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Abstract: We explore the deuteron under strong magnetic fields in Skyrme models. The effects of the derivative

dependent sextic term in the Skyrme Lagrangian are investigated, and the rational map approximation is used to de-

scribe the deuteron. The influences of strong magnetic fields on the electric charge distribution and mass of the deu-

teron are discussed.
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I. INTRODUCTION

Recent investigations have shown that a strong mag-
netic field may exist in at least two high-energy astro-
physical objects. First, the magnetic fields on the surface
of magnetars are expected to reach 103G, whereas in the
inner core of magnetars, the magnitude of the magnetic
fields could be of the order of 10'® G [1]. Second, it is
considered that during the electroweak phase transition in
the early universe, extremely strong magnetic fields ex-
ceeding 10 G might have been produced [2]. In the
course of relativistic non-central heavy-ion collisions, the
strength of magnetic fields can reach up to 10'® G at the
Relativistic Heavy Ion Collider (RHIC) and 10%° G at the
Large Hadron Collider (LHC) [3, 4]. Although such
strong magnetic fields in these heavy-ion colliding exper-
iments decay during a very short period, they can still in-
duce significant effects on the phase structure of QCD
matter. Many theoretical investigations based on the lat-
tice QCD method or effective QCD theories, such as NJL
models, have shown that strong magnetic fields can
modify the quark potential and meson properties owing to
complex QED-QCD interactions [5—7]. However, there
are relatively few studies in regard to the modification of
baryon properties in the presence of strong magnetic
fields [8-10].

It is difficult to study low-energy strong interaction
physics directly from QCD theory owing to its non-per-
turbative character at the low-energy scale. Alternative
approaches, such as lattice QCD or effective field theor-
ies (EFTs), must instead be considered. The Skyrme
model, a promising EFT, was first proposed by Skyrme

in 1961 [11]. In this model, meson fields are the basic de-
grees of freedom, and baryons emerge as collective excit-
ations or topological solitons, known as skyrmions, from
nonlinear interactions between mesons, the topological
charge of which is identified by the baryon number. The
Lagrangian of the standard Skyrme model consists of
three terms. The first is the sigma-model term, quadratic
in its first derivatives, which provides the kinetic energy
of # mesons, the second is the Skyrme term, which is
quartic in its first derivatives, and relates to the stable
solutions of models, and the third is the potential term,
which gives explicit breaking of chiral symmetry and
relates to the 7 meson mass. Although this standard
Skyrme model can successfully describe many nuclear
phenomena, there are still several defects. For example, it
provides excessively high binding energies of atomic
nuclei and thus is generally difficult to apply to the in-
vestigation of matter with a large baryon number. Many
efforts have been made to improve the standard Skyrme
model (see, for example, Refs. [12— 18] and the refer-
ences therein). In recent years, so-called generalized
Skyrme models have been proposed [19, 20], where a
term sextic in derivatives is added and may be related to
vector meson exchange based on phenomenological argu-
ments, which can overcome the shortcomings of the ori-
ginal Skyrme models.

In this study, we modify the method proposed by Ref.
[8] to study the deuteron as a B =2 skyrmion. Besides the
conventional Skyrme model (labeled as the SKM), the ef-
fects of the derivative dependent sextic Lagrangian term
are also considered (labeled as the gSKM). This article is
organized as follows: In Sec. II, we describe the formu-
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las necessary. Here, we quantize the skyrmion within the
semi-classical quantization method [21, 22]. Note that the
quantization method in Ref. [8] consists of allowing the
SU(2)valued field in the Skyrme model to rotate in three-
dimensional isospin space and spatial space only in the
x — y plane, which is inconsistent with the constraint of
Eq. (21) resulting from the cylindrical symmetry impli-
citly imposed on the solution of the skyrmion in this
study when we quantize the B =2 skyrmion. Therefore,
in the present study, we modify the quantization method
in Ref. [8] and consider three-dimensional rotation in spa-
tial space as well as in isospin space. In Sec. III, the cal-
culated results and discussions are given. Finally, a sum-
mary is presented in Sec. IV.

