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We construct the stably stratified magnetized stars within the framework of general relativity. The effects
of magnetic fields on the structure of the star and spacetime are treated as perturbations of nonmagnetized
stars. By assuming ideal magnetohydrodynamics and employing one-parameter equations of state, we
derive basic equations for describing stationary and axisymmetric stably stratified stars containing
magnetic fields whose toroidal components are much larger than the poloidal ones. A number of the
polytropic models are numerically calculated to investigate basic properties of the effects of magnetic fields
on the stellar structure. According to the stability result obtained by Braithwaite, which remains a matter of
conjecture for general magnetized stars, certain of the magnetized stars constructed in this study are

possibly stable.
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I. INTRODUCTION

It has been well accepted that soft-gamma repeaters
(SGRs) and anomalous x-ray pulsars (AXPs) are magnet-
ars, highly magnetized neutron stars whose strength of the
surface field is as large as ~10'“-105 G [1-5]. The
existence of the magnetar has reactivated studies on
equilibrium configurations of magnetized stars.

In order to elucidate basic properties of equilibrium
configurations of magnetized stars, a large number of
studies have been performed so far since the pioneering
work of Chandrasekhar and Fermi [6]. A large fraction of
those studies have been done within the framework of
Newtonian magnetohydrodynamics and Newton’s theory
of gravity (cf., e.g., Refs. [7-24]). Since neutron stars are
very compact in the sense that their compactness M/R is
as large as ~0.1-0.2 with M and R being their mass and
radius in geometrical units, general relativity is required to
describe the gravitational field of neutron stars. Therefore,
general relativistic models of magnetized stars have been
investigated as well. Bocquet et al. [25] and Cardall et al.
[26] obtained relativistic neutron star models with purely
poloidal magnetic fields. Using a perturbative technique,
Konno et al. [27] calculated similar models to those
obtained in Refs. [25,26]. Kiuchi and Yoshida [28] com-
puted magnetized stars with purely toroidal fields (cf., also,
Ref. [29]). Ioka and Sasaki [30], Colaiuda ef al. [31], and
Ciolfi et al. [32,33] derived relativistic stellar models
having both toroidal and poloidal magnetic fields with
perturbative techniques (cf., also, Ref. [34]). Yoshida er al.
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[35] included the effects of the stable stratification in the
magnetized star model obtained in Ref. [30]. Uryu et al.
[36,37] obtained magnetized stars with mixed poloidal-
toroidal magnetic fields by solving a full set of Einstein
equations, magnetohydrodynamics equations, and coordi-
nate conditions numerically. By assuming simpler con-
formally flat spacetime, Pili et al. [38—41] calculated many
models of magnetized stars. Although great progress has
been achieved in this field, as mentioned before, further
studies are required because all the magnetized star models
are constructed by some particular magnetic-field configu-
rations that are not necessarily realistic. In particular, it is
still not clear at all whether stable models exist.

The stability of magnetized stars with a relatively simple
magnetic-field structure have been examined with analyti-
cal approaches. The pioneering work was done by Tayler
[42], who showed that stars with purely toroidal magnetic
fields are unstable. Wright [43] subsequently showed that
the same instability mechanism, the pinch-type instability
mechanism, operates in stars with purely poloidal magnetic
fields. He also suggested the possibility that stars having
mixed poloidal-toroidal magnetic fields may be stable if
the strength of both components is comparable (cf., also,
Refs. [44-46]). Flowers and Ruderman [47] found that
another type of instability occurs in purely poloidal
magnetic-field configurations. All those classical stability
analyses were based on a method of an energy principle
in the framework of Newtonian dynamics (cf., also,
Refs. [48,49]). Another approach is a local analysis, with
which Acheson [50] investigated the stability of rotating
magnetized stars containing purely toroidal fields in detail

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.99.084034&domain=pdf&date_stamp=2019-04-17
https://doi.org/10.1103/PhysRevD.99.084034
https://doi.org/10.1103/PhysRevD.99.084034
https://doi.org/10.1103/PhysRevD.99.084034
https://doi.org/10.1103/PhysRevD.99.084034

SHIJUN YOSHIDA

PHYS. REV. D 99, 084034 (2019)

within the framework of Newtonian dynamics (cf., also,
Refs. [51,52]) and derived detailed stability conditions
for purely toroidal magnetic fields buried inside rotating
stars with dissipation. Bonanno and Urpin analyzed the
axisymmetric stability [53] and the nonaxisymmetric sta-
bility [54] of cylindrical equilibrium configurations pos-
sessing mixed poloidal-toroidal fields, while ignoring the
compressibility and stratification of the fluid.

Recently the stability problem of the magnetized star has
been approached from another direction, dynamical sim-
ulation approaches, and some significant progress has been
made. By following the time evolution of small random
initial magnetic fields around a spherical star in the
framework of Newtonian resistive magnetohydrodynamics,
Braithwaite and Spruit [55,56] obtained stable equilibria of
magnetized stars that are formed as a self-organization
phenomenon. The resulting stable magnetic fields have
both poloidal and toroidal components with comparable
strength and support the conjecture for stability conditions
of the magnetized star given by the classical studies
mentioned before (cf., also, Ref. [57]). By using the
numerical magnetohydrodynamic simulation, Braithwaite
[58] studied stability conditions for the magnetized stars
and obtained a stability condition for his models given in
terms of the ratio of the poloidal magnetic energy to the
total magnetic energy. The stability condition is given by

(p)
Epq E
a—M o ZEM <8, (1.1)
Wl Epm

where Egy, Eg\,)[, and W are the total magnetic energy, the
poloidal magnetic energy, and the gravitational energy,
respectively, and & is a dimensionless factor related to the
buoyancy properties of the star. For neutron stars and main-
sequence stars, the dimensionless factor & is of order 103
and 10, respectively. Lander and Jones examined the
stability of magnetized stars by numerically solving the
time evolution of linear perturbations of the stars in their
series of papers [59-61]. For the stars with purely toroidal
and purely poloidal magnetic fields, their results are
consistent with those of the classical stability analysis;
i.e., the pinch-type instability occurs near the symmetry and
the magnetic axes for the cases of the purely toroidal and
the purely poloidal magnetic fields, respectively (cf., also,
Refs. [62-67]). They also assessed the stability of various
magnetized stars with mixed poloidal-toroidal fields and
found that all their models considered suffer from the
pinch-type instability even for the cases in which the
poloidal and toroidal components have comparable
strength [61]. At first glance, it seems that the results by
Lander and Jones are incompatible with those by
Braithwaite and his collaborators [57,58]. Mitchell ef al.
[68] made numerical simulations similar to those of
Braithwaite and his collaborators [55,56] but for the case
of the nonstratified star. They then obtained no stable

equilibrium for the nonstratified case and showed that
stable stratification of the fluid will be a key ingredient,
which is taken into account in the analyses of Refs. [57,58]
but not in the analyses of Ref. [61]. In other words, the
results obtained by Mitchell et al. [68] suggest that stable
stratification is required to avoid instability for some
magnetic-field configurations inside the star. Note that in
the simulations by Braithwaite and his collaborators
[55,56], resistive dissipation will also play a crucial role.
Therefore, effects of the resistive dissipation on dynamical
stability of the magnetized star need to be closely
examined.

Despite the fact that a large number of studies on
equilibria and stabilities of magnetized stars have been
made so far, as mentioned before, the magnetic-field
structure of the neutron star has not yet been elucidated
not only theoretically but also observationally. The for-
mation process of the neutron star would, however,
provide us with some clues. During the core collapse
events that produce neutron stars, the poloidal magnetic-
field lines would get wrapped around the rotation axis
because of the differential rotation of the core (cf., e.g.,
Ref. [69]). As a result, the toroidal field would be
significantly amplified. It is therefore likely to expect
that the toroidal component of the magnetic field is much
larger than the poloidal one inside the neutron star at least
soon after its birth.

To investigate properties of the magnetized star whose
toroidal fields are much larger than the poloidal ones,
Kiuchi and Yoshida [28] constructed the magnetized stars
completely neglecting the poloidal component of the
magnetic field. Although studies on stars with purely
toroidal magnetic fields can elucidate approximate proper-
ties of magnetized stars whose toroidal fields are much
larger than the poloidal ones, purely toroidal magnetic
fields inside the star are unstable as mentioned before. To
stabilize the toroidal magnetic field inside the star, the
inclusion of the poloidal magnetic field is necessary. To our
knowledge, however, equilibrium states of the magnetized
star whose toroidal fields are much larger than the poloidal
ones, which are plausible neutron star models, have not
been constructed so far, except the case of purely toroidal
magnetic fields. As mentioned before, another important
stabilizing agent for magnetic fields inside the star is a
stable stratification of the fluid. In order to construct
neutron star models with a more realistic interior mag-
netic-field structure, in this study, we investigate stably
stratified stars having magnetic fields characterized by the
condition of Eg\zl /Epm < 1; i.e., the toroidal field is much
larger than the poloidal one, within the framework of
general relativity.

