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The neutron-proton-electron matter under a strong magnetic field is studied in the context of the covariant
Vlasov approach. We use a Walecka-type hadronic model and the dispersion relations for the longitudinal and
transverse modes are obtained. The instability regions for longitudinal and transverse modes are also studied. The
crust-core transition of a magnetized neutron star is discussed.
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I. INTRODUCTION

Neutron stars are astrophysical objects with extreme prop-
erties and very high densities in their interior, which could be
as high as one order of magnitude larger than nuclear matter
at saturation densities, very intense surface magnetic fields,
which can reach 10" G in the case of magnetars [1], and very
large isospin asymmetries. These properties transform neutron
stars into effective laboratories for understanding the strong
force. Objects such as soft y-ray repeaters and anomalous
x-ray pulsars have been identified as magnetars carrying very
strong surface magnetic fields [2]. They have a slow rotation
period, &~1-12 s, and this has been interpreted as a signature of
the existence of an amorphous and heterogeneous layer, with
a high electrical resistivity, close to the crust-core transition,
which causes the decay of the magnetic field [3].

The inner crust of neutron stars is characterized by sub-
saturation nuclear densities and it is formed by a lattice
of neutron-rich clusters imbedded in a neutron and electron
gas background. In fact, at subsaturation densities, nuclear
matter is characterized by a liquid-gas phase transition. As a
consequence of long-range Coulomb repulsion and short-range
nuclear attraction this transition originates the formation of
clusterized matter that, depending on the density, may have
exotic geometries, and which are known as nuclear pasta [4].
At the bottom of the inner crust, where these clusters occur,
the neutron star core sets in. Understanding how the magnetic
field may affect the localization of the core onset has been the
objective of recent works [5—7], where the crust-core transition
in the presence of strong magnetic fields was studied within
the calculation of the dynamical spinodal section [8]. From
the linearization of the Vlasov equation for the distribution
function of protons, neutrons, and electrons, the dispersion
relation for the propagation of longitudinal models along
the magnetic field was calculated. The spinodal section was
identified with the surface in phase space where the density
mode frequencies are zero. The main conclusions of those
works were that the magnetic field shifts the onset of the
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outer core to larger densities, the crust-core transition is a
region of finite density thickness, the density location of this
transition region formed by alternating stable and unstable
layers was quite sensitive to the slope of the symmetry energy,
and temperatures of the order of ~0.5-1 MeV might wash out
most of these effects.

One of the main objectives of the present work is to
obtain the dispersion relations for neutron-proton-electron
(npe) matter subjected to a strong external magnetic field
within the formalism of the covariant Wigner function, which
allows us to calculate the propagation of density modes in
an arbitrary direction with respect to direction of the magnetic
field. The dispersion relations will be applied to the calculation
of the transverse and longitudinal collective modes, both stable
and unstable. The unstable modes determine the dynamical
spinodal zones, which set boundaries for the inhomogeneous
region of the magnetar crust. This formalism is of particular
interest because it may be easily generalized in order to calcu-
late the electrical and thermal conductivity in the magnetized
matter, which is of fundamental importance for the study of
the cooling of magnetars.

II. FORMALISM

The Lagrangian density using natural units, i.e., taking
¢ = h = 1, can be written as

L= Y Li+Li+Lo+Lo+Lop+La (D)

j=p.n.e
with
L; =F[y*iDY — My,

where the covariant derivative is defined as, i D,(Lj ) = id, —
V(J ), where j = (n, p, e), stands for the neutron, proton, and
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electron,
gvVM—l—%"bu—l—eA“, j=p
VP =gV, — &5, j=n ., @
—eA,, j=

My=M;=M"=M-—gp(x), M;=m, and e=
/4w /137 is the electromagnetic coupling constant. For
the nuclear matter parameters, we will consider the NL3
parametrization, [9], and the FSU parametrization [10]. The
meson and photon contributions in Eq. (1) are given by

Lo = 5(0,99"¢ —mid* — fxd’ — $509%),

L, =3(—32,Q" +mV, V" + LEgli(V, V),

L, = 4(~1By - B™ +m2b, - b"), 3)
Lop = Nug2g2V, V"b, - b’

['A = —%FMUFMU,

where ,, = 8, Vy — 8,Vy, By = ,b, — d,b, — Tp(by, X
l;v), and F,, = 9,A, — 0,A,. The parameters «, A, and & are
self-interacting couplings and the w-p coupling A, is included
to soften the density dependence of the symmetry energy above
saturation density. From the Euler-Lagrange equations, one
obtains the Dirac equation for the fermion fields:

i)/MD,(Lj) Iﬁ(j) — M; w(.i)’ 4)
and its conjugate equation:
tﬁ(-i)iDL('i)y“ — —M; 1;(]‘)’ (5)

where iD}) = i (B_M + V. In this section, we will dis-
cuss how the Vlasov equation for a hadronic system in a
strong magnetized medium is obtained from general transport
equations. Our formalism is based on the covariant Wigner
function under strong magnetic fields. The transport equations
using Wigner functions have been developed in the context
of quantum electrodynamics [11,12], relativistic heavy ions
[13,14], and quantum chromodynamics [15]. The application
of the Wigner function for a relativistic electron gas in a strong
magnetic field was done in Refs. [16-19]. We will present
in this section only the main results related to the transport
theory in order to keep this paper minimally self-contained.
We will focus on the new technical details that appear when
using the covariant Wigner function for the description of npe
matter subjected to strong magnetic fields since, in the present
context and to our knowledge, this has not yet been done. It
will be shown that both the longitudinal and transverse modes,
which consist of small oscillations along and perpendicular to
the external magnetic field, can be obtained in a systematic
way by generalizing magnetized plasma physics techniques.
The present formalism is adequate for the study of collective
modes and opens the possibility to study thermal and electrical
conductivity in npe matter.

