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2P = (p' +p) = (2E, 0)

Proton electromagnetic Form Factors: A=(p'—p)=(0,B)
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Interpretation: Static EMT

Definition in Breit frame (polyakov, 2003)
T (r,0’,0) ZT‘“’(T o' o)

d3A —z’A-'r A
Z / 2E(27m)3 ¢ w0

727 (0)lp, o)

Energy(mass) densities
TOO (’T’, 0,7 U) — SO(T)CSO'/O' + €2 (T)Q,gg}/éij (Qr)

Spin density
ZJz (r,o’,0) —ezyerZTOk (r,o’,0)

3
ps(r) = —r% (d ?3 e B TJi(t) (averaged)

J"ra o)

(Kim, BDS, 2020)

Pressure and shear forces: (“mechanical properties”)
(Polyakov, BDS, 2019, Panteleeva, Polyakov, 2020)
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spin-0 GFFs and its D-term

Kobzarev & Okun 1962; Pagels 1966;
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Definition: (p"|T}5, (z)lp) = |2PuPy A%(t) + 5 (AuAy — 9 A2) D%(t) + 2 m2 &(t) g | @ —P) 241

Free Klein-Gordon field (no interaction): Callan. Coleman. Jackin 1970
| | Collins, 1976,
L = 5 (au(I))(aM(I)) _ %(q)) : %((I)) _ 5 m2H2 Hudson & Schweitzer, 2017
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spin-0 GFFs and its D-term

Kobzarev & Okun 1962; Pagels 1966;

A 1 oy
Definition: (p"|T}5, (z)lp) = |2PuPy A%(t) + 5 (AuAy — 9 A2) D%(t) + 2 m2 &(t) g | @ —P) 241

Free Klein-Gordon field (no interaction): Callan. Coleman. Jackin 1970
1 Collins, 1976,
1 & weitzer,
L = 5 (au(I))(aM(I)) _ %(q)) : %((I)) _ 5 m2H2 Hudson & Schweitzer, 2017

2 68 s B
=G D = lim D(t) = —1

Action in cured spacetime with conformal symmetry requires a non-minimal coupling term:
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spin-0 GFFs and its D-term
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spin-1 GFFs

Definition: (Holstein, 2006; Cosyn et al, 2019; Polyakov, BDS, 2019)
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spin-1 GFFs

Definition: (Holstein, 2006; Cosyn et al, 2019; Polyakov, BDS, 2019)
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Spin operators: Polyakov & Schweitzer, 2018
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spin-1 GFFs

Definition: (Holstein, 2006; Cosyn et al, 2019; Polyakov, BDS, 2019)
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Multipole expansion: (Polyakov, BDS, 2019)
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Spin operators: Polyakov & Schweitzer, 2018
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spin-1 GFFs

Definition: (Holstein, 2006; Cosyn et al, 2019; Polyakov, BDS, 2019)
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Multipole expansion: (Polyakov, BDS, 2019)
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Spin operators: Polyakov & Schweitzer, 2018
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Gravitational multipole form factors
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| Rarita- Schwinger spinor: i

spin-3/2 GFFs uﬂ—zc

Definition: (Cosyn et al, 2019)
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| Rarita- Schwinger spinor: i

spin-3/2 GFFs u#—zc

Definition: (Cosyn et al, 2019 Octupole operator:
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| Rarita- Schwinger spinor: i

spin-3/2 GFFs uﬂ—zc

Definition: (Cosyn et al, 2019 Octupole operator:
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Multipole expansion: (kim, BDS, 2020,
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| Rarita- Schwinger spinor: i

spin-3/2 GFFs uﬂ—zc

Definition: (Cosyn et al, 2019)
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Multipole expansion: (kim, BDS, 2020,
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Gravitational multipole form factors
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A GFFs/GMFFs by SU(2) Skyrme model «in eos, 2020
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large-N. behaviors: (GMFFs) (Generalized) D-terms

Eo(t) ~O(ND),  &(t) ~O(N?),  Jot) ~O(N?),  TJs(t) ~O(N?), D§* = —3.53 < 0 (stable!)

C

; . , Dy = —3.63
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QCD-Sum-Rule approach for spin-3/2 GFFS oenghan, Azizi, 6zdem, 2023
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Q*[GeV?] Q*[GeV7]
Model D& DS D Dy’ (rg) (fm?)
This Work —2.71 £0.34 0.000 £ 0.002 —0.43 £ 0.06 —3.57 £ 0.46 0.67 = 0.04
Skyrme model [52, 53] —2.65 0 —0.38 —3.40 0.64
Skyrme model [54] —3.53 0 —0.50 —3.63 0.64

TABLE III. A comparison of D-terms and mass radius obtained in the present study with those from other models.



