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MAGNETIC SUSCEPTIBILITIES

OF DENSE SUPERFLUID NEUTRON

MATTER WITH GENERALIZED SKYRME FORCES

AND SPIN-TRIPLET PAIRING AT ZERO TEMPERATURE

1. Introduction

Magnetic properties of a dense superfluid neutron matter (relevant to the physics of neutron
star cores) at subnuclear and supranuclear densities (in the range 0.5 S n/no < 3.0, where
no = 0.17 (fm™3) is the saturation nuclear density) with the so-called generalized Skyrme
effective forces BSk18, BSk19, BSk20, BSk21 (containing additional unconventional density-
dependent terms) and with spin-triplet p-wave pairing (with spin S = 1 and orbital moment
L = 1) in the presence of a strong magnetic field are studied within the framework of the non-
relativistic generalized Fermi-liquid theory at zero temperature. The upper limit for the density
range of a meutron matter is restricted by the magnitude 3no in order to avoid the account
of relativistic corrections growing with density. The general formula obtained in [1] (valid for
any parametrization of the Skyrme forces) for the magnetic susceptibility of a superfluid neu-
tron matter at zero temperature is specified here for the new BSk18-BSk21 parametrizations
of the Skyrme interaction. As is known, all previous conventional Skyrme interactions predict
spin instabilities in a normal (nonsuperfluid) neutron matter beyond the saturation nuclear
density. It is obtained in the present work that, for the model of superfluid neutron matter
with new generalized BSk18-BSk21 parametrizations, such phase transition to the ferromag-
netic state occurs neither at subnuclear nor at supranuclear densities. Thus, the high-density
ferromagnetic instability is removed in the neutron matter with new generalized Skyrme forces
BSk18-BSk21 not only in normal, but also in superfluid states with anisotropic spin-triplet
pairing.
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tion) and with anisotropic spin-triplet pairing similar
to 3He — A [8-10] in strong magnetic fields, which

This work is a continuation and an improvement of
our previous investigations [1| (see also [2] and ref-
erences therein), which were devoted to the theo-
retical description of the dense superfluid neutron
matter (SNM) with conventional Skyrme forces [3—
5] (in [6, 7], someone can find reviews on different
parametrizations of the Skyrme forces and neutron-
star properties calculated with the Skyrme interac-
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can be realized in the liquid outer cores of pulsars
and magnetars (strongly magnetized neutron stars)
(see, e.g., [11-14]).

The outer core occupies the density range 0.5 <
< n/ng < 3.0 (where ng = 0.17 fm ™~ is the saturation
nuclear density) and is several kilometers in thickness
[15, 16]. Its matter consists of neutrons with several
per cent admixture of protons p, electrons, and pos-
sibly muons p (the so-called npep composition). The
state of this matter is determined by the conditions
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of electric neutrality and beta equilibrium, supple-
mented by a model of many-body nucleon interac-
tion. The beta equilibrium implies the equilibrium
with respect to the beta (muon) decay of neutrons
and inverse processes. All npeu-plasma components
are strongly degenerate. The electrons and muons
form almost ideal Fermi gases. The neutrons and
protons, which interact via nuclear forces, constitute
a strongly interacting Fermi liquid and can be in the
superfluid state.

Proton superfluidity in the core is thought to be
mainly produced by the singlet-state proton pairing,
but neutrons in the core are in superfluid states with
spin-triplet pairing. Critical temperatures T, of var-
ious particle species have been calculated by many
authors (see, e.g., reviews [17, 18] and references
therein). The results are extremely sensitive to strong
interaction models and many-body theories em-
ployed. In all the cases, the calculations give density-
dependent critical temperatures T,.(n) <1 MeV and
lower. As a rule, superfluidities weaken and disap-
pear at essentially supranuclear densities, where the
attractive part of the strong interaction becomes
inefficient.

