levels for different constituents passion is also valid for the magnetic pressure of the system.
through the corresponding Fermi levels. The electron densitfherefore, magnetic energy density as well as the magnetic
increases to~10* times the zero field value at extremely pressure will be comparable to the particle free-energy den-
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FIG. 3. Pressure vs energy per baryon curyegquation of
state$ for T=0. The dotted curve is foB,,=0 and solid one is for
Bn=10°xB {9 The curve indicated bigj is for B-J equation of
state.

sity and the kinetic pressure, respectively, if and only if the

magnetic field intensity is too high. Fd,,=10%° G, the

magnetic energy density as well as the magnetic pressure

TZ
Ps=P+ — p(ug—md)*2 (2:30

play the main roles. This magnetic field strength is, however,
too high to realize at the core of neutron stars or any othem all these equations, the superscript zero refers to zero tem-

stellar objects of our interest.

perature cases. In this particular low-temperature case the

To study the stability of bulk SQM in the presence of afree-energy density for thigh species is given by
strong magnetic field we shall use the stability condition

2;P;—B=0, wherei=u, d, s, ande, and solve the Egs.

(2.15—(2.18 numerically forT=0. Sincer{), is a function

Ei:_Pi‘f',U/ini‘f'TS (231)

of 4, we have solved these equations self-consistently folVnerei=u, d, s, or e. Here the last term comes from the
B,,#0. In Fig. 2 we have plotted energy per baryon of SQMNeNZzero entropy of the system and is given by

against the baryon number density. The upper curve is for

B,,=0, whereas the lower one is f&,=10°xB (9(®). This

)
ax]

_ _ VIR 0i9iBm Z[Vm Mi
figure shows clearly that the presence of a strong magnetic TS=—T aT “ 76 T Eo 2
v= i

field makes SQM energetically more stable.

We shall now write out for the sake of completeness the
low-temperature analytical expressions for thermodynami(fOr i—

parameters. The number density is given by

[l (i)2

Qi9iBm i M,
—n0_ 2 2_ \(H2y1/2
ny=n; 12 T VZO (i =M% (M2
(2.27
fori=u, d, ande, and as before, fos quark it is given by
T? 2/.L2—m2
_ (O) S S
ne=n+ — ———>—5. (2.28
s s 6 (Mg_mg)l/z

The expression for pressure for d, ande is given by the
general expression

(7l

0igiBm i
popo d95m ST B o)
P 1z T2 e (229

and fors quark it is given by

(2.32

u, d, ande, whereas fors quark it is given by

sy
aT

(2.33

Ts= —T( =Tug(ps—mo*e
Hs

In Figs. 3 and 4 we have shown the equation of states for
SQM atT=0 and 40 MeV respectively. In both these figures
the dotted curves are fd@,,=0, whereas the solid ones are
for B,,=10°xB (9 For the sake of comparison we have
plotted Bethe-JohnsofB-J) equation of stat¢l4] in Fig. 3,
indicated by the symbdbj. These two figures show that in
the presence of a strong magnetic field the equation of state
of SQM changes significantly. In both these figures we have
taken BY4=0, which is a constant scaling factor. Figure 5
shows the variation of energy per baryon of stable SQM with
the magnetic field strength fang=2.5ny and T=0. This
figure shows that for lovB,,, the energy per baryon remains
almost constant and rises sharply &3, exceeds
10*xB(9® and the matter becomes energetically unstable.
In Fig. 6 we have plotted the variation of kinetic pressure of
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FIG. 4. Pressure vs energy per baryon cur¢eguation of FIG. 6. The variation of pressure with the magnetic field

stateg for T=40 MeV. The dotted curve is fd,,=0 and the solid  strength fomg=2.5ny, T=0, andB**=0.

one is forB,=10°xB(©(®,

of quark matter in the presence of a strong magnetic field. In
same value ofg as before. This figure shows that for rela- particular we shall study the effect of a strong magnetic field

tively low values of magnetic field strength the kinetic pres_on the nucleation of quark droplets in dense neutron matter.