LattICe QCD C&lCUlathn fOI’ glUOnIC GFFS Pefkou, Hackett, Shanahan, 2022
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A in quark-diqguark model . sos, bong, 2022
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Ch PT aCtIOnS fOr A |n Curved SpaCe—tlme Alharazin, BDS, Epelbaum, Gegelia, MeiBBner, 2022

. . . d’p MA - - —ip-x - ~ ip-x
Rarita-Schwinger fields: Z/ o) E b (D, sa)uy (D,sa) e + dT (D, sa) v, (P, sa) €'P ]
Derivatives on fields:

T D, U=0,U~—1ir,U+:Ul,

s b
N VU= 8\P+2w20ab\11+(Fu—ivlgs))\I’
A VIWI = |§99, + 69T, — 690 — i Tr (7°T,) + L siig,, | Wi T g
nw v o 2 2 7] ¢ T 2 2 wu Tab v UV — o
Spi ti ab __ 1 VA _a a Fa
pin connection:  1* = _59 e}\( e — e W)
. 1
Christoffel symbol: I‘>‘[3 =5 g’ (0a98s + 089ac — Osgas)
Vielbein fields e, eZegnab = Quv connects Lorentz indices x and Dirac indices a: Y, = GZ%
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€— COU ntlng SCheme (Sma” SCale eXpanSIOn ) Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

To calc delta matrix elements of order 3:

Pion mass M: 1 Loop momenta: 1
Derivativeson Nor A: 0 Pion lines: -2
Masses m,, my: 0 Nucleon lines: —1

Delta lines: —1
L™ vertices: N

0 = my — My

1
Momentum transfer. 1

Use EOMS(extended on-mass-shell) scheme to remove divergent parts
and power counting violating pieces. Renormalization scale chosen as u = m,,.

=Fi== ﬁ -~ '= =| -_- §= /é-
\ / \ /
\ / \ /
~ 7 ~ 7

\ / / \
\ / / \
- - - - S~-7 =} = b
a) b) c) d)
\ / \ / \ / // \\
\ / \ / \ 7 / \
S -7 S -7 S -7 e I G—
e) f) 9) h)
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ACtIOnS Alharazin, BDS, Epelbaum, Gegelia, Meif3ner, 2022
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93 5 ;
Zo\p o WA o U\p?
* g LT Y ”] o Off-shell parameter A = — 1

o LECsg,=g3=-g

S7(r11\)/'A - _/d4x\/ —9 grNA \Tju,i (9" = 7"*v") w,i ¥ + H.c.

520 = [ d'ov=g0 1,6°(2) (x:) 9050 () ¥
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ACtIOnS Alharazin, BDS, Epelbaum, Gegelia, Meif3ner, 2022

: P — P __ P P TA _ TP TA )
Riemann tensor: R, =0, — 0, + T\ =TI,
Ricci tensor: R, = RAM A >

.. . MV DA
Ricci scalar: R=g""R’,, J

S® [ e /= kiR ¢®PF Wi 4 hoR T 2B 4 ihaR [ g TiABY, T
N glhilv g7" ¥ Wg+ ho Y Y V¥stihg R g™V, v VaVs

BN

Chiral order =2

(87

— .
WO‘V,\\%)

— . . . <~ . _ . — . — . — .
+ hy R* WY + 2ihs R* g*P W, V, UY + ihgR* g (\Ilngﬁ\p’; — \If;yuvﬁ\p;)

— . — . — . — . — . . — . .
+ thy ™ (‘I’ZV“VM‘PZ - ‘I’}CV“VM\I’;) + he R (Toy ¥, + ¥, v,y

_ . — . — . < . _ . .
+ ihg R (\Imwawv,,\y; -~ \Ifgyﬂawv,,qf;) +ihioR* P g, U,

- YA - _ —
+1 _h14 R'uyaﬁ + his R“auﬁ_ (\If;’)’m’)’#’)/uvaqﬂg - Zﬂ'YV'Yu'YKVa\I’Z)]

1, EMT surface terms DO matters: (Recall the spin-0 case. Hudson,Schweitzer, 2017)
2, Absorb power-counting violating terms
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EMT Ve rtICeS Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

Actions in curved space-time: S = /d4:c —qg L

Calc EMT T,, = 2 5m = T,, = L |95 el + 05 e?
‘ py J/—q dgHv Y " 2e | dear 7V feav M
EMTs:
@ _ e [F2 e o i i
T, = I’I‘r(DuU(DyU) ) — 5 12 Tr(DU(D,U)") + ITr(XU +Ux") ¢+ (< v)

)y _ — — —_ < _ _
Tfr}\), —y YD, ¥ + %\I! VYU, W — 77“7” (Wz’yo‘Da\I! —mUPW¥ + %4 \I!7a75ua\11>

