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Abstract The energy—momentum tensor (EMT) for a spin-
3/2 baryon is related to seven mechanical quantities. In this
work, we provide the general form of the gravitational form
factors (GFFs) for a spin-3/2 baryon by using the multipole
expansion and interesting relations between the EMT densi-
ties and the GFFs. To verify those general relations, we study
the nucleon and the A GFFs within the SU(2) Skyrme model
based on the large N, limit.

1 Introduction

The energy—momentum tensor (EMT) of the nucleon con-
tains fundamental information on its three mechanical prop-
erties, i.e., the mass, spin, and D-term of the nucleon. These
mechanical properties are related to three gravitational form
factors (GFFs) at zero momentum transfer. While the mass
and spin of the nucleon are relatively well known, the D-term,
which provides essential information on how the nucleon
experiences the internal force by its constituents, is much
less known [1-3]. Thus, it is of great importance to inves-
tigate the D-term of the nucleon. The GFFs were at first
considered [4,5] as a merely academic subject, since it was
impossible to measure them directly. The reason is that the
graviton indeed weakly interacts with the nucleon. However,
the generalized parton distributions (GPDs) shed novel light
on the GFFs of the nucleon, since the GFFs are identified as
the second Mellin moments of the unpolarized GPDs [6-9],
which get accessible experimentally in hard exclusive reac-
tions. In fact, there are several ongoing and planned facili-
ties that are ideal to measure the GPDs, such as the newly
upgraded 12 GeV Continuous Electron Beam Accelerator
Facility (CEBAF) at the Jefferson Lab, the Electron-Ion Col-
lider (EIC) that will be constructed at Brookhaven National
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Laboratory (BNL) [10], and the planned Electron-Ion Col-
lider in China (EicC) [11]. The EIC experiments will produce
unprecedented experimental results on the GPDs [12].

Another interesting object is the A isobar, which is the
first excited baryon with spin-3/2. While the electromagnetic
properties of the A have been extensively investigated both
experimentally and theoretically, there are only a few theo-
retical works on the GFFs of the A. In Ref. [13], the relevant
structure for the GFFs of the A was sorted out. The general
properties of the pressure and shear forces for the A iso-
bar were derived in the large- N, limit [14]. Compared to the
GFFs of the nucleon, the GFFs of the A isobar have a far
more complicated structure: fen different kinds of the GFFs
together with the EMT-nonconserving form factors. Thus, it
is rather difficult to grasp the physical meaning of the GFFs
of the A isobar. In this sense, the multipole expansion of the
EMT matrix elements of the A will reveal the physical impli-
cations of the A GFFs. The GFFs of the nucleon were first
extracted from the GPDs [15], by using the data on deeply
virtual Compton scattering (DVCS) of the nucleon. On the
other hand, it is rather difficult to measure experimentally
the GFFs of the A or to extract them from the corresponding
GPDs because of its short-lived nature. In the meantime, we
anticipate that lattice QCD will provide a clue to understand-
ing the GFFs of the A.

In the present work, we aim at how the EMT matrix ele-
ments of the A can be compactly expressed in terms of the
GFFs, using the multipole expansion. By doing that, we are
able to find interesting relations between the EMT densi-
ties and these GFFs. We want to emphasize that the relations
obtained in the present work are model-independent. We will
verify these general relations within the framework of the
SU(2) Skyrme model. The model is known to be one of the
simplest ones for describing the lowest-lying baryons based
on the large N, expansion. In the limit of N, — oo [16,17],
a baryon arises as a topological soliton with an effective
mesonic degrees of freedom. In addition, the model satis-
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fies the essential properties of QCD such as chiral symmetry
and its spontaneous breaking. The model describes very well
important properties of the nucleon in low-energy regimes.
Furthermore, the model has explained numerous observables
for the baryons [18,19] and has even described well general
properties of the nucleon GFFs. Thus, we will use the Skyrme
model to examine those of the A GFFs.

There are various works on the GFFs for a hadron with dif-
ferent spins. The parametrizations of the GFFs for a hadron
with various spin are discussed in Refs. [5,13,20-22]. The
GFFs of the spin-0 hadrons are investigated in the chiral
quark model [23,24], lattice QCD [25], the parameter fit-
ting from experimental data [26], and the Nambu—Jona-
Lasinio (NJL) model [27]. For the spin-1/2 hadrons, there are
results from the effective chiral theory [28], the chiral quark-
soliton model [29,30], the SU(2) Skyrme model [31,32],
the 7 —p—w model [33,34], the bag model [35], the QCD
sum rule [36,37] and the lattice QCD [38,39]. The renor-
malization group properties of the nucleon’s twist-four GFF
¢q.¢ (1), which plays a role in the nucleon’s transverse spin
sum rule, are studied in Ref. [40]. In the case of the spin-1
hadrons, the relations between the GPDs and the GFFs are
established in Refs. [20,21,41] and the GFFs of the vector
mesons are evaluated in Refs. [27,42,43]. For the higher spin
hadrons, the works on the parametrization of the stress tensor
are made in Refs. [14,44].

We sketch the present work as follows: In Sect. 2 we define
the hadronic matrix elements of the EMT as the GFFs and
reorganize the GFFs in terms of the multipole expansion.
We also define the EMT densities of a baryon with spin-3/2
in terms of the multipole expansion and present the rela-
tions between the GFFs and the EMT densities. In order to
verify the general requirements and relations proposed in
Sect. 2, the GFFs and the EMT multipole densities of the
A are obtained within the Skyrme model in Sect. 3 and the
numerical results are showed and discussed in Sect. 4. In the
final Sect. 5, we present a summary and conclusions.

2 Gravitational form factors of a spin-3/2 hadron

We use the covariant normalization (p’, o’ | p, o) = 2p°(2n)3
851683 (p’ — p) of one-particle states, and introduce kine-
matical variables P* = (p* + p'*)/2, A¥ = p'* — p" and
A% = 1. For the GFFs of a spin-3/2 particle in QCD, the

! ¢4.4(t) = 2My FY (1) in the notation of Ref. [13] where My is the
nucleon mass.
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matrix elements of EMT current is given by [13]?