sure initially remains almost independent of magnetic fieldSInCe the s_urface ?‘”d curvature energies of the ql.Jark bubble
strength and then decreases sharply Bs exceeds play a crucial role in droplet nucleation we would like to see

10°xB(©© and finally becomes negative for extremely how these two quantities are modified by the presence of a

.> strong magnetic field.
large values foB,. Therefore for extremely large magnetic : .
field strength, the system becomes energetically as well a The nucleation rate of stable quark matter bubble in meta-

mechanically unstabléhese two conclusions are valid if the tsistoanblii nillggog r[n3%t]ter per unit volume due to thermal fluctua-
magnetic field is confined within the quark matter region 9 y

only, which is possibly not trye | =1 gexp( — W, /T)~Texp — W, /T), 3.1)

IIl. NUCLEATION OF QUARK BUBBLE
IN COMPACT NEUTRON MATTER

SQM with the magnetic field intensity f&**=0 and for the

whereW,, is the minimum thermodynamic work to be done
to create a critical quark droplet and is given (3]
In this section we shall investigate the first order quark- 5
hadron phase transition initiated by the nucleation of droplets m:f - 0_2 [2+2(1+b)%?+3b], (3.2
3 (AP)
whereo=o4+ o, is the surface tension amtP=P,—P,, is
the pressure difference. He®P=P,—P, is a positive
quantity and both o, and o, are also positive,
b=2y(AP)/o?, andy= Y9~ ¥n Stands for curvature energy
density. Here phased” is a droplet of quark matter and
phase ‘h” stands for the metastable neutron matter. In Eq.
(3.1), the preexponential factor is chosen tolewhereT is
the temperature of the metastable medi(ior an exact ex-
pression see Ref32]). In Eq. (3.2) we have assumed that
the two phases are in chemical equilibrithu=0). Since
the bubble nucleation timey,pye~10"%% s€C=Tgyong the
strong interaction time scale, the creation of strange quarks
through weak processes within the quark droplets may be
ignored. Therefore the constituents of quark droplets are only
750 T — u andd quarks. Since the temperature4—5 MeV) < quark
10 2 103 10 * chemical potentia(~300 MeV), the presence of antiquarks
B,./B (c)e) can also be ignored. On the other hand, if we assume the
m/=m presence of hyperons at the core of a neutron (sthich is
FIG. 5. The variation of energy per baryon for stable SQM with believed to be trug then immediately after the phase transi-
the magnetic field strength forg=2.5n; and T=0. tion to quark matters quarks will also be present in the
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quark bubble. However, the quantum mechanical effect ofoo strong only this level will be populated, which is also
strong magnetics on trequark part of the strangelet can be obvious from Eq.(3.4). Although we have assumed here
ignored as long as the magnetic field strength<is0’® G,  T—0, this important conclusion is equally valid for any finite
which has already been discussed. Therefore in the surfade Since bothP,, and P, are finite even in the presence of a
energy term of the strangelet a finite contribution will comestrong magnetic field and@ is also finite, we have from Eq.
from thes-quark part and is given by EQ.5. On the other (3.1) I =0, which means the thermal nucleation rate of drop-
hand the surface tension or the surface energy per unit aréet formation becomes zero; i.e., there cannot be a single
for u andd quarks are given by E@2.9). It is obvious from  quark droplet formation from metastable neutron matter due
this equation that the surface energy diverges logarithmicallyo thermal fluctuation at the core if the magnetic field is of
in the infrared limit(i.e., k,—0) for »=0, i.e., for the ground- the order of or greater than the corresponding critical value.
state Landau level. To show this more explicitly, we shallTherefore the formation of a quark droplet at the magnetized
make a zero temperature approximation. In this case the umeutron star core will be controlled by some other mecha-
per limit of the v sum can be obtained from the condition nism, namely, the quantum effects, triggered by strangelet
capture, etc.