Recently, we have published works [2] and [19]
devoted to the theoretical description of superfluid
phases in dense SNM with anisotropic spin-triplet p-
wave type of pairing in strong magnetic fields with
conventional parametrizations [3-5] and with general-
ized BSk18 parametrization [20] of the Skyrme forces,
respectively. The expressions obtained in [19] for
the phase transition temperatures of a dense neutron
matter (NM) to spin-triplet superfluid states are real-
istic non-monotone functions of the density for BSk18
parametrization of the Skyrme forces (contrary to
their monotone increase for all previous BSk and
other conventional parametrizations [2]). An analo-
gous investigation of a dense SNM with new gen-
eralized BSk19-Bsk21 parametrizations [21] of the
Skyrme forces will be published elsewhere.

But here, the main aim of our study is the equi-
librium magnetic properties of the superfluid phases
of an infinite pure NM with the so-called general-
ized (improved) Skyrme effective forces BSk18 [20]
and BSk19, BSk20, BSk21 [21] (containing additional
unconventional density-dependent terms) and with
anisotropic spin-triplet p-wave pairing (of the same
type as that in [1,2]) in the presence of a spatially uni-
form strong magnetic field. We carry out this study
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within the framework of the non-relativistic gener-
alized Fermi-liquid theory [22] (see also [2]) valid at
subnuclear and supranuclear densities of neutrons (in
the range 0.5 < n/ng < 3.0), which constitute the
main component of the outer cores of neutron stars,
as mentioned above.

Note that other authors have investigated previ-
ously the existence (or absence) of phase transitions
of a highly degenerate NM from normal (nonsuper-
fluid) state to ferromagnetic state in the absence of a
magnetic field and at zero temperature or with tak-
ing the temperature effect into account (see, e.g., [23—
30] and references therein) and with the effects of a
strong magnetic field (see, e.g., [31-33]) within other
approaches and using different nucleon-nucleon effec-
tive and so-called realistic interactions in NM.

This paper is organized as follows. In the second
section, we briefly outline the main steps and assump-
tions made for the derivation of general equations for
the effective magnetic field (EMF) and for the order
parameter (OP) of the SNM with generalized Skyrme
forces [20,21] and spin-triplet pairing of the *He—A; »
type between neutrons. In the third section, we write
down the general formula for the paramagnetic sus-
ceptibility in SNM (valid for any parametrizations of
the Skyrme forces, i.e., for the conventional [6] and
for the generalized ones) in a strong magnetic field
at zero temperature. Then we specify this formula
for the paramagnetic susceptibility in SNM at first
for the conventional BSk17 parametrization [34] (the
best among all previous parametrizations of the BSk
type), which is qualitatively similar to the conven-
tional parametrizations Sly2 [3], Gs [4], and RATP [5]
(see [1]), and then for the generalized BSk18-BSk21
Skyrme forces. In Conclusion, the obtained results
for SNM with triplet pairing in a high magnetic field
are briefly discussed and compared with those of some
other works.

2. General Equations for the EMF

and the OP in SNM with Conventional
and Generalized Skyrme Forces

between Neutrons and with Triplet Pairing

For the theoretical description of a dense SNM with
generalized effective Skyrme forces [20, 21] and with
anisotropic spin-triplet p-wave pairing of neutrons
(spin and orbital momentum of a Cooper pair are
equal to 1) in the presence of a strong spatially ho-
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mogeneous magnetic field H, we have to write down
the order parameter for SNM, which is similar to the
OP for superfluid 3He — A; 5 (see [10] and [1,2]):

AX(p) = (Apda +1A_&,)0(D), (1)

Y(p) = (M +1;)pj, D=

(P
b
b
Here, A4 (T) = (A(T) £ A((T))/2; d and & are mu-
tually orthogonal real unit vectors in the spin space,
d-e= 0, d2 =e? = = 1; m and n are mutually orthog-
onal real unit vectors in the orbital space, m-n = 0,
m? = 1. Note also that a superfluid phase of
the 3He—A; type can be realized under the condition,
when A} =0 and Ay #0.