YY) —a' PP a
(p', ' |IT™(0)|p, o) = —u* (p', o)) (gara Fi'o (1)
Ay Ay (AFAY — gV A?)
T Tom? F11( )) am (ga/ana,o(t)
Ay Ay
7 le(t)
J7aY A
+mg gaaF%o(t) FSl(t)
i (PHovP 4 P”o“p)A
+§ m : (ga’anta,()(t)
Ay Ag
TTom? Fi, (@)
——(M VA + AV Ay + At gl Ay + AVgH Ay
m
28" A Ay — ghigl AF — gl gl AP)FE (1)
+m (gl 8y + 8w g Fé o(t)}u (p,o) (D

where u®(p, o) is the Rarita—Schwinger spinor, and it satis-
fies the Dirac equation (p — m)u®(p, o) = 0 and the sub-
sidiary conditions y,u®(p,o) = 0 and pyu®(p,o) = 0.
Here, o (o) is the initial (final) spin projections. The nor-
malization of the Rarita-Schwinger spinors is taken to be
Eg:(p)ga/auf;(p) = —2mdyy. The index a runs from a
gluon to quark flavors. The quark and gluon form factors
Fif’k (i = 1,2,4,5) are individually conserved, whereas
Fi‘}k (i = 3,6) are not conserved. Note that we name the
GFFs of a baryon with spin-3/2 according to Ref. [13]
and reparametrize them to be analogous with those with
spin-1/2 and spin-1. The separate quark and gluon GFFs
depend on the renormalization scale w, which is suppressed
for simplicity. Because of the EMT conservation, the non-
conservation terms Fif‘k(i = 3,6) have constraints, i.e.,
> ank = 0 (i = 3, 6). The scale-invariant total GFFs are
obtained as Fix = ), Fl‘fk i=1,2475).

2.1 Gravitational form factors in Breit frame

Before discussing the GFFs, we define the n-rank irreducible
tensors and the multipole operators. The n-rank irreducible
tensors in coordinate (or momentum) space are given by

lel'liz.‘.in (Qr)

2 In order to be in line with the definition of the matrix ele-
ments of the EMT current for a spin-1/2 baryon, we reparametrized
the expressions given in Ref. [13] as (Fﬁo, Fl‘fl, on, le,
T pT T T pT
F30 F3 1 Fio Fiys Fa Fso) = (Fo. Fj 1, 4F, (. 4F; 1, Fy g,

FT,. ;F}O 3FL. ;FSTO 3 Fl ). Note that there is a typo in Ref. [13],

and it should be corrected as g"" Ay Ay FST.0 — 2" Ay Ay FST_O.
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— (_l)n rn+lai18i2 8i,ll
2n — D! AR
lel'liz...i,,(Q )
( 1) n+]ai|3iz .“al'n l (2)
~an—nn? p

Thus, one gets the following expressions as

Yo() =1, Y{(Q)= -

vi (@) = ﬂ = —5lf
r

i rirdrk 1k rl o
vi4 Q) = . —§<75”+751"+75“‘>. 3)

For a hadron with spin-3/2, the quadrupole- and octupole-
spin operators Q'/(rank 2 tensor) and O/ k (rank 3 tensor)
are respectively defined in terms of the spin operator S as

~s 1 [ ain: PP 2 ..
Q' = 3 (S'Sf + 878" — 356+ 1)8”>,

0ilk = é(&imk K

+ SK§J 8T 4 §7 8% ST 4 §1SK§T 4 SK§T ST
6S5(S NHN—-—2 ... o A
_8568+h=2 +5 ) (817 8k 5Tk §J +5ka’)>, )

with i, j, k = 1, 2, 3, and the operators are symmetrized and
traceless (O = 0 and O’ = Ol = OJii = (). The spin
operators can be expressed in terms of the SU(2) Clebsch—
Gordan coefficients in the spherical basis as

=SS+ DCET, with (a=0,£1. 0,6" =0,...,+5).

&)

In the Breit frame the average of the baryon momenta and
the momentum transfer are respectively defined by P#* =
(p* + p'™)/2 = (E,0,0,0) and A* = p’* — p* = (0, A)
with the initial (final) momentum p (p’). The momentum
squared is defined as A2 = —A? = ¢ = 4(m? — E?) with
the baryon mass m. The explicit expressions of the Rarita-
Schwinger spinor and the polarization vector are given in
Appendix A. In this frame, the matrix elements of the EMT
current are expressed in terms of the gravitational multipole
form factors (GMFFs) as

(' IO p, o) = 2mE[E§ (1)S514

2
+ vt O YN ed ),
m o'o
¥a?
m

(p'. o' 1TV (0)|p.o) = 2mE Myl sk, 7t

N ({jf jeiklylmn Glnn 7a (t)} :
(.01 Olp. o)
—OmE [%(NAJ + 69 A% Df (18574
*m LM (AT AT + 5 A% Ak A DY)
S (0 A
+ Ol ATAY 4 0, AT — 81 O A¥A DS (1)
+ 8158 ( Fo() — 2F6 o)

2
t
+6 2F30(t)—|— F31(t) i 4F31(t)>

o (1)
8,0 ALAT ( 60 + (0% A AR 4 O ATAK)
Fgo® 2 8 ra
6m(m +E) 7Q"/C’F6’0(t)
481 Ok Al O(I) F§ 0 F5, 01
oo 6m? 6m?2 24m*
S Fa.()
Akl NN 6,0
+0M, ARAIATAT 007 6
Qoq 24m%(m + E)2:| ©

with
Ej(1) = Flao(t) + F5 ()

5
+ ﬁ[ 5 Flo® = Fiy ()

3
= 500 +4F(0) + 3Fi (1)

— Ffo) = F () — Fg,o(z)}
2

t I . §
+ Tom? EFI,O(I) + Fi' (1)

1 a 1 a a a a 1 a
=+ EFZ()(t) + §F2,|(t) - 4F5'()(t) - F4,0(t) - F4,](t) + §F3,I(t)
3

1 1
+m[ *Fll(t) F21(1)+F41(t)i|

1
gzu(l‘) = _E[Fﬁ()(t) + Fﬁl(t) _4F;0(t)
+ F3o(t) + F5 (1) + Fgfo]
t | a |
+ T2 §F1,0(t) +FL 0+ 5Fw(t)

1 1
+ 5 F1 () = 4F (1) = Filo(0) = Fi () + EFfl(t)}
l’2

1 1
+48 4|:_§Fﬁ](l)_§F£1(1)+F£l([)i|, (7)

Ji () = [Filo(t) Fgo(t)j|
[F4 o) + F4 () +5F§ 0(t):|

1
T 15m?
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2

* Gom [ ®:
1
J5 () =—= [F40(t)+F41(t)] S 2F41(t) (8)
16
Dy (1) = Fyo(t) — Fso(z)
2
- 2[on(z)+F21(:)—41750(1)] 2; L Fo,
4
Di(t) = F50(1)
a 1 a a a
D3 (1) = 8[ = Fy o) — F5, (1) +4FSV0(;)] Y F (). 9)

One can refer to Appendix A in detail. The sum of the quark
and gluon contributions to the GMFFs is also scale-invariant:

E02(1) = Y &L,
Jia) =Y T,

Do23(t) =Y Df, (). (10)

The EMT density T*¥ (r, o', o) is given by the Fourier trans-
form of the matrix element of the EMT current in momentum
space:

T"(r,o',0) =

ZT’“’(r, o', 0)

d3A : .
Z/ 25(271)3‘3_[&’(1?/,0 T (0)|p, o). (11)