YD)
+ (ke v)

7(1) :1 Tt 0T 4+ Ty — T A By — TPyl Tl

TNA,uv zgﬂ'NA 77;1,1/[ oUW ¥+ Yu; W, a7 Ug 7Y Upg a]

— grNA (\i’LuZV\I! + \T!uf/\I!L)
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G FFS at Tree Order Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

¢ t (2hsma + 2h10 — h13)  (—2hg + 2h11 + h12) t2

F ) = 1— — - ,
1,0,tree() m2A + ma 2m2A

F11tree(t) = —4 —4ma (h1aoma — 2h19 + hi3) + (dhe — 2(2h11 + h12)) ¢,

GFFs at One-Loop order (r = 0)

Fl,O,loop(O) :07

__ 5gimy(3mM — 499) ganamN 3 o oy M
Fi1,100p(0) = — 1S t T4am2r? (O — 5 —536% + 246 (M? — §°) In —
+ 24im6%4/ 6% — M2 — 12imr M1/ 62 — M?
52 — M2
+12 (M? — 26%) /62 — M21n ot (15\4 + 536M2) + O(e)

Slopes of the GFFs: F,;(t) = Fi;(0) + sr, ;t + O(t?)

.. _ 91(80 — 2551 M) N gana
P07 1036812 F2my | 576m2F2my (M2 — §2)

(255(52 — M?)+246 (6 — M?) In M
my

2 __ 2
— 12im(26% — M?)\/62 — M2 — 12 (M? — 26%) /6% — M2 In Ot ‘/‘jsw U ) + O(€?)
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Long-range behavior of local spatial densities anarzin sos, epebaum, Gegelia, meibner 2023

Energy densities:

25¢2 1 10g? 1 1

E i i

_ _ o=

po () 1536 F2ma 8 81w2F2m?% r” T <r8>
3592 1 3592 1 1

pa (r) = 1 +o(=),

T 6144F2ma rS | 16272F2m2 17

Spin densities:

_|_

J p— —_
p1(r) = 16212 F2ma 1> 3072F?m?% 1S
(r) = 62597 1 N 594 1
P\ = T oA5T6F 2mA r6  54m2F2m3 r7
Pressure & shear force densities:
2597 1 7592 1 1
— _ _ o)
Po(r) = = oa0aFema 6~ 1024F2m3 8 1O \9 )

52 1 152 1 1
so(r) = 96 F2mp 76 + 64F2m3 r® +0 r8

592 1 125¢2 1 o( 1 )
O

~50(r) +po(r) >0

Note: delta resonances are unstable particles, our expressions satisfy the general

stability conditions. It agrees with the observation by other approaches.

18



Summary and Outlook

1. Parameterization of the matrix elements of EMT defines GFFs, which relate to the fundamental

properties, mass, spin, D-term.
2. D-terms for particles with different spins are discussed.

3. Spin-3/2 GFFs are calculated in different approaches, Skyme model, Lattice QCD (gluon part),

QCD-sum-rules.

4. But their predictions are quit different and it motivate us to carry out the ChPT calculation. Still one
need more input data to fix the LECs to obtain the GFFs and its D-term. Lattice QCD calculation
for spin 3/2 quark GFFs are excepted.

5. ChPT calculation for N — A gravitational transition FFs is on-going.

Thanks for your attention!
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Generalized parton distributions (GPDs) of spin-3/2 r. eos. bong 2022, 2023

Vector matrix elements:

1 [dz™ ,.p., —
Vion = 3 [ S0 (1 5 (22 80 2/ 2N g

= —q (p', ') Ha,a(fl?a §,t) ua(p, A)

8 independent unpolarized GPDs:

) . Po/Pa n[a'Pa] MZna',na Mga'a?i
HY® = Hig*® + H H H H
Ty T Tz T T
P Py Mnl Py M3n® nq
H H
Ty TP TS TP

quark — gluon

E’Y’Lw . Fﬁ’/-"F“B
AT 5 B'up B
Yty = TR

~ 1
FQB — 560518'76}7"76
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Sum rules for spin-3,/2 GPDs

Mellin moments for deriving sum-rules:

(P fdaan [ g8 vt a(2)

z+=0,2=0
od \"T_ _ Zn
= (zdz—_) [q(—%Z) 7*(1(%@] __, = 4(0)77(107)" 4(0)
n—1
/e 0 \‘
« A GPDs < EM FFs e A GPDs « GFFs

1
1 M [ dzati(@,60) =FIo(0) + € FL0) - 2F (),
M/ dz Hy(z,&,t) =Gi(t) with i=1,2,5,6, il
=3