k2= uf—m?—2vq;B,=0. 3.3 Following Ref.[28], we shall now investigate the effect
o of a strong magnetic field on the quark curvature term that
This gives also plays an equally important role as surface tension during
,U«Z—mz thermal nucleation. As before, we can rewrite E210 in
i L) the form
VS ——— = say), 34
SqB. ~Lvmad (s2) (3.4
which is the largest integer not exceedingu _ T 2 . i = dk
—m?)/(2q;B,,). Therefore as has been mentioned earlier the YT 1202 Sy GG |, K2+ K2 @

upper limit[ »{), ] cannot be the same forandd quarks. To
visualize the effect of a magnetic field on the nucleation rate XIn{1+exd - B(e—m)1}G, 3.7
of a quark droplet, we shall first rewrite E@.9) in the form
where
dk,

0= Tom 2 G E NI
167T| u,d k2+ki(|) G_l_gi[z_arctayé k

eV —
i M
XIn 1+exp(— ) G, (3.5
T for the MIT bag model and equal to unity for the D3QM
h model.

where Now we shall evaluate Eq3.7) term by term. Consider

2 k

G=|1— — arctan — »  dk,
™ mi 1= J;) 2k, K, |n{1+exﬁ: Blei—pn)lt. (3.8

for the MIT bag model and is equal to unity for the D3QM
model. Now we shall evaluate integré8.5 by parts for

G=1 and takeT -0 limit. then Obviously, this integral diverges in the infrared limit for

v=0. Here the divergence iskl/type. To see it more ex-
plicitly, let us integrate Eq(3.8) by parts:
E Ke, k,dk,

=0 Jo \/k§+mi2+ki(i) = 1 fw arctal'( kz) k,dk,

Tk, i) ki) (K2+KS 5 +mp)Y2
XIn(ky+ VKZ+K ) L

Ymax X y
=3tk ) (= TR (36 XAl m)l+l

which diverges forv=0, but the divergence is not logarith-
Itis easy to check that E¢3.6) is also a part obr, given by mic (1,~1/v as v—0).
Eq. (3.5 for which G#1. Sinceu;> \/ki(i)-i- miz, therefore, Next consider the second term
for v=0 the second term of E¢3.6) becomest-c. The other
part of the integra(3.6) has been evaluated numerically and 37 (o
found to be a finite number. Similarly the integf8l5) with l,=— J’ ————— In{1+exd — B(e—u) 1}
the second part o6 (which is #1) has also been obtained 4my mi Jo (kz+ki i)
numerically and is found to be finite. Therefore the diverging (3.10
property ofa(G=1) for »=0 is also true for the whole sur-
face energy area, given by E(.5. The termv=0 corre- which has logarithmic divergence in the infrared limit for
sponds to the lowest Landau level. If the magnetic field isy=0. Integrating by parts, we have

a(Gzl)—l&TIE g

(3.9
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37 200 o
IZ:R (In(ky i) In{1+exd — B(e—ui)1}) ]
! 1754
1 (= k,dk 3
_= 2412 U bk 3
1 fo In[k,+(k; +KT (i) %] (k§+kf,(i)+mi2)1/2 1505
1 1254
X : 3.1 = 3
exp Ble—ui)]+1 (3.1 < 1003
For »=0, the first term diverges logarithmically, but unlike 75_:
the second term of Eq3.6), it becomes—«. The second 3
term of Eq.(3.11) and the last term of Eq3.7) have been 503
checked numerically and they remain finite for all values of .
vin the infrared as well as ultraviolet limits. The divergences 254
of the first two terms of this equation cannot cancel each ]
other. The first divergence is much fasterasO than the 0 Fr LIS B O R A A T T
second one; therefore, the overall divergence of the curvature 0.0 0.2 0.4 0.6
term (3.7) remains positive as—0. From Eq.(3.2) it is ng (fm™)
obvious that if somehow the quantibybecomes finitdeven _ o _
zero, still the effect ofo- makesW,, infinitely large. There- FIG. 7. Phase diagram for a bulk coexisting QGP and hadronic