2.2 Energy density

The temporal component of the EMT 70 (r,o’, 0)isrelated
to the energy density. The mutipole expansion of the energy
density is defined by

o= 3 [ S ettt 4l S Ol )
= £0(r)3y10 +£2(r) O, Y3 (2, (12)

where the monopole and quadrupole densities go2(r) are
respectively given by

~ 1 d1ld
eo(r) = m&(r), ex(r) = ——r———5(r), (13)
m drrd
with
~ BN
f020) = [ 555 A e, (14)

At the same time, the energy multipole form factors & 2 ()
can be expressed in terms of the energy densities €p 2(r) in

@ Springer

coordinate space:

1
Eo(t) = — f d3r jorv/=1)eo(r),

/d3r jz(r\/—_f)
t

&) =m &2(r). (15)

For a particle of arbitrary spin, the general tensor quantity is
introduced in Refs. [21,44] by

Mtk (! o)

= Z/d3r r”Y,]f""k” Taoo(r, o, o).
a

(16)

The monopole moment corresponds to the mass of a baryon,
accordingly one arrives at the apparent relation

Mo(o',0) =) / &I’rYo(@)T (r 0’ o)
a

= / d*r e0(r)851o = mF1,0(0)8,70, (17)

which gives the normalization
> Fio0) = 1.
a

The constraint F,9(0) = 1 for the spin-3/2 baryon coin-
cides with that for the spin-1/2 and spin-1 hadrons. The
gravitational quadrupole density of a baryon describes how
the energy density is deformed from spherically symmetric
shape. This quantity does not appear in the spherically sym-
metric hadrons. It can be quantitatively estimated as

F1000) = (18)

Ql, =Mo" o)
- Z/d3r P2 T, o', o)
.
= %Q;j,g d3r rley(r)
= —%QZJ&(O)
= %m,o(m + Fi1(1) — 4F50(0)107,
— 4Fs50(0)10Y, .

1
:3—[1+F1,1(O) (19)
m

Another interesting property is the mass radius of a baryon.
It can be derived by the r>-weighted energy density in the
Breit frame. The expression of the mass radius is found to be

2y = o [ Br i)
X T
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1
= —/d3r rzso(r)
m

1 5
= 65(/)(0) = 6F]/)0(0) + W[ — EFL()(I) — F11(t)

3
- EFz,o(t) +4Fs50(t) + 3F4,o(t)] . (20)
=0

2.3 Angular momentum density
The spin density is given by
Ji(r,o',0) = Z Jé(r, o' o) = elkpi Z TaOk(r, o', 0)

d A —iA-r
GZaEh

|:<j1(l)+% djl(l))Yg(sij djl(t)Yzz]]

_25]

dt
2 4 A 4 dJ3(t) imnj
70/mn iAr|,2 yimni
+ 2n) a4

(2:730) + it dj}m) st Yz'"”]. (21

The angular momentum density is obtained from the Ok-
components of the EMT, which is decomposed into the 0-,
2- and 4-multipole components (see also Refs. [45,46]). The
sum of the angular momentum contributions from quark and
gluons to the spin-3/2 baryon is obtained by

2
~Fi0(0)8!,

3 oo’

(22)

= Z/d3r Jir.o' o) =2710)8,, =

which yields the spin operator of the baryon with the con-
straint Fy ¢(0) = 3/2.

Since our interest lies in the monopole angular momentum
density in this work, we separately define it as

AV
mono(r o’ 0)—2S] /Wﬁl d

[(j (1) + %tdjdlt(l)> Y08’7} , (23)

accordingly the averaged angular momentum density is given
by

[ /
Z o Imono (> 07, 0)

Tr[S lo'oi
=py(r)/S, ie, py(r)
d d3 7A-r
=T (2n)3 Ji(@), (24)

with spin § = 3/2. The angular momentum form factor can
be expressed in terms of the averaged angular momentum

density as

D) = / &r %pm. (25)

2.4 Pressure and shear force densities

The pressure and shear force densities are related to the ij-
components of the static EMT. These densities are firstly
defined in Refs. [20,44] and newly parametrized in Refs. [14,
43] to conveniently express the strong forces in a hadron
acting on the radial area element. Following Refs. [14,43]
we can express the stress tensor in terms of the pressure and
shear forces densities by

iy d3A .
ij / _ —iAr, s _rpl]

Tii(r o', 0) = 20:/—2E(2n)3e 1T O)lp. o)
= P08 8515 + 500 Y 815

1 1 Aij
+ (Pz(") + §P3(r) - 553(V)> (0

2
AJP y Pl ij APd vy P4
+QU’JY2 _(SUQO'/O'YZ :I

2
+ Oyl [(gps(r) + éssm) 8

+ (szm P+ éS3(r)> 2[ 0%, v

! > Yy 26
+ <§p3(f’) + 5S3(i’)> 5 } . (26)

From the EMT conservation 8; 7% (r,o’,0) = 0, the fol-
lowing equilibrium relations between the pressure and shear
force densities are derived:

2dsu(r) sn(r) +dpn(r)
3 dr r dr

=0, withn=0,2,3. (27)

This differential equation guarantees the stability condition.
The functions po(r) and so(r) correspond to the pressure
and shear force densities appearing in the spherically sym-
metric hadrons. The functions p,(r) and p3(r) are named
the quadrupole pressure densities, and the s2(r) and s3(r)
are called the quadrupole shear force densities according to
Ref. [14]. These densities p,(r) and s, (r) are respectively
written as

~ 1d ,d «
) = 0 Dp(r) = = —r? Dy (1),
1 d1ld ~
- 2% 2
$n(r) = = =r— D (1), (28)

@ Springer



85 Page 6 of 17

Eur. Phys. J. C (2021) 81:85

with3

d3A
(2m)3

M d3A —iA-r
Dz(r):/ T ATDy(1)

Do(r) = e AT Do(1),

d3A

Ll (dd 24 arp
m2 \drdr rdr (27[)36 S

- 2 (dd 3d A
Pyry=—— (L L_29 ~IAT D (1),
3(r) m?2 (dr dr rdr) (271)36 3(0)

(29)

Similarly, the form factors Dy 3 () can be expressed in
terms of the pressure and shear force densities in coordinate
space:

jo(ra/—t
B jO("t )PO

Do(1) = 6m/ (),

Ds(t) = 2m/d3r @ (

1 2
255(r) — §P3(r) + 5530)) ,

Di(t) = 4m3/d3r @ (%p_;(r) + 2S3(r)> . 30)

The pressure densities p, (r) satisfying the relation given in
Eq. (28) comply with the von Laue condition

1 i
/d3r () = /d3r 9D, (r) =0, withn =0,2,3.
nm

€1y

Note that the dimensionless constants (generalized D-terms)
are defined by [14]