1
S - M [ dxzHs(x,&,t) =2FF, (t) + 262FL, (t) — AFL, (1),
M/ dz H;(z,&,t) =£G;(t) with i=1,2, /_1 2(2,¢,1) 1,1(8) + 28755, (?) 4,1(t)
—1

1
: _gerT
M [ dofi(e) =Git) with =50 Mf_ld”H"(x’f’t) =8eF5,0(0)
1
1 LA 1 2t o7 T
M/ dz H;(z,¢,t) =M/ dz H;(z,§,t) =0 o ldxxH4($’§’t)ZWFS,O(t)‘*'?FS,O(t),

ith =3 4) 738 1
with  J ) M/ dz cHs(z, €, t) ZZFZO(t)’
el

1
M / de o Hq(z, €,t) =4FT, (8),
—1

1
M/ dzzH;(z,£,t)=0, with 1=7,8.
iy
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Holstein, 2006; Polyakov, BDS, 2019

Free MassIve VeCtOI’ part|C|e Table II: The free theory values of the total EMT FFs.

e Proca Lagrangian + a non-minimal term (?): EMT FFs |£(t) E2(t) T(t) Do(t) Da(t) Ds(t)

1 1 1
4 v 2
Sgrav = [ d wx/—g<—ZFWF“ +om A AR + 2hRAuA“’) —%  freetheory| 1 0 1 1—4n -1 0

= S
|

| » all GFFs are t-independent: free of interaction |

r)

| 1
o Dp <0 h> 5 seems NOT allowed ...

— p=s R
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F . t t I Holstein, 2006; Polyakov, BDS, 2019
ree massive vector par ICle Table II: The free theory values of the total EMT FFs.

e Proca Lagrangian + a non-minimal term (?): EMT FFs |£(t) £(t) J() Do(t) Da(t) Ds(t)

1 1
4 v 2
grav fd T\ — <__FMVF“ + 2m A AH* + hRA Al") > free theory| 1 0 . % T )
o conformal transformation: (abrowski, 2009) L } ——

{

| aII GFFs are t-independent: free of |nteract|on |

v (z) = Q*(2)gu(x), Mm=Q 'm,
Ay=A,, AF=G"A,=Q72A%, i

L ——— ey p——
~

1
o Dp <0 & h > 5 seems NOT allowed ...

e choices of S: conformal invariance (Cl) (or not)

PSS (S i R B
1 1 1
Serav = = [d*z\/— ( — ZFWFW + 2m2A AP + hRA2) , (not CI for h #0) — Ricciscalar term breaks ClI !

1m2Ai> , (not CI)

Seay = [ d*z/—g < A,04, — —A,NMV'/A,,Jr 5

grav = [drz\/— ( A,0A, — —A VHEVY A, + mzA2 — 1Ru,,A“A”) (CI and give same Dy as SY._ 1)

2 grav'*

e Riemann tensor R, Weyl tensor C, ,, etc., but NO suitable mass-dim-4 terms:
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One-Loop contributions to GFFs
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(Rarita-Schwinger) fields

Isospin doublet spin 3/2 field:

03 M . o .
Z/ p = [b(B,5a) uu (B, 52) €% +d' (5, 58) v, (B, 58) €]

Attaching an additional isovector index i = 1,2,3 to it and use the subsidiary condition:
T (z) =0
to eliminate two degrees of freedom.

For the three isospin doublets we use the representation

wlzi[A++ 20 At A‘]T
02 = [A++ 1A iA++A—]T
g \/5 V3~ V3 u

2 T
U3 = \/;[N,AO]H
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p(r) and s(r), normal/tangential force, stability conditions

o Force acting on the area element dS = dS,€. + dSy€, + dS €, « (Panteleeva, Polyakov 2020)

dF, 2 2 2
is. = 0,10 (po('r) + gso(’r)) + QL (pz(T) + 382(7') + p3(r) + 533('”)) » —% Normal force
Gs = Qo (m)+ 5oa()), G =QF, (m() 4 5mn),  —» Tangontalores
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p(r) and s(r), normal/tangential force, stability conditions

o Force acting on the area element dS = dS,€. + dSy€, + dS €, « (Panteleeva, Polyakov 2020)

dF’, 2 A 2 2
S = 00/c (po(”') + 530("“)) + oy (P2(7") + 382("”) ""PB("“) + 553(7)) » —% Normal force

