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MACROSCOPIC APPROACHES TO ROTATING NEUTRON STARS?

The macroscopic model for a neutron star (NS) as a perfect liquid drop at equilibrium is extended to rotating systems
with a small frequency o within the effective-surface (ES) approach. The gradient surface terms of the NS energy density

E(p) in the Equation of State are taken into account along with the volume components at the leading order over the
leptodermic parameter, a/R <1, where a is the ES crust thickness and R is the mean NS radius. The macroscopic NS
angular momentum at small frequencies o is used for calculations of the adiabatic moment of inertia (MI) within the Kerr
metric approach in the outer Boyer - Lindquist and inner Hogan coordinate forms. The NS Ml ® ZC:)/(l—%), was
obtained in terms of the statistically averaged MI, ®, and its time and azimuthal-angle correlation, G, as the sum of

volume and surface components. The M1 © depends dramatically on the effective radius R due to a strong gravitation and
surface effects. We found significant additional rotational constraints on the radius R due to the correlation term G and

surface contributions. With these contributions, the adiabaticity condition is better fulfilled for a stronger gravity in many

well-known NSs.

Keywords: nuclear astrophysics, energy density, neutron star, Kerr metric, moments of inertia.

1. Introduction

In this paper, in line with the derivation of Tolman
- Oppenheimer - Volkoff (TOV) equations [1-3] from
the General Relativity Theory (GRT), we present the
macroscopic model for neutron stars (NSs) as perfect
liquid drops at equilibrium under a strong gravitation.
They are rotating with a small azimuthal frequency ®
around the symmetry axis at zero temperature [4, 5]. In
accordance with numerous recent observational data
[6-20], the NS masses M are larger than the Solar
mass, M ~(1-2)M,, but their radii R are
extremely small R ~10km, such that the mean inner
density p is larger than or of the order of p,, where

p, ~10"g/cm® is the nuclear matter density; see

also early successfully obtained observational data for
radio pulsars [21]. These properties mainly create a
new field in astrophysics, i.e., nuclear astrophysics
[22-34].

As the TOV equations [2] are used along with the
Equation of State (EoS) in a lot of astrophysical
works on NSs, it would be logical to agree on the
arguments for the specific derivations of the TOV
equations and EoS. This is the main motivation of the
macroscopic approach [35], which is also important
for studying the NS rotations. Within nuclear
astrophysics, we have to take into account the strong
gravitational field through the fundamental work [36]
as in the derivations of the TOV equations, in contrast
to nuclear physics. Our suggestion for these
coordinates [37] does not exclude microscopic EoSs.
However, it requires the corresponding essential
modification of the TOV equations; see Refs. [35,
37]. Taking Tolman’s ideas, the EoS was extended
[35, 37] to that for a dense macroscopic system of
particles for the case of non-rotating NS systems; see
also Refs. [4, 5]. In such a leptodermic system, one
finds the density p as a function of the radial
coordinate with exponentially decreasing behavior
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from an almost constant value p inside the dense

system to zero through the NS effective surface (ES)
in a relatively small (inner) crust range a, a <R.
The ES is defined as the set of spatial coordinates
with maximum density gradients. To obtain analyti-
cal solutions for the density distribution and EoS, we
use the leptodermic approximation, a/R <1 [28,
29, 32, 34, 38-46]. This imposes the limitations to the
applicability of our macroscopic approach by suffi-
ciently large effective radii R of NSs for their masses,
which are larger than or of the order of the Sun mass,

and densities p larger than or of the order of that of

nuclear matter.