A. Covariant Wigner function

We define the Wigner covariant matrix operator [12] as:
Wi, p) = / dty e o) (x. y), (©)
where x and y are four-vectors, j = (n, p, ¢), and
O} (x, Yap = U (1)er P ey D)
_ %p(x”eft»ﬂ{% ds VOGty) () (7)

In the latter equation, xL = x *+ %y, and the phase factor
contains a line integra, which is to be calculated along a straight
line path from x_ to x, since in this case the gauge invariance
of the Wigner function is guaranteed [11]. If one defines the
canonical, p,, and kinetic, I «» Momentum operators as:

. 1 <« . 1 . . . .

Pu = Z( el n au), H;L = E(DL(D - D‘(Lj)) = Pu — Vlgj),

then, from Eqgs. (6), (7), the Wigner matrix can be rewritten as:
Wi (x, plap = Q)0 ()8 [F1(x) — ply ) (x).

From the Dirac equations, (4), (5), in a rather cumbersome
calculation [lAl,12], it is possible to derive the following
equation for Wy(x, p):

uf v ih . ih u
y HM+7DM -M x—Ea,, Wa(x, p) =0,
(®
where

172
Dy = 0y — /1/2 ds Fun(x + ihsa,,)a;, ©)]

. 1/2
fl, = p, —|—ih/ ds sFu(x + ifisd,)d",  (10)
~1/2

and F) = 0,V — 8,V In Eq. (8)

. in =1 (—ik\" .
n=0
with A = 9, - 9,, and AM*(x) = (%M*(x))%ﬂ. Note that
Oy, = 9y The first designation will be used if necessary to
distinguish from the four-gradient with respect to p.

In the latter equations, % is explicitly shown, since our aim
is to consider approximations of O(%) in order to derive the
semiclassical Vlasov equation. From here on, we will omit the
particle index, (j), whenever this does not cause confusion.
Notice that Eq. (8), when 7 — 0, can be written as:

[p* — M*(x)*1Wa(x, p) = 0
or
(P =[5 2+ M* ()21} Walx, p) = 0.

This result means that the Wigner operator is on the mass shell,
thus, the component of O (1) of W, can be written as:

Wa(x, p) = WPV (po — E,) + W 8(po + E,), (11)
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where E, = /p 2+ M*(x)?. Here, we will discuss briefly
how the Vlasov equation may be obtained from the Wigner
operator. First [11], we expand the Wigner 4 x 4 matrix
operator in terms of the Clifford algebra:

Wa(x, p) = §[F(x, p)I + iy P(x, p) + y"Fu(x, p).
+ Y32 (x, p) + 10" S0, p)], (12)

where o’ = %(y"y“ — y y"). After substituting the Clif-
ford expansion of W4 in Eq. (8), we calculate the traces in
Dirac space by multiplying the resulting expression by each
one of the sixteen Clifford algebra elements. Thus, we obtain 16
complex equations [12]. Next, we consider the energy average
of the Wigner function, since the Vlasov equation is usually
written in terms of the Cartesian momentum vector, p, instead
of the four-vector p**. For convenience, we define W3 (x, p) as:

Ws(x, p) = /dpom(x, % p) v’ (13)

Of course, one obtains again 16 equations relating the compo-
nents of the W3 just defined. It is possible to show [12], after
a long and tedious calculation, that at O (%) one obtains the
following generalized Vlasov equation:

*

q N M
O feEv -V, fat+(EXvxB) -V, fo F E—VxM Vi

p
=0, (14)
where v = p/E, and
; N Mi(x) .
gl‘(]) = (()l]) q: I(J) Vx,i M;(.X), J=Dp,n,
E;
& = Fy, (15)

B = €imd VY,

i,l,m=1,2,3 and

j=p,n,e,

fex. p)= /dPOFO:t(x»P) = /dpoTr[VOWii)(O)].

An important remark is in order: The Vlasov equation can be
derived in other approaches, for instance, in Refs. [20,21], this
equation has been obtained using a Hamiltonian formalism.
The main advantage of the Wigner approach is that one has
a systematic method for obtaining the particle equilibrium
distribution functions, which is of fundamental importance for
the description of systems in a magnetized medium.

B. Wigner equilibrium function in a magnetized medium

The equilibrium Wigner distribution function is defined as:
. 1 a
() AN ~ . 0yi7(£)(0)
fr U (x, p)= oy /dpoTr[p yow,
where the density matrix operator is given by:
p= %"’3 R, (16)

where Z is the partition function, 8 = 1/7T, and the trace
is to be evaluated simultaneously in the Dirac space and in

any convenient set of basis states, for example, the Johnson-
Lippmann [22]. Of course, fj(to)(x, p) satisfies the Vlasov
equation by its construction. Substituting the explicit form of
the Wigner operator, Eq. (6), and the on-mass-shell constraint,
Eq. (11), one obtains:

; d .
O, =2y _ Po < o [ 4 —ipy
I+ (x,p)—/—(h)ﬂr[py /d ye '

< (j —iy.['2 D (x+ys i
X P ey e 4 VIR wi”(m},

a7
where wﬂ)(x), j = (n, p,e), are the positive and negative
components of the fermionic Dirac fields associated to the
neutron, proton, and electron. From here on, we restrict our
calculations to the mean-field approximation. Therefore, only
the time component of the w and p vector meson fields are
different from zero at equilibrium:

VO = Voduo, b = boduo. (18)

We choose the Landau gauge for the vector potential: ALO) =
Bx,8,3, thus the external strong magnetic field is B = Bé; and
V.B =0. The integral in the phase factor, Eq. (17), can be
easily evaluated resulting in V,ﬂo)(j ), thus:

0)(j -
fi )(J)(x’ p)

_ [ 4po
~J @eny

/d“yTrm yOe PG )y el
(19)

For the calculation of the equilibrium function, one has to insert
the Dirac field operator in the Fock space in the last expression
and to perform the integrals indicated in Eq. (19). A similar
calculation has been done in Ref. [ 16] for a magnetized electron
gas and can be promptly generalized for the present situation
resulting in the following expression:

oo
F2(p) =3 Ly Qw?) — Lo Qu))
n=0
—1)" —w?
x— Ve e o)
1+ exp[B(E, F 2)]
where w? = % =L ‘2;; i L,(x) are the Laguerre polyno-

mials, &© = p,, and g =p, — Véo)(p) are the effective
chemical potential of the electron and proton, respectively,
E, = \/p% + M]*.2 + 2eBn where n is the Landau level label,

and we have defined L_;(x) = 0. Since in this work we are
only interested in systems at zero temperature, 7 = 0, one can
rewrite the last equation as:

FODB) = 3 IL,Qu?) - Lymy Qud)]

n=0
x (=1 e 0(i") — E,), (21)

where the Heaviside function 6 (x) was used. The limit 7 — 0
rules out the negative energy part of the distribution function,
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hence we will omit from here on the redundant plus signal
in the symbol ffro)(f ). The electron or proton equilibrium
densities can be readily calculated from their corresponding
distribution functions. For example, the electron density reads
from Eq. (21):

2
0) _ 43 O)e)(
Pe” = Gy / pf7(p)

2 00 o0 2
= —3/ dpn/ dmm/ d® fOOF, p, 1)
@2r) ) 0 0

eB o [ oo
=52 Z/ dp) / dw w[L,2w*) = L, 1w?)]
n=0 "0 0

x e (=1Y'0(1e — En). 22)

The last expression can be easily calculated in cylindrical
coordinates, since the integral in w can be found in tables of
integrals [23], and the integral in p; = p3 is calculated using
the Heaviside function. Therefore:

Nmax

P == Zgn P ), (23)

Wwith 7y, = [ 3 ] where [...] stands for the floor function,
which gives the greatest integer that is less than or equal
to x. g, is a degeneracy factor, which is 1 for n =0 and
2 for n >0, and p\(n) = \/u2 — m2 — 2¢Bn. The density
of electrons just obtained coincides with the usual one [24].
The neutron distribution function is also the standard one:
FOO(p) = G(p(")2 p2). Notice that the normalization
factor of the dlstrlbutlon functions are determined according
to the definition of the currents as given in the next section.

C. Dispersion relations

The four-current is given by:

2 d?
(2 )3f (f)pu[f+)( P)

where j = (n, p,e) and p° = E; =

TP () = PP 24)

T+ M 2 It follows
from the Vlasov equation, Eq. (14), the following four-current
conservation law: 8"];5’ ) (x)=0.

The dispersion relations will be obtained considering a
small perturbation from equilibrium of the distribution func-
tions, where the equilibrium four-current is given by:

2

JOD = m/ ! TP, L FOD Gy — FOD ).

Next, we consider only the zero-temperature case, 7 = O.
Hence, we can write:

PG B0 =fOV0) + 8. (25)

The small perturbation of the distribution functions, f©),
around their equilibrium values, will generate perturbations
on the fields:

p=00+6p, V,=VO+8V,, b,=b"+5b,,
A, = Af?) +8A,, (26)

and cause a corresponding perturbation of the equilibrium four-
current,

JP )= JOD + 879, 27
with
d’p .
) — ()
i = (2:1)3/ <0> Puf, (28)

. > 2,
where we have used the notation E; © - =,p%+ M*(O) ,j =

(n, p, e), with M3® = M@ = M — ¢,¢©, and M*(O) =m,
The scalar densny is given by the expression:

() —

0y L/d_pM*f(l)(x p) (29)

2n)?

The small perturbation of the proton and neutron scalar
densities have to be calculated with care [25], since M} =
M — g,¢(x) is position dependent, resulting in the following
expression:

P = o7 + dps, (30)
with
2 dp
O — *(0) £(0)(/)
ps = / (O)M VP, @31

and 8p = 85 + g, dp" 8¢, with:

2 &*p 05 0)
(271)3/E(0)M SF, (32)

() —

80,

and

-

P :
E(0)3 f(O)(J)_ (33)

2
d (0)(1) _ fd3

After substituting Eq. (25) in the Vlasov e;quation, Eq. (14)
retaining only terms of the first order in 8, one obtains:

3t8f(j) +7- Vx(gf(j) 40 x (V, x )-}(0)(1')) A Vp(;f(j)

*(0)
+ [6 x Ve x VO 45V 4 g E“” V.8¢
J
— 3, 5V — anvf)”} LV, 00 =, (34)

where v = p/E(O),j = p, e (fortheelectrons g; = 0). The last

equation can be further simplified noting that the equilibrium
distribution function, Eq. (21), is a function of p; and p;
only, hence, it is useful to employ cylindrical coordinates
(p1, @, py) torewrite Eq. (34) as:

0,B 3

8,5f(j) + 70 Vx(gf(j) (0) P

5f(})

M*-(O)

+ [6 x (Vy x V9 + g, V.5¢

Y
©
E;

— 8,8V — anvg”} V,fOD =0, (35)
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In the latter equation, Q; is the electric charge of the j
particle. Note also that this equation is also valid for the
neutron, if one takes 0, = 0. Next, we obtain the dispersion

J

SFUE, p,t)

relations, starting from the Fourier transform of the small
deviation from equilibrium of the fields and of the distribution
functions:

8f(G, w, p)

Sp(i, 1) V= | dPgdwl 8¢, w) Y@ (36)
SV, 1) VG, )
and after substituting the last equation in the Vlasov equation, Eq. (35), one obtains for §f)(7, w, p) :
«(0)
i(w—71-3)8f9 — 98 f(” —il(@—=19-3) 8V — sV — 5.5V — M sp G| -V,fOD =0. @37
q (o> 9 = q 0 8s Z0 q » =0.
J

Here, we note that the last equation has an explicit dependence
on the angle ®. In order to get rid of this angular dependence,
we will use some techniques, which are well known in
magnetized plasma physics [26,27]. We will adopt the same
frame of reference used in Ref. [27] where:

é = Bg3, é3 = ¢
(q1,0,q)

ﬁ = pLgl + PHE3 = (pyLcos D, D sin P, p||). (38)
The angular dependence of 8V (g, w, p) = 8V (G, w, pL,

®, p) can be separated by using the Oberman-Ron [26]
transform:

819G, , p)

G =qiér+qé; =

= N e L (081G, @, py. pL). (39)

m=—00 |

(

and its inverse transform:

8£9G, w, py» pL)

1 2 L oL .
= (b)/ ddetsn®eim®s )G w, p), (40)
m 0

where J,,(b) is a Bessel function and b is and arbitrary real
constant. We substitute the Oberman-Ron transform, Eq. (39),
in the Vlasov equation, Eq. (37), with b = "Q“’g,j =(p,e),
and integrate in @ the resulting expression multiplied by the
factor exp[—i (b sin ® — mP)]. After some straightforward but
tedious calculation, we finally obtain, using Eq. (40), the

following expression:

)= g ibsin = —im m i 9 /
(Sf(")(q,a),p)zebs 0] Z e ¢{Ejn1(b)|:ij{)_ E(O)(p”D(l)_pJ‘D(])):|8V)(c])

m=—00 J

. h_ 4 ~ : : INUAPSY
+iJ, (b)[wDi” E(HO) (p DY - pLD“))}av;” + Jm<b>[wDﬁ” —® “=(p.D} — p, Di’hg]wé”
J J
) M *0) ‘B !
(Hm () () _ 8 riqy , QjBm
—Jn(®)[ 01 D% + gD ][sv 5 84 }[ ot 2o | (41)
J J J
[
where the prime of the Bessel function means its derivative From Eq. (28) it follows that:
with respect to b, and
U7 2 d’p N7 o 3
) 8 . 8‘,/4] (q7 (1)) 3 (()) pll. 8f I (C]’ (,(), p)v (44)
DY = S you  pli— f<0><;> (42) 2m)
ap.L ap
and the current conservation results in the relation:
The above expression is the key for the calculation of the ) D = e
dispersion relations in the presence of a strong external mag- IV =0= wsly”’ +q-877 =0. (45)

netic field. The Fourier transform of the small deviations from

equilibrium of the current is given by: i
relation:

§IVE, 1) = fd3q dw 819G, w)e' @9, (43) 38V = 0= wsVy +g -6V = 0.
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D. Dispersion relations for longitudinal and transverse density modes

The dispersion relation for density perturbations follows from taking « = 0 in Eq. (44):

8o =6J45"(G, w) =

@n)y

) 2
BpsrP) g, w,p)=
f péflg, w, p) e

00 00 2 )
f dp.ipy f dp f do sf(g, , p). (47)
—00 0

Then, substituting Eq. (41) in the last expression and performing the integration in ®, one obtains:

30(q, w)

m . . , . . .
:Sj|:zjri(b)<wDi’) Eq(o)(pD(’)—plD(’)))i|8V§/)+Sj|:iJm(b)Jm(b)<a)DiJ) bf{‘g)(p,w pLDﬁ”)ﬂavﬁﬂ

J

J

[J,,xb)(wDﬁ” E(m(pw(”—p||Di’>>3)}SVE’> Si[ 2@ (a0 % + D) |6y

J

Ja(b) ) () «(0
+Sj|: £ (QLDJ 5 +61||DJ) gij()Sd),
j

where we have defined, as in Ref. [27], the function:

dp. p.[X]
Z 2712/ p”/ _na Qij’ (49)
m=—00 E(O) E(O)

where X is an arbitrary function of p; and p,. The next
step in order to obtain the dispersion relations is to substitute
the mesonic deviations from equilibrium in the last equation
by using the equations of motion. An additional equation
involving the scalar density is necessary to determine the
dispersion relation. From Eq. (32), it follows analogously to
the particle density fluctuations that:

) M*(O)
5" = Gy / &p—my 8f VG0 P (50)
J

Following the same reasoning used in the derivation of Eq. (48),
one obtains an analogous expression for the scalar density in
terms of the meson fields and the generalized Lindhard func-
tion. In fact, the expression for § ,o(] ) can be read from Eq. (48)
by including M (0 E; © in the integrands. In the Appendix,

we show, using the equatlons of motion for the meson and
electromagnetic fields, that one can write the deviations from
the equilibrium of these fields in terms of the deviations of
the corresponding densities. Therefore, substituting these field
deviations in Eq. (48), one obtains the dispersion relations.