fore, in general, both the surface tension as well as curvaturéhases forB,=0 (dotted curvg and Bj,=10"xB{P® (solid
terms of a quark matter bubble diverge in the presence of &Urve

strong magnetic field. Physically it means that an infinite . o )
amount of work has to be done to create a critical quark/Ve also assume that the condition@#equilibrium is satis-
bubble. As a consequence, thermal nucleation of such #ed in the bulk quark matter phase. _

bubble in metastable neutron matter will be completely for- In Fig. 7 we show the phase diagramg vs T diagram
bidden. It can only occur via some nonthermal mechanismd0r such a mixed phase. The dotted curve is By=0,
Therefore, in the future, if we get some direct or indirectWhereas the solid curve is f@,=10°xB (. This figure
experimental evidences for quark core and if the above corshows that the phase diagram changes significantly in pres-
clusion is assumed to be correct, either the magnetic field g¥nce of a strong magnetic field. .

such objects will be extremely low<B (%) from its time of This observation is especially important during quark-
birth (if quark matter is assumed to be produced immediatelp@dron phase transition in the early Univefeéiereng~0)
after supernova explosipnor it must be produced much If it would have taken place in the presence of a strong mag-
later, when the neutron star magnetic field has decayed to R¢tic field of our interestfor a detailed discussion, see the
value B,,<B 9 or the quark droplets are produced throughin-press paper of Ref23], where the effect of a strong mag-
some nonthermal means. Since all these divergences are djftic field on the baryon number inhomogeneity during cos-
pearing in the infrared limit fo=0, one can in principle Mic QCD phase transition is also discussed

remove them by introducing a lower cutoff fly. Of course,

in that case one has to think about the physical meaning of v, METAL-INSULATOR TYPE OF TRANSITION

this lower cutoff of longitudinal momentum. _ S
Since the order of quark-hadron transition is still not

IV. COEXISTING BULK PHASES !<nown exactly, in this section we shall consider a met_e}l—
insulator type of second-order quark-hadron phase transition
From the discussion in the previous section, we have seest zero temperature in the presence of a strong magnetic
that it is impossible to have a mixed phase of dense neutrofield. As the density of neutron matter at the core of a neu-
matter and droplets of quark matter in the presence of &on star increases, the separation between two neutrons de-
strong magnetic field of strength greater than the correspondreases and at some critical value, when the separation be-
ing critical value. In this section we would like to see the comes~0.4 fm (the hard core radiisneutrons virtually lose
effect of a strong magnetic field on the coexisting bulktheir individuality and quarks can percolate out, giving rise
phases. to a color metal. This transition is more or less identical with
Assuming for the sake of simplicity that only neutrons the metal-insulator transition observed in condensed matter
present in the hadronic phase obey the free hadronic ggshysics, which takes place at high pressure. Here neutrons,
equation of state, the conditions to be satisfied by the coexyhich are colorless objects, play the role of neutral atoms of
isting phases are the insulator placed at the lattice points and orbital bound
electrons may be compared with the confined quarks.
Bn=put 2, (4.1 Unlike a first-order transition, where the two phases are in
_ equilibrium at the critical point, here they are indistinguish-
Pn=P 4.2 able. The conditions that must be satisfied in this case at the
critical point are

q:

and

To=Tq=Tc. 4.3 €n=¢€q, (5.1
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154 that for extremely large magnetic field strength, the critical
] density becomes too high to achieve at the core of a neutron
N star. This implies that for an extremely strong magnetic field
137 at the neutron star core, both the first order transition through
n the nucleation of quark bubbles and a second order metal-
101 insulator type of quark hadron transition are impossible.
{o 8-:* VI. PAULI PARAMAGNETISM OF QUARK MATTER
e E As mentioned in the Introduction, the magnetism of quark
: gas atT=0 consists of two parts: a paramagnetic part due to
57 the intrinsic spin magnetic moment, known as Pauli para-
3 magnetism, and a diamagnetic part called Landau diamagne-
34 tism, arising from the quantization of the orbital motion of
N the quarks in the strong magnetic field. The second part has
] already been discussed. In this section we shall consider the
0 21 IRRARL] 31 TTIT] 41 LERALLLY 5| LURELLLL 8‘ T Pauli paramagnetism of quark matter.
10 10 10 10 10 It is known that the quarks have nonzero magnetic dipole