II. FORMALISM

In this study, the action of the Skyrme model coupled
with magnetic fields is Twzw(U)+ f d*x£,. Here, the
Wess-Zumino-Witten (WZW) term represents chiral an-
omaly effects [23, 24], and the gauged WZW action
T'wzw(U) =T (U)-T.(1) inthe presence of electromag-
netic fields is given in Ref. [25], with

r.(U)=- 8017 & xe MM THRR ;R R R,
1
t s d*xe"PTr{eA, Qr(RyRuRp

s 2
1e
+ LvLozL,B) + 7 [Ay QERVAw QERB

—AuQrL,A0QrLgl —i€*[A,QpU"
A,QrUR.Rs — A QrUA,QpU Ly Lg
- 0,A,QrU"A,QrURg

-8, A, QpUACQpU Ly — (A, Qrd,A0 O
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where the first term is a five-dimensional integral whose
boundary is four-dimensional space-time, R;=U"6,U,

Li=0;UU", e is the unit electric charge, and Qp =
I/6+713/2 is the electric charge matrix, where [ is the
rank 2 unit matrix, and 73 is the third Pauli matrix. The
generalized Skyrme Lagrangian £, with local gauge in-
variance reads as

F} + myFy
£ :TgTr(D#U'D”U) + ”8 Te(U - 1)
+ 321g2 Tr((U'D, U U'D,UT) - 59—:123#3 P
with the covariant derivative D, U defined as
D,U =8,U —ieA,[Qg, U] . 3)

Here, the Lagrangian has three free parameters (F,, g,
m), which are used to fit several experimental values. The
pion mass is set to its physical value m, = 138 MeV. In
this study, the homogeneous magnetic field B along the z
direction is considered, and the symmetric gauge of the
electromagnetic field A, is chosen as A, =(0,-yB/2,
xB/2, 0). As an SU(2) valued field, U is expressed as

U = exp(iF(r)7- (0, ¢)) , )

where F(r) is a real profile function satisfying the bound-
ary conditions F(0) = and F(c0) =0, || = 1. For baryon
number B> 1, we utilize the so-called rational map an-
satz [26], and 77 is expressed as

1
(n1,n2,13) = Tmlz(zRem),zIm(R), 1-IRP), (5

where R(z) is the rational map between two Riemann
spheres, with z as the Riemann sphere coordinate defined
as z = tan(@/2)exp(ip). The form of R is p/q, where p and
q are polynomials in z with the larger of their degrees be-
ing B. For the B =2 skyrmion, R = z? is chosen. The last
term in Eq. (2) is sextic in derivatives, in which B* reads
as

1 - .
Y vaf T i i
B = —24”_28“ Tr[(U'D,U)U'D,U)U'DgU)], (6)

which degenerates into the topological current in the ab-
sence of magnetic fields.

Considering the axial symmetry imposed by magnet-
ic fields, we follow the ansatz in Ref. [8] to deform the
spatial space as

x =cprsin(@)cos(p), y=cprsin(@)sin(y),
z=c,rcos(6), 7
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where ¢, and c, are positive dimensionless parameters,
and 6€[0,7] and ¢ €[0,27] are polar angles. Then, the
volume element is dV = dxdydz = cic.r* sin(f)drdfde. The
parameters ¢, and ¢, have two effects: they deform the
shape and scale the volume. Because the scale effect of
¢, and ¢, can be absorbed by performing the scale trans-
form of r, we follow the choice in Ref. [8] in which
¢, =1/ +/c; to seek results with a conserved volume. It
should be mentioned that in Ref. [8], which studies B=1
baryons, ¢, characterizes the deviation degree from a
sphere. However, in the present study, the deuteron is tor-
oidal and based on the rational map ansatz, which has
already deviated from a sphere. Thus, ¢, in this study can
be understood as a new parameter introduced into the
conventional rational map approximation (cCRMA), and
¢, # 1 means a deviation from the cRMA.

In the semi-classical quantization method, to obtain
the spin and isospin of baryons, U is given time depend-
ence by rotating U in both space and isospin as

U=AUGS))AT, (8)

in which 4 and § are the rotation matrices for the isospin
and spatial rotations, respectively, satisfying

RV
AT'A =5WaTa>
(S8 =— e, 9
where a,i,j,k = 1,2,3. By replacing U with U in £, the

static contribution to the deuteron mass can be expressed
as

Mg = Wal Mo+ Mi(eB)+ Mx(eB)? | a) (10)

in which

Mo :([%)f%;z{scz [16+c3(-8+3m)|
+48 [4 + cg(—Z +7)— ﬂ] o+ 96c§m,2rr4
- 96c§m,2,r4 cos(F)—4 {cZ [16 + cg(—8 + 377)]
+12[4+ X (=2+m) - 7| ?| cos(2F)
+¢:[16+c3(=8+37) | cos(4F)
+4r%{~6c:[2+ (-4 +m) - n| + 401 +2c3)?
+6¢;, [2 +c(—4+m)— 77] cos(2F)} F?
+4(8 +3mc? sin* (F)F?) (11)