The strength of the effects of magnetic fields on the
stellar structure can be roughly estimated by an approxi-
mate ratio of the magnetic-field energy, Egy, to the
gravitational energy, W, given by
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Eevi of Bo \2f R \*/ M \=2
—Mx107° , 1.2
|W| (1015 G) 10 km/ \1.4 M, (12)

where B, R, and M are the strengths of the magnetic
field, the radius, and the mass of the star, respectively.
This ratio is very small even if a magnetar characterized
by By~ 10" G is considered. In order to investigate
effects of magnetic fields on the neutron star structure,
therefore, perturbation approaches are generally quite
efficient in the sense that they are tractable and give
sufficiently accurate results. We therefore make use of a
perturbation approach to study the structure of the
magnetized star in this work.

The present paper is organized as follows. In Sec. II,
we introduce the general formalism for general relativistic
ideal magnetohydrodynamics. Section III presents the
formalism used to construct the stably stratified magne-
tized star whose toroidal fields are much larger than the
poloidal ones. In Sec. IV, we exhibit examples of the stably
stratified magnetized stars calculated numerically. Finally,
we give the discussion and summary in Secs. V and VI,
respectively. In the Appendix, we give a Newtonian
analysis of the same magnetized star as that discussed in
this paper. In the following, we choose the signature
(-, +, +, +) for the spacetime metric and, unless otherwise
stated, we adopt geometrical units with ¢ = G = 1, where
c and G are the speed of light and Newton’s gravitational
constant, respectively.

II. BASIC EQUATIONS DESCRIBING DYNAMICS
OF PERFECTLY CONDUCTIVE FLUIDS

The dynamics of perfect fluids coupled with electro-
magnetic fields may be described by the magnetohydro-
dynamics equations summarized as follows. The baryon
mass conservation equation:

V,(pu*) =0, (2.1)
where p and u# are the rest-mass density and the fluid four-
velocity, respectively. Here, V, denotes the covariant
derivative associated with the metric g,,, and the spacetime
indices are denoted by lowercase Greek letters (a, 3,7, ...).
The Maxwell equations:

V(IFMD + vﬂFWI + VUF{ZM = 0’ (22)

V, F* = 4zJ+, (2.3)
where F,, and J# are the Faraday tensor and the current
four-vector, respectively. The conservation law of the
energy-momentum tensor:

V, T =0, (2.4)

where TH is the energy-momentum tensor, defined by

" = phutu* + Pg*

1 1
o | P = g 9 F | (25)

V¥4

where i and P are the specific enthalpy and the pressure,
respectively. Here, the specific enthalpy may, in terms of
the specific internal energy ¢, the pressure P, and the rest-
mass density p, be defined by

P
h=1+e+—. (2.6)
P

As for the equations of state, we supply one-parameter
equations of state, given by

(2.7)

The electric field E,, and the magnetic field B, observed by
an observer associated with the fluid four-velocity u* are
defined by

1

n Eevﬂaﬁ”vFaﬁ’

B

where €,,,5 is the Levi-Civita tensor with €p23 = /=g.
Here, g denotes the determinant of the metric g,,. Since the
neutron-star matter may be approximately assumed as a
perfect conductor, in this study, we may further impose the
condition of perfect conductivity, given by

E,=F,u" =0. (2.10)
Equation (2.4) may be divided into two equations, the

energy equation and the momentum equation, respectively,
given by

-u,V,T" = u'V {p(1 + &)} + phV, u"

= pu*V e+ PV, u’ =0, (2.11)
GV T = phu*NVu, + q,V, P —F,J*
—0, (2.12)

where ¢q,, = g,, + u,u,. Note that the perfect conduc-

tivity condition (2.10) has been used in the derivation
of Eq. (2.11).
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III. MASTER EQUATIONS FOR EQUILIBRIUM
SOLUTIONS OF THE MAGNETIZED STAR

In order to obtain equilibrium solutions of the relativistic
stars containing the mixed poloidal-toroidal magnetic
fields, in this study, we make the following assumptions:
(i) Equilibrium models are stationary and axisymmetric;
i.e., the spacetime has the time Killing vector # and the
rotational Killing vector ¢*, and Lie derivatives of the
equilibrium quantities along the Killing vectors # and ¢*
vanish. (ii) There is no fluid flow. (iii) The magnetic fields
are sufficiently weak in the sense that the magnetic effects
on the equilibrium structures may be treated as perturba-
tions of stars including no electromagnetic field. (iv) The
toroidal component of magnetic fields is much larger than
the poloidal one. Under these assumptions, we may derive
the master equations for describing equilibrium states of the
relativistic stars containing the mixed poloidal-toroidal
magnetic fields using the magnetohydrodynamic equations
summarized in the previous section.

In order to give a clear and definite description of the
assumptions (iii) and (iv), we introduce two dimensionless
smallness parameters ¢, and ¢, representing the amplitudes
of the toroidal and the poloidal components of magnetic
fields, respectively. We may then write that (/F ﬂ,,<’>F wp=l =
O(e?) and PF,,(PFP=! = O(e2) where ('F,, and (P)F,
stand for the toroidal and poloidal components of the
Faraday tensor F,,, respectively. Note that F,, can be
divided into the two parts, (VF u and s s because of
the assumptions of the stationary and axially symmetric
magnetic fields and the perfectly conducting fluid without
flow. By the assumption (iii) we have ¢, < 1 and ¢, < 1.
By the assumption (iv) we further impose that ¢, < ¢, < 1.

In this study, as mentioned before, the unperturbed state
is assumed to be a static and spherically symmetric star
without magnetic fields. Around the spherically symmetric
star, we may impose as perturbations the magnetic fields,
given by

F, = gt(t)FMV + gp(p)FW,

(3.1)

By this magnetic field, the matter distribution deviates from
spherical symmetry. In this study, we are primarily interested
in the lowest-order effects of the poloidal magnetic field on
the structure of the star including purely toroidal magnetic
fields. We therefore consider perturbations of order 7 and
&,£, on the structure of the spherically symmetric star but
neglect perturbations of order higher than &. Note that
because of assumption (iv), i.e., £, < &, < 1, we have the
inequality 0!, > e7¢)) > ele), > elel.

A. Static and spherically symmetric stars without
magnetic fields: The &c0-order equations

The line element of static and spherically symmetric
spacetime may be given by

ds* = Vg, dx" dx¥ (3.2)
= —e¥dt* + e*dr?
+ r2(d6* + sin® 0dg?), (3.3)

where (O)QW denotes the unperturbed metric, and v and A
are functions of r only. The equilibrium state of the
unperturbed star is described by the following equations
(cf.,, e.g., Ref. [70]):

am
" = 412 O)p(1 4 ), (3.4)
dr
dOp M, + 4z Opp3
dr = —EZMO)/)(O)}IT N (35)
d 1 dOp
S (3.6)

dr— 0y0p dr
where M, is defined in terms of the metric function by
M, =

(1= e2), (3.7)

NS

and ©p, O¢, O)p and O are, respectively, the rest-mass
density, specific internal energy, pressure, and specific
enthalpy for the unperturbed star.

B. Magnetic fields around a spherical star:

The /¢y and )¢, order equations

Because of the assumption of no fluid flow, assumption
(ii), the fluid four-velocity is given by

w' =y, (3.8)
where y is the function determined by the normalization
condition u*u, = —1. The perfect-conductivity condition

(2.10) then becomes

F

Wt" =F

ut

=0. (3.9)

As argued by Kiuchi and Yoshida [28], the toroidal
component of the magnetic field may be characterized
by the conditions, given by

OF 9" =0. (3.10)
Thus, we see that the nonzero component of the toroidal
magnetic field (F v 1 OF ,o(= =F,,) only. The poloidal
component of the magnetic field may be given in term of
the poloidal flux function ¥, which is actually the ¢
component of the vector potential A,, ie., ¥ =A, (cf,
e.g., Ref. [25]). Under the present assumptions, therefore,
the Faraday tensor may be given by
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F,= Fﬂy + ep
0 O 0 0
0 0 1 0
=l (0 00
0 0 0O
0 0 0 0
+¢ 00 0 o (3.11)
lo o 0 0¥ |
0 -0,¥ —-0,¢ O
where ()F,, and ¥ are functions of r and @ only. Thanks to

the introduction of the poloidal flux function ¥, we see that
the Faraday tenser (3.11) automatically satisfies one of the
Maxwell equations (2.2). The other Maxwell equation (2.3)
is used to determine the current four-vector J* in ideal
magnetohydrodynamic theory. The explicit form of the
current four-vector J# is, from Egs. (2.3), (3.3), and (3.11),
given by