As a result, using the general formulas (ob-
tained by us previously in [35, 36]) for anoma-
lous and normal distribution functions of quasipar-
ticles (neutrons) for SNM in a magnetic field, we
have derived (see more details in [1, 2]) a set of
integral equations for £(p), A‘T“, and A‘f in the
framework of the generalized Fermi-liquid approach
[22]. In this case for SNM, &(p) = &(p)H/H =
= —unHeg(p) (tn = —0.60308 x 10717 MeV /G is the
magnetic dipole moment of a neutron, and Heg(p) is
the effective magnetic field renormalized inside SNM).
For £(p), we have the equation

£(p) = —pnH + (r + sp*) K2 (&) + sK4(8). (2)

Here, r =t + (t5/6)n® and s = (t} — th)/(4h?), n =
= yng is the neutron matter density;

to =to(1 —z0), t5=1t3(1—x3), (3)
th(n) = t,(1 — z1) + t4(1 — z4)0°, (4)
ta(n) = ta(1 + x2) + t5(1 +a5)n7, (5)

and 1/12 < « < 1/3 are the parameters of the gen-
eralized (improved) Skyrme interaction. It is worth
to note here that, for the generalized Skyrme forces
[20, 21], the new additional parameters ty, t5, 4, and
x5 and the additional power exponents § and =y of
the density dependence have originated in compari-
son with the conventional Skyrme forces.

The functionals K,(£) (o = 2,4) in Eq. (2) have
the same form as that in [1,2]:

Pmax

Ky (&) = 2h3 /dqq /d:m (¢, (6)

Pmin
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where
~z(g) +€(9) Ei(q,2%)

z(q) — &(q) E_(q,z?)
B (a2 b <2T> (™)

EY =A% (1 —2%) + (2(9) ££(9))3 (8)

2(q) = ¢*/2m? — u (m} is the effective mass of a

neutron, p is the chemical potential). We have taken
into account that, for SNM with pairing of the 3He —
A, > type, the OP can be written as Af(l)(T,g,q) =
= qA() (T, §), where the functions Aq(})(7,§) obey
the following equations (whose structures are similar
to those from [1,2]):

A y(T,8) = AT, ) s

253

Pmax 1

/da: l—x

Pmin 0

o tanh(E4 (g, 22)/2T)
Ei(qaan) 7

9)

(Pmax 2 Ppr and (Pmax — Pmin)/Pr < 1, where pp is
the Fermi momentum). It is significant that ¢z =
= th(n)/h% < 0 is the coupling constant leading to
the spin-triplet p-wave pairing of neutrons, which is
expressed through the generalized parameters t)(n)
(see (5)) of the Skyrme interaction. Note that, in con-
trast with (9) for conventional Skyrme forces, ¢z =
= to(1 + x2)/A%® < 0 (see [1, 2]) does not de-
pend on the density n of SNM. Here, we consider a
model of neutron Cooper pairing in a shell symmet-
ric with respect to the Fermi sphere, i.e., pmax — Pr =
= PF — Pmin-

This system of nonlinear integral equations (2)
and (9) for the EMF and OP gives us a pos-
sibility to describe the thermodynamics of super-
fluid non-unitary phases of the *He — Ajs type
in a dense SNM with generalized Skyrme forces
[20, 21] and with spin-triplet p-wave pairing in
a static uniform high magnetic field at arbi-
trary temperatures from the interval 0 < T <
< T.(H). In the general case, these equations cannot
be solved analytically, and it is necessary to use nu-
merical methods for their solution. But we can solve
Egs. (2) and (9) with the use of analytical methods
in the limiting case, at zero temperature (7' = 0), and
it is the theme of the next section.
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3. Solutions of the Equations
for EMF and OP in Dense
SNM at T = 0 for Conventional
and Generalized Skyrme Forces

Let us consider the SNM at 7" = 0. In this case, we
have obtained the following solution of the integral
equation (2) for the EMF on the Fermi surface in
the first order in the small parameter hext = |pn|Xx
xH/ep < a < 1:

|in|Hegr (pr, H) _ hext(H, y)
er(y) 1— (r+ 2spp?)vp/2

(10)

Here, r and s (see after (2)) are the density-dependent
combinations of the Skyrme parameters (3)—(5), and
the density of states vp = (mlpr)/(7%h3) at the
Fermi surface is

vr(y) ~ 0.004197””“7(3/)yl/3 MeV~m 3.