Dy, E/d3r75n(r) =m/d3rr2p,,(r)

4 3.2 -
=-m d’rres,(r), withn=0,2,3. (32)

The generalized D-terms Dy 2 3 introduced in Ref. [14] are
related to the form factors Dy 2 3(¢) as follows:

Dy = Dy(0),
0

2
Dy = Dy(0) + —2/ dt D3(1),
m 00

5 0
D3 = _W/ dt D3(t). (33)

Interestingly, the strong forces carried by constituents can be
interpreted as a certain combination of pressure and shear
force densities [1]. The spherical components of the strong

3 A typo in Ref. [43] is corrected in Eq. (29).

@ Springer

forces (dF,,dFy and dFy) acting on the radial area ele-
ment (dS = dS,é, + dSpég + dSgeys) are expressed as
follows [14]:

dF,
ds,

2
=50 <P0(7’) + ESO(r))

~ 2 2
+ 04y (pz(r) + §S2(V) + p3(r) + gss(r)) ,

dFQ AQr 2
as, 0. <P2(V) + §S2(V)> ,
dFy  rgr 2
as, O (Pz(r) + 552(0) . (34)

Here, as defined in Ref. [2], the mechanical radius can be
given by

J&rr? [pa() + 35u(r)]
[ @3 [pa(r) + %5,(r)]

(35)

<rn>mech =

As for the unpolarized spin-3/2 hadron, since the normal
force acting on the radial area element (d F,/d S, ) is solely
dueto po(r)+ %so (r), it should comply with the local stability
criterion given in Ref. [2] as

2
po(r) + 550(7”) > 0. (36)

3 Gravitational form factors of the A in the Skyrme
model

The Skyrme Lagrangian density is given by

F? . ) -
L= l—gtI‘F [BMUB/‘U‘] —+ 32€2trF IZ(aMU)U}’ (avU)U‘{]
2 2
F
+ mﬂg Tirp [U — 1], 37)

where U is the SU(2) chiral field, and e stands for a dimen-
sionless parameter and trr is trace over flavors. The F;; and
the m, are the pion decay constant and the pion mass, respec-
tively.

In the large- N, limit, we have the parameter scales F; =
(’)(Ncl/z), e = (’)(Nc_l/z), my; = (’)(N?), S0 as to have
L = O(N.). In this limit, the chiral field is assumed to
be a static one. Here, the static chiral field is written as
U(r) = exp[f't' P(r)], with # = r’/|r| and the isospin
Pauli matrices 7/, by adopting the hedgehog ansatz where
P(r) indicates a profile function with the boundary condi-
tions P(0) — m and P(oc0) — 0.

The classical soliton mass is defined by Mg = — fd3r L,
which is expressed with respect to the profile function and
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the model parameters by

o0 F2 25i 2P
Mol P] = 47Tf dr r? |:_” (sm—z(r)
0 r

) : 2
. sin“P(r) (sin“P(r)
+P )+ 2e2r? < r?
m2 F2
F2P'()?) + = (1 - cosP("))} -G8

The profile function is obtained by minimizing the classical
soliton mass and has an asymptotic behavior in the limiting
case r — 00,

2
2RO —Mgr
P(r) = — (1 +mzrye ™ " (larger), 39)
r

where the constant Ry is determined by the profile function
derived by minimizing the classical soliton mass and is given
in terms of the axial coupling constant in the chiral limit [31,
47].

In order to assign the quantum number to the soliton, the
time-dependent chiral field should be considered as U (r) —
AU (r)AT (1), with A(t) = ag + a - 7. Here, we define the
angular velocity Q(r) = ATA (A= dA/dt) with

Q= _’ztrF[A'l'Afi]. (40)
Having quantized the collective coordinates (2 — Ji/21),

one obtains the collective Hamiltonian [48]

~2
J
H = Mg, + Ev (41)

with the moment of inertia

2
I = —
3

4P'(r)?
e2

4sin P
dr r2sinP(r) |:FJ$ + s (r)]

o272

(42)
The collective Hamiltonian acts on the collective baryon
wave functions given in Ref. [48]. In principle F, and e

are model parameters. However, the parameters are fixed to
reproduce the following observables [31]

My + Ma =2Mgo = 2171 MeV,

3
MA—MNEZZZQ.))MGV, (43)
and the model parameters are consequently found to be

mqg = 138MeV, Fp =131.3MeV, e =4.628. (44)

From the above parameters, the classical soliton mass and
the moment of inertia are determined by

Mg = 1085MeV, [ =1.01fm. (45)
In this work, we strictly follow the set of parameters used in
Ref. [31] to keep consistency.

The canonical EMT in the Skyrme model can be derived
by

oL
THY — g — gL, 46
o) P8 (46)

where ¢, is a time-dependent mesonic field with U (¢, r) =
¢o + it - ¢. The degree of freedom of the mesonic field is
reduced to three (@ = 1, 2, 3) by the constraint ¢§ + ¢2 =1.
With the constraint, the canonical EMT in the Skyrme model
is found to be symmetric. The respective components of the
EMT densities is expressed as
T, 0',0) =850 [ﬁ (LinzP(r)
8 r2

02 02
sin“P(r) (sin“P(r) /0
2e2r2 ( r2 +2P() )

+ P/(r)2>

m2 F2
+= - cosP(m)] ,
2 -
T(r,0',0) =784 [% <2p'<r>2 - Lj’“)
r
sin? P (r) <P/(r)2 _ sinzrf(r))j|

e2r2
.. F2 : 4P
+5’]80’0 |:7€P/(r)2 + sin” P(r)

2e2r4
2 F2
_Malx g —cosP(r))],
4
02
P P(r)
0k ’ _ k, Sin
(r,o,0) = xXFly, P
4sin® P(r) ~ 4P'(r)?
x [FJ$+ T T | 47)

The rotational corrections to the EMT densities are obtained
by

sin? P(r)
oo 812

Sl T®(r, o', ) = []2 ~J- f)z}

4P'(r)?  4sin’P(r)
2
x [Fn Tz 22

8ot T%(r, 0’ 0) = O(1/N?),

) o2
T, 0,0y = #17 [ 77— ]| T {—SP (")

oo 812 e?
8sin? P(r) A2 a a0l SINPPO) T,
- 7 ] _ .
+ e’r? ]+8 [J -7 ]6’0 812 [ T
4P'(r)2  4sin®P(r)
+ 22 2272

= [22 R =R Ty = R T
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sin* P(r)
o'o 2]2821‘2 '

LG }] (48)

The rotational corrections to the Ok-components of the EMT
densities 8, T (r, ¢’, o) are found to be null in the current
Skyrme Lagrangian. The corrections appear in the higher-
order derivative terms that generate 23 ~ O(1/N 3). How-
ever, the corrections are strongly suppressed in the large- N,
expansion. Thus, we can safely neglect the rotational correc-
tions to the Ok-component of the EMT densities.