Brn/Bm moment, given by 7,=1.852,, 54=—0.972, and
ns=—0.581py, where ny=e/2m,=3.152<x10"** MeV/
Tesla, the nuclear magneton. For the electron,li} is given by
B 7.=1.0011675, where ng=e/2m,=5.788<10 -~ MeV/
Hn=2pdF iy, (52 Tesla, the Bohr magnetor?. °
Therefore in the presence of a magnetic field of strength
B.,, the magnetic potential energy of tht component is
Pn="Pq. (5.3 —7;Bn, wherei stands foru, d, or s quarks or electron.

Then the corresponding number density is giver] 38/
Ei(Bm) 2 Ei(Bm) 2
baryon number density.=1.4%, and BY*=146.52 MeV =572 L:m_ k“dk+ Lm_”n_B k“dk| (6.1
for B,,=0. In the presence of a strong magnetic field, both ' Lo
the critical baryon number density and the corresponding baghich gives, after some simple algebraic manipulation,

pressure depend on the strength of the magnetic field. In Fig. _ _ _
8 we show the variation afi; with the magnetic field inten- :Zn,Bm(anBerZm,)

FIG. 8. The variation of. with the magnetic field intensit,, .

and of course

Here we have assumed the presencel @ndd quarks
only, the numerical solution of Eq$5.1)—(5.3) give critical g (

(2x¥?-1), (6.2)

sity B,,, and in Fig. 9 the same type of variation is shown for ' 67

B These figures show that for low magnetic field strength here

both the critical density and bag pressure are almost indepew

dent ofB,,, and very close to their zero magn(e;[i(c)field values. €2(Bp) —m? 6.3
ic fi c)(e Xj= .

But for large magnetic field strength10°xB (9(® G, both =29 B(27.B+2m)

these quantities increase sharply. These figures also show
and g is the single particle energy. From E@®.3) one can

350 write
; €/(Bp) =M +X(Rap) 2N efg—m?), (6.4
3007 wheree; 4 is the single particle energy in absence of a mag-
%\ . netic field, given by
S 250 € =M +(3m%n;)? (6.9
N ]
= ] and
200 Raa(Xi) = 2(2x%2-1). (6.6)
] Now the total particle number density for thien component
150 can be decomposed into two parts, with the magnetic mo-
7 ment along the direction of the magnetic field and opposite
- to it, and we have
1 T T T TTTiT UL AL T TTTINT T T1T] L= (T) (l)
OO102 10° 10¢ 10° 10° =N B) + 07 (B, ©7
Ban/ B where
FIG. 9. The variation oB*" with the magnetic field intensity nim(Bm): EI Xia/z[ Ra/z(Xi)]fl, 6.9

Bin.
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the number density for thigh component with the direction
of magnetic dipole moment along the direction of external P=> P, (6.17
magnetic field, and '

0 N » s where
n*(Bm) = 2 X TRaa(x) ] H(1—x; 3, (6.9 gi eBn  kidk
=g |

the same number density as above, but where the direction of

the magnetic dipole moment is now opposite to the direction (B k4dk
of the external field. In the absence of a magnetic field, or for + j miay (KRREMDT| (6.18
B,,—0, the quantityx;=o, which gives e '
€= € o) nim: ni(“. (6.10 which, after some algebraic simplification reduces to

The second relation implies equal occupation probability forP;(B,,) = 43;72 (Z(Eiz—miz)l’z(Zeiz—miz)ei
up and down spin states. On the other handxerl, we
have © e €+ (e2—mH)1?

n"=n;, andn{!=0, (6.11) ' m,

3 2 2 3
which is the complete saturation of the spin states along the —Lyi(yi+2m)](—3m7+mfy; +6myy;+2y7)
direction of the magnetic field. In this condition Camind 14 yi+[yi(2m+y;)]Y2 o1