My

(11)

It should be emphasized that the general approx-
imate formula (10) for Heg(pr, H) is valid for all
parametrizations (conventional and generalized) of
the Skyrme forces admissible for NM [6, 7], and
H.g is independent of the cutoff parameter a < 1

Fig. 1. Ratio Xfree/XSkyrme(y) (see [1]) for SNM with RATP
(lower line), Gs (points), and SLy2 (upper line) parametriza-
tions of the Skyrme forces and a spin-triplet p-wave pairing of
the 3He — A type at T = 0 as a function of the reduced density
y =n/no
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(@ = emax/er — 1) and of the energy gap in the en-
ergy spectrum of neutrons in SNM (in the first order).

Formulas (7)-(11) contain the effective neutron
mass m.,, which depends on the density of NM n =

= yng according to the formula:

m myng
=1
mx + 4h2

n

[t1(n) + 3t5(n)], (12)
where m ~ (m, +m,)/2 ~ 938.91897 MeV/c? is
the mean value of free nucleon mass [3|; the density-
dependent parameters t}(n) and th(n) (see (4) and
(5)) have specific numerical values for each Skyrme
parametrization. Note also that the Fermi energy
er = p/2m} of the pure NM with density n = yng
is defined by the formula

h2
er = (3n2yno)?® 2 ~ 23 71.60.902 MeV.  (13)
2mk mk

n n

Now, let us consider the previous conventional
SLy2, Gs, and RATP (see [1] and [3-5]) and recent
BSk17 [34] parametrizations of the Skyrme forces for
the sake of comparison. This concretization has given
us a possibility to plot the figures for the ratio of the
paramagnetic susceptibility of SNM with the Skyrme
interaction Xskyrme(y) and the Pauli susceptibility of
a free neutron gas Xfee (see (10))

XSkyrme(y) _ 1
Xfree 1- (T + 28p%)1/p/2’

(14)

which describes the renormalization of a magnetic
field inside SNM with a triplet p-wave pairing of the
3He — A1 type. See Fig. 1 (and details in [1]) for
ratio with SLy2, Gs, and RATP variants of the con-
ventional Skyrme interaction with power exponents
agatrp = 0.20, ags = 0.30, and agrye = 1/6 in their
density dependence.

For the conventional BSk17 parametrization of the
Skyrme forces [34] (with apski17 = 0.30), relation (14)
yields

Xfree 2y'/%(0.407660y°/1° — 1.13208)
xBsk17(Y) (14 0.237909y)
2.68438y

it A 1
(1+0.237909y) (15)

See Figs. 1 and 2, where the points of intersec-
tion of lines with the abscissa axis correspond to

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 7
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Fig. 2. Ratio Xfree/XBsk17(y) (see (15)) for SNM with the
conventional BSk17 parametrization [34] of Skyrme forces and
a spin-triplet p-wave pairing of the 3He — A type at T = 0 as
a function of the reduced density y = n/ng

the critical densities nc(SLy2) = 1.72ng, nc(Gs) ~
~ 1.33ng, nc(RATP) =~ 1.03ng, and nc(BSk17) =~
~ 1.001ng, which correspond to the phase transi-
tions from the superfluid paramagnetic state of neu-
tron matter with conventional Skyrme forces and the
triplet pairing to the ferromagnetic state, which coex-
ists with triplet superfluidity at the densities higher
than ne(Skyrme). Such phase transitions might oc-
cur in the liquid outer core of neutron stars.

By contrast, for SNM with generalized Skyrme
forces BSk18-BSk21 [20, 21], the phase transition to
the ferromagnetic state is removed. Really, for the
generalized BSk18 parametrization of Skyrme forces
(with additional dependences on the density, see (3)—
(5)), relation (14) yields the expression

_ 2y'/3(0.373605y%/1° — 1.11339)
1+ 0.253920y

~

XBsk1s(Y) ~ |1
Xtree ()

(16)

_ 4y(0.774775 — 0.209061y) |
1+ 0.253920y

In a similar manner for the generalized BSk19, BSk20,
and BSk21 parametrizations [21] of the Skyrme

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 7
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Fig. 3. Ratio xBsk19(y)/Xtree (see (17)) for SNM with gener-
alized BSk19 parametrization [21] of the Skyrme forces and a
spin-triplet p-wave pairing of the 3He — A type at T =0 as a
function of the reduced density y = n/ng