Jt = 0, J? = O(E‘I,), (3.12)
Jr = 1 9 eV~ sin 00 F o
O e 2 5in O (e~ sin o) + O(3)
(3.13)
-1 o
/= 1 Ao zsmea (e *sin0VF,q) + O(e}).
(3.14)

This current four-vector J# is used to write the momentum
equation (2.12) explicitly, which becomes, in the present
situation,

1
—aﬂlner 8P hF””

=0. (3.15)
Because of Eq. (3.9), we see that the time component of
Eq. (3.15) is automatically satisfied. The toroidal compo-
nent (¢ component) and the poloidal components (r and 6
components) of Eq. (3.15), respectively, lead to

8z8p39(€ 4 gin ) )8 N7}
- gtgpar(e % sin O1) F,9)0,¥
+ Oele,) =0, (3.16)
1
- aC 1n}/ + —8CP
ph
O
2 o =2 i ()
I 47 0pOpertiy? sin@aC(e sin'F )
+0(e) =0, (3.17)

where the index C is used to denote poloidal indices and
runs from 1(r) to 2(0). Note that Egs. (3.16) and (3.17)
are the ¢, ,-order accurate expression of the momentum
equation (3.15). The integrability conditions for Egs. (3.16)
and (3.17) require that

¥ = Wer~sin OUF ], (3.18)
~*sin0F ) = K[VpOhe? r?sin?0),  (3.19)
where K is an arbitrary function of (Vp©ner2sin?6.

Equations (3.18) and (3.19) are the only conditions that
the magnetic fields have to satisfy. Therefore, the magnetic-
field distribution can be specified by the two arbitrary
functions ¥ = ¥[w] and K = K[w|] with w being w =
(0)pO)he2r25in%@ as far as the corresponding magnetic field
satisfies the physically reasonable boundary conditions.

C. Deformation of the star and spacetime due to the
magnetic field: The ¢ 2 0 and &le order equations

In this subsection, we derive the master equations for the
deformation of the star and spacetime due to the magnetic
field discussed in the previous subsection. Since the fluid
four-velocity is proportional to the time Killing vector ##, as
given in Eq. (3.8), the baryon mass conservation equa-
tion (2.1) and the energy equation (2.11) are automatically
satisfied. We do not therefore need to consider them further.
The only fluid equation that we have to consider is
Eq. (3.17). Because of Egs. (2.7) and (3.19), the momentum
equation (3.17) has the first integral, given by

lny—i—/— —

=C+O0(e;).

K(w )dK

w dw
(3.20)

where C is a constant of integration. This equation is
sometimes called the equation of hydrostatic equilibrium.
From Eq. (3.20), it is seen that the poloidal magnetic field
does not affect the fluid distribution within the &,&,, order
accuracy. As shown later, the poloidal magnetic field does
affect the spacetime geometry, which is determined by the
Einstein equations.

The functions y and [ i—‘; and the constant of integration

C may be expanded as follows:

Y+ 2@y (r,0) + 0(e2), (3.21)

dp @Pp(r,0) )
/p / 0,00 +0(e2), (322
= OC + £0C + 0(£2), (3.23)

where @)y, @P, and AC are perturbations of order &2,
Substituting Egs. (3.21)—(3.23) into Eq. (3.20), we obtain
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dOp
— (0)
/ 0 v ="C (3.24)
@P(r,0) 1 [K(w )dK
ety 0) + — [ 2T
0)50)p ey (r. )+4ﬂ/ w o dw
(3.25)

Note that the derivative of Eq. (3.24) with respect to r
yields Eq. (3.6).

The stress-energy tensor given in Eq. (2.5) is divided into
the fluid part (F)T% and the electromagnetic part EMT%,
defined, respectively, by

(FITe = phu'u, + P&*,, (3.26)
(EM) 1 1 5
% = — (Frp,, s FeE ). (3.27)
Ar 4

For the Faraday tensor given in Eq. (3.11), the electro-
magnetic part of the stress-energy tensor is given by

(EM)TH
-1 0 0 0
=T
0 0 0 -1
0 0 0 0
Vee, e‘“mfra 0 0 0 —0y¥
4rr 0 0 0 0¥
0 —red iy G O
+ 0(&2). (3.28)

From the expression (3.28), we may confirm that whereas
the circularity conditions for the spacetime, given by
T Pl =0, T Ve =0, (3.29)

(cf., e.g., Ref. [71]) are fulfilled up to the &> order, they are
violated at the ¢,e, order. This implies that up to the £
order, the spacetime around the magnetized stars consid-
ered may be described by a simpler form of the metric used
for stationary and axisymmetric rotating stars without
magnetic fields (cf., e.g., Ref. [72]). Note that the solutions
within accuracy up to the &> order correspond to a
perturbation version of the star containing purely toroidal
magnetic fields constructed by Kiuchi and Yoshida [28].

To calculate particular models of the magnetized star, we
need to specify completely the arbitrary functions K and P,
given in Egs. (3.18) and (3.19). In the present study, the two
arbitrary functions are assumed to be given by

K = bw = bpOhe? r2sin%0), (3.30)

¥ = aw = aVpOhe?1?sin0, (3.31)
where b and a are constants. Note that this choice of the
function K is the same as that of the k = 1 case considered
in Ref. [28]. For these arbitrary functions, the regularity of
the magnetic field on the symmetry axis is satisfied. In this
study, we assume that there is no magnetic field outside the
star and that there is no surface current. Thus, the magnetic
field has to vanish on the surface of the star. For the
arbitrary functions given in Eqgs. (3.30) and (3.31), the
magnetic field B* becomes

B* = £,b(0,0,0,¢*©pOn) + e,ae® ™ (0 20050 cos 6,

sin @ d dv
— 2 r—(0pOn) 4 2(©Op) [ r—=+1] 5,0
; {rdr( pOh) +2(%p )<rdr

+ 0(&d). (3.32)

This magnetic field vanishes if the two conditions

Oh=0 and £ (Oh) =0 are fulfilled. On the
surface of the star, therefore, we require the conditions,
given by

(3.33)

which are, as a matter of fact, conditions for the equation
of state.
The explicit expression for nonzero components of

(EM)TH is summarized as follows:

EM)T! — (EM)T«J(/} = —(EMpr — _EMTI,
b2
= —8?8—1’262”((0) Oh)%sin’0 + O(e3),  (3.34)
p/4
(EM)Trw — r2sin0e 2/1(EM)T(/)
b
—£.£, ;— 234 (0pOh)2sin20 cos @ + O(e}),
T

(3.35)

M0 — in2gEMTY,

ab
= ey, re?=*(0p0p)

« {di (©pO) + 2(O)pOp) (? + 1) }

r r

x sin*0 + O(e}). (3.36)
From this stress-energy tensor for the electromagnetic field,
we may expect that the line element of the spacetime
around the magnetized star is given by

084034-6
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ds* = —e[1 + 2e2{hy(r) + hy(r)P,(cos 0)}]dr*
261e () + ma(r)Pafcos e)}] ar

— ha(r)} P2 (cos 0)]

_+_62}» 1+

+ [l + 262 {wy(r)

x (d6? + sin’0dg?)

— 2¢,€,d,(r) sin G%Pz(cos 0)drdg + O(&3),
(3.37)

where P; is the Legendre polynomial of degree [. The
normalization factor of the fluid four-velocity y defined by
Eq. (3.8) [cf., also, Eq. (3.21)] is then given by

y=eV+e@y(r,0) + 0(e3) (3.38)

= e[l — 7 {hy(r) + hy(r)Py(cos )} + O(€%). (3.39)

The e?-order pressure perturbation given in Eq. (3.25) is
written by

0
<o]>3,)(<ro’)z) = iﬁ(gg ?ﬁg)r;z Pa(cosf)
1 dK
— QC 4 M)y, 9)_5/ Ev)dwdw
— @c - ho(r) _ébz(mp(o)hezyrz
-{@uyY%wmwmww}g@%@,
(3.40)

where 6P, and 6P, are coefficients in the Legendre
expansion of ()P (r,#). Thus, we have

8Py(r) _ [Py, 0y Ohe2 2 4 ()

—(0>p(0)h = —hy(r) - 67rb he C, (341
SPy(r) L), 20,2
(0)p<0)h = —]’lz(r) + ab P he“r-. (342)

From the relations obtained so far and the perturbed
Einstein equations, following standard procedures (cf.,
e.g., Refs. [30,35]), we obtain the master equations for
the deformation of the magnetized star with mixed poloi-
dal-toroidal fields as follows.