1. Longitudinal mode

The longitudinal mode corresponds to small perturbations
parallel to the magnetic field and the dispersion relations are
obtained by takingg, = 0,qy = ¢,b =0and §V, =V, = 0
in Eq. (48). From the conservation law, Eq. (46), 9*V’ = j
for the longitudinal modes we find:

D

WSV = G - sVD = g5V,

(48)

(

The last result allows us to write SVz(j )in terms of §V ), hence
(Sp(J)(q, w) in Eq. (48) reduces to:

o > . .
509G, w) = —q(l _ ?>s,-[1,§(0)1)<”]8v(§“

0)
J

+45; [ E( )D(J):|gsM;(O) 8. (52)

In a completely analogous way, one obtains for the scalar
density:

5l P\ [ 2O ] o0
5,0_51)(!],60):—61(1—?)51. 25 Dﬁ” Mj(())av(gj)

J

J2(0)
(0)2
E;

. N 2
+45; D | gsM; " 59 (53)

From Egs. (49), (52), (53), and the equations relating the
perturbations of the mesonic fields with the corresponding
perturbations of the currents given in the Appendix, Egs. (A1),
one obtains the dispersion relations. We have a set of five
equations involving the number densities, (Sp(p), Bp(”), 8p@,
and the scalar densities 8 5.7, § P, resulting in the following
matrix:

(gp(p)
ajy app a3 ais  as -
an an 0 au axs ||
asi 0 azz 0 0 ||| =0. (54)
ag ag  ayy ay o dgs || 50
as; as, 0 asy ass 5 ps(n)

The eigenmodes w of the system are the solutions that cor-
respond to the roots of the determinant of the latter matrix.
In the Appendix, a more detailed discussion and the explicit
expressions for the elements of the dispersion matrix are given.
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FIG. 1. Dynamical spinodals for the NL3 (top) and the FSU (bottom) parametrization, for several values of the magnetic field and for a
moment transfer k = 75 MeV. The black curve corresponds to the B = 0 results.

2. Transverse mode

The transverse mode corresponds to perturbations on the
plane perpendicular to the direction of the external magnetic
field. The dispersion relations are obtained by taking g; = q,
q) =0, and 6V, = 8V, = 0in Eq. (48).

Proceeding as in the longitudinal mode, one obtains:

. w? .
500 0) = ~a(1- % )5, [ 200y

m

o

J2b)ym .
+qu[ e ED(L’):|gsM Osp (55
J

and

2 2
; J2(b) (iym ;
50 ——al1 2% )g. | Im () #(0) 61,07
8p"(q, w) = q<1 q2>sj[ E® DY b:|Mj Vo

Jabym ) £(0)2
j

+4q5S; (56)

The dispersion relations for the transverse mode have the
same matrix structure of Eq. (54), and the appropriate matrix
elements for this case are discussed in detail in the Appendix.

III. RESULTS

In the present section, we discuss the effects of strong
magnetic fields on the structure of the inner crust of mag-
netars by analyzing the dynamical spinodals for NL3 and
FSU parametrizations. We consider the propagation of both
longitudinal and transverse modes, and define the spinodal
as the locus of the zero-frequency solutions of the dispersion
relation obtained for each type. The two parametrizations NL3

and FSU will be considered because they represent two very
distinct types of models: they have, respectively, a hard and
a soft symmetry energy. We will also calculate the maximum
growth rates in the interior of the spinodal surface and the
corresponding wavelengths. All calculations are carried out at
zero temperature, and without taking in account the anomalous
magnetic moments (AMM) of nucleons. We will mostly
consider magnetic field intensities between B =2 x 10'° G
and B = 5 x 10'7 G, although we will also show some results
for B~ 5 x 10'"® G. The most intense fields detected on
the surface of a magnetar are not larger than 2 x 10" G,
however, toroidal fields more intense than 10'7 G in stable
configurations were obtained in Refs. [28,29], and, therefore,
one may expect stronger fields in the interior of the stars.

A. Longitudinal modes and associated spinodals

In Fig. 1, we show the dynamical spinodal sections in
the (on, pp) space for magnetic field intensities B =2 x
101G, B=5x%x10"°G, B=10" G, and B =5 x 107 G,
obtained with the NL3 (top panels) and FSU (bottom panels)
parametrizations. The black lines represent the spinodal sec-
tion at zero magnetic field. The calculations were performed
with k = 75 MeV, which is a value of the transferred momen-
tum that gives a spinodal section very close to the envelope
of the spinodal sections. Essentially, the size of the spinodal
section does not change much for 70 < k < 100 MeV. In
the figure, we also include the EoS of B-equilibrium matter
represented by the blue dashed line. This will allow us to
estimate the crust-core transition density from the crossing of
the B-equilibrium EoS of stellar matter with the dynamical
spinodal.

The spinodal sections have been obtained numerically by
solving the dispersion relation for @ = 0. This was performed
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FIG. 2. Dynamical spinodals for the NL3 (top) and the FSU (bottom) parametrizations, for different moment transfer £ and for magnetic

field B = 10" G. The black curve corresponds to the B = 0 results.

by looking for the solutions at a fixed proton fraction and, for
each solution, a point was obtained. The solutions form a large
connected region for the lower proton and neutron densities,
plus extra disconnected domains that do not occur at B = 0.
The spinodal sections appear made of points, which, however,
define close regions. The pointlike appearance of the sections
is due to a numerical limitation. A higher resolutionin (o, pp)
would complete the gaps. Similar results have been obtained
in Ref. [5].

The structure of the spinodal section obtained for the
strongest field considered, B = 5 x 10'7, clearly shows the
effect of the Landau quantization, as already shown in Ref. [5]:
there are instability regions that extend to much larger densities
than the B = 0 spinodal section, while there are also stable
regions that at B = 0 would be unstable. This is due to the
fact that the energy density becomes softer just after the
opening of a new Landau level, and harder when the Landau
level is most filled. For weaker fields, the same structure is
found, but at a much smaller scale, due to the increase of the
number of Landau levels; see for B = 10!, B = 5 x 10'°, and
B =2 x 10'°. The spinodal section tends to the B = 0 one, as
the magnetic field intensity is reduced. The results obtained
with the present approach coincide with the ones obtained
without the AMM in Ref. [5]. The present approach, however,
will allow us to define the propagation of modes in an arbitrary
direction with respect to the magnetic field direction. In the next
section, we will discuss transverse modes.