My =[=222) | S sin?(F) {-6c2 (-4 +
1 ( Bg* ) 303{1 (O-ei(emr

—2¢3(28 — 97) sin®(F) — 2(=32 + 971) sin’(F)
—[28 - 97 +4c3 (=10 + 3m)]7 F

+dxc, sin* (F)F"} (12)

and

T rAdr (.
M, :(@)fél.Sch {Sln2(F){ —4063{2(1 +S§)

[8 =37+ (=28 +9m)R3] +c2(~1+53)

[32 - 97+ (=88 + 27m)R31}r* + 20sin*(F)
{853(~28 + 97 + 124R3 - 397R3)
+4c0(=1+83)[28 — 97 +2(—47 + 15m)R3]
+¢3[128 =397+ (~448 + 1417)R;3

+83[80 - 277+ (—400 + 1297)R3]]}
—4{—8S3[48 — 142R] + 15m(~1 +3R3)]
+4c0(=1+83)[48 - 142R; + 157(~1 +3R3)]
+c2[112-457+3(~136+45m)R;3

+ 531432 1288R3 + 1357(~ 1 + 3R]} F )
+ 10ke, sin* (F)F?{283[-8 + 31+ 3(24 - Tn)

R+ -SH[16-3n+ 3(—24+7ﬂ)R§]}} :
(13)

Here, 8=2V2/(gF,) is used as the unit of length,
k=9¢/(5m*B>n?), R; is defined as R3 = Tr(13AT13A)/2,
and S is the §33 component of the rotation matrix S

The replacement of U with U can also give the kin-
ematical part in the form

1 1
T =§aiw§ + Eb,ﬂ? —ciwi Qi+ D(eB)S 3(w3 —2Q3)
+E(eB)(SIQI +SzQz), (14)

where i=1,2,3, S| and S, are the §3 and §»; compon-
ents of the rotation matrix S, respectively,

2
D:fdr d (=4 +m)sin*(F)F’, (15)
2c,m

2
E= f drzr [4—r+23(=3+msin¥(F)F ., (16)

c;m

and ay =ap, b]zbz, 01:C2=0, and a3=b3/4=C3/2,
where
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2

ap = (gif)[aw +ay1(eB) +6112(€B)2] ) (17)
2

5= e (1)
2.

by :(g)[blo+b]](€B)+b12(eB)2] . (19)

The equations needed in Egs. (17)—(19) are listed in
Appendix A. We can then obtain the body-fixed canonic-
al conjugate momenta of the isospin and spin by taking
functional derivatives with respect to w, and Q,, respect-
ively, as

oT orT
= L = . 2
R “T0Q, 20)

Note that in Ref. [8], only the spatial rotation in the x
— y plane is considered, that is, only the third component
of the spatial angular momentum is defined and k=3 in
Eq. (9), which results in the equivalence between the
third component of the body-fixed (L) and space-fixed
(J, physically more meaningful) spatial angular mo-
menta, that is, J3 = L3. When the constraint [The distinc-
tion between the baryon number B here and the magnetic
field eB should always be clear by context.]

(BK3 + L3)lyy =0, (21)

which results from the cylindrical symmetry implicitly
imposed on the solution of the skyrmion in this study, is
cast into the calculation for the B =1 nucleon, as in Ref.
[8], there is no trouble. This is because the quantum num-
bers (jz and k3) of J3 and K3 can simultaneously be half-
integers for the B=1 nucleon. However, the integer
j3 =1 for the B=2 deuteron allows k3 to be a half-in-
teger, according to Eq. (21), which is prohibited in the
quantization of the B =2 deuteron. Therefore, in this
study, we modify the quantization method in Ref. [8] and
consider three-dimensional rotation in the spatial space as
well as in the isospin space. As a result, J; and L; be-
come mutually independent. Consequently, the quantum
numbers (/3 and k3) of L3 and K3 are allowed to be zero
for the B =2 deuteron, and the constraint of Eq. (21) is
not violated. Here, the wave function of the deuteron is
given by the direct product |iizk3)|jj3l3), where i and i3
are the quantum numbers of the space-fixed isospin mo-
mentum (I? and I3, physically more meaningful).