The &7 order equations:

dmy o 0,0 [ 4 (A0 + OPVE) 0P (1)
dr J0p 0,00

1
+3 b*e* r?( °>p<0>h)}, (3.43)

e4/1
) = —7(1 + 871'r2<0)P)m0

SPy(r)
_ Ageir(0) (0)h< 0 )
ze*r(TpTh) 0,0

2
_2 4 0 0
bre {67rdr( Poh)

3
+ % 2 (0)pOp) ()O)p, 4 40)p)

+§%1+¥@W%@m}, (3.44)
T

hy = = 2P0 1o v )00y 400 ¢,

O »Oh " 6x (3.45)

dh, 2e* [ dv e*

W——rz—%’l} - dr 3du{4ﬂ'r( ()h)—2M}}h2
b*e* dv\? )
_S%ﬂ@QZ>+ﬂymwm, (3.46)
dv, dv 2 dv
—==_2—h e (14 r— | (OpOn)?, (3.47
dr d23er<+rdr>('0)’( )
5P2(’"> _ oo 12((0),(0)
2
my, = —e *rh, — gbzez(”_ﬂ) r(OpOp)2, (3.49)
The ¢,e, order equation:
2 3 40,002
dy = =3 abe A (0)00p)2, (3.50)

Regular solutions of the master equations (3.43),
(3.44), (3.46), and (3.47) near the center of the star may
be written as

my = r3(mgy + mepr* -+ ), (3.51)
SPy(r)

(0)p( )h = /’100 + //1027" + - (352)
h2 = rz(h20+h22r2—|—~~~), (353)
vy = (v + v + -4, (3.54)

where mgyg, Mg, h()(), h02, hz(), h22, V20> and Vyp are
expansion coefficients. In this expansion solution, we
may obtain a unique regular solution if values of hy
and K, are given. In the present situation, a value of £, is
determined by the boundary condition at infinity, which
will be argued in the next paragraph. In order to determine a
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value of hgyy, on the other hand, an extra condition is
required. To determine the extra condition, in this study, we
consider the following two distinct situations: (1) the
baryon rest-mass density at the center of the star keeps
constant when magnetic fields are imposed. (2) The total
baryon rest mass of the star keeps constant when magnetic
fields are imposed. Situation (1) is realized by the condition
of hyy = 0 [cf., Eq. (3.67)]. As for Situation (2), we will
explain in the next subsection.

The solutions of the £2-order vacuum Einstein equations
suitable for the exterior spacetime of the isolated star are
analytically given by

_ my(R)
r—2M’

my = mo(R) = const, ho = (355)

2D
Uy = —ziQ%(Y),
Vo

where y=4;—1 and QF and D are the associated
Legendre function of the second kind and a constant,
respectively (cf., e.g., Refs. [30,35,72]). At the surface of
the star, the external solutions, given by Egs. (3.55) and
(3.56), are matched to the internal solutions obtained by
integrating Eqs. (3.43), (3.44), (3.47), and (3.46) from the
center of the star outwards with the boundary conditions
given in Egs. (3.51)—(3.54). The physically acceptable
solutions for the whole spacetime may then be obtained.

hy = DO3(y). (3.56)

D. Global quantities characterizing the magnetized star

In order to investigate properties of equilibrium solutions
of the magnetized star, global quantities are used in the
following discussion. For equilibrium states of the mag-
netized star, the total baryon rest-mass M*, the internal
thermal energy E,,, and the electromagnetic energy Epy
may be defined as

M= /p}q/—gd3x, (3.57)
Ey = / peyy/—gd’x, (3.58)
~ 1
EEM = g/ B”Bﬂy\/—gd*gx (359)

(cf., e.g., Ref. [28]).

For the unperturbed spherical star, the gravitational mass
M, the total baryon rest-mass M*, and the internal thermal
energy E;, may be given by

M = M,(R). (3.60)

R
M* =4x / Opetr2dr, (3.61)
0

R

Eyp = 4n / ©pOeer?dr, (3.62)
0

where R denotes the circumferential radius of the star

determined by the condition (P(R) = 0. The gravita-

tional potential energy W for the unperturbed star may
be defined by

\W| = M* + Eyp — M. (3.63)

The O(e?) magnetic effects on the gravitational mass M,
the total baryon rest-mass M", and the internal thermal
energy E,, may, respectively, be given by

AM = e?my(R), (3.64)
R dIn)p e**m
£ g2 0), 4,2 0
AM 47[6,% petr ( TOp oPy + p >dr,
(3.65)
R
AE,, = 4rne? / )p(0)getp2
0
dln (VpO) e¥my
X ( Op 6Py + . dr.  (3.66)

As mentioned in the previous subsection, we study the
sequences of equilibrium states of the magnetized star
characterized by the fixed total baryon rest mass. Thus, the
condition of AM* = 0 is used to determine values of A in
Eq. (3.52), which are related to O(e?) changes in the central
density of the star Ap,, given by

d%p
Ap. = €7
"dop|,_,

Op(0)Or(0)hgy.  (3.67)

The electromagnetic energy Egy; is decomposed as
_ g ()
Egm = Epy + Exng (3.68)

where El(alfv)[ and E(EIK,I are the poloidal and toroidal magnetic-
field energies, respectively, given by

(p) 2l o [R5
EEMzepga ; ree
d dv 2
Z(0s0p) 4 2(0,0n) [ = 4+1
XHrdr(p )+ 20O+

(3.69)
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Multipole moments of the star may characterize the
equilibrium star globally. The constant of integration D
appearing in the exterior solution given in Eq. (3.56) is
related to the mass quadrupole moment AQ, given by

AQ = e%§M3D,

. (3.71)

(cf., e.g., Refs. [30,72]).

Deformation of the surface of the star due to the
magnetic stress also characterizes equilibrium solutions
of the magnetized star. The surface of the star is defined
by the algebraic equation P(r) = OP(r) + e26Py(r) +
€76P,(r)Py(0) + O(e3) = 0. Thus, the O(e7) radial dis-
placement of the fluid elements on the stellar surface, Ar, is
given by

Ar = (Ar)y + (Ar),P,

dr

o (R):

= —e2(5Py(R) + 6P,(R)P,) 7

(3.72)

(Ar), may be interpreted as an average change in the
radius of the star induced by the magnetic effects. The
degree of the quadrupole surface deformation due to
the magnetic stress is well described by the ellipticity e*,
given by

31 (Ar
e = —€z2§ %4‘ v,(R) = hy(R) |,

(3.73)
where e* is defined as a relative difference between the
equatorial and polar circumference radii of the star (cf., e.g.,
Refs. [30,72]). Thus, e¢* < 0 (¢* > 0) means that the star is
prolate (oblate).

An important quantity of magnetized objects is the total
magnetic helicity H, which is a conserved quantity in ideal
magnetohydrodynamics defined by

H = / HY\/=gd’x, (3.74)

where H? is the time component of the magnetic helicity
four-current H”, defined by
H' = ! mwab A F 3.75
- _Ee vl ap- ( . )
We may confirm that the magnetic helicity H is a conserved
quantity in ideal magnetohydrodynamics as follows.
Taking the divergence of Eq. (3.75) yields
(Z 1 {22
V,H' = _E*F Fu, (3.76)

where xF,, is the Hodge dual of the Faraday tensor F,,,. We
then have V, H" = 0 if the perfect conductivity condition

F,u” =0 is satisfied. For the present model, the total
magnetic helicity is explicitly written as

16 R
H = Tﬂe,epab/o 3t (O On)2ar, (3.77)
where we use the vector potential A,, given by
A, = (0,6,be"r*0pOhcos 0,0, €,y). (3.78)

The dimensionless magnetic helicity, defined by H,, =
H/M?, is used when its numerical value is shown. The
magnetic helicity is a measure of the net twist of a
magnetic-field configuration. Thus, the magnetic helicity
vanishes for purely poloidal fields and for purely toroidal
fields. Some experiments and numerical computations
show an interesting fact that the total magnetic helicity
is likely to be conserved even when the resistivity cannot be
ignored [55,73]. If this fact is retained for the neutron star
formation process, the total magnetic helicity has to be
approximately conserved during the formation process.

IV. NUMERICAL RESULTS

In this section, we give some numerical examples of the
star including mixed poloidal-toroidal magnetic fields to
examine the magnetic effects on the stellar structure. For
the one-parameter equations of state (2.7), we use the
polytrope and the gamma-law equation of state, respec-
tively, given by

P =xp't, (4.1)
1 P

=t L (4.2)
'-1p

where «, n, and I" are constants. The constant 7 is called the
polytrope index. The constant I" stands for the adiabatic

index, defined by
r— OlnP ’
J1n P/ ad

where “ad” means that the derivative is evaluated along an
adiabatic process curve. A general relativistic version of the
Schwarzschild discriminant A for the background star may
be defined by

(4.3)

1 d((o)p+(0)p(0)g) 1 dop

ASO0n 4 TP ar

(4.4)

Following Ipser and Lindblom [74], we employ a defini-
tion of the general relativistic Brunt-Viisild frequency N,
given by
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N? = —gA, (4.5)

where ¢ is
defined by

an effective gravitational acceleration,

1 dop
©pOp dr

g=- 2v-21

(4.6)

The sign of the discriminant A therefore determines
whether a stellar medium is stable against convection. A
stellar medium, where d%p/dr <0 and dP/dr < 0 are
fulfilled, is convectively unstable if A > 0. If we assume
that I is given by

1 ]
. 4.7)

I n+1

where & is a constant, then the Schwarzschild discriminant
can be written by

5 dlnOp
On ar

(4.8)

For a star characterized by the equations of state given in
Egs. (4.1) and (4.2), thus, a stable stratification of the fluid
density is realized if the following condition is fulfilled:

5<0, or F>n+1.
n

(4.9)

For the isentropic case, we have I' = (n + 1)/n (or 6 = 0)
and the stellar medium is marginally stable against
convection.