Figure 1 allows a comparison of the spinodals obtained for
two models with a very different behavior of the symmetry
energy: the symmetry energy slope at saturation is 118 MeV
for NL3, and 60 MeV for FSU. As discussed in previous
works [5,6,30], in the low proton density, the NL3 spinodal
extends to larger neutron densities than FSU. On the other

hand, at low neutron densities, the contrary occurs for FSU.
These behaviors reflect the symmetry energy properties of both
models: the larger NL3 slope at saturation density implies a
smaller symmetry energy than FSU at densities below p ~
0.1 fm~3, and this energetically favors asymmetric matter in
NL3 with respect to FSU in that range of densities. Above
p~0.1 fm=3, it is FSU that favors more asymmetric matter,
and this explains the behavior of the spinodals for low neutron
densities, when many Landau levels are occupied by protons.
For low proton densities, only the first Landau level is being
occupied, and the spinodal extends to larger neutron densities
for NL3 with a large symmetry energy slope [5,30,31].

In Fig. 2, we analyze the effect of the wave number on the
extension of the spinodal. As discussed in Refs. [8,32], the
extension of the spinodal increases when the wave number
increases from zero to a value of the order of ~70-100 MeV,
due to the effect of the Coulomb field. We see that, for all
the values of the transferred momentum, &, the disconnected
regions are present, and have a similar extension, i.e., the upper
limits of the disconnected region seem to be k independent.
This can be understood if one associates the isolated regions
of instability to the onset of a new Landau level, which gives
a particular extra stability as discussed in Ref. [31].

For very long wavelengths, the electrons and protons have
to stick together in order to minimize the free energy, and this
reduces a lot the unstable region. If B = 0, and for a model
with a large slope L, an unstable region at k & O still survives
in the presence of electrons, however, this is not anymore
true for a model with a soft symmetry energy such as FSU,
for which there is no unstable region. At finite B, the effect
of the Landau levels is important, and regions of instability
arise in a large region of the phase space, even for small
wave numbers. However, taking into account the discussion
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FIG. 3. Largest growth rate I' = |w| (top), the corresponding half-wavelength (middle), the neutron-proton density fluctuation ratio versus
density, and the electron-proton density fluctuation ratio (bottom) versus density for different magnetic-field intensities and matter with y, =
0.035 for FSU (left), and with y, = 0.02 for NL3 (right). The black curve corresponds to the B = 0 results.

of Ref. [7], it is expected that most of these effects are washed
out for temperatures of the order of ~0.5-1 MeV. At large
wave numbers, k > 100 MeV, the spinodal region reduces due
to the finite range of the nuclear force, as discussed in Ref. [8].

We will complete our discussion on the instabilities that
arise due to the excitation of longitudinal modes, by calculating
the largest growth rates for each density in the unstable region.
The corresponding modes are the ones that most probably drive
the system into a nonhomogeneous configuration. We consider
that half the wavelength associated to these modes defines the
average size of the clusters that are formed [33,34], as discussed
in Refs. [5,6].

In Fig. 3, the largest growth rates (top panels), the corre-
sponding half wavelength (second panels), the ratio §p, /50,
between the neutron and proton density fluctuations (third

0.1

0.1

panels), and the ratio 60, /8p, between the electron and proton
density fluctuations (bottom panels) are shown for two val-
ues of magnetic fields B =2 x 10'® G (red) and 5 x 10'® G
(green), and for the NL3 and FSU models. For each one,
the calculation is done respectively at y, = 0.02 (NL3), and
yp = 0.035 (FSU), which are the average proton fractions
obtained in a Thomas-Fermi calculation of the pasta phases
close to the crust-core transition [35]. In all figures, the B = 0
results are plotted by a black curve. The results presented
are equivalent to the ones given in Fig. 4 of Ref. [6] for the
NL3wp model, excluding the AMM contribution. As discussed
there, the plots present two well-defined density regions: a
low-density region where the different quantities fluctuate
around the B = 0 results, the deviations being larger for the
larger fields, and a region at higher density, with no instabilities

0.1

B=2.2x10'%G L mode B=4.4x10""G B=4.4x10"%G
T mode e e
0.08 [ B=0 1 0.08 | 0.08 [
. NL3, k=100 MeV
’ 1 & 0086 s~ 006
& £
< 004 £ 004 F
0.02 | 0.02 |
. ‘ o L I A ] 0 ‘ ‘ ‘ ‘
0 002 004 006 008 0.1 0 002 004 006 008 0.1 0 002 004 006 008 0.1
@) pn (i) (b) pn(fm®) © pn(im®)

FIG. 4. Dynamical spinodals for npe matter subjected to an external magnetic field. The spinodal sections for both longitudinal (blue) and
transverse modes (green) are given for k = 100 MeV and (a) B = 2.2 x 10'° G, (b) B = 4.4 x 10'7 G, (c) B = 4.4 x 10'® G. The black curve

corresponds to the B = 0 results.
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at B =0, but that, at B > 0, present regions of instability
intercalated with stable regions. As expected from the spinodal
regions plotted in Fig. 1, the second region extends to larger
neutron densities for FSU, while the first region is smaller for
the NL3 model. Otherwise, as discussed in Ref. [6], in the
second region, the clusters become smaller, and more proton
rich, as the density increases. In the bottom panel of Fig. 3, the
ratio 8p,/8p, indicates how independent are the proton and
electron fluctuations. For all the densities shown, it is clear
that electron fluctuations are much smaller than the proton
ones, and the system is far from a scenario where electrons
have to fluctuate in phase with protons to lower the Coulomb
energy, and which occurs for small wave numbers.