0,5 1 1,5 2 2,5 3

Fig. 4. Ratio XSkyrme(y)/Xfree (see (16), (18), and (19)) for
SNM with generalized parametrizations (BSk18 points, BSk20
upper line, and BSk21 lower line) of the Skyrme forces [20, 21]
and a spin-triplet p-wave pairing of the 3He — A type at T = 0
as a function of the reduced density y = n/ng
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forces, relation (14) yields

XBsk19(Y) ~
Xtree (Y)

2y1/3(2.22596y/12 — 2.58957)
1+ y(2.86510y1/12 — 0.238482y/3 — 2.77567)

~
~

~ 4y(1.16385 — 0.178829y'/3 — 0.716143y/12)
14 4(2.86510y1/12 — 0.238482y1/3 — 2.77567) |

(17)

XBsk20(Y) ~
Xtree ()

2¢y'/3(1.35019y/12 — 1.82731)
1—
1+ y(3.18344y1/12 — 0.305158y1/6 — 2.90372)

~
~

~ 4y(1.35095 — 0.228827y!/6 — 0.795714y'/12)
1+ 3(3.18344y1/12 — 0.305158y'/6 — 2.90372) |’

(18)

and

XBsk21(Y) ~
Xtree (V)

B 2y1/3(—0.133544y/12 — 0.475909)
1+ y(3.97930y'/12+ 0.0422618,/y— 3.89571)

~

4y(1.35338 + 0.0316905,/7 — 0.994643y/12)
1+ y(3.97930 y1/12 + 0.0422618,/y — 3.89571)

(19)

4. Conclusions

Thus, from our generalized integral equations (2) and
(9), we have obtained that ferromagnetic instabilities
take place not only for the normal NM (see, e.g., [23—
33]), but also for SNM with the conventional Skyrme
forces and the anisotropic spin-triplet pairing (see
Fig. 1 and [1] for SLy2, Gs, and RATP and (15) and
Fig. 2 for conventional BSk17 [34]).

But our main result is that the introduction of new
additional Skyrme parameters dependent on the den-
sity (see (4) and (5)) for generalized Skyrme forces
BSk18-BSk21 |20, 21| leads to the removal of the fer-
romagnetic instability not only in the normal NM but
also in the SNM with BSk18-BSk21 forces and an
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anisotropic spin-triplet pairing of the 3He — A type
in a strong magnetic field. The density-dependent
magnetic susceptibilities xpsk1s—21(n) have regular
behavior on the interval 0.5 < n/ng < 3.0 (see Figs. 3
and 4 and (16)—(19)). Note that the superfluid cor-
rections to Xxpskis—21(n) have negligibly small val-
ues (which are of the order (A/er)? ~ 1076, where
A is the maximal magnitude of anisotropic energy
gap in spectrum (8) of quasiparticles (neutrons) in
the SNM considered here). See, e.g., Fig. 1 in our
recent paper [19] (for SNM with generalized BSk18
Skyrme force); whence it follows for BSk18 that the
ratio A/er < 1072 in the considered density range
0.5 < n/np < 3.0 (investigations for SNM with gen-
eralized BSk19-BSk21 Skyrme forces that are analo-
gous to those in [19] will be published elsewhere). It
is similar to the behavior of the magnetic susceptibil-
ity in the case of a phase transition between the real
normal liquid 3He and the superfluid phases *He — A
in a magnetic field, where their magnetic susceptibil-
ities in the normal liquid *He and in the superfluid
3He — A almost coincide with each other (difference
is ~ 0.1%; see, e.g., [37]).

Note finally that the phenomenon of superfluidity
in NM at very high densities n > 3ng (which can
be realized inside the inner fluid cores of sufficiently
massive neutron stars and magnetars) should be in-
vestigated in the framework of a relativistic approach
and with a different interpretation of the hadron mat-
ter structure (including m-mesons, K-mesons, hyper-
ons, quarks, and other possible constituents; see, e.g.,
[38—-41] and references therein).