As argued in the last section, the conditions (3.33) have
to be satisfied at the surface of the star in order for the
magnetic field to vanish there. These conditions are
automatically fulfilled if n > 1. In this study, we consider
the case of n = 1.05 only as an example of equations of
state for “neutron starlike” models. Note that the n = 1
polytrope is frequently used to study neutron stars. For the
models with n = 1, however, the conditions (3.33) cannot
be satisfied at the surface of the star as long as Eq. (3.31) is
assumed.

As for the adiabatic index, we choose two cases, I’ =
(n+1)/n~1.95238 and I' = 2.05. The former is a non-
stratified case and the latter a stably stratified case
[cf. Eq. (4.9)]. As discussed in, e.g., Refs. [35,75], mag-
netic buoyancy instability can be weakened in a stably
stratified stellar medium. As shown numerically by
Mitchell et al. [68], the stable stratification will play a
crucial role in order for large-scale magnetic fields inside
the star to survive for a sufficiently long time (cf., also,
Ref. [75]). In fact, the neutron star core is expected to be
strongly stably stratified due to a smooth composition

02 —
0.18 | e

0.16 |
0.14 |
0.12 |
01}
0.08 |
0.06 |

M or M*

M(I'=1+1/n)

””” M*(C=1+1/n)
0.04H e M(I'=2.05) E
o2kt - M*('=2.05) |

0 0 0.1 02 03 04 05

©p(0)

FIG. 1. Gravitational mass M and baryon mass M*, given as

functions of the central density (O>p(0). All the quantities are given
in units of k = 1.

gradient [76]. Note that equations of state similar to those
of the present study are employed in Ref. [35].

For the background stars considered in this study, we
plot in Fig. 1 the gravitational mass M and the baryon rest-
mass M* as functions of the central density (©)p(0).
Throughout this paper, units of x =1 are used when
numerical results are shown. The maximum gravitational
mass is M ~0.17028 and 0.17307 for the stars with I" =
(n+1)/n and 2.05, respectively. When the magnetized
stars associated with the condition of Ap,. = 0 are consid-
ered, the effects of the magnetic field on the stellar structure
are examined for the background stars given in Fig. 1.
When the magnetized stars associated with the condition of
AM* =0 are considered, we focus on the particular
background stars with M/R = 0.1 and 0.2. The compact-
ness of M/R = 0.2 is typical for neutron stars. In Table I,
some global and physical quantities for these background
stars are tabulated. Note that all the background stars given
in Table I are dynamically stable against radial collapse
because values of their gravitational mass are less than
those of the maximum one.

The distribution of magnetic fields is completely deter-
mined by the two arbitrary functions, ¥(w) and K (w), with
w being the function of the background quantities. For the
two arbitrary functions, we have assumed Egs. (3.30) and
(3.31) in this paper. In Fig. 2, we give the profiles of
magnetic fields: the toroidal magnetic field F,y and the

TABLE I. Global and physical quantities for the background
stars in units of x = 1.

r M/R  ©)p(0) M M Ey/|W|

1.952 38 0.100 000 0.062 5033 0.116 229 0.122 150 0.429 344
0.200 000 0.252 634 0.170052 0.185529 0.601 263
2.050 00 0.100 000 0.062 0501 0.116 627 0.122976 0.389 322
0.200000 0.244 169 0.172482 0.190336 0.543 018
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Fis L 4

A R

o o

FIG. 2. Equi-F 4 contours (left) and equi-¥ contours (right) on
the meridional cross section for the model with I' = 2.05 and
M/R =0.2. Here, z and w are defined by z = rcos@ and
w = rsin@, respectively. The thick quarter circle shows the
surface of the star, on which F,y = 0 and ¥ = 0 are required by
the boundary condition.

poloidal flux function ¥ for the background star with
I'=2.05 and M/R = 0.2. The right of Fig. 2 shows how
lines of the magnetic force on the meridional cross section
behave because an equi-¥ line corresponds to a line of the
magnetic force. Note that there is no magnetic field outside
the star in the model constructed in this study as mentioned
before.

For investigating the effects of magnetic fields on the
structure of the star, it is helpful to introduce the quantities
that represent the typical strength of the magnetic field of
the star. The norms of the toroidal and poloidal magnetic
fields are, respectively, given by

|B|> = 2b?r*sin’0e? (V)pOh)?, (4.10)

(P)B|* = e2a?4e* (Vp(Oh cos )% + e*~sin%0

d dv 2
— (0),0) ) 2((0),(0)p i | .
X{rdr( pOh)+2(Pp )(rd,ﬁr

(4.11)

The maximum value of the norm of the toroidal magnetic
field is then given by

| Bina|? = €707 max [2e* (OpOn)2]. (4.12)
where max [f(r)] means the maximum value of the
function f(r). The maximum value of the norm of the
poloidal magnetic field is mostly attained at the center of
the star. Thus, the norm of the poloidal magnetic field at the
center of the star, given by

VB * = eja*4e* 0 (©p(0)VR(0))%,  (4.13)
may be used as a representative value of the strength of the
poloidal magnetic field. By using these values of the norms,

we may obtain the two dimensionless quantities represent-
ing magnetic-field strength, given by

0.05
= R
£ 0
S 2005}
2 o1f
2 015}

OR. (e

i« 4 AMMOR(T=1+1/n)
< 02ff - AMMAOR (T=1+1/n) 1
s [ AMMOR,(r=2.05)
S 025 AM MR, (r=2.05)

0.3 : : :

0 0.1 0.2 0.3 0.4 0.5
©p(0)

FIG. 3. Normalized nondimensional changes in the gravitational
mass AM/MR,, and the baryon rest-mass AM*/M*OR,,,
given as functions of the central density of the background star
©p(0). The solid circle indicates the result obtained within
the framework of Newton’s dynamics and theory of gravity
(cf. Appendix).

| (I) Bmax |2R4
AM?

|<P)Bc|2R4

Ry = Ve

3 (p)RM = ) (4 14)

which are as large as the ratios of the toroidal and the
poloidal magnetic energies to the gravitational energy,
respectively. The perturbations due to the magnetic field
given in Eq. (3.11) basically depend on the dimensionless
smallness parameters ¢, and ¢,, which can be arbitrarily
set depending on the desired magnetic-field strength as
long as 1> ¢,>¢,. This arbitrariness in perturbation
quantities is then removed by using the two dimensionless
quantities ("R;, and (PR,, when numerical results are
shown in this paper.

-0.1
-02
-03
-04
-05
-0.6 |
-0.7 |

08y - AEint/Eint(

1
AEn/Eini Ry

AE/E"Ry(T=1+1/n)

URy('=2.05)

0 0.1 0.2 0.3 0.4 0.5
©p(0)

FIG. 4. Normalized nondimensional changes in the internal
thermal energy AE;,/ Eni Ry given as functions of the central
density of the background star (O)p(O). The solid circle indicates
the result obtained within the framework of Newton’s dynamics
and theory of gravity (cf. Appendix).
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0.38

(AngRORW(T=1+1/n)
,,,,,, (AngROR(r=2.05)

0.36
0.34
0.32
03 F

AnyRYRy,

0.28
0.26
0.24

0.22 : :
0 01 02 03 04 05

©p(0)

FIG.5.
(Ar)y/ RWR,,, given as functions of the central density of the

background star (Yp(0). The solid circle indicates the result
obtained within the framework of Newton’s dynamics and theory
of gravity (cf. Appendix).