F, A 2 dF' A 2 ,
Gs = Qo (m)+ 5oa()), G =QF, (m() 4 5mn),  —» Tangontalores
3 _
. Stability condition wontave 1911 J & T Pn(1) =0
« Local stability condition dF; 2
= r —So(7r)> 0
(unpolarized / spherically symmetric hadron) dSr anp pO( )+ 3 0( )_
(Polyakov & Schweitzer, 2018) l
4
o D-termwunp: DO — mfdg’f' 7'2p0 (T) — _Bmfd37' T‘2SQ(T)§ 0
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p(r) and s(r), normal/tangential force, stability conditions

o Force acting on the area element dS = dS,€. + dSy€, + dS €, « (Panteleeva, Polyakov 2020)

dF, 2 2 2
S = 0o/ (po(”') + 530("“)) + Q5 (P2(7") + 382("”) + p3(r) + 553(7)) »  —% Normal force
A F. A 2 .
jgj = QY (P2("“) + §82("“)> : Cciin = QY (Pz("‘) + 382 ("“)) , — Tangential forces
3 —
. Stability condition wontave 1911 J & T Pn(1) =0
« Local stability condition : dF 2
oca.sa II¥COI‘] IIOh T =p0(7“)+—80(7“)20
(unpolarized / spherically symmetric hadron) dS,,- unp 3
(Polyakov & Schweitzer, 2018) l
4
o D-termwunp: DO — mfdg’f' 7'2p0 (T) — _Bmfd37' T‘2SQ(T)§ 0

Equilibrium relation (3,7 = 0. 2dsn(r) | o5alr)  dpalr) _
3 dr r dr

(Goeke, et al, 2007)
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p(r) and s(r), normal/tangential force, stability conditions

o Force acting on the area element dS = dS,€. + dSy€, + dS €, « (Panteleeva, Polyakov 2020)

dF. 2 A 2 2
Gor = e (2ol + 550(r)) + Q5 (pa(r) + 552) +a(r) 4 534)) . > Normalfrcs
-
dFQ oy 2 dF¢ '\¢ 2 .
= QY — , — 2 Q% r —s9(7) ), - langential forces
Go = Qo (1) + 5oa()) 558 =@, () + 30
3 _
. Stability condition wontave 1911 J & T Pn(1) =0
« Local stability condition : dF’ 2
| ¢ | - = po(r) + 580(r)=> 0
(unpolarized / spherically symmetric hadron) dS,,. unp 3
(Polyakov & Schweitzer, 2018) l
3,.,.2 4 3,. .2 o
o D-termwunp: DO — mfd T Do (’r) = —Bmfd rTr So (T)S 0 _°-4""{\ "'“ :‘Eomuaeon) ]
T,E 0.3} \“\‘ —— NLO (8)
3 0.2
%_ 0.1
0.0
Equilibrium relation (aﬂT”” = 0): %dsg(r) —|—2Sn(r) + dpg(r) =0 00 02 04 06 08 10 12 14
r r r

r [fm]

(Goeke, et al, 2007) po(r) in Skyrme model

(Kim, BDS, 2021)
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GFFs at One-Loop order (r = 0)

Fl,O,loop(O) = 0,
5gsz 3mM — 496
Fl,l,loop(o) = ——= 6i87T2F2 )
+ JunamN _535% + 245 (M? — 6) In - 4 24ims>\/8% — M2 — 12inM>+/6% — M?
14472 F? (M? — 52) mpy

/82 — 2
+ 12 (M?* —26%) Ve _em Tt ‘jsw M —|—535M2>+(9(e2),

_ gimn (257 M — 10680)

F2,0,100p (0) —

216072 F2
02 amuy (206 +485Tn M. — d8im/87 — M2+ 48Y/6% — M2 In SWEIT)
" 28872 F2 +0(e),
gy, e fi 1 (n (1) )
Fo1100o(0) = ——IJ1N |
21100 (0) 54mF? M i 15m2F2 (M2 — §2) + O(€”)
F4,0,100p(0) — 07
5g2NAm]2V 2359%m12\,
Fi1100n(0) = s ,
4,1,lo0p(0) e 32 T grograps T O6)
2
_ gimn(150m M — 33230)
F5.0100p(0) = 2592072 F2
g2 NATN (5(5 + 20 1n Tf:”—N — 2imV62 — M2 + 2382 — M21n 5+\/<W) 2
" 0672 F2 + O(e?).
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Slopes of the GFFs F;;(t) = F;;(0)+ sg, ;t+O(t%)

Fio

SFs.0

SF 1

SFy0

SFs

SF50 —

_ 97(85 — 2557 M)

1036872 F?m
gﬂ;erA 255(52 _ M2) + 246 (52 _ MZ) In ﬁ _ 12’iﬂ‘(252 . M2) 52 — M2
5767T2F2mN (M2 —_ 52) my
NV VP

12 (M? — 26%) /62 Ve s ‘]Sw M ) + O(?),

gimn gZNAMN (53 + M? (=6 +inV/62 — M?) — M2y/62 — M2 1In 6+\/<§\24—M2) "
1327F20 120m2F2 (M? — 62)? +0(e),

2 S+/62—M?

e

1087 F2 M 602 EF2/52 — M2 ;
GENATY (—53 + M? (5 — zw\/W) + M2/82 — MZ?In H\/W) gl o

14072 F2M? (M? — §%)° 504nF203 | )

9Zna (16352 — 96 (M? — 6?) In 2L — 96im6+/02 — M2 + 966+/6% — M? In SV =02 163M2)
460872 F2 (M2 — §2)

e (877 —150In mMN)
2592072 F2 +0(e),
0+ O(E_l) ,
gimy JaNATN (ln PG - z'7r)

+O(€).