The material of this work was presented at the
International Conference “Problems of theoretical
physics” dedicated to the 100-th anniversary of
A.S. Davydov (Kyiv, October 8-11, 2012).
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MATHITHI CITPUNHATJ/INBOCTI

I'YCTOI HAJIIIJIMHHOI HEMTPOHHOI MATEPII
3 YV3ATAJIBHEHUMU CUJIAMU CKIPMA

TA CIIH-TPUILJIETHOIO B3AEMOIICIO

ITPU HYJIBOBII TEMIIEPATYPI

Pezmowme

MaruiTHi BIaCTHBOCTI I'ycTOl HAJAIJIMHHOI HEHTPOHHOI MaTe-
pil (me crocyerbcss isuku sigep HEHTPOHHHUX 3IpOK) HpH
cy6’simepHuX Ta Haj ajaepHux rycTuHax (y JlanasoHi ryCTHH
0,5 < n/no < 3,0, e no = 0,17 (dm~3) — ne saepua rycru-
HA HACWYECHHSI) 3 TaK 3BAHUMH y3arajbHEHUMH e€(DEKTHBHUMHU
cuiamn Ckipma BSk18, BSk19, BSk20, BSk21 (3 momarkosu-
MU HETPAIUIIAHUMU WIEHAMH, 0 3aJIeXKaTh BiJl IyCTHHH) Ta
31 cnig-rpuruierauMu napamu (CHiH Ta OpGiTAaJbHUI MOMEHT
akux S =1 ta L = 1) 3a HasgBHOCTI CHJILHOIO MarHiTHOIO IIO-
s 1 TeMnepaTypH, IO JOPIBHIOE HYJIIO, BUBYAIOTHCA 33 JIOIO-
MOTOI0 HEPEJIATUBICTCHKOI y3araJbHEHOI Teopil (pepMi-piauHu.
Bepxusa rpanunis giama3oHy rycTHH HEHTPOHHOI MaTepil oOMme-
JKeHa BEJIMYMHOI0 3N, 100 3ar06irTu ypaxyBaHHSI DeJIsiTH-
BICTCBKHX IIOIPABOK, sIKi 3pOCTaloTh 3 rycruHon. OrpuMmanii
y crarti [A.N. Tarasov, Ukr. J. Phys. 55, 644 (2010)] sarans-
uiit popmysi (sika cpaseynBa JJisl JOBLIBHOI HapamMeTpusantii
cut CkipMa) [y1st MArHITHOT CIPUHHATINBOCT] HAIINHHOT HEil-
TPOHHOI MaTepil Ipu TeMIepaTypi, 0 JOPIBHIOE HYJIIO, HATAHO
KOHKpeTHUX BHUpasiB juiss HoBux BSk18-BSk21 mapamerpuza-
it B3aemozii Ckipma. fk Bigomo, 3acrocyBaHHSI yciX morre-
penHix TpaauniiHuX napamerpusaliii B3aemoil Ckipma npu-
BOJIUTDH JO BUHUKHEHHS CIIIHOBUX HECTIMKOCTEil y HOpMaJIbHii
(menamnuniit) dasi HefiTpoHHOT MaTepil IPH ANEPHUX I'yCTH-
HaX Ta OLIBIINX 3a siIepHy yCTHUHY HacHYeHHs. B miit crar-
Ti AJ1 MOAeJi HaAIJIMHHOI HETPOHHOI MaTepil 3 HOBUMU y3a-
rasibHernMu BSk18-BSk21 mapamerpusarisiMu OTPUMAHO, IO
TAKOro (hpa3oBOro mepexoiy 10 (hepoMarHiTHOrO CTaHy He Bif-
OyBaeThCs aHi Ipu Cyb’siJIepHUX, aHl IPU HAJI siIEPHUX 3HAYE-
HH#AIX I'yCTHHH. TakuM IHMHOM, JOBENEHO, 0 y HEHTPOHHIN Ma-
Tepil 3 HoBuMu y3araiabuennmu cuiamu Ckipma BSk18-BSk21
[IpY BEJIUKUX I'yCTHHAX (PpepOMarHiTHa HECTIHKICTb yCyBaeThCs
He TiJIbKU y HOPMAaJIBHOMY, a i y HaJAIUIMHHUX CTaHaX 3i CIiH-
TPUIJIETHUMU aHI30TPOIHUMU IapaMH.
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