Normalized nondimensional changes in the mean radius

First, we examine properties of the magnetized stars
obtained under the condition of Ap,. = 0; i.e., their central
densities are kept constant when the magnetic fields are
imposed. In Fig. 3, normalized nondimensional changes in
the gravitational mass AM/M(R,, and the baryon rest-
mass AM*/M*()R,, are plotted as functions of the central
density of the background star (Y)p(0). In Figs. 4-10, we
plot, as functions of the central density of the background
star (”p(0), normalized nondimensional changes in the
internal thermal energy AE;,/Ey "Ry, the mean
radius (Ar),/R"R,,, the mass quadrupole moment
AQ/MR*"R,,, the ellipticity e*/VR,, the toroidal
magnetic energy Egg,[ /|W|(R,,, and the poloidal magnetic

0
-0.02
-0.04
-0.06
-0.08 |
0.1}
-0.12 |
-0.14 |
-0.16 |
-0.18 AQMRZORy(P=1+1/n) -
02F - AQMR2VR,(r=2.05) |

i , L L L L
0.22 0 01 02 03 04 05

©p(0)

Ry

AQ/MRA®

FIG. 6. Normalized nondimensional changes in the mass
quadrupole moment AQ/MR>*R,,, given as functions of the
central density of the background star <0>p(0). The solid circle
indicates the result obtained within the framework of Newton’s
dynamics and theory of gravity (cf. Appendix).

e*/(‘)RM(r=1+1/n) —
,,,,,, e /VR,,(r=2.05)

_0'35 L L L L
0 01 02 03 04 05

FIG.7. Normalized changes in the ellipticity e*/ ('R, given as
functions of the central density of the background star (*)p(0).
The solid circle indicates the result obtained within the frame-
work of Newton’s dynamics and theory of gravity (cf. Appendix).

energy ng\},/ |W|(PYR,,, the magnetic helicity H,,/

VORY PRy, respectively. In Figs. 3-10, the solid
circles on the vertical axis indicate the results obtained
by the calculation based on Newtonian magnetohydrody-
namics and Newton’s theory of gravity (cf. Appendix). In
these figures, we see that the present general relativistic
results in the Newtonian limit [the limit of (“)p(0) — 0] are
nicely in agreement with those obtained by the Newtonian
calculations. This fact serves as a useful consistency check
of our numerical code.

Properties of the magnetized stars with Ap. =0
observed in Figs. 3-10 are summarized as follows: The
results for the models with I = 2.05 are little different from
those for the models with I'= (n+1)/n=~ 195238

0.24 T T
——— EO WIOR,(T=1+1/n)
022 F\ -~ eV /WIOR(r=2.05) -

0.12 : :
0 01 02 03 04 05

©p(0)

FIG. 8. Normalized nondimensional changes in the toroidal
magnetic energy Eglz/[ /|W|"R,,, given as functions of the central
density of the background star (O)p(O). The solid circle indicates
the result obtained within the framework of Newton’s dynamics
and theory of gravity (cf. Appendix).
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0.12 \ \ T
EP L IWIPIRy,(T=1+1/n)

—————— EPIWIPIRy,(r=2.05)

0.05 : :
0 0.1 02 03 04 05

©p(0)

FIG. 9. Normalized nondimensional changes in the poloidal
magnetic energy E<E[17v)[ /|W|(P)R,,, given as functions of the central
density of the background star (’)p(0). The solid circle indicates
the result obtained within the framework of Newton’s dynamics
and theory of gravity (cf. Appendix).

H/ (VR PRy A(C=1+1/m)
H/ (VR PRy V2(r=2.05)

0 01 02 03 04 05

FIG. 10. Normalized changes in the nondimensional magnetic
helicity H,,/v/ Ry PRy, given as functions of the central
density of the background star (V)p(0). The solid circle indicates
the result obtained within the framework of Newton’s dynamics
and theory of gravity (cf. Appendix).

(cf. Figs. 3-10). This implies that a small stratification has
little effect on the equilibrium structure of the magnetized
stars. The imposition of the toroidal magnetic fields results
in a decrease in the total baryon rest mass, i.e., AM* < 0.
Because of the imposition of the toroidal magnetic fields,

values of the gravitational mass decrease, i.e., AM < 0, for
the background stars with (U)p(0) $0.255 while they
increase, i.e., AM > 0, for the background stars with
0)p(0) % 0.255 (cf. Fig. 3). The mean radius of the star
(Ar), increases when the toroidal magnetic field is
imposed (cf. Fig. 5). The values of the mass quadrupole
moment AQ and the ellipticity e* are negative, which
reflects the fact that the star is prolate (cf. Figs. 6 and 7).
The prolate deformation is typical for stars containing
dominant toroidal magnetic fields (cf., e.g., Refs. [28,29]).

Next, we examine properties of the magnetized stars
obtained under the condition of AM™* = 0; i.e., their total
baryon rest masses are kept constant when the magnetic
fields are imposed. Table II lists global and physical
quantities characterizing the magnetized stars with
AM* = 0; the changes in the central density Ap,., the
gravitational mass AM, the internal thermal energy AE;,,
the mean radius (Ar),, the mass quadrupole moment AQ,

the ellipticity e*, the toroidal magnetic energy Eglz,[ the

poloidal magnetic energy Egv)[, and the magnetic helicity H.

In this table, all the quantities are normalized to be
nondimensional, as given in the first row.

Properties of the magnetized star with AM* =
observed in Table II are summarized as follows: The
imposition of the toroidal magnetic fields results in an
increase in the central density, i.e., Ap. > 0. The values of
the mass quadrupole moment AQ and the ellipticity e* are
negative, which reflects the fact that the star is prolate.
These properties concerning Ap. and AQ are attributed to
the magnetic hoop stress around the symmetry axis due to
the toroidal magnetic field, which tends to make the star
prolate like a rubber belt fastening around the waist of a
star. The gravitational mass increases due to the imposition
of the toroidal magnetic fields, i.e., AM > 0.

Since the deformation of the star considered in this study
is caused by toroidal magnetic fields only, even though
poloidal magnetic fields make the deformation of the
spacetime, the results obtained in this study can be
compared with those obtained by Kiuchi and Yoshida
[28], who derived general relativistic stars having purely
toroidal magnetic fields with a nonperturbative approach.
Although weakly magnetized stars cannot be calculated
with the method of Kiuchi and Yoshida because of their
nonperturbative approach, it is found that the present results

TABLE II. Global and physical quantities.

Ap, AM AE;, Ar AQ . EY E® __Hu
T, M/R) Opio) MR, EnRy ,§<r>7g)f4 MROR,, TRy WIRN W7 Rt PR
(1.95238,0.1) 0.2424 1.565 x 1072 —0.2413 0.3048 —0.1105 —0.2294 0.2097 9.747 x 1072 1.512
(1.95238,0.2) 0.8077 2338 x 1072 0.4077 —1.607 x 107> —=3.946 x 107> —0.1213 0.1626 7.349 x 1072 1.596
(2.05, 0.1) 0.2457  1.646 x 1072 —0.2397 0.3056 —0.1116 —0.2316 0.2110 9.904 x 1072 1.527
(2.05, 0.2) 0.5677 2257 x 1072 02043  8.193 x 1072 —4.134 x 1072 —0.1271 0.1672 7.792 x 1072 1.654
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are consistent with those obtained by Kiuchi and Yoshida
[28] (compare, e.g., Table II with Fig. 6 of Ref. [28]).

V. DISCUSSION

In this study, as mentioned before, the general relativistic
magnetized stars are constructed under the condition of
£, < g < 1, and the effects of magnetic fields are inves-
tigated within the accuracy of O(ee,). The terms higher
than O(e}) in the equations are then discarded. The
deformation of the star and spacetime occurs in the &7
order, which is attributed to the magnetic effects due to the
toroidal field. This deformation due to the toroidal mag-
netic field is the same as that of the weakly magnetized star
with purely toroidal fields within accuracy O(e?). Thus, the
present results include those for the weakly magnetized star
with purely toroidal fields. To our knowledge, such general
relativistic magnetized stars having purely toroidal fields
have been constructed with a perturbative approach for the
first time. The &, ,-order effects appear in the deformation
of the spacetime only. Therefore, the ¢,¢,-order effects are
general relativistic ones and disappear in Newton’s dynam-
ics and theory of gravity. Within the framework of
Newtonian magnetohydrodynamics, in other words, the
poloidal magnetic field does not affect the deformation of
the star within the accuracy of O(ee,) (cf. Appendix).
From a general relativistic point of view, an interesting fact
is that the ¢¢,-order effects violate the circularity con-
ditions [cf. Eq. (3.29)]. As a result, the r¢p component of the
metric g,, appears inside the star [cf. Eq. (3.50)].

In this paper, we have shown that stationary and
axisymmetric solutions of the magnetized star with
mixed poloidal-toroidal fields may indeed be constructed
within accuracy O(ge,). However, such stationary and
axisymmetric solutions cannot be constructed if the e?,—
order effects on the structure of the star are included. The
reason for this is the following: The ef, -order equations are
the same as those for the weakly magnetized star with
purely poloidal fields within accuracy O(e3). For the
weakly magnetized star with purely poloidal fields, the
poloidal flux function ¥ has to satisfy the general relativ-
istic version of the so-called Grad-Shafranov equation
(cf., e.g., Ref. [27]). In the present approximation, however,
the flux function ¥ has to be given by the arbitrary func-
tion of the background quantity w = ©p(One?r2sin20
[cf. Egs. (3.16) and (3.17)]. The flux function ¥ given
by the arbitrary function of w does not, in general, fulfill the
Grad-Shafranov equation. Therefore, the si—order equa-
tions cannot be solved consistently with the lower-order
equations. This implies that the weakly magnetized stars
constructed in this study cannot be stationary and axisym-
metric when the condition of ¢, < ¢, is violated.