AsgiveninEqgs. (12), (24) and (26), the multipole densities
can be extracted from the EMT densities in Eq. (47):

2 2
fo(r) = |: : (251an(r) P )2> sin“ P (r)

2¢2r2

2 2 2
< (TR r2rer) + M2 - cospon)]
r
_sin?P(r) [, | 4sin?P(r)  4P'(r)?
pi(r) = —1 |:F 2,2 2 } ;
2sin“ P (r) ,
po(r) = — %<—77— Pmﬁ
sin P(r) sin P(r)
5 ( +2P'(r) )
m?2 F?

— % (1 —cosP(r)),
2 in2 )
s0(r) = (% P 2(”)) (P'(r)2 - (”).

In the same manner, the rotational corrections are derived
from Eq. (48):

(49)

7 31n2P(r)
rols() rH=JUJ+1 1212
4P'(r)?  4sin®P(r)
2
P |:Fﬂ + 22 + 2,2 )
S0y (r) = O(1/N),
) 1 0\2 in2
) B sin“ P (r) 5 4P(r) 4sin“ P (r)
Sotpy (r)=J(J +1) 1212 Fr+ 302 3¢2p2 ’
2 702 )
) . sin“ P (r) 8P'(r) 4sin“ P (r)
5r0t50 rH=JUJ+1 1212 - &2 e2r2 :
(50)

Interestingly, in the chiral soliton picture the rotational cor-
rections to the EMT densities in Eq. (50) are related to the
quadrupole densities, which was firstly found in Ref. [14].
The quadrupole energy density &, (r) is found to be

o) 2
Srotey (1) = 51(1 + Dea(r). (1)

@ Springer

In other words, the quadrupole energy density &, (r) is related
to the energy densities of the nucleon eév (r) and the A SOA (r)

1
e20r) = =3 [s6 1) = )] (52)
with
) = [sw) + ameéé’%’(r)} . (53)

Also, the usual sizes of the quadrupole density &> (r) is esti-
mated by

/ Priedr) — el ()] = / r [(Smte(()%)(r)
el (] = —2 / &rex(r)

:i~0(1/N)

o7 (54)

As for the quadrupole pressure and shear force densities,
the remarkable general relation in a chiral soliton picture is
derived in Ref. [14]

p2(r) + %Sz(r) =0. (55)
By comparing Eq. (26) with Eq. (48) we reproduce this rela-
tion in the Skyrme model. The above relation (55), together
with the EMT conservation (27), implies the null results of
the quadrupole densities s, () and p> (), and the similar rela-
tions to Eq. (51) for the pressure and shear force densities are
obtained [14]:

_ _ Dyn_ 2
pa(r) =s52(r) =0, Srotpy (V)——§J(J+1)p3(r),

) 2
Srotsy (r) = 51(1 + Ds3(r). (56)

Therefore, we arrive at the similar expressions as Eq. (52)

1
par) = =3 [p6 ) = Pl )]

50) =5 [0 -], (57)
with
N.A, (3.3)
py ()= [po(r) +8r0t[7() (r )},
A = [So(r) T Sty (r)} (58)

Here, one has to bear in mind that due to the EMT densities
with the included rotational corrections the pressure p,, (r)
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and the shear force s, (r) densities do not uniquely exist and
should be reasonably determined. Let us first recall that the
leading-order (LO) result of po(r) satisfies the von Laue con-
dition that is equivalent to the equation of motion [31]. How-
ever, once one considers the next-to-leading-order (NLO)
result of po(r), it breaks the von Laue condition. Thus, one
might introduce the “variation after quantization” method-
minimizing the baryon mass after quantizing the soliton — as
a prescription. However, this method also has a drawback:
the chiral symmetry in the large-r region is not satisfied [47].
To preserve the chiral symmetry and satisfy the von Laue
condition, we first adopt the “quantization after variation”
method-quantizing the soliton after minimizing the soliton
mass — and treat the rotational corrections to the EMT densi-
ties as a small perturbation. Of course, the von Laue condition
is broken. Thus, instead of directly using the model result of
po(r), we solve the equilibrium equation given in Eq. (27)
with the approximated shear force density so(r) and recon-
struct the pressure po(7)|reconst, Which then automatically
complies with the stability condition [47]. We also derive the
reconstructed quadrupole pressure p3(r)|reconst in the same
manner.

Before discussing the GFFs, it is important to discuss the
large distance properties of the EMT densities. The large
distance behaviors of the EMT densities for the spherically
symmetric baryon were investigated and presented within the
Skyrme model in Refs. [31,47]. For completeness, we present
the large distance properties of the quadrupole densities in
the chiral limit as

2 Rg
e(r) = T A

F2 RS
pS(r)__212r4...7

56 RS
s3(r) = 22710
392 1 R§
= . 59

p3(r) reconst ]5 1282 r]O ( )
The --- indicates the contributions strongly suppressed in

the large-r region. Interestingly, the quadrupole densities
&2(r) and p3(r) are weakly suppressed in the large distance,
which have the analogous behavior with the angular momen-
tum density pj(r) o ri4 Keep in mind that in order to
respect the chiral physics and the stability condition, we dis-
card the result of p3(r) and adopt the newly reconstructed
P3(r)|reconst Dy solving the differential equation (27). As a
result, the discrepancy between p3 (1) |reconst and p3(r) arises
from the fulfillment of both the chiral physics and the sta-
bility condition and is inevitable. For finite pion mass, the
densities are exponentially suppressed.

Since this model is based on the large- N, expansion, it is
necessary to clarify the large- N, behaviors of the GMFFs of
the A. The large- N, expansion is valid in the region |f| <
M i . In the limit of N, — oo, we have the following large- N,
behaviors

My.a~ON), I~O1/N), t~ONY), (60)
and the scales of the GMFFs are found to be

Eo(1) ~ ONY), &) ~ OWND), Jot) ~ OND), Fz(t) ~ O(ND),
Do(t) ~ O(N?), Da(t) ~ O(ND), Ds(t) ~ O(N2), (61)

or according to Ref. [14] the generalized D-terms have the
scales as

Dy~ O(N?), Dy~ ONY), Ds~ON). (62)

It is found that the GMFFs have the orders of ~ N except
for the form factors Dy(#) and D3(t), which have the orders
of ~ Nf, whereas the generalized D-terms Dy, D, and D3
have the orders of ~ N2, ~ N? and ~ N?, respectively.