In our macroscopic approach [35], the NS radius R
is the curvature radius of the NS ES. Within this ES
approximation, the simple and accurate solutions of
many nuclear and dense liquid-drop problems
involving the density distributions were obtained for
nuclei [47-52] and NSs [35, 37]. The ES approach
exploits the property of saturation of the statistically
averaged density p inside of such a dense molecular-
or nuclear-type and gravitational system, which is its
characteristic macroscopic feature. Note that for the
dense molecular (e.g., liquid-drop) systems, van der
Waals (vdW) [53] suggested the phenomenological
capillary theory; see also Refs. [5, 54]. This theory
predicts the results for the density p and surface
tension coefficient o. They are similar to the results
obtained later in Ref. [47] for liquid drops, nuclei,
and presumably, NSs [35]. The realistic ener-
gy-density distribution is minimal at a certain satu-
ration density for a dense particle system in infinite
nuclear matter. As a result, a relatively narrow edge
region exists in finite nuclei or NS crust in which the
macroscopic density p drops sharply from its almost
central value to zero. We assume here that the statis-
tically averaged density inside the system far from
the ES can be relatively changed a little. This satura-
tion property of the macroscopic dense system, such
as a hydrostatic (hydrodynamic) liquid drop, e.g.,
nucleus, or probably, NS in a final evolution state, is
considered macroscopically, according to the TOV
derivations [1-3]. Thus, an easy extraction of rela-
tively large terms in the density distribution equations
for the variation equilibrium condition can be rea-
lized inside and near the ES. The equilibrium condi-
tion means that the variation of the total energy E
over the density p is zero under the constraints that
fix some integrals of motion beyond the energy E by
the Lagrange method. The Lagrange multipliers are
determined by these constraints within the local
energy-density theory, in particular, the extended
Thomas - Fermi (ETF) approach, well known from
nuclear physics, Refs. [55] and [56] (chap. 4). The
Lagrange equilibrium equations can be reduced to a
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simple one-dimensional catastrophe equation for the
density p in the leading normal-to-ES direction.
Such an equation mainly determines approxi-
mately the density distribution across the diffused
surface layer of its thickness parameter a to the mean
ES-curvature radius R ratio, a/R<1, in the

body-fixed coordinate system, i.e., with zero rota-
tional frequency, =0, where w=de/dt; see

Ref. [57]. A small leptodermic parameter, a/R, of

the expansion within the ES approximation can be
used for analytically solving the variational problem
for the minimum of the system energy with con-
straints for a fixed particle number, and other inte-
grals of motion, such as the angular momentum,
guadrupole deformation, etc. When this edge distri-
bution of the density is known, the leading static and
dynamic density distributions that correspond to the
diffused surface conditions can be simply con-
structed. We should derive the equation for the ES
coupled to the NS volume by boundary conditions
[48, 58]. This ES approach is based on the catastro-
phe theory for solving differential equations with a
small parameter of the order of a/R as the coeffi-
cient in front of the higher-order derivatives in the
normal to the ES direction. A relatively large change
of the density p on a small distance a with respect to
the ES curvature radius R takes place for the
liquid-matter drop (nuclei, water drops, and presu-
mably, NSs). Inside such dense systems, the density p
is changed slightly around a mean internal-density
constant p, relatively far from the ES. Therefore,

one obtains essential effects on the surface capillary
pressure as in the general vdW theory [53, 54].

The accuracy of the ES approximation was
checked in Ref. [49] for the nuclear physics problems
by comparing the results with the existing nuclear
theories like Hartree - Fock (HF) [59] and ETF [55,
56], based on the Skyrme forces [55, 59-67], but for
the simplest case without spin-orbit and asymmetry
terms of the energy density functional. The extension
of the ES approach to the nuclear isotopic symmetry
and spin-orbit interaction has been done in Refs. [50-
52]. The Swiatecki derivative terms of the symmetry
energy for heavy nuclei [68-75] were taken into
account within the ES approach in Ref. [52]. The
discussions of the progress in nuclear physics and
astrophysics within the relativistic local density
approach can be found in reviews Refs. [32, 34, 76];
see also Refs. [46, 77, 78]. The ES corrections to the
TOV equations [2, 3] for NSs have been derived in
Ref. [37].

The macroscopic NS rotation problem can be
formulated first for a small rotational-energy pertur-
bation of the strongly gravitating spherical-
ly-symmetric background described by the Schwarz-
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schild metric. The basic ideas for studying a
slow-rotating spherical system in the GRT were
largely suggested already in Ref. [57] by Lense and
Thirring to use an extended Schwarzschild metric.
The frequency ® dependence of the gravitational
metric for a slow-rotating star was first more conse-
guently obtained by Kerr within the GRT [79]. Sim-
ple, clear derivations of the Kerr metric approach
were discussed [4, 80, 81] for a relatively slow rota-
tion by accounting also for small (quadrupole or
spheroidal) deformations of the gravitating system.
The specific independent formulation based on the
Schwarzschild metric perturbation approach was
developed by Hartle and Thorne in Ref. [82]. The
simplest form of the Kerr metric in terms of other
more transparent variables was found for the region
outside of the NS by Boyer and Lindquist in
Ref. [83], and for the inner NS part by Hogan in
Ref. [84]; see also Refs. [4, 80, 81, 85]. Friedman and
his collaborators have developed the GRT for the
energy-momentum of uniformly rotating stars as a
perfect dense stellar fluid with a constant angular
velocity o [86-89]; see also the earlier work by
Boyer and Lindquist, Ref.[90], and Ref. [5]. This
theory of the rotating NSs will be specified as a linear
response of the Schwarzschild gravitational metric to
their rotational energy. In the present work, we
extend the ES approximation of Refs. [35, 37, 50—
52], to the rotating NSs for their slow macroscopic
motion with constant frequency o within this linear
perturbation theory. This report is based on the
extended work, Ref. [91].