3456w F? M + 96072 F2+/862 — M2
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022

. Panteleeva, Epelbaum, Gegelia, Meildner, 2022
Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

: : d*p —ip-X
Heisenberg-picture: I@,X,S>=/ 2B ) ¢(s,p)e” P p, s)
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022
Panteleeva, Epelbaum, Gegelia, Meildner, 2022

Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022
i i d3p —ip-X
Heisenberg-picture: ®,X,s) = / \/stap)e p, s)
Normalization in ZAMF: / &plo(s,p)P = 1
(Zero Average Momentum Frame)
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022
Panteleeva, Epelbaum, Gegelia, Meildner, 2022

Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022
i i d3p —ip-X
Heisenberg-picture: ®,X,s) = / \/stap)e p, s)
Normalization in ZAMF: / &plo(s,p)P = 1
(Zero Average Momentum Frame)

Spherically Sym & Dimensionless: ¢(p) = R*/? ¢(Rp)
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022
Panteleeva, Epelbaum, Gegelia, Meildner, 2022

Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022
i i dBP —ip-X
Heisenberg-picture: @, X, s) = / VT ¢(s,p)e p, s)
Normalization in ZAMF: / &plo(s,p)P = 1
(Zero Average Momentum Frame)

Spherically Sym & Dimensionless: ¢(p) = R*/? ¢(Rp)

P

daq
EM (gaﬁ’Fl‘,/o(qQ) o Fy 1( ))

EM parameterization: (ps,s'|ulpi,s) = —a(pys,s) g

(Spin-3/2) Z, i
t 5 Oupd” (gaﬁFz‘,/o(QQ) - 2‘;}5 Fy(q ))wuo‘(pi,S)
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022

Panteleeva, Epelbaum, Gegelia, Meildner, 2022

Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022
Heisenberg-picture: @, X, s) :/ p ¢(s,p) e P2|p, )
g-p : , X, Nk ;

Normalization in ZAMF: / &plo(s,p)P = 1

(Zero Average Momentum Frame)

Spherically Sym & Dimensionless: ¢(p) = R*/? ¢(Rp)

P

qaq
EM (gaﬁ’Fl‘,/o(qQ) e F 1( ))

EM parameterization: (ps,s'|ulpi,s) = —a(pys,s) g

(Spin-3/2) Z, i
t 5 Oupd” (gaﬁFg,/o(QQ) - 2‘;}5 Fy,(q ))wuo‘(pi,S)

(@,X,5'|JH(x,0)|D, X, s)
d>P d3q q P, qaq
(P4 ) | (ot - S )
/(2@3@“ +207) | arTiole) =5 5 Flale)

7 qadqp « q qa * ! —iqr
+ oont” (95 FLola®) = 55 Flila ﬂ“ (P-geo)o(p-3)or(P+3)

Localize: jy (s’ s,1)

P=Q/R, R— 0 Onlylarge P region contributes:
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Epelbaum, Gegelia, Lange, Meil3ner, Polyakov, PRL 2022

Panteleeva, Epelbaum, Gegelia, Meildner, 2022

Loca“zed Wave PaCket Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022
Heisenberg-picture: @, X, s) :/ p ¢(s,p) e P2|p, )
g-p : , X, Nk ;

Normalization in ZAMF: / &plo(s,p)P = 1

(Zero Average Momentum Frame)

Spherically Sym & Dimensionless: ¢(p) = R*/? ¢(Rp)

P

daq
EM (gaﬁ’Fl‘,/o(qQ) sl F 1( ))

EM parameterization: (ps,s'|ulpi,s) = —a(pys,s) g

(Spin-3/2) Z, ind
t 5 Oupd” (gaﬁFg,/o(QQ) - 2‘;}5 Fy(q ))wuo‘(pi,S)

