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Basic introduction

of the TT deformation




Definition:

We focus on two dimensional spacetime with complex coordinates

z =x + I,
Z =x — it,
then in { z, Z} coordinates,
det[ij] — _4('["[_' s @2), Zamolodchikov ‘04

Our notations are following

T = Tzz, T = ZZ, © = ng.
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Deformation of T Tbar

LN — pN) L SATT




Example: uv
From free bosons to Nambu-Goto

N-free Boson ‘

L0 = 0¢pdg¢

L/1+A/1

Before the deformation: (Free boson)

N+2 dimensional $tring

_ 1
A— oy s
L= [42040¢p +1 - —
(Nambu-Goto action IR
- Noncritical String theory)

Cavaglia,Negro,Szecsenyi,Tateo ‘16

EXAMPLE a8/128



TTbar-deformed

torus partition functions




The deformation of correlation function

(O1(21,21)O0a(22,22) -+ - Op(2n, Zn))a = /\/dgz(TT(z, 2)O1(21,71)0a(22, 22) - - Op(2n, Zn))

Energy-Momentum conservation

(O1(21,21)Oa(22, 22) - - - Onl 20, Zn)) 2 :A/d%(i ((Z _hzzt)2 T < )) (En: ((— hi—. T

& — R

1=1

X (O1(21,21)Oa(2, Z2) - - Op(24, Zn)),

=1

Conformal Ward Identity




Go beyond the 15t order?

* Conformal symmetry does not hold.

* Wald Identity breaks down due to higher order
deformation of TTbar.

* Solve the effective action order by order and go further.



TThar deformation on
torus:

Field theory defined on torus

has (anti-) periodic boundary condition

Im[z]

Bosons : ¢(z + 1) = ¢(z), d(z+T1)=o(2) ' ’ ’ ‘ ;TQ ; 5