B. Transverse modes

In the previous section, only longitudinal modes have been
considered. In the presence of strong magnetic fields, the
motion of charged particles is favored along the magnetic field
direction, and, therefore, it is expected that this is reflected
on the spinodal region obtained from transverse modes. In
Fig. 4, we plot the solutions of the dispersion relations for w =
0, for both longitudinal and transverse modes. We consider
three different strengths of the external magnetic field: B =
22 x 109G, B=4.4x 10" G,and B = 4.4 x 10'® G. The
transferred momentum k has been fixed at 100 MeV. The
present comparison is undertaken only for the NL3 model
(only values with p, < 0.1 fm™3 are shown). For FSU we
obtain similar results. Some conclusions are in order: for the
most intense field considered, the spinodal connected to the
longitudinal modes has two well-defined regions connected to
the filling of the two Landau levels. As seen before, the spinodal
extends to quite large neutron densities. A completely different
effect is observed for the spinodal connected to the transverse
modes. In this case, the very strong field B = 4.4 x 10'8
G gives rise to a reduction of the spinodal at large neutron
densities and isospin asymmetries. The magnetic field hinders
the propagation of perturbations in a direction perpendicular to
the magnetic field. However, for a magnetic field one order of
magnitude smaller, this effect is washed out, and the transverse
mode spinodal almost coincides with the B = 0 spinodal. For
this field intensity, the longitudinal mode spinodal is still far
from the B = 0 limit.

IV. CONCLUSIONS

In the present work, we have applied the covariant formula-
tion of the Vlasov equation presented in Ref. [12] to hadronic
matter described within a relativistic mean-field approach.
Within this formalism, we have calculated the normal modes
of arelativistic plasma, having in mind the study of magnetized
nuclear matter as found inside magnetars. The dispersion
relations for both longitudinal and transverse density fluctu-
ations were determined for nuclear matter described within a
relativistic mean-field nuclear model with constant coupling
constants.

In order to study the influence of the magnetic field on
the extension of the crust of a magnetized star, we have
calculated the unstable modes for two different nuclear models,

which were chosen for their different density dependence of
the symmetry energy. The spinodal section, the locus of the
zero-frequency modes, was determined for the longitudinal
and transverse density modes. We have also studied the growth
rates of the unstable modes inside the spinodal sections,
obtained by the largest growth rates, e.g., the modes that
most probably determine the evolution of the system into
a nonhomogeneous phase, and discussed the effect of the
magnetic field on the size of the crust and on the size and proton
content of the clusters formed in the inner crust of the star.

We have recovered previous results obtained for the lon-
gitudinal mode spinodals and corresponding unstable modes
obtained with a generating function method. In particular, the
effect of the magnetic field on the crust-core transition inside
a neutron star was discussed. As already discussed before, it
was shown that this transition occurs at larger densities, more
strikingly if the slope of the symmetry energy is large, and
that the transition region has a finite density width and is
characterized by alternating stable and unstable regions.

However, within the formalism developed in the present
study, we were able to study the propagation of modes not
necessarily aligned with the magnetic field, and this was not
possible in the approach of Ref. [5]. As an example, we
have discussed the spinodal region that originates from the
excitation of transverse modes. For magnetic fields of the order
of B~ 5x 10" G, it was shown that the spinodal section
is much smaller than the B = 0 section in the low proton
density range. We found, however, that this effect is already
washed out for a field one order of magnitude smaller, and that
for B < 5 x 10'7 G, the transverse mode spinodal essentially
coincides with the B = 0 section.

Within the formalism developed, we aim at studying trans-
port coefficients, e.g., heat and electrical conductivities and
viscosity coefficients, of magnetized nuclear matter inside
neutron stars. This are important quantities to determine the
magnetic field evolution [36], the cooling of the star, or to un-
derstand the gravitational driven r-mode instabilities [37,38].
Another problem of interest for neutron stars is the study of the
effect of the magnetic field on the nonhomogeneous matter that
constitutes the inner crust, in particular, its effect on the shape
of the clusters and orientation of the pasta phases. Although
the dynamical spinodal includes the effect of surface tension
(finite range of the force) and the Coulomb field, it does not
take into account adequately the geometry, which is essential
in this frustration problem of interplay between the Coulomb
force and the surface tension. However, in the extended crust,
we are dealing with quite dense matter, and it was seen that the
wavelengths associated with the most unstable mode decrease
outside the B = 0 spinodal region. This may indicate that there
will form thin tubes or deformed bubbles. In other systems that
present pastalike phases, such as the surfactant liquid crystals,
ithas been shown that a magnetic field may induce orientational
phase transitions [39].
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APPENDIX A: EQUATIONS OF MOTION FOR THE MESON AND ELECTROMAGNETIC FIELDS

The equations of motion for the mesons and electromagnetic fields follow from using the Euler-Lagrangian equations (3):

079 — V2o +mip+ ¢+ ¢ =g )

j=p.n

33V, — V*V, +m?v, + %

ViV'Vy 4+ 2A8,b,b"V, =g, > T
j=p.n
07by — Vby, + m2b, +2A,V, V', = g” 3 g
j=p.n
2 2 e j
0B A— VP A =e(JP —TO) = > 0,1,
j=p.e
Now, we consider small deviations from the equilibrium in the fields, as given in Eq. (26), and perform a Fourier transform,
obtaining:

2 iy
[+ G +m]86(G ) =g Y, —<= /E@) 5f,
j=p.n

Qn)
|:—a)2 12 em+ %vgmz + 2Avbg°>2}5vu + %Vg‘”zavo 80 + 40, VO 5b0 8,0 = g0 Y % %p“fﬁf @,
Jj=p.n J
[~w? +G % +m?+ 2Avvg°>2]abM + 40,V Vb5V 8,0 = " Z T (2721)3 %p“Sf(j),
J
[-o +G 7154, = Z Qj5— (2n)3 (O)p 5f, (A1)

where 7; = *£1 is the isospin projection for protons and neutrons, respectively, and the effective scalar mass is given by:

A 2
~2 2 ©) 4 2 4(0) OG)
my =m; + k¢’ + 2qb j Ep ”dp (A2)

APPENDIX B: DISPERSION RELATION MATRIX ELEMENTS FOR LONGITUDINAL MODES

For the calculation of the dispersion relations for the longitudinal modes, Eqgs. (52), (53), we first obtain S;, by taking the
derivative of the equilibrium distribution function, Eq. (21),

A 9 A ad _
Dy’ = g OV = 2 L @u) = Ly Qui)(-1)" e " =slp = p "] +8[py + P ]},
n=0
with p(J )(n) = \/ i *(0) — 2eBn. From Eq. (49), the latter equation, and using the property of the Bessel function, J,,,(b =
0) = 8,0, we find:
I i) S * e ntl pi’m)
Sj FOF D" | = =3 2n2 Ze /0 du W(_l) (Lnu) — Ly—1(2u)) o e | B
i jn (q) ( EO )
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where E (0) \/ M; *0 p(’ ? (n) + eBu. The explicit matrix elements of Eq. (54) are
1= 1 + F‘DPL;O), ap = Fan;O), az = BAL;O), aly = M*(O)BsLE,l), ais = M*(O)BSL(p])
2l = anLflo), ay = 1 + anL’(lo), ary = O, ayy = M*(O)BSL’(}), ars; = M*(O)BSLSII)
a1 = BALY, a3 =0, a3 =1-B,LY, a3 =0, ass=0 ay = FPPM*(O)LE,I), agp = FP"M*(O)LE,U,
2 2
43 = BAM*OLY. ay =1+ BFPM*OLY, a5 = BFPPMO°LY
2 2
as| = anM*(O)L;,l), asy = F’mM*(O)L}Sl), as3 = O, asqy = BSM*(O) L’(IZ), dss = 1 + BSM*(O) L’(12)’
where

F = _<Bv + 7t B, + Qi—QQjBA)
e

and

S o2 — 2
with w{ = i

defined as:

+g2 02=m>+g? and a)i = mi + g 2. The generalized Lindhard functions for the proton and electron are

. Nmax - n+1 (])(n)
L] _eBZ/ dulL,2u) — L,—1(2u)] (O)k+1( D W
q E(O)

Notice that we have defined the generalized Lindhard function, L%, such that the present Vlasov magnetized dispersion relation
and the corresponding nonmagnetized Vlasov dispersion relation of Ref. [25] differs only in what concerns this function. Hence,
the limit B = 0 is easily obtained.

APPENDIX C: DISPERSION RELATION MATRIX ELEMENTS FOR TRANSVERSE MODES

An equation similar to Eq. (B1) provides the necessary solutions for the various S; functions. However, an important
complication arises in the context of the transverse modes, in that the argument of the Bessel functions is not zero. This means
one needs to compute the contribution of the Bessel functions and perform the integrals:

Tn®ym / mJ2(b) DY
' = dp / ApipPi— ok 0 Fm- (ChH
J E(O)k b Dy 712 Z b E’ Ok )y %ﬁk

Next, we obtain S; by taking the derivative of the equilibrium distribution function, Eq. (21),

2py

. 9 . ad
DY) = — rOu = Z[L,,(sz) + Ly Qud)l(—1yH e 2 B

() _ 2
oL 2 o(py’(n) — py), (C2)

and substituting the latter result in Eq. (C1). After some simple manipulations, by separating negative and positive (as well as
zero) values of m, and using properties of the Bessel functions in order to reduce the integrals to more usual forms, one obtains:

Jabym 11w e 00 ) X .
/ E«»kZDL :ngfo dpu8<eB>fO dp1pi[LaQw?) + L1 QwH)I(—1)""" 7
j n=0
Smo\ m> In?* 11
*«»kﬂz( ) 2 _ (Q;Bmp :qznzL : (C3)
E,.(n)Z

J
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These equations simplify considerably in some particular cases of interest. For instance, to determine the spinodal boundary, we
impose w = 0. Below, we show the results for Lgk) in this particular case:

n o 00
8 (% iy b o
1= [ S > [T it + L Y (14250 ) 26,

n=0

2

The latter equation can be simplified further by using the following Bessel function property [23]:

m=0

3 0\ p2py 1
> (1-%) 0 =5 ()

The special cases involved in the calculation of the dispersion relations are the following:

Mmax

) _ 2 2 n_ —w?
LY = eBZ/ dpLpi[L,uw?) + Ly QuHl(—1)"e
Y *(0)2 ()2
* 402 F(n)+M; +p? +pi’(n)
x p(])(n)\/M (0) + pl + p(J)(n) ++( (0) +pi)1 \/ (O) 1
VMO + p
L = Z f dp1 pLLaQu?) + Ly Qu)I(=1)"e™ pif’ (n)
n (J) *(0)2 N2
4 max o0 (n) + M + pJ_ + p (n)
Ly =—3 f dppy[Ln@u?) + Ly QuA)l(=1ye ™ In 2 ‘/ - :
€b =00 MO+ p?

We have chosen the notation L’; to mirror the generalized Lindhard functions, given in Appendix B, and, in fact, substituting
the equations above for those functions, one ends with a matrix for the transverse modes that is identical to the one obtained for

the longitudinal modes, (54).
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