4 Numerical results and discussion

In this section, we present the numerical results and dis-
cuss them. We first examine the monopole and quadrupole
energy densities arising from the temporal component of the
EMT. Note that the LO monopole energy densities go(r) of
the nucleon and the A are degenerate. To lift the degener-
acy, we need to take into account the rotational corrections
Q> ~O(1/N 3). Thus, the integrations of the NLO monopole
energy densities 5(1)\] ’A(r) over space yield the masses of the
nucleon (My = 1159MeV) and A (Max = 1452 MeV).
While the Skyrme model produces rather large values of the
baryon masses, they satisfy the constraint given in Eq. (18),

1ff (r)
reoglr
M) LO

1
/d3r 8(1)V’A(r)

My A

= F100) =1
NLO.S=1.3

(63)

In the left panel of Fig. 1, we draw the numerical results on
the monopole energy densities of the classical soliton (LO),
the nucleon (NLO) and the A (NLO) as functions of radius r.
The values of the three monopole energy densities at r = 0
are all found to be ¢ (0) = séV’A(O) =2.27GeV -fm 3. The

reason is that the value of ;¢ 8(()J), which is proportional to the
quadrupole energy density &, () depicted in the right panel of
Fig. 1, becomes zero atr = 0. The left panel of Fig. 1 exhibits

@ Springer
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Fig. 1 The left panel presents the results for the monopole energy den-
sities of the classical soliton (LO), the nucleon (NLO) and the A (NLO)
as functions of radius r. The right panel depicts the quadrupole energy

a slightly broader shape of the monopole energy density for
the A in comparison with those of the nucleon and classical
soliton. As explained previously, the rotational corrections to
the monopole energy density are of order O(1/ N, CZ) and hence
are suppressed. The effects of the rotational corrections on
the monopole energy densities can be quantitatively observed
by calculating the mass radii given in Eq. (20),

(r2) = 0.54fm? (LO),
(r2) = 0.57 fm* (NLO, Nucleon),

(r2) = 0.64fm? (NLO, A). (64)
As given in Eq. (64), the value of the mass radius of the A
is larger than those of the classical soliton and nucleon. It
reflects the fact that the monopole energy density of the A
has a broader shape in comparison with those of the classi-
cal soliton and nucleon. In the case of the finite pion mass,
the NLO mass radii of the nucleon and the A are found to
be finite, since the energy densities are exponentially sup-
pressed in the large distance. However, in the chiral limit,
those mass radii diverge because the rotational corrections to
the energy densities are proportional to 1/r* in the large-r,
ie., (r2) oc [ dr rte) ™ (r) as given in Egs. (56) and (59),
which is similar to the isovector charge radius of the nucleon
in Ref. [48]. In the right panel of Fig. 1, the numerical result
for the quadrupole energy density &> () of the A is drawn as a
function of radius r. The quantity &, (r) provides information
on how the energy density is deformed from the spherically
symmetric shape. It has a peak at around » = 0.4 fm with
a negative sign and its strength is very small compared with
eo(r). By integrating &> (r) over r, we can estimate the typical
size of e5(r) as

/d3r82(r) = —%/d%[e@(r) — &) (] = —147 MeV.
(65)
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curves draw the classical soliton, the nucleon and the A, respectively

0.5
041 — Nucleon, A

0.3

0.2

Pu(r)IS [fm™]

011

1.0 1.2

0_0 L L L
00 02 04 06

0.8
r [fm]

1.4

Fig. 2 The angular momentum densities of the nucleon and the A as
functions of r normalized by corresponding baryon spin §

We confirm the relation numerically, first obtained in the
large N, limit [14]. The value of the integration of &>(r)
over r is approximately 10% ~ O(I/Nf) of that of g¢(r).
Another interesting property is the mass quadrupole moment
given in Eq. (19). Its value exhibits how the energy density
is deformed from the spherically symmetric shape quantita-
tively and is found to be

ij
Qa’a

2 ..
=500, | e

~0.0181 0%, GeV - fm?. (66)

In the chiral limit, the mass quadrupole moment diverges by
the same reason as the NLO mass radius, i.e, &3 (r) %4
Figure 2 shows the result for the averaged angular momen-
tum density py(r) normalized by the corresponding baryon
spin S. As shown in Egs. (21) and (24), p; (r) is related to the
Ok-components of the EMT. The integration of pj(r) over r
yields the constraints on the form factors 7;(0) and F4 (0)
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as

1 2
s [ € pit) =270 = S i) = 1. (67)

We obtain the numerical results for the mean square radius
(r3) of the nucleon and the A as

Jdrrios(r)
S d3r py(r)

2

(riNa= =0.92 fm°. (68)

The results (r%) for the nucleon and the A are degener-
ate. Since in Eq. (50) higher-order corrections to the EMT
densities BmtTOk (r, o', o) are absent, the averaged angular
momentum density of the A differs from that of the nucleon
by factor three, and its mean square radius of the A is the
same as that of the nucleon.* As mentioned in the previous
section, the higher-order corrections to the averaged angular
momentum & py) (r) arise from the higher derivative terms
that generate Q> ~ O(1/ NS’). Since there are no such terms
in the present Skyrme Lagrangian, the corresponding correc-
tions 8o py) (r) do not appear. Viewed in the argument of the

large- N, expansion, the corrections Jyo ,oy) (r) are strongly
suppressed and must be very tiny.

The left panel of Fig. 3 shows the results of the pressure
densities for the classical soliton (LO), the nucleon (NLO),
and the A (NLO) as functions of radius r. The LO pres-
sure naturally complies with the von Laue condition that is
equivalent to the equation of motion. However, as discussed
in the previous section the NLO pressures do not satisty the
stability condition. Thus, we adopt a strategy that preserves
the chiral symmetry and satisfies the stability condition. We
first take the variation of the soliton mass, and then quantize
the soliton. By treating the rotational corrections as a small
perturbation, we then obtain the approximated shear force
density so(r). With using so(r), we reconstruct the pressure
Po(7) |reconst from Eq. (27), so that the pressure density meets
the stability condition. Thus, the LO and NLO pressures in
Fig. 3 satisfy the stability condition. In the meantime, satis-
fying the stability condition implies that the pressure density
has at least one nodal point (rg) where the pressure density
vanishes. For the inner part of rg (pg > 0) repulsive force
dominates, whereas for the outer part of ry (po < 0) attrac-
tive force governs. Thus, we obtain the nodal points ry for
the classical soliton, nucleon and A numerically as follows:

ro = 0.64 fm (LO),
ro = 0.65 fm (NLO, Nucleon),
ro = 0.83fm (NLO, A). (69)

4 Note that in the chiral limit the averaged angular momentum density
py(r) decrease as r~*in large distance, so the radius diverges.

While the value of rg for the nucleon and the classical soli-
ton are comparable, that for the A is found to be much larger
than the results for the nucleon and the classical soliton. It
indicates that the A is mechanically spreading more widely
compared with them. The right panel of Fig. 3 illustrates the
results of the approximated shear force densities for the A,
the nucleon and the classical soliton. To comply with the sta-
bility condition the D-term Dg(0) should be negative, which
means that the integral (weighted by r2) of the shear force
densities over all values of 7 should be positive. (see Eq. (32)).
Indeed, the shear force densities for them are always positive.
While the s (r) for the A has a wide-spreading shape in com-
parison with those for the classical soliton and nucleon, the
magnitude of s (r) for the A is considerably small compared
with those for the others.