Now, using the relations J3=—-Y S;L; and ¥, S? =1,
where i=1,2,3, we can write the kinematical contribu-
tion to the deuteron mass as

Mayin =Wa| ) @aKa+ QL) =T |Y0),
a=123

I J*+(1-SHE*eB)
=(a | 2a; + 2,
+[<K3—S3D(e3>)2 _(L+i)’(§]
2a3 aq b]
. (J3-283K3)E(eB)
by

2

[ Wa) . (22)

The deuteron mass is the sum of the static and kin-
ematical contributions, that is, My = M+ Mykin. Mas
and M;xn can be obtained with the help of the wave
function, as stated in Ref. [20]. F(r) in Eq. (4) can be ob-
tained at the O(N¢) order by minimizing M, with the
help of a certain value of ¢, obtained by minimizing M,.

The magnetic moment of the deuteron is defined by
u=-0M,/d(eB). Because k3 is equal to zero in the wave
function of the deuteron, and the expectation value of R;3
is zero [20], most of the linear terms of magnetic fields in
Egs. (10) and (22) offer no contribution to the mass, ex-
cept the last term in Eq. (22). Thus the magnetic moment
is given by u = —pB%j3E/b; for |eB| = 0 (the presence of 52
results from the consideration of the unit of length in this
study). This equation for the magnetic moment is equival-
ent to that deduced in Ref. [27]. We take the model para-
meters as g = 4.84 and F, = 108 MeV for the SKM, and
g=19.48 and F,= 129.11 MeV for the gSKM with an
additional parameter m chosen as m = 420 MeV [19]. It is
known that the wave function of the deuteron, as the
ground state 35| of the B =2 skyrmion, is [000)|110). We
then obtain the results of the magnetic moment for
leB|=0, which in the unit of the Bohr magneton
up =1/2My) for the SKM and gSKM are 0.69 and 0.77,
which are 19% and 10% smaller, respectively, than the
experimental value of 0.857.

III. RESULTS AND DISCUSSION

In Fig. 1, we illustrate the |eB| dependence of ¢, for
the deuteron. We also give the calculations for the first
excited state 'S, the wave function of which is
[100)|000), for comparison. In the absence of magnetic
fields, the results slightly deviate along the direction of
the magnetic field from those in cRMA, with ¢, = 1.03 in
the SKM and ¢, =1.05 in the gSKM for the deuteron,
which are smaller than those for the first excited state.
When the magnetic fields increase, ¢, decreases continu-
ously. The gSKM exhibits a larger descent velocity of ¢,
with |eB| than SKM. Overall, we see that the deviation of
the calculated results from ¢, =1 in the presence of the
magnetic fields is < 10 %.

In the deuteron under the magnetic fields, the radial
density of baryon charge is given by
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ground state in gSKM
----- ground state in SKM
excited state in gSKM
fffff excited state in SKM

. 1 . 1 . 1 . 1 .
0.0 0.1 0.2 0.3 0.4 0.5

leB| [GeV?]

Fig. 1. (color online) |eB| dependence of ¢, for the deuteron
in the ground (color black) and excited states (color red) for
the gSKM (solid curves) and SKM (dashed curves).

p(r) =po(r)+pp(r),

_ —4sin* (F)F’ r(eB)
T

+{Yal 7
nc,
X [SIn(2F) +rcosQF)F'] | ) , (23)

(4-mR583

where the integral of the first term py(r) over  is 2, which
is consistent with the baryon charge B =2 of the deuter-
on, and the second term pg(r) is induced by magnetic
fields. For B=1, the presence of pg(r) under magnetic
fields does not break baryon number conservation be-
cause integrating it over the entire space is equal to zero
[8]. The fact that k3 = 0 and the expectation value of R; in
Eq. (23) is zero [20] indicates that pg = 0 in the deuteron.
Because i3 =0 for the deuteron, we can evaluate the root
mean square (RMS) electric charge radii, defined as
R=([X?po/2dV)'?, in which X= x2+)2+z2, and
R.=([x*po/2dV)'* and R, =([z’po/2dV)"/?> for direc-
tions of x and z, respectively. The results are illustrated in
Fig. 2. The phenomenon that R, is clearly larger than R,
is shown, which is consistent with the toroidal structure
of the B=2 skyrmion. The RMS charge radii for the
gSKM are larger than those for the SKM, and the calcu-
lated results for the ground state are similar to those for
the excited state. Furthermore, Fig. 2 shows that R, R,
and R, decrease with increasing magnetic field strength,
which indicates a gathering of the electric charges when
the magnetic fields increase.