After obtaining equilibrium models of stars, a check
of their stability is an important issue because unstable

solutions lose their physical meaning in the sense that they
are not realized in nature. Since magnetized stars with
purely toroidal fields are unstable, the present magnetized
star models are indeed unstable when we set €, = 0, which
corresponds to the case of purely toroidal fields. As
mentioned in the Introduction, both a stable stratification
of the fluid and poloidal magnetic fields act as stabilizing
agents of the toroidal magnetic fields inside the star. The
stably stratified stars with 1> ¢, > ¢, # 0 constructed in
this study are therefore possibly stable. As mentioned
before, unfortunately, reliable and useful procedures for
the diagnosis of the stability for the magnetized star have
not yet been established. (For the moment, numerical
simulations will be the most reliable way to check the
stability, but they are tough work.) Although we are not
sure that it is adaptive for the present magnetized star
models, Braithwaite’s stability condition, given in Eq. (1.1),
is available to assess their stability. If a magnetized star
characterized by I' = 2.05, R~ 10 km, M ~ 1.4 M, and
(OB ~ 101 G is considered, we have "R, ~ 5 x 1077

and EI(;K,[/ |W|~8x 1078, We then obtain Braithwaite’s
stability condition for the model, given by

(p)
8x 105 <"EM <3,
E(’)
EM

(5.1)

where EW)/Epy ~ EX)/EY is used, and a~10° is
assumed because the star is a stably stratified neutron star
model. For the model considered, we have Eg’]’\% /Egg/[z

0.5731(5) / Rﬁf) Braithwaite’s stability condition for the model
then becomes

(p)
1.6 x 1074 < R <1.6.

(5.2)
Ry

Under the condition of £, K& <K 1, which is the basic
assumption in this study, we can appropriately choose values
of R](JI’) / Rl(tf) so as to satisfy the inequality given in Eq. (5.2),
Braithwaite’s stability condition for the model. Therefore,
the present magnetized star models satisfying the inequality
(5.2) are stable if Braithwaite’s stability condition is properly
adaptive for them. In order to examine stability properly,
however, we have to make stability analyses by using
dynamical simulations or solving linear eigenvalue prob-
lems, which exceed the scope of this work and remain as
future challenges.

VI. SUMMARY

We have constructed the stably stratified magnetized
stars within the framework of general relativity. The effects
of magnetic fields on the structure of the star and spacetime
are treated as perturbations of nonmagnetized stars. By
assuming ideal magnetohydrodynamics and employing
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one-parameter equations of state, we derive basic equations
for describing stationary and axisymmetric stably stratified
stars containing magnetic fields whose toroidal compo-
nents are much larger than the poloidal ones. A number of
the polytropic models are numerically calculated to inves-
tigate basic properties of the effects of magnetic fields on
the stellar structure. According to the stability result
obtained by Braithwaite, which remains a matter of con-
jecture for general magnetized stars, certain of the mag-
netized stars constructed in this study are possibly stable.
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APPENDIX: NEWTONIAN ANALYSIS

In this Appendix, we present the Newtonian version of
the magnetized star considered in this study. The results of
the Newtonian analysis can be used to compare to those of
the general relativistic analysis in the Newtonian limit. We
may then check consistency between them. Similar analy-
ses to those given in this Appendix are found in, e.g.,
Refs. [13,77].

Within the framework of Newtonian magnetohydrody-
namics, the dynamics of perfectly conductive fluids may be
described by the following equations:

9ip + V(pr) =0, (A1)
VB4 = 0, (A2)
0,B% = V("B — 1" BY), (A3)
(at + vbvh)va = _;vap - vaq)
1 b b
+ o (B°V,B, — B’V ,B,), (A4)
VPV, = 42G)p, (AS)

where p, v, B¢, p, and @ are the mass density, the fluid
velocity, the magnetic field, the pressure, and the gra-
vitational potential, respectively. Here, V, denotes the
covariant derivative associated with the metric g,,, and
spatial indices are denoted by lowercase Roman letters
(a,b,c,...).
Following the assumptions given in Sec. III, we assume
that there is no fluid flow, i.e.,
v =0, (A6)
and that the magnetized stars are stationary and axisym-
metric. Therefore, physical quantities associated with the
magnetized star are independent of the time coordinate ¢

and the azimuthal angle about the symmetry axis ¢. Under
the assumption of stationarity and axisymmetry, the mag-
netic fields BY may, in terms of two functions B and A,
independent of # and ¢, be written by

BY = By + ¢ D,A,,, (A7)

where ¢ denotes the rotational Killing vector, e?*¢ is the
contravariant spatial Levi-Civita tensor, and A, is the ¢
component of the vector potential A, or the poloidal flux
function. Because of the assumptions given in Eqs. (A6)
and (A7), Egs. (A1)—(A3) are satisfied automatically, and
the ¢ component of Eq. (A4) becomes

1 1
% (BthB(p — Bbv(/,Bb) = meb ¢36A¢8b(340w) =0.
(A8)
Therefore, the function B has to be given in terms of an
arbitrary function K(A,) by
K(4,)
Py

(A9)

By using Eq. (A9), we may rewrite the poloidal compo-
nents of the Lorentz force term in Eq. (A4) as follows:

1
% (BbeBC - BvaBb)
K k- (0ca)(0,B, - 0,B)
- 4ﬂp(ﬂ(ﬂ C 4ﬂp\/§ C¢ 201 1922)

(A10)

where the index C denotes the poloidal indices, i.e., C = 1,
2, and g means the determinant of the metric g,,. If we
make the same approximation as that used in Sec. III, the
first and the second terms in the right-hand side of
Eq. (A10) are O(¢7) and O(e3), respectively. Under the
assumption of ¢, < ¢, < 1, Eq. (A10) becomes

1 K
- (BbeBc - BvaBb) - —4

OcK + O ,
471',0 75,0(,0(,, C + (82817)

(Al1)

within accuracy O(ge,). In other words, similar to the
general relativistic case, poloidal magnetic fields do not
affect the deformation of the star within accuracy O(ee,).
The Euler equation then becomes

1 1
;ch +Ved + 87 OcKk? + O(ge,) = 0. (Al2)

(7

This equation may be integrable if the following conditions
for the three functions p, K, and A(/, are assumed:
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K(pp,). A, (A13)

p=rlp), K= = A,(Ppy)-

After giving the actual forms of the three functions p, K,
and A,, we may then obtain the weakly magnetized star
models with mixed poloidal and toroidal fields.

In what follows, the spherical polar coordinates (r, 8, @)
are used in order to derive the master equations for the
weakly magnetized stars with mixed poloidal-toroidal
fields. The metric is then given by

ds* = dr* + r*d6* + r’sin*0dg*. (A14)
The rotational Killing vector ¢, is given by
= (0,0, ’sin%9). (A15)

Following the assumptions given in Sec. III, we set the two
arbitrary functions K and A, as follows:

K =

prisin’, (A16)

fﬂc

A, = bpr’sin®0, (A17)
where B,, p., and a are constants that are related to the
magnetic-field strength, density, and radius of the star,
respectively, and b is a constant. The absolute value of the
magnetic-field B* is then given by

B.
=—S)&sinf + O(2),

where the two dimensionless quantities p = p/p,. and & =
r/a are introduced. By using Eq. (A16), we may rewrite
Eq. (A12) as

BB, (A18)

vap = —pva\P, (A19)

1
¥Y=0+ ggirzﬁ{l — Py(cos )} — @y, (A20)
where Q, is the Alfven frequency, defined by Q, =
BZ
4rp.a
accuracy O(ee,), the function ¥ fulfills the equation,
given by

5, and @y is a constant. Since Q4 = O(e,), within

1 ,d?p dp
V“VQ‘I‘:4JZG/)+—Q%{ p0+6 ﬂ+6p0

3 dr? dr
< %—&—6 ?)Pz(cosﬁ)} + 0(e3),
(A21)

where p is the dimensionless density of the nonmagne-
tized star normalized by its central value. The function ¥

may be expanded in terms of the parameter Q,, and then
written by

W(r.0) = Po(r) = 22°Q} [wo(r) + w2(r)Py(cos )]

+0(e3), (A22)
where ¥, means the function ¥ for the nonmagnetized star.
Since we have p = p(p) and Eq. (A19), the density p is a
function of W. Therefore, the density p may also be
expanded in terms of the parameter 4, and then written by