2. Basic theoretical points

We start with the remarkable solution for the
gravitational metric g, of the GRT equations

obtained by Kerr [79]. In the form of Boyer - Lind-
quist [83] and Hogan [84], the time-space element
ds® in the linear approximation over the rotation

frequency parameter Q can be presented in units of
c=G=1as

ds? = e"dt? + 21Qsin’ Odtd ¢ —
—e*dr® —r’d®’ —r?sin® 0d ¢ (1)

Here, v and A are the Schwarzschild metric parame-
ters [3, 4, 36]. According to Refs. [83, 84], for t(r)
one finds

2

2

T N L P e
2\~ R

and

r
1= at r>R, (3)
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where

3 R2 12
A:E(l_?] y (4)
S

Rs is the Schwarzschild radius; see Ref. [3],

3
Rs =,/%, )

and ry is the gravitational radius,

r,=2M, (6)
M is the NS mass. A smooth transition of the outer to
the inner Schwarzschild metrics leads approximately to
the boundary condition at the effective NS radius R [3],

r. R?
L=—. 7
AR (7)
The NS angular momentum | can be calculated in
terms of the energy-density tensor T, see

Refs. [86-89],

I =T ¢"AdV, | ~00~QM, (8)
where ¢" isthe Killing vector, and A, is the normal

vector to the hypersphere, which is a boundary of the
integration volume occupied by the gravitating
masses. The relation between the angular momentum
I and the Kerr parameter Q is valid outside of the
gravitating system, and © is the moment of inertia
(MI). The energy-momentum tensor T," for the NS

as a perfect liquid drop is given by Refs. [4, 5]
T = E,‘(p)upuv +Pg,), 9)

where g is the gravitational metric [see Eq. (1)],

u* o (1,0,0,®) is the four-velocity for the NS rotation
with a dimensionless frequency (angular momentum)
®=1/M? P is the pressure. The energy density
E(p) isthe ETF macroscopic EoS [35]:

E(p)=A(p)+C(Vp), (10)
A=p+e(p), (11)
o(p)=zp(o- )" 12

In the last equation, K is the incompressibility modulus
including the mean molecular vdW, nuclear Skyrme,
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and gravitational fields, and m is the effective
test-particle mass. In Eq. (10), C is the macroscopic
inter-particle interaction constant for the same fields,
which determines the crust thickness,

aoxc(mCp/K )1/2 . see Appendix A and Refs. [35, 91].

In the adiabatic approximation for small rotational
energy, one has

E=1

o = = 00" < Ege = E, +E, (13)
where E_. is the total ETF energy, E, and E;

are the volume and surface energy components on the
very right; see Eq. (A10). For the MI ®, from Egs. (8)
and (9), one obtains

_a_ 6
ow 1—gw'

(14)

For the statistically averaged MI related to the
diagonal Schwarzschild gravitational metric [3], one
has

0@ =JE(p)e"r’sin®6dV, (15)

where dV =J(r)r?sin8drdode (see Appendix A).

The t - ¢ correlation term in Eqg. (1) leads to the
following rotational contribution:

G, = %Ie(p)e‘vrsin2 odV, (16)

where t is given by Eq. (2). This contribution appears
in Egq. (14) due to a consistent accounting for the
second relation between the angular momentum | and
the M1 ©® in Eq. (8). Splitting now the energy density,

£(p). Eq.(10), into non-gradient, A(p), Eq. (11),
and gradient, C(Vp)2 ~ C(&plar)z, dependent
components, and using similar techniques as presented

in Ref. [35], one can derive each of them, ® and
Gior in terms of the volume and surface terms,

0=0,+06,G,=G +G:. (17)

The specific expressions for the Ml @, Eq. (15), and
G, contributions, Eg. (16), and their volume and

surface components are shown in Appendix A.
For the adiabatic condition, Eq. (13), for the NS
periods P, one finds

P>PR, P,=2n,/0/2E,;.