The results on the RMS electric charge radii in Fig. 2
can also be understood from the profile functions F(r),
which are shown in Fig. 3. Figure 3 shows that the pro-
file functions under magnetic fields for the gSKM are
wider than those for the SKM, which is consistent with

Rews [fM]

0.2

ground state in gSKM
---- ground state in SKM

—— excited state in gSKM
- excitled state in .SKM.

0.0
0.0 0.1 0.2 0.3 0.4 0.5

leB| [GeV’]
Fig. 2.  (color online) |eB| dependence of the RMS electric
charge radii (labeled as R) of the deuteron, R, and R, for the x
and z directions, in the ground (color black) and excited states
(color red) for the gSKM (solid curves) and SKM (dashed
curves).

. , . , .
3 gSKM —
leB|=0 GeV’
I —— |eB|=0.25 GeV?
|eB|=0.5 GeV?
\ SKM
2 SR A NN\ S leB]=0 GeV? | 7
= AN e |eB|=0.25 GeV?
Tt VOGN e leB|=0.5 GeV’
1 B \\\\
0 "
0 L. (fm) 2 3
Fig. 3. (color online) Profile functions F(r) for the deuteron

in the ground state.

the larger RMS radii for the gSKM in Fig. 2. Moreover,
the phenomenon that the increase in |eB| narrows F(r)
also indicates a gathering of the electric charges when the
magnetic fields increase.

In Fig. 4, we illustrate the |eB| dependence of the
mass for the deuteron. It is shown that the calculated
masses in the absence of magnetic fields are 1750 and
1760 MeV for the SKM and gSKM, respectively, for the
ground state 3§, and 1783 and 1798 MeV for the SKM
and gSKM, respectively, for the excited state 'S (all of
which are small compared with the experimental values),
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. —
3500 [|—— M of ground state
— Md'st of ground state
| ——M , of excited state gSKM
3000 LI—M s of excited state
>
)
=
= 2500
kel
=
2000
L 1 1 1 L 1 L
0.0 0.1 0.2 20.3 0.4 0.5
|eB| [GeV]
Fig. 4. (color online) |eB| dependence of the masses of the

deuteron in the ground (color black) and excited states (color
red) for the gSKM and SKM. The thin curves are only for the
static contribution M, to the deuteron mass, defined in Eq.
(10). The thick curves are for the deuteron mass M,, which is
the sum of the static and kinematical contributions.

and 1876 and 1880 MeV for the 3S; and 'S states. With
increasing magnetic field strength, the calculated masses
are shown to increase, and more specifically, they in-
crease faster under the strong magnetic fields in the
gSKM than in the SKM. This is mainly a result of the
continuously increasing M, the static contribution to
the deuteron mass, defined in Eq. (10), the increasing ve-
locity with |eB| of which is larger in the gSKM. Even
though the kinematical contribution M, yi,, defined in Eq.
(22), plays a minor role, it can still be seen that in the
gSKM, My, that is, the difference between the thick
and thin curves in Fig. 4, is smaller under strong magnet-
ic fields than that in the SKM. Physically speaking, M in
can be regarded as the rotational energy in the deuteron
mass, and the small kinematical energy in the gSKM can
be interpreted as the large moment of inertia, which
might conform with the phenomenon that R, decreases
with |eB| more slowly in the gSKM than in the SKM, as
shown in Fig. 2.

IV. SUMMARY

In summary, we modify the method proposed in Ref.
[8] to adapt to the investigation for the deuteron under
strong magnetic fields. Besides the conventional Skyrme
model, the effects of the derivative dependent sextic Lag-
rangian term are also considered. The main conclusions
are listed below.

(i) The deviation of the calculated results in the pres-
ence of the magnetic fields from the cRMA, that is, ¢, = 1
in this study, is < 10 %.

(i) The phenomenon that the RMS radii decrease
with increasing magnetic fields indicates a gathering of
the electric charges when the magnetic fields increase.