Figure 4 shows the result of the quadrupole pressure
(shear force) density for the A. The quadrupole pres-
sure p3(r)|reconst 1S reconstructed, as the NLO pressures
p(I)V’A () Ireconst were derived from Eq. (27). Thus, p3(r)|reconst
also complies with the stability condition given in Eq. (31),
and has a nodal point located at ro = 0.56 fm. The shapes of
D3 (1) |reconst and s3(r) are similar to those of po(r) and so(r),
respectively.

The left panel of Fig. 5 presents the results of the monopole
normal force components po(r) |reconst + %so(r) acting on the
radial area element for the classical soliton, the nucleon and
the unpolarized A. When it comes to a spherically symmet-
ric baryon, the monopole normal force can be directly related
to the local stability condition (36) stating that the force is
always directed outwards. As for the polarized A, the con-
tributions of the quadrupole densities to the normal force
come into play. The result of the quadrupole normal force
P3(7) |reconst + %S3 (r) is shown in the right panel of Fig. 5,
except for that of the nullified densities s> () and p>(r). Itis
found that the monopole and quadrupole normal forces are
positive over the whole region of r. For the large distance in
the chiral limit, the monopole normal force keeps the positiv-
ity, which means that the local stability condition is satisfied.
Note that the quadrupole normal force has a positive sign

N,A 2 N,A ZRg
0<py=(r) +§So’ (”)=Fnr_6"',
reconst
2 56 1 RS
0 < p3(r) + 2530 = ey 2 (70)
reconst 3 5 Izezrlo

However, we do not know how the quadrupole normal force
is related to the local stability conditions so far. Another
interesting quantity is the mechanical radius. As defined in
Ref. [2], the mechanical radius is obtained by

<rg>mech = 0.61 fm? (LO),
(ré)mech = 0.63 fm? (NLO, Nucleon),
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Fig. 3 The left (right) panel depicts the results for the pressures (shear
forces) of the classical soliton, the nucleon, and the A as functions of
radius r. The dashed, dotted and solid curves draw the classical soliton,
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the nucleon, and the A, respectively. Note that in the case of results of
the NLO pressures they are reconstructed from Eq. (27) by using the
approximated shear forces to comply with the von Laue condition
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Fig. 4 The left (right) panel depicts the results for the quadrupole pressures (shear forces) of the A as a function of radius r. The quadrupole
pressure density p3(r) is reconstructed from Eq. (27) by using the approximated quadrupole shear force density s3(r) in order to comply with the

von Laue condition
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Fig. 5 The left panel depicts the results for the monopole normal forces
Po(r) |reconst + %so(r), given in Eq. (34), acting on the radial area ele-

ment, and simultaneously shows local stability condition in Eq. (36) for
the classical soliton, nucleon and unpolarized A. The right panel shows
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the result for the quadrupole normal force p3(r)|reconst + %‘93 (r). The
NLO and quadrupole pressure densities are reconstructed from Eq. (27)
by using the approximated shear force densities so () and s3 () in order
to comply with the von Laue condition
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(r)mech = 0.85 fm? (NLO, A). (71)

Similar to Egs. (64) and (69) the value of (r&)mech for the
A is larger than those for the classical soliton and nucleon,
which verifies that indeed A is mechanically spreading more
widely compared with those for the classical soliton and the
nucleon. Furthermore, we define the quadrupole mechanical
radius (r%)mech in Eq. (35), and its numerical value is found
to be

(r?)mech = 0.33 fm?. (72)

The quadrupole normal force is very compact in comparison
with monopole one.

Finally, we discuss the GFFs and GMFFs. As shown in
Sect. 2, the GMFFs are expressed in terms of the GFFs
and related the EMT densities as shown in Egs. (15), (25)
and (30). In the Skyrme model, the energy &y(¢) and angu-
lar momentum 7 (¢) form factors satisfy the constraints
E0(0) = F10(0) = 1 and J;(0) = $F40(0) = 1. Besides
the octupole angular momentum form factor [J3(¢) is assume
to be zero, ie., J3(0) = —¢[Fs0(0) + F41(0)] = O,
because the corresponding density is suppressed in the large-
N, expansion. As a result, we get the relation F4 1(0) =
—F40(0) = —3/2. There is no additional constraint on
E>(t), Do(t), Dy(t) and D3(t). Therefore, we determine the
moments of the GMFFs from Egs. (15), (25) and (30) as 5

Ma

F d3i"7'2

&0) =~
1
&o(r) = —E[FI,O(O) + F1,1(0) — 4F50(0)] = 0.34,

Do(0) = MA/d3r rrp&r)
4 3 2 A
= —EMA d’rresy (r)

16
= F2,0(0) — ?Fs,o(O) =-353 <0,
D>(0) = = 3rr?
2(0) = SMA d’rr

p3(r) = —EMAfcﬁrrz
75

4
s3(r) = §F5,0(0) = —0.20,

1
D3(0) = =M} / & r* p3(r)

2
= ﬁMz/dSFIA

5 By assuming that the pressure p,(r) and shear force s, (r) densi-
ties vanish at large-r faster than any power of r, one can arrive at
the general relation between them as follows [29]: fooo drrVs,(r) =

- 32%3; /;)oo dr ern (r) for N > —1, which arise from the differential

equation (27).

1
s3(r) = 6[_F2’0(0) — F21(0) +4F50(0)] =0.24. (73)

The energy quadrupole form factor is obtained as £ (0) =
0.34, and it is related to the mass quadrupole moment given
in Eq.(19). The value of the D-term® Dy (0) of the A is found
to be —3.53. The quadrupole form factors D;(0) and D3(0)
turn out to be —0.20 and 0.24, respectively. Those quadrupole
form factors are related to the generalized D-terms given in
Eq. (33) and determined as
D§ = —3.53, D)) =-3.63, Dy=0, D3=-0.50.
74

The generalized D-terms of the present work are comparable
with those of Refs. [14,47]. The numerical results for the A
GMFFs and GFFs as functions of ¢ are shown in Figs. 6 and 7,
respectively. We restrict ourselves in therange of 0 < (—¢) <
1 GeV? because of the validity of the large-N, expansion,
ie., |t < Mi. We find that typical sizes of the quadrupole
form factors & (t) Dy (t) and Ds3(t) are relatively small in
comparison with those of the monopole form factors &y ()
and Dy (7).