(r) — 2022 dpo l

p(r79):p Ad\P

o(r) + o (r)Py(cos 0)]
+ 0(&3), (A23)

where p, means the density p for the nonmagnetized star.
Instituting Eqs. (A22) and (A23) into Eq. (A21), we obtain

a*VV ¥ (r) = 4nGapy(r),

1 d(,d
_@E< dr(r p0)>

(A25)

(A24)

k(&)wo

where
(A27)

In order to solve the three ordinary differential
equations (A24)—(A26), boundary conditions at the center
and surface of the star are necessary. We require that
physical quantities are regular near the center of the star and
that values of the central density are independent of the
magnetic-field strength. At the center of the star, therefore,
we have

";'—; 0)=0.  wol0) =0, "dlé (0) =0,
dy,
1/12(0) =0, d—Z_," (0) =0. (A28)

To determine the boundary condition at the surface of
the star, we need the equation of the surface of the star,
given by

r=R(1+68)+ O(3), (A29)
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where R is the radius for the nonmagnetized star. The
dimensionless displacement 6¢ is given by

= -+ P,(cos@ s A30
R d:}:() (R) Yolsi Wale1)
where éfl = R/a. The displacement (3€ is used to evaluate

the ellipticity of the surface of the star e*, defined by

o _ RU+8(2/2)) = RU +32(0))
R

3 1

=_27 2927 A31
2 AR (R) (A31)

v (&)

The gravitational potentials inside and outside the star
within accuracy O(e?) are, respectively, given by

© = Wy (r) + co = 20°Q}[c1 0 + Wo (&) + w2 (E)Py(cos 0)]

1
-3 Q2r2p{1 — Py(cos )}, (A32)
and
®—_ %0 — 2023 % + %Pz(cos 0|, (A33)

where ¢, ¢y, Ko, K10, and k;, are constants. Since the
gravitational potential and its derivative have to be con-
tinuous at the surface of the star, we obtain the following
relations:

Ko = f%@g‘l’o(R), Co = —\P0<R) - flaélPO(R), <A34)
—Cl.oz—lq_'o"‘ll’o(@)’ Kl—ézzllfz(gl)’ (A35)
g1 &
Ko _ _dvo 2 d
e A ORF L O}
K12 dll’z
SR=-TRe) e e, (a9

For Eqgs. (A24) and (A25), therefore, boundary conditions
are not imposed at the surface of the star, and instead the
constants characterizing the gravitational potential are
determined through Eq. (A34) and

d
K10——§% ;;0(51) 6 d§(§1>
d
C1.0:—l//0(§1) & y?(fl) 6§3d§(§1) (A37)

As for Eq. (A26), the boundary condition at the surface of
the star is given by

dy
d¢

The constant related to the mass quadrupole moment «; 5 is
determined through

(&) ——53 (51)

3yr(&) +&— 1 6°1 de

(A38)

Kip = 5?1//2(51)'

Following the assumptions given in Sec. III, we assume
the polytropic equation of state, given by

(A39)

p = kp'Hi, (A40)
where x and n are constants. Introducing the Lane-Emden
function ©, then, we may write p and p as

p=p0", p= pc®n+l7 (A41)
where p. and p, are values of the density and pressure at
the center of the star, respectively. The central pressure

. . . 141
value p, is given in terms of p,, x, and n by p. =«kp. "
Equation (A24) is rewritten by

10 /(,0
= 0", A42
soe (£67) (A42)
where W is the dimensionless quantity, defined by
o by
Y=——">. (A43)
4zGp.a
From Eq. (A19), inside the star, we obtain
¥=-0+C, (A44)
where C is a constant, and we set
1)K 1
(n+DKpe  [(n+ )fc‘ (Ad5)
47Gp, 4nGp;

Substituting Eq. (A44) into Eq. (A42) yields the Lane-

Emden equation, given by
d*e 4 2dO
dg* & dg

At the center of the star, the boundary conditions for
Eq. (A46) are, due to Eqgs. (A28) and (A41), given by

- (A46)

o—1. ©_y

e at £ =0.

(A47)
The function k(¢), defined in Eq. (A27), is rewritten by

k() = —n®" . (A48)
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Now that we obtain the complete set of equations for the
weakly magnetized star with mixed poloidal-toroidal fields
within the framework of Newtonian magnetohydrodynam-
ics, which are composed of Egs. (A46), (A25), and (A26),
we may construct the magnetized stars.

In order to investigate properties of equilibrium solutions
of the magnetized star, global quantities are frequently
used. The mass of the star M is given by

M = 271'/pr2 sin 8drd®,

=M, (1 + ?/[—M> + 0(€?), (A49)

0

where M|, is the mass of the nonmagnetized star, given by

= —4na’p, (A50)

g "f‘& 2

and 37° AM s the normalized dimensionless change in the mass

of the star, given by

di 2d
AM 27[(}/) { e |§ & 1 al’z-‘o|§ & } A51
Vo do : ( )
dE =g,

The internal thermal energy of the star E;, is given by

Ei= 2ﬂ/p£r2 sin 0drde,

o : AEint 82
- (Emt)O (1 + (Eint)()> + 0( t)’ (ASZ)

where (Ejy), is the internal thermal energy of the non-
magnetized star, given by

(A53)

Ar 4nGpla® [
(Eint)O = / ®n+l€2d57

I'—-1 n—l—l 0

and (%Ei‘s‘ is the normalized dimensionless change in the
int/0

internal thermal energy of the star, given by

Q
AEy  may 2(n+1) [5 ©"yo(r)ede

(Eid)o & ertigge

(AS54)

Here, the gamma-law equation of state, given in Eq. (4.2),
is used. An average change in the radius of the star (Ar),,
defined in Eq. (3.72), is given by

A
R 4ﬂ-GpC§1d_§ |§:§]
The ellipticity associated with the surface shape of the star
e* is explicitly given by

eF = 392 Wz(él)

_— (A56)
A 47[Gpc§1 dE ¢ |

The mass quadrupole moment of the star AQ is, in terms of
K12, given by

AQ o 2(1291%‘(131('1'2
MyR?

A57
akoazf% ( )

The toroidal magnetic energy ('Egy, and the poloidal
magnetic energy (P)Epy are, respectively, defined by

1
OEgm = 8_/31/73{/)‘1\/’
T

1
T

Then, the ratios of the toroidal and the poloidal magnetic

energies to the unperturbed gravitational energy of the star
o)

W‘?/F‘M and ‘W‘F are, respectively, given by
2 LA
Epm _ 342G fog pretds (A59)
(IWDho =[5 pdE2de
and
(P)Ep b2
(W), 3- 2ﬂa24n'G
EL+2p)? + 20} E2dE
ekt aed

—§%®¥&

where the unperturbed gravitational energy of the star

(IW]), is given by
1/ ®ydV
5 | Po®o

3 o
— 270 p24nG A podoB2dE. (A61)

(IW])o =

The dimensionless magnetic helicity of the star H,, is
given by

M
GM}
\/—'iﬂGap f(;:] A2§4d§

2 dO 2
P e,

where H is the magnetic helicity of the star, defined
by H = [A,BdV.

HM:

(AG2)
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TABLE III. Global and physical quantities.

AE, A e Eg EY) My
T, M/R) WRy B R r R, TR W R W Ry R PR
(2.05, 0) -0.2532 —0.8757 0.3692 -0.2107 —0.3161 0.2358 0.1134 1.386

Since the effects of magnetic fields on the structure of the
star are treated as perturbations of the nonmagnetized star,
the solutions constructed in this study are inherently inde-
pendent of the magnetic-field strength. However, the repre-
sentation for the global and physical quantities defined
before are dependent on the magnetic-field strength. In
order to remove their field-strength dependence, following
the treatment used in Sec. IV, we introduce the two dimen-
sionless quantities representing magnetic-field strength,
given by

B2 R
AGM?
~£])2 Q2

e 247Gp,.’
8 (d§ 5151)

Ry =

(P)B2R*
4AGM?
b2
= (A64)

GlanP (2], )"

(PR,

where (B, is the maximum absolute value of the toroidal
magnetic field inside the star, max[f] means the maximum
value of the function f, and (B, is the absolute value of the
poloidal magnetic field at the center of the star. (R, and
(PR, are as large as the ratios of the toroidal and the
poloidal magnetic energies to the gravitational energy,
respectively.

In this Appendix, we numerically obtain the magnet-
ized star model assuming that n = 1.05 and " = 2.05,
which is the Newtonian version of the weakly magnet-
ized general relativistic star model calculated in this
study. Table III lists global and physical quantities
characterizing the magnetized stars constructed within
the framework of Newtonian magnetohydrodynamics;
the changes in the mass AM, the internal energy AE,,,

the mean radius (Ar),, the mass quadrupole moment

AQ, the ellipticity e, the toroidal magnetic energy E](E’KA,

the poloidal magnetic energy E}(E’f\jl and the dimension-

less magnetic helicity H,,. In this table, all the quan-
tities are normalized to be nondimensional, as given in
the first row.
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