(ii1) The static contribution of the deuteron mass in-
creases with increasing magnetic field strength, and the
increasing velocity is larger for the gSKM. This results in
the continuous increasing of the mass with |eB|, which is
faster for the gSKM than for the SKM. The kinematical
contribution plays a minor role and is smaller under
strong magnetic fields in the gSKM than that in the SKM.

Unlike in Ref. [8], where only the spatial rotation in
the x — y plane is considered when the skyrmion is quant-
ized, we consider three-dimensional rotation in spatial
space as well as in isospin space in this study. This quant-
ization method can extend to the investigation of the
B > 2 skyrmion under magnetic fields more conveniently
than that used in Ref. [8] because both spin and isospin
rotations can be considered independently, and the quant-
ization rules for skyrmions, the so-called Finkelstein-Ru-
binstein constraints [28, 29], which constrain the spins
and isospins of quantum states, are satisfied more easily.
This method can also be used to study the B=1 skyrmi-
on. These issues are interesting and may be explored in
detail in future studies.

APPENDIX

The equations needed in Egs. (17)—(19) are listed be-
low.

ar = f L ){2[—8+3n+c§(16-3n)]sin2(F) +32- 91+ 43 (=8 +3m17 F2 + 62

6¢?
-4 F F12
PGS S ST "
3c, )
A
. fdrr2R353{( 4 msint(F) + 5128 +97+4c3(10 - 3m)]sin* (F)F?} (A2)

2
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. 4 F
ap = f arr* 21 - 530130~ 5883 + 9n(—1 4 2RD)] ~2(1 + SDI9 - 1983 + (-3 + 6R3)]
c; - -

ksin*(F)F’2
240¢3
—483[-95 + 189R;3 +m(30 — 60R3)] — 28 (=1 +S3)[95 — 189R; +30m(—1+2R3)1} , (A3)

{H{5[-26+ 97+ S3(~86 +271)] - 2[~ 139 + 457 + 35 3(—143 + 457m)]R3)

-2 F
az = f dr S"; (2 ) [6¢22(4— ) +2[32 = 97 + ¢} (=28 +97m)]sin(F) + [~28 + 97 +4¢ (10~ 3m)1* F?)
CZ

4
+— sint(F)F"2, (Ad)
3c,

ksin*(F)F’2

= (a0 R+ $2)(10- 31— (1 - 5228 -9 1-R2
azy = rr 24c, (I- 3)[ 1+ 3)( - 7T)—CZ( - 3)( -9m)] - 240C§ (1- 3)
{853(47 = 157) +4cS(=1+83)(=47 + 157) + ¢} [~ 148 + 457+ S5(~428 + 1357)]} (AS)

2
bm:fdrls ~{ = 5sin®(F){2[-40+ ¢3(56 - 187) + 127 + c§(= 10+ 3m)]r? + ¢[~64 + 187 — 6¢3(—28 + 97)
CZ
+c8(=104 +33m)]sin(F)} + 2 F2[2(=1 + ¢)* 1% + 5¢, [~ 16 + ¢} (66 — 217) + 61 + 2c5(=28 + 971)]
4 7?2
F)F
N ksin” (F)

sinz(F)]} 2

[8+c3(-8+3m)], (A6)

sin?(F){ = 5[=96 + ¢ (160 — 517) + 307 + 3¢(=22 + 7)] sin*(F)

4
by =fdrr2R3S3{ T

3
¢

+2(=1+) (=47 + 150 F?) + 3—’(2 [32- 97+ (=28 + 9] sin*(F)F?} | (A7)
C

4

2

F

bis = f drr® 831;16(() (2 14 = 3263330 - 1178R2 + 15m(=7 + 25R2)] + 4(1 + D800~ 29762
CZ

+152(=17+ 63R3)] + 2, (—1 + S3)[ 1840 — 5704R3 — 157(39 — 121R3)] + c°[5[2176 — 6937

+(=7360 +2343m)R%] + S3[457(43 — 153R3) + 64(=95 + 338R%)]]} sin®(F) + 4(=1 +¢})?