5 Summary and conclusions

In the present work, we aimed at providing the general form
of the GFFs for a spin-3/2 baryon in terms of the multi-
pole expansion and finding interesting relations between the
EMT densities and these GFFs. We first defined the matrix
elements of the EMT current given in Ref. [13] in terms of the
GFFs, and then we expressed these GFFs by using the mul-
tipole expansion and related them with the EMT densities.
The temporal component of the EMT density includes infor-
mation on the mass m, its radius (r%) and the gravitational

quadrupole moment fo/ -+ The explicit relations between the
multipole mass form factors £ 2 (¢) and the multipole energy
densities € 2 (r) were provided. The spin density was related
to the dipole and octupole spin form factors J; 3(¢). The
integration of the spin density over r yielded the constraint,
which is analogous to a spin-1/2 baryon, for the dipole spin
form factor [Ji(¢). The stress tensor, parametrized in terms
of the pressure p,(r) and shear force s,(r) densities (for
n = 0,2, 3), was related to the form factors D,,(¢). Inter-
estingly, those densities should comply with the equilibrium
equation (27) to have the conserved EMT, which means that
the respective pressures p,(r) have their own von Laue con-
ditions and the corresponding generalized D-terms. Thus,
we found a connection between the generalized D-terms D,

6 The discrepancy of D-term between this work and Refs. [14,47] arises
because of the different masses. They have used the LO mass, whereas
we take the NLO masses to keep a consistency in this work.
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Fig. 6 Gravitational multipole form factors of the A as functions of squared momentum transfer ¢

and the form factors D, (0). In addition, we obtained the
expressions for the strong forces in terms of p, (r) and s, (r)
inside a baryon and defined the generalized mechanical radii
(r r% )mech-

To examine the general relations proposed in Sect. 2, we
used the SU(2) Skyrme model based on the large- N, expan-
sion. Since this model satisfies chiral symmetry and its spon-
taneous breaking, and described well the general properties
of the nucleon GFFs, the model is suitable for investigating
the GFFs of the A. We first derived all the expressions for
the EMT densities up to Q2 ~ O(N, - 2y and reproduced the
large- N, relations proposed in Ref. [14] within the Skyrme
model. One of the remarkable relations was the null results of
p2(r) and s, (r), which makes D, vanishes. We also studied
the N, behaviors of the GMFFs and the generalized D-terms.

@ Springer

In the Skyrme model, while the masses of the nucleon
and the A were overestimated, they satisfied the constraint
&0(0) = F1,0(0) = 1. We found that the energy density of the
A is spreading more widely in comparison with that of the
nucleon. We obtained the mass quadrupole moment for the
Aas QY = —0.0181QY, GeV - fm? that is related to the
mass quadrupole form factor £,(0) = 0.34. For the angular
momentum density normalized by the corresponding baryon
spin, we got the degenerate results on those for the nucleon
and the A. The angular momentum form factor for the A sat-
isfied the constraint J1(0) = F4,0(0)/3 = 1/2. Moreover,
the null result of the octupole spin form factor J3(¢t) = 0
gave the additional constraint F4 1(0) = —F4,0(0) = —=3/2.
When treating the pressure and shear force densities with
included rotational corrections, we reconstructed the pres-
sure densities p, (r) from the approximated shear force den-
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Fig. 7 Gravitational form factors of the A as a function of squared momentum transfer ¢

sities s, (r) through the equilibrium equation to comply with ~ We predicted ¢ dependence on the GFFs and the GMFFs for
the von Laue condition. Utilizing this strategy, we under-  the A in the range of 0 < (—t) < 1 GeV>. We found that
stood that the A has mechanically wide-spreading structure  the typical sizes of the quadrupole form factors > (¢), D2 (1)
compared with the nucleon and obtained the generalized D-  and D3(¢) are relatively small in comparison with those of
terms for the A as Dy = —3.53, D, = 0 and D3 = —0.50. the monopole form factors £y (¢) and Dy(¢).
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As suggested in Ref. [14] the lattice measurements of the
A GFFs can be used to check whether A-baryon is a rotating
soliton. Here, we provided the first numerical estimates of
corresponding GFFs in the soliton picture using the Skyrme
model. We expect that the results of the lattice QCD or the
theoretical model will soon come out.
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Appendix A: Breit frame formulae

In the Breit frame the initial momentum p and final momen-
tum p’ have the relations P* = (p* + p'*)/2 = (E, 0,0, 0)
and A* = p'* — p* = (0, A). The momentum squared is
defined as A2 = —A? =1 = 4(m? — E?). Definition of the
Rarita-Schwinger spinor is given by

ut = ZC]AI MY(P)Gf,

with ug(p) = vVm + E ( ¢5¢ ) (A)

m+E

with the two component Dirac spinor ¢;. The spin-1 vector
el is defined by

A€ . A€
ef(p)=<— Loe+ - A>,

2m dm(m + E)
A-ék/ é A- E)L/
L) = , A, A2
e (P <2m t dmm + E) > (A2)
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with

1 1
€r1 = \/;(—1, —i,0), €= \/;(0, 0, 1),

There are useful relations for Dirac field:

iy (p")y us(p) = 2mdys,
ﬁs’(p/)us (P) = 2E8s’xv

_ i
usr(p/)iw%omp + PO % A )us(p) =

A’Esyy,

(A3)

. ' ALy
()5 (P08 + P08 s () = 2im B 811 Ak,

o (p)5(P'a7" 8, + PIo™ A pus(p) = 0.

For vector field:

(fw A)E, - A) = __3“ _ Q(l)klAkAl

t ki
€y € = <6? — 1) I + QS; AFAL

t (PO
€€ = b+ mQ% Afal,

12m2*

E,
6;:/ A= _—GK/ . A,
m

E . "
EA~A=——€A'A, (EA/'A)(G)\'
m

_ B 55,+Q(1>k1AkAz
— T2\ 3 M
egf‘(ex-A)—keg(e)’\k,-A):O,

0% i i*_0 i PN !
€,/ €, T €€ = 2m A"S s

FAl (e, A+l Al(E - A)
2E?

A)

= T AN+ 2 Qi,if Ak AT

3M
L E
2m2(m + E)
ei’,‘e/\’ + e)j\,*ei

(2 L ALAT

Qi}i"l AFALAT

Z i
3 + 6m?

MA

1
( AkQ(l)kJ + A]AkQ(l)kl

"~ 2m(m+E)
1

k Al
~ e IR0

A]

1
) 8us — 2007

(1)ki

MA

AMaoo

)

(A4)

(A5)
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The dipole- and quadrupole-spin operators for the spin-3/2
field are defined by

i
ljk J* ok
ZCI}\,’I v 1)"1 (_lE )\/ EASY N + 2 8)\/A>

. 3 1
AL § 20 NEDY AJ*A[
Qa”a C]}»/l /CIA%S [_2 ( )\./6)» +E}\./ )
J i
. [ A A G ! . i A A U /
—ze’lmei*fe’{'—” —jellm ﬁff " ;S (A6)
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