Localize: jh(s s,1) = (@,X,5|J4(x,0)|®, X, s)
. d3pd3q 3 q / PM Vv 2 QQQB VvV
N _/ (@r)VAEE (P+§’”) [E (900 F(a?) - am2 Tl )
5ot (9aF30(a?) = 35 FY (g )ﬂ u (P—2,0) ¢(P - g)¢ (P - %)ei‘“
P=Q/R, R—0 Onlylarge P region contributes: “Naive” Breit Frame is problematic:

firstm - cothen R - 0
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Pressure and Shear Forces Alharazin, BDS, Epelbaum, Gegelia, Meiner, 2022

“ij _ - L 1 d1d
toalshsr)  — polr) = o (r) = 6m28 wo (r),  solr) = “om2 drrdr° ),
pQ(T) = 0, 82(7“) = 0,

1 1 d1d
ps(r) = m*vy (r) 68 wy (1),  s3(r) ST W 1 (1),
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Pressure and Shear Forces Alharazin, BDS, Epelbaum, Gegelia, Meiner, 2022

_ 5 1 1 d1d
t<§,2<8/737r> —¥ po(?“) = Yo <T> o 677’1,28 Wo (T)v SO(T) — _QmQTdT;dTwO (T)a
pg(?‘) = 0, 82(7“) = 0,

1 1 d1d
ps(r) = m7oy (r) 68 wi (r), s3(r) Sk e (r),

Conservation of EMT:
8Mtgy(8/, S, T, t) |t:0 = 80752;/(8/, S, T, t) ’t:O + aité;/(s/, S, T, t) |t:O = (.

\“ Breit Frame only has 2nd term
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Pressure and Shear Forces Alharazin, BDS, Epelbaum, Gegelia, Meiner, 2022

_ 5 1 1 d1d
thalshsr)  —> polr) = %o (r) - 6m28 wo (r),  solr) = “om2 drrdr° ),
pg(?‘) = 0, 82(7“) = 0,

1 1 d1d
ps(r) = moy (r) 68 wy (1), s3(r) o L (1),

Conservation of EMT:

Oty (s',8,1,1)|1= 0 = 0oty (s, 8,1, t)|4=0 + Oiti (s, 5,1, t)|1=0 = 0.

\- \“ Breit Frame only has 2nd term
—sn =h (

Differential egs: Pl (r) + . withn =0,2,3,
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Pressure and Shear Forces Alharazin, BDS, Epelbaum, Gegelia, Meiner, 2022

1 d1l1d

~ii 5 = H%w _ -
t5’2(8 ,S,I‘) ”""’"’ po(/r) _ UO (/r') 6m28 ( ) SO(T) - QmQTdTTdTwO (T)?
pg(?‘) = 0, 82(7“)20,
1 1 d1d
2. Lo _ L, a4ra
p3(r) = moy (r) 68 wy (r), s3(r) 5 drrdrw 1 (7r),

Conservation of EMT:

Oty (s',8,1,1)|1= 0 = 0oty (s, 8,1, t)|4=0 + Oiti (s, 5,1, t)|1=0 = 0.

\ \‘ Breit Frame only has 2nd term
—sn =h (
.

Differential egs: P (r) + . withn =0,2.3,

von Laue stability condition: /d?’?“pn(?“) = 0, with n=0,2,3,

as long as limgz o (¢2)° Fao (—43) = 0 and limgz g (¢3)° Faa (~43) =0, for 6 > 0.
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Pressure and Shear Forces

. .

tg,2(s’,s,r) —3 DPo(r) = o (7“)_—82 0(r),

6m2
P2 (T) — 07

p3(r) = m?0y (r) — =0%w (r),

Conservation of EMT:

Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

1 d1ld
so(r) = Tom2 drrdr® ),
so(r) = 0,
1 d1d
s3(r) = o g ar 1(r)

Oty (s',8,1,1)|1= 0 = 0oty (s, 8,1, t)|4=0 + Oiti (s, 5,1, t)|1=0 = 0.

Differential egs: P (1) +

von Laue stability condition: /d?’?“pn(?“) = 0,

as long as limgz o (¢2)° Fao (—43) = 0 and limgz g (¢3)° Faa (~43) =0, for 6 > 0.

Generalized D-terms: D, = —- 2

15

—sn =h (
.

with n = 0,2, 3,

3
drfrsn

\‘ Breit Frame only has 2nd term

., withn =20,2,3,

= hn (1))

with n=0,2, 3.

=m /dSTT [Dn (
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Pressure and Shear Forces

. .

tg,2(s’,s,r) —3 DPo(r) = o (7“)_—82 0(r),

6m2
P2 (T) — 07

p3(r) = m?0y (r) — =0%w (r),

Conservation of EMT:

Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

(r) = 1 d1d (r)
O = o2 ar o\
so(r) = 0,

1 d1d
33(7“)——5 drrdr 0} 1(r)

Oty (s',8,1,1)|1= 0 = 0oty (s, 8,1, t)|4=0 + Oiti (s, 5,1, t)|1=0 = 0.

