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Energy momentum tensor (EMT)

® T,, : Noether current with translational symmetry

Energy density Momentum density
Too Toi Toz Tos Advantages to use EMT
To1r Tyy Tip Tys v Gauge invariance
Ty = .
H Too Ty1 Ty Ty v Conserved quantity
Toz Tyz T3y Tag v Observable

Stress tensor v’ Local interaction

® EMT distribution inside hadrons

Pressure : proton EMT distribution : pion
F Burkert, et al 20118 4;”2@:(?) (1/fm) Kumano, et al 2018
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Quantum fluctuation of EMT

® Distribution of EMT in QQ
Stress distribution around QQ on Lattice QCD
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Yanagihara, et al. 2019

® Quantum effect in QQ
Theoretical model

o 7 @ Fa_ttenil_wg dL_Je to
7 string vibration
2
Lischer, Mlnster, and Weisz 1981 W=~ lOgT

Motivate theoretical analysis of guantum
correction to EMT distribution in QQ system



Quantum fluctuation of a soliton

Purpose: Analysis of quantum correction
to EMT distribution around a soliton
in 1+1d real scalar ¢* model

classical soliton in ¢* model
i) |
S= | dx?{=a,p04p — = p2 — —

kink ¢ = —tanh (m(gx))

TO 0

—

local structure

Classical EMT: Trivial

Quantum EMT: Nontrivial, First trial
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®* Model in 1+1 d

2 4 A vacuum\Am \/ﬂ )
A

V2
Classical m Kink solution of EOM b, L7
_ ., m m(x—Xx) C
¢Cl—+\utanh( NG ) N =x
X: location of kink ~
B Ty, under kink solution T,
. ~m? - m(x — X) —\
00 — TCOS \/7 Nm Vx
QM Ero "’O(AO) ToLoO"’O(/lo)
Dashen, et al 1974 Goldhaber, et al. 2003 °

We calculate T§9 (x) and T49 (x) in 0(1%)!
(Comparison with previous studies = last slide) ,.



Eigenmode of quantum fluctuation

Dashen, Hasslacher and Neveu 1974

Expanding ¢* action S[¢] around a kink
Substituting ¢ (x) = ¢ + 1(x)

n:quantum fluctuation

1 1 ik 32 A
Stnl = Sey + J dx?*[5 @om)* =51 (—ﬁ -m’ + ﬁ“) n=Apan® —7n"]
2 2
<_%_m2+%)nn=w%nn — r-;
Eigenvalues Eigenfunctions \/1
X—+o00 )
wZ = q% + 2m? Nq(x) —— exp[i| gx * 56(q))]
3 Phase shift
— Wi = Emz 11(x)
- wZ=0 No(x) = 5P

Translational mode= IR divergence -



Collective coordinate method

Gervais, Jevicki, Sakita 1975
Tomboulis 1975

Rewriting Lagrangian
Remove translational mode(7n,(x)) and IR divergence

¢(x, t) = po(x —X) +n(x —X) lg—(Pcl
Y X

We regard X as a dynamical variable.

X - X(t) Dynamical variable Translational mode
P -+ X Canonical conjugate momentum

L[r, ¢] - L[7,7,X, P]
i, 1:without translational mode

Convert
Degree of freedom of ny(x) m) Degree of freedom of

Soliton center of motion
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New Lagrangian

~ o~ ; P+ [ dx nn' 2 o
LI, 7, X, P] = PX — My — X004y 15
ZMO[1+(M_0)E] We consider
Center of motion 0(1') Negligible this part
® Translational invariance ggms; :ggﬁlgjiit:x 11997755

® Lorentz symmetry omboults 1975
rist an ee

Separating center of motion part from other part

- 1 1 N 1 3¢
L[n,n]=§ﬂ2—§(0xn)2 2( m® + Ad> — Ao + 0(AY)
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New EMT

Collective
coordinate

»* Model in 1+1d method

T* [#,7, X, P]
Tﬂv [¢] — »

3, — L&, =T [ 7] + 0(A1)

0(0, %)

We calculate (7" ) in 0(1)
1 : -
[ (1%,) = | DD TV, [7,7] et ‘“”’”ﬂ}

EMT form factor
o 1
(P'|TH,(x,0)|P) = [ dX e~ {(P=POXT" (x — X) + 0(12)
|P) :soliton 1 particle state
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Expectation value of EMT distribution

Diagram

1 1 2
(Too} = Too(@et) +5((@om?) + 5 ((@1m)2) + (Bre)(0:1) + A (cb?l - m7> (1)

2 L
+%<3¢§z - mT) o ro@y 049 0(°?)

0(1%)

7)) = men(x)) y
— G(x, x) (TI) —
— x@ = | d31/ AP (V)G(x,¥)G(y,y)
~0(1%) ~0(42)

UV divergent! UV divergent!
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Vacuum subtraction

Rebhan and Nieuwenhuizen 1997

EMT regularization Counter terms Dashen, et al 1974
(T,uv>soliton_<Tuv>vac+(<5Tuv)soliton_<5Tuv)vac) = finite

Mode number cutoff (MNC)

v" Finite system whose length is R
v Subtract “vacuum” from “soliton”
-Cutoff number is determined following that
“Mode number” is the same for soliton and vacuum

£ E
Soliton continuous mode vacuum
= N 2 N-1 2 N+1
z \/q%+2m2— Z \/k,%+2m2 { }
n=-(N-1) n=-n Discrete——
v After vacuum subtraction, # — oo ™% [E=0

soliton vacuum
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Mass renormalization

EMT regularization Counter terms
(Tuv>soliton_<Tuv>vac+(<6T/,w)soliton_<5Tuv)vac) = finite

v Only 1-loop mass renormalization
v Mass renormalization in sector
=»Counter terms appear in sector
Vacuum sector m?* - m? + §m?

& + Q

5m2 /1
Soliton sector

de ¥ % = finite

O + @ ™ = finite

Dashen, Hasslacher and Neveu 1974

12/15



— dassical
=== gorrection

mz_1
—=

B Ty, distribution _z/, =
lim dxTE = E x j dx lim T,

R=0 J_Rr/2 R—00
reproduce the Eyyc calculated by Dashen et al.
B T, distribution
TR is constant = 3,T°' +9;T* =0

EMT conservation law is satisfied
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Comparison with Goldhaber et al.

. . . Goldhaber, et al. 2003
Different regularization

Our study: finite system Previous study: infinite system
3V2m 1 rev 3m? .
Tézo(x) = 27T R + Too(x) Too ' (x) = — AT coshz(mx/\/Z) + Too (%)
3V2m 1 3m? 1
R _ - Prev -
Iy = 2T R T () 41 cosh?(mx/V?2)

D

@ Different result for “finite” and “infinite” regularizations
4 f_oo dx T(%QO — f_oo dx T({’Orev = Epashen+
® 0TI £ 0

T3¢ is inconsistent with EMT conservation law.

¥

Our result is more reliable. 14/15



1-loop calculation of EMT distribution around
a soliton in 1+1d real scalar ¢* model

- Removing IR divergences by collective coordinate method

- Removing UV divergences by
vacuum subtraction(Mode number cutoff )
and mass renormalization

- The spatial integrals of obtained T, reproduce the
known total energies.

T;, are consistent with the EMT conservation laws

Future work:

2+1d ¢p*model - finite temperature - sine-Gordon model
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