(18)
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For the volume contribution P) of the upper
boundary period P,, one obtains

(%)

(B )

(19)

Po(V) =2n —g/ ~ 27R

For the statistically averaged volume periods
PY), one finds (c=G =1)

50 _ o |19 conr M (R ) ~(011-
R =2m e~ 2R Wl(/qs)~(0.ll 0.27)ms.

(20)

These estimates are obtained for typical NS masses
M =0.6-25M_,, and radius R=10km, and

approximately 0.15 — 0.24 ms for R =15 km.

3. Discussions

Figure 1 shows the adiabatic M1 ®, Egs. (14)—(16)
(see Appendix A) as functions of the effective radius

R for different densities p =(1-4)p,. As seen from
this Figure, the MI changes dramatically because of
the appearance of the pole (see Eqg. (14)), R = Rk, due
to the inclusion of the t - ¢ correlation contribution
G, EGgs. (16) and (AS5), (Al6), and surface contri-

butions. These rotational asymptotes are determined
by the roots of the equation G, (x)=1 with respect

to the variable x =R/R;. Therefore, one finds the
additional constraints, R <R,, because of the
strong gravitation in rotating NSs.

Figure 2 presents the same MI for the specific
inner density, p =3p,, but for different approaches.
The solid and dashed lines show the MI with and
without the correlation contribution gw, respecti-

vely. The frequent dotted and rare dotted lines display
their volume contributions. As seen, the correlation
contribution of G_ is significant, and the surface

effects become larger when these correlations are
included.

Figure 3 shows the mass distribution M(R),
Eqg. (A8), as a function of the effective radius R by
using only two physical parameters, the relative crust
thickness a/R, and the relative asymptotical inner NS
density, p/p,=1-4. The surface effect is mea-

sured by the relative difference between the full NS
mass, M =M, + M, (see Eq. (A8), solid lines) and

its corresponding volume component M, (a=0,
Eqg. (A9), dashed curves). As seen from Fig. 3, the

NUCLEAR PHYSICS AND ATOMIC ENERGY 2026 Vol.27 No.1
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Fig. 1. Adiabatic moments of inertia ® in units of 2MR? /5 as functions of the NS radius R are shown for inner densities,
p/p,=1-4, where p,=myn,=2.68-10"g/cm® is the nuclear matter density. Arrows show the poles Rk of the MI,
Eqg. (14), for finite t—¢ correlations G, , Eq. (16). (See color Figure on the journal website.)
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Fig. 2. The same as in Fig. 1 but for different approximations. Solid and dashed lines (V+S) show the MI contributions
with and without the correlation term, respectively. VVolume contributions are shown by frequent and rare dotted lines (V).
The dimensionless incompressibility is given by x=10; see Eq. (Al4). The leptodermic parameter a/R is 0.08.

Arrows show the Schwarzschild radius Rs, Eqg. (5), and rotational poles due to the t—¢ correlations, Rk. (See color

Figure on the journal website.)

surface component is quite significant even at a small
leptodermic parameter a/R =0.08 because of strong
gravitation. The NS mass M(R) is not a monotonic function
of R for the fixed inner NS density, p, because of the

surface component, Ms. This contrasts with the monotonic
behavior of the volume mass, M,, oc R®, in the Cartesian

case of the weak Newtonian gravitational limitata = 0. For
any given value of p, one finds a rather pronounced

maximum in dependence on the full mass M(R), Eg. (A8),
MI O(R) (see Figs. 1 and 2). The NS mass for each of these
curves at a given value p disappears sharply in the limit
R — Ry, and does not exist at R>Rg. We should
emphasize that our derivations for the surface components
of the NS mass and MI fail near the point R=R;. As

seen from Fig. 3, our results are in reasonable agreement
with the observational data, Refs. [8, 9, 10, 14], at the

volume density p=(2-3)p,, with a/R=0.08 for
the NS J0030+0441 [9, 11], M /M_,=1.2-1.6; and

a/R=0.04 for the NS J0740+6620 with a larger mass
[10,19], M /M, =2.0-2.1.