Differential egs: P (1) +

von Laue stability condition: /d?’?“pn(?“) = 0,

as long as limgz o (¢2)° Fao (—43) = 0 and limgz g (¢3)° Faa (~43) =0, for 6 > 0.

4

—sn =h (
.

with n = 0,2, 3,

\‘ Breit Frame only has 2nd term

., withn =20,2,3,

Generalized D-terms: p, = 15 m? [ &rr?s,(r) =m /dSTT o, () — by ()],  with n=0,2,3.
ar; 2 2 A dFy dF
: — N - / - TT e = L
Internal forces: 75, 6. R,2 [ (po(?“) + 350(?“)> g5 + (pg(?“) + 332(r)) R S 5 ey T
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Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

EMT densities Freese, Miller, 2022
Panteleeva, Epelbaum, Gegelia, Meildner, 2022

ty (r)

y (®,X,s'|TH (x,0)|®, X, s)

d>P d3q q
— _ u’ (P+— ’)
u O

/(27T)3\/4EE7’ 2

_ 2 ' p
QuQv — M ( o2y Qa5 o 2) i (Puoyp + Pyoup)q ( o2y Qa8 g 2)
+ o Japl2o(q”) — 5 5 I21(07) ) + 5 - JapF10(a”) — 5 5 Faa(d)
1

m

P,P,

daq
<ga6F1,o(q2) — o F1,1(q2))

(9v89uda + 918990 + 9vaquds + Iuadvds — 2909093

« q q q —iq-r
— GuB9val” — GuBIuad’) F50(q*) |u (P - 5,0) ¢<P — 5)05* (P + 5)6 ar, (21)
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Alharazin, BDS, Epelbaum, Gegelia, Meil3ner, 2022

EMT densities Freese, Miller, 2022
Panteleeva, Epelbaum, Gegelia, Meildner, 2022

ty (r)

y (®,X,s'|TH (x,0)|®, X, s)

d>P d3q q
— _ u’ (P+— ’)
u O

/(27T)3\/4EE7’ 2

2 .
qudv — Nuvq qaq i (Puovp + Puoy,) ¢° qaq
g e T (o) - 2D () ST RO (g2) - B0 ()

P,P,

4m 2m 2 m 2m>?
1
= (9v8%uda + 9uptvda + 9raluds + Jualvls — 29uvdads
« q q q —iq-r
— GuB9val” — GuBIuad’) F50(q*) |u (P - 5,0) ¢<P — §)¢* (P + 5)6 ar, (21)
Using multipole expansion:
00 d*q / 2 2 2\ skl oy dL T An
t¢ (3/,371') — N¢’R/ (27T)3 e_zq-r/d fL 80(QJ_) 58’8 ‘|‘ lgl(qJ‘) 7/;L 7/’}/ +52(QJ_) m2 ] QS/S 3 (228;)
0i (! — iN d3q —iq-r A2 Col(a? kin A1~ C+ (g2 iln 5krl o akal ﬁ ka:
ty (s',8,1) = iNg R 5 € n S [Colgl) € n'n + Ci(q7) €' ( R n')] o
(2m) m
+ C ( )AtA g ( )qiqj_ kin sl
2(q])n'n 3(q1 - e'nn
2\ ataz 2\ G140 i kl skl ﬁ Aktz
+ (Csa(qi)n'n® +Cs5(q7)s 5 )€ (6 nn') - 02 p, (22b)
tzg(s’,s,r) = tfbj,o(sl,s,r) —i—tfbj,Q(s’,s,r), (22¢)
~ IR . ~ K Nor = %/OO dQ Q*|¢(1Q))I,
motion of system internal pressure & shear forces 2]% .
(needs higher order contributions) No.r2 = m2 /ﬂ dQ Qlo(1QNI.
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IOng—range behavior under ChPT Alharazin, BDS, Epelbaum, Gegelia, Meifner, 2022

o (1) = 15325Fg§mAri6 B 817r12(;g2%m2A %7 o <ri8> ’ (51
p2(r) = 614iifg§m“i6 1627::251%%27112%7 © (%8) ’ (52)
pa(r) = _245(;251792%7712A rifi " 547r251€?2m?>A ri? o (%) ’ (54
po(r) = _23oiirg§mwi6 B 1022792%7713%8 © (%) ’ (55)
so(r) = %% %%—FO(%) : (56)
pa(r) = 2825191%8111?2%4 B 196g§§1?%2mA riG O (%) ’ (57)
s3(r) = _%% i 4O9égg§mA %6 0 (%) | (58)

general stability conditions:  pf'(r) > 0 and Zs¢(r) + po(r) > 0
Note: necessary but not sufficient for a system to be stable
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