[6¢(=1+852)[328 — 1057 + (=988 + 315m)R3] + (1 + S 3)[1656 — 4952R% + 5251(—1 + 3R3)]]

ksin*(F)F’2
480c3

+83(518 - 1657) +22571R3} — 4[328 — 1057 + (=808 + 255m)R3 + 353 (=16 + 57)(1 + 9R3)]

—c}{~ 3536 +8336R] +45m(25 — 59R3) + S 3[1552 — 4957 + (~3152 + 1005m)R3 1}} . (A8)

rF?+ {4c2(=1+53)(236 — 75m)(~ 1 + R3) — 8c2{4(~2+ §3)(=47 + 157) + [-706

034102-7



Yan-jun Chen, Jiang Wei

Chin. Phys. C 47, 034102 (2023)

References

R.C. Duncan and C. Thompson, Astrophys. J. 392, L9
(1992)

T. Vachaspati, Phys. Lett. B 265, 258 (1991)

V. Skokov, A.Y. Illarionov, and V. Toneev, Int. J. Mod.
Phys. A 24, 5925 (2009)

W.T. Deng and X.G. Huang, Phys. Rev. C 85, 044907
(2012)

C. Bonati, M. D'Elia, M. Mariti ef al., Phys. Rev. D 94,
094007 (2016)

Z.Y. Wang and P.F. Zhuang, Phys. Rev. D 97, 034026
(2018)

H. Liu, X.Y. Wang, L. Yu et al., Phys. Rev. D 97, 076008
(2018)

B.R. He, Phys. Rev. D 92, 111503 (2015)

U. Yakhshiev, H.C. Kim, and M. Oka, Phys. Rev. D 99,
054027 (2019)

M. Coppola, D. Gomez Dumm, and N.N. Scoccola, Phys.
Rev.D 102, 094020 (2020)

T.H.R. Skyrme, Proc. Roy. Soc. Lon. 260, 127 (1961)

U.G. Meissner, N. Kaiser, and W. Weise, Nucl. Phys. A
466, 685 (1987)

U.G. Meissner, N. Kaiser, A. Wirzba et al., Phys. Rev. Lett.
57, 1676 (1986)

Y.L. Ma, G.S. Yang, Y. Oh et al., Phys. Rev. D 87, 034023

[16]

034102-8

(2013)

Y.L. Ma, Y. Oh, G.S. Yang et al., Phys. Rev. D 86, 074025
(2012)

C. Adam, C. Naya, J. Sanchez-Guillén et al., arXiv:
1511.05160[hep-th]

Y.L. Ma and M. Rho, Sci. China: Phys. Mech. Astron. 3,
032001 (2017)

M. Gillard, D. Harland, and M. Speight, Nucl. Phys. B 895,
272 (2015)

G.J. Ding and M.L. Yan, Phys. Rev. C 75, 034004 (2007)
C. Adam, C. Naya, J. Sanchez-Guillen et al., Phys. Rev. C
88, 054313 (2013)

G.S. Adkins, C.R. Nappi, and E. Witten, Nucl. Phys. B 228,
552 (1983)

C. Houghton and S. Magee, Phys. Lett. B 632, 593 (2006)

J. Wess and B. Zumino, Phys. Lett. B 37, 95 (1971)

E. Witten, Nucl. Phys.B 223, 422 (1983)

Y. Brihaye, N.K. Pak, and P. Rossi, Phys. Lett. B 149, 191
(1984)

C.J. Houghton, N.S. Manton, and P.M. Sutcliffe, Nucl.
Phys. B 510, 507 (1998)

E. Braaten, and L. Carson, Phys. Rev. D 38, 3525 (1988)

D. Finkelstein and J. Rubinstein, J. Math. Phys. 9, 1762
(1968)

S. Krusch, Ann. Phys. 304, 103 (2003)


https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1086/186413
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.034026
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.97.076008
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.92.111503
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.99.054027
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1103/PhysRevD.102.094020
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1098/rspa.1961.0018
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1016/0375-9474(87)90463-5
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevLett.57.1676
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1103/PhysRevD.87.034023
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
https://doi.org/10.1103/PhysRevD.86.074025
http://arxiv.org/abs/1511.05160[hep-th]
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1007/s11433-016-0497-2
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1016/j.nuclphysb.2015.04.005
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.75.034004
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1103/PhysRevC.88.054313
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/0550-3213(83)90559-X
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/j.physletb.2005.10.093
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/0370-2693(84)91582-X
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1016/S0550-3213(97)00619-6
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1103/PhysRevD.38.3525
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1063/1.1664510
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9
https://doi.org/10.1016/S0003-4916(03)00014-9

	I INTRODUCTION
	II FORMALISM
	III RESULTS AND DISCUSSION
	IV SUMMARY
	APPENDIX
	References