€= m?+ 223 )~ m?). (6.12 miin m, - (619

The threshold magnetic field strength for complete saturatiomn the field free cas€B,,=0), y;=0, then both the expres-
of theith component can be obtained by puttig=1 in Eq.  sions for energy density and pressure reduce to the corre-

(6.3, which gives sponding zero field expressions, withreplaced bye(®). On
2\ 23 12 the other hand, for the saturation condition,=1 and
67N;
[22/3<_' +mi2 -m, y;=€—m;, we have
i gi
BV = . (6.1 -
m 27 613 U(xley:I§#7{2(6%—nf)”%26?—nf)q
For n;=2.5ng, the threshold values fan, d, ands quarks €+ (e2—m?)1?
are 3.410" G, 6.46<10' G, and 7.5%10" G, respec- —2méin| ————= |},
tively, which are of course not too low. m
The energy density for such a Pauli paramagnetic system (6.20
s given by where in this expressiog is given by Eq.(6.12. Similarly
the expression for pressure is given by
u=> U, (6.14
1 g
Pmmzhzzég 2(2—m) VA 2e2—mP)e
where
2 2\1/2
. (B €(Bm) 4| €T (7—mp)
Ui(B) =2y f Ede+f ek?dk|, emiin —— /. 629
27 e=m; e=m;+279Bp, !
(6.19 The bulk interaction energy per unit volume is given by
which after some straightforward algebraic manipulation be- :
comes UinZEi Uiy (6.22
g.
Ui(Bm) = 15> (2<e?—m?>1’2<265—m?>ei where |
Uil =7Baln{"(Bm —n{(Bp]. (623
5 |6t (e —m)Y?
—2miin| ————— Substituting the values ofi{!) and n{!), and after some
|

simple algebraic manipulation, we have
—Lyi(y;i+2m)](mi+5my; + 6myy? +2y7)

yi+Lyi(2m; +y;) 1M
m;

X2
Ra/a(Xi)

which becomes zero fd8,,=0 and at the saturation limit,

U =n;7By 1 , (6.24)

b e

+mi4ln[ 1+

wherey;=2n;B,,. 0
The kinetic pressure is given by Uin (xi=1)=n;7Bp. (6.29



1316 SOMENATH CHAKRABARTY 54

Finally, the chemical potential for the specie#n pres-
ence of a magnetic fiel8,, is given by

Mi=€—NiBp. (6.26
Substituting the values fa# and %;B,,, we have, after some
simple algebra,
i ={mf + X[ Ry~ 23l o —mP)}H2

1

2

€ —m(1-x?)

Xi

12
— mi’, (6.27)

which becomes o for y;=0, or equivalently forB,,=0 or
Xj—%. On the other hand in the saturation limit, we have

wi(xi=1)=3[ €(x=1)+m;] (6.28

VII. CONCLUSIONS AND DISCUSSIONS

From the theoretical investigations of SQM in the pres-

(i) In the presence of a strong magnetic field of strength of
the order of greater than some critical value as discussed in
the main text, the SQM becomes energetically more stable as
long asB,,<10? G. Above this value, since the magnetic
energy density and also the magnetic pressure play the main
roles, the system becomes energetically as well as mechani-
cally unstablgthe pressure of the system becomes negative

(i) The equation of state of magnetized SQM changes
significantly. Theg-equilibrium point has also been shifted.

(i) There cannot be any thermal nucleation of quark
droplets in a metastable state of compact neutron matter.

(iv) If bulk QGP and hadronic matter can coexist in the
presence of a strong magnetic field, then a significant change
in the phase diagram has also been observed.

(v) If the quark-hadron phase transition at low tempera-
ture and high density is like a metal-insulator type of second-
order transition, in the presence of an extremely strong mag-
netic field as mentioned above, the critical density at which

ence of a strong magnetic field we can make the followingsuch a transition may occur is found to be too large, which is

conclusions.

almost impossible to achieve at the core of a neutron star.
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