Figure 4 presents the characteristic upper limit
periods Py, Eq. (18), as a function of the ratio of the
effective radius R to the Schwarzschild radius Rs,
Eqg. (5), versus the results calculated for the observa-
tional data on the mass M, radius R, and period P. We
show these data at the minimum and maximum
values of R/Rs, which are expressed through the mass
M and radius R by using the smooth joining boundary

ISSN 1818-331X SAJEPHA ®I3MKA TA EHEPTETUKA 2026 T.27 Nel 9
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Fig. 3. NS masses M, Eq. (A8), as functions of the NS radius R are shown by solid lines for relative densities
p/p, =1-4, and leprodermic parameter a/R =008 . Dashed lines are the volume masses My (for a/R=10). Frequent

red and green dashed lines show masses for a/R=004 and p/p,=2 and 3. Red (oblique cells) and orange

(frequent points) spots show observational data on the NS J0030+0441 [9, 11]; magenta (oblique lines), and cyan
(frequent points) spots present the J0740+6620 [10, 19]. (See color Figure on the journal website.)
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Fig. 4. NS periods P as functions of R/Rs. Straight line segmehts represent observational data for several NSs; see
Refs. [6-19]. Dashed-dotted, solid, and dotted black lines are periods Py at relative incompressibility values 2 (weak), 10
(strong), and 50 (super strong gravitation); see Eq. (Al4) for = Heavy green dotted and red dashed lines show

the volume Pom, Eg. (19), and with 13,,("), Eqg. (20), without correlations. The parameters are p/p, =3, a/R=0.08,

and R = 12 km. (See color Figure on the journal website.)

condition (7) for the outer and inner Schwarzschild
metrics and the gravitational radius r,, Eq. (6). The
full characteristic rotation periods Po (solid) are
compared with their volume P® (dotted) and the

statistically averaged 1'50 (dashed lines) contribu-
tions. Using the outer-inner boundary relation (7) and
Eq. (6) for r,, we expressed the variable x =R/ R,
in terms of the NS mass M and radius R by
x=(2GM/R*"* for a mean NS radius

R=12km. The limit periods P, are dramatically
changing functions of the relative effective NS radi-
us, R/Rs (for a given R), with the corresponding

10 ISSN 1818-331X

asymptotes R = Rk for Po and P?, and R =R for
B®), respectively, as shown in Fig. 2. The periods

Py and Po(") are monotonically increasing functions
of R/Rs, which are asymptotically convergent to the
corresponding asymptotes R =Rk. This contrasts
with the dashed curve having a maximum for the
statistically averaged period ﬁ;, and a cusp in the

top. In Fig. 4, we also show the essential dependence
of the full limit periods Po on the dimensionless
incompressibility parameter « (Eq. (Al4)) through
the tension coefficient o, Eq. (A13), in the surface Ml
and energy components. The values of Py decrease

NUCLEAR PHYSICS AND ATOMIC ENERGY 2026 Vol.27 No.1



MACROSCOPIC APPROACHES TO ROTATING NEUTRON STARS

with the incompressibility values of « from a weak
(k =2, close to the nuclear matter case) to strong

(k=10), and then, to super strong (k =50) gravi-

ty. As a result, for a strong and super strong gravita-
tional field « =10 (solid) and 50 (frequent dotted
black curve), the adiabatic condition is carried well
for all stars shown in Fig. 4, while it is not the case for

a weak gravitation (x =2). The adiabaticity condi-

tion is better fulfilled because of a stronger gravita-
tion for several observational data (see Fig. 4) for
which the masses M, radii R, and rotational periods P
are measured with good accuracy. The surface effect
is increasing because of the correlation term and a
change of the asymptote R = R, as seen from Figs. 2
and 4. Thus, we may conclude from the results shown
in Fig. 4 that the adiabaticity condition (18) is carried
out well for the shown NSs at the strong « =10 and
super strong gravitation x =50.

4. Conclusions

The macroscopic effective surface approximation
is extended to a NS rotating dense-liquid drop at
equilibrium for small frequencies ®. The gravita-
tional field was taken into account through the Kerr
metric based on the Schwarzschild GRT solutions for
spherical symmetry in the adiabatic approximation.

The NS masses M (R) (r,<R<R) with surface

components are in good agreement with recent
observational data. The additional constraints on the
NS radius R appear due to the rotation and effec-
tive-surface contributions r, <R <R, where Rk is

the root of the equation G_(x)=1. The adiabatic

NS MI © depends much on the t - ¢ correlation and
surface contributions. The adiabatic condition is
carried out well for many NSs with periods
5-3000ms, especially for a strong gravitation, even
for smaller periods and larger masses.

For perspectives, one should systematically study
our macroscopic method based on the adiabatic
condition for the MI calculations in order to apply it
to a wide range of NSs. Our macroscopic model
should be improved by taking into account the
internal many-component structure, in particular, the
isotopic asymmetry, and the thermal evolution. To
include the gravitational-wave emission, one should
essentially modify this model.

The authors greatly acknowledge V. I. Abro-
simov, C. A. Chin, O. Ya. Dzyublik, V. Z. Goldberg,
M. I. Gorenstein, F. A. Ivanyuk, J. Holt, C. M. Ko,
[E. 1. Koshchiy], J. B. Natowitz, S. A. Omelchenko,
A.l. Sanzhur, G.V.Rogachev, Y.V. Shtanov,
Yu. V. Taistra, S. I. Vacaru, V. |. Zhdanov for many
creative and useful discussions.

Appendix A

Calculations of the Ml

The statistically averaged @, Eq. (15), and the
t- ¢ correlation G, Eq. (16), MI can be explicitly
analytically calculated within the linear appro-
ximation over the dimensionless frequency

o=Ic/M°G <« 1. Within this Appendix, we will
recover for convenience the ordinary dimensions of

quantities. The volume components ©, and G, are

obtained in the closed and simple forms. For @,,
one finds (see Ref. [91])

—_ 2R
o, :&r%c]e—va (r)r“dr:%Mszvl(zo),
0

2
veal|A-f T |
2\ R

where v is the parameter of the inner part of the
Schwarzschild metric, Eg. (1) (see Ref.[3]),

zoz(l—Rlesz)M, A is given by Eq.(4),

(A1)

3(r)=(1-r*/R?)™ is the inner radial Jacobian

1/2

(r<R), M is the NS mass, Ry =[3c’/(8nGp)]

is the Schwarzschild radius (the gravitational radius
is r,=2M/c?). In Eq. (A1),

L la®-a(z)] 42

(1-2)

where z=,/1-r?/R; for the transformation of the
radial variable r to dimensionless z,

) 24/1- 72 (2—24A2 +BAZ+ zz)

2A-12

+

4 (2)
+6(8A —1)arcsin(z)+ 24 AV1-4A% In[ (2, A) ],
(A3)

_ 1-2Az ++/1-4A°\1-7?

2A-72

C(Z, A) (A4)

For the volume t- ¢ correlation contribution &G,
Eg. (16), one obtains

R

_[e‘“J(r)rrzdrzWZ(zo). (Ab)

0

16mpc?
3M

G =
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Here, t(r) is given by Eq. (2),

2 302 [qz (1’ A) -0, (Zo, A)], (AB)

)

with the same z and zo, and

~ (22 -2Az +8)\/l— z?

% (2) = 2(2A-2) -

W, (z,) =

2A

WIn[Q(z,A)]; (A7)

9 .
—Earcsm(z)+

see Eq. (A4) for C.
For the NS mass M, one results in

4aR’®
REF(R/R,)(1-R2/RZ)" |
(A8)

M~M, +M,=M,|1-

where My is the volume mass component,

M, =2npRSf (x), f(x)=

=arcsin(x)—-xv1-x*, x=R/R;. (A9)

Similarly, for the total NS energy Eerr, one has [35]

Eere =J€(p)de E, +Es, (A10)
where Ey is the volume part of the total energy,
E, =2npc’R f (x), (A11)

with the same x as in Eq. (A9). For the surface part,
one obtains

Es ~ oS, (A12)
where S =4nR? is the surface area value, and o is
the leading-order tension coefficient,
= —.\2
o~ 4akKn _ 16axpc . (A13)
1351-R?/R? 45/1-R?/R?

Here, @ is the inner particle-number density, « is
the dimensionless incompressibility,

K K

__Kkm __K Al4
T 12mc (A14)

pc® is the inner energy density constant, and

p=mn. The surface MI components, @, and g,

are derived analytically in terms of the surface
tension coefficient ¢ (see Eq. (A13)),

4
o, = 4’2 oR (A15)
3c* J1-R*/R?
and
8nc R*/R? (A16)

Gs = :
° 3Mc?1-R?/R?

Notice that (:)S >0 and G, >0 because the ten-
sion coefficient o is positive and R<R; for a
stable equilibrium. These surface components are
proportional to the leptodermic parameter a/R,
ocxalR; see Eg. (A13). The crust thickness a is
related to the inter-particle interaction parameter C
of Eq. (10), the particle number density m, and the
total nuclear-gravitational incompressibility K of

Eq. (12) by a=(18m’c/K)" (see Ref. [35]).
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MACROSCOPIC APPROACHES TO ROTATING NEUTRON STARS

A. A. Yaees?, O.T. Marnep’, C. II. Maiinanok>3, A. Bonacepa’, X. Kenr®*,
C. M. ®eporkinl, O. |. Jleron®, Y. B. I'purop’es?, T. Jlemacrac?

Y Inemumym soepnux oocniosceny HAH Yrpainu, 6iooin meopii sopa, Kuis, Yxpaina
2 [ncmumym adepnux oocnioncens HAH Yipainu, 6i0din meopii soepnux npoyecis, Kuis, Ykpaina
3 Incmumym cyuacnoi isuxu, Kumaticoka axademis nayx, Janvuscoy, Kumaii
4 Huxnomponnuii incmumym, Texacokuii ynisepcumem A&M, Konedoc-Cmetiun, Texac, CIIA
S [lIxona izuxu ma ingpopmayitinux mexnonozii, Illenvciticoxuii nedazoziunuii ynieepcumem, Cianv, Kumaii
8 [nemumym adepnux docnioncens HAH Yipainu, 6i00in ¢izuxu easxckux ionie, Kuis, Yxpaina
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MAKPOCKOIIIIYHI HABJIM)KEHHS 1O OBEPTAHHS HEMTPOHHUX 3IPOK

MakpockormiyHa Mozaenb HelTporHoi 3ipku (H3) sk imeanbHOi pimKoi KparuiHU IMOIIMPIOETHCS HAa 0OepTaIbHI
CHCTEMH 3 MAaJIOI0 MIBHIKICTIO o0epTaHHs » y HabmmkenHi edekrnBHoi moBepxHi (EIT). BpaxoBaHo rpani€HTHI 9ieHH

edeprii rycruan H3 & (p) PIBHSIHHS CTaHy pa3oM 3 00 €MHUMH KOMITOHEHTaMH B TOJIOBHOMY HAONMKEHHI 3a
JenToAepMidYHIM napaMeTpoM a/R <1, ne a e toBmmHoio mapy EIl ta R — cepenniit paniyc H3. [{ns pospaxyHky

afiabaTnyHOro MOMeHTY iHepuii (MI) BUKOPHCTOBYETHCS BUpa3 MaKpOCKOIIIYHOTO KYTOBOI'O MOMEHTY 32 MaJlol 4acTOTH
® y pamkax Mmerpuku Keppa y 30BHimmHIX koopauHatax Boiiepa - JIiHrBicTa Ta BHYTpIIIHIX KOOpAMHATax XoOraHa.

Otpumano H3MI © =0/ (1 - gw) 4epe3 CTaTUCTHYHO ycepeaHeHni MI © Ta a3uMyTanbHO-KyTOBY Kopeusilio G, - K

cyMmy 00’€MHOTO Ta TOBEpXHEBOro KoMITOHEHTIB. [Tokazano, mo MI ® cyTTeBO 3anexuTh Bif eQeKTHBHOTO pamiyca R
BHACJIIZIOK BIUIMBY CHJIBHOI TpaBiTallii Ta MOBepXHEBUX eeKTiB. 3HaliIeHO 3HAYHI TOJATKOBI OOMEXeHHs Ha paaiyc R
3aBJSIKM Kopelsilii G, Ta NOBCPXHEBUM BHECKaM. 3 LIMMU BHECKaMHU aiiabaTuyHa ymOBa NPH CHIIbHIM rpasitaiji

BHKOHYETHCS IS 6aratbox moobpe Bimomux H3.
Knrouosi crosa: simepHa actpodiszuka, TyCTHHA €HEprii, HEeUTpoHHA 3ipka, MeTpruka Keppa, MOMEHTH 1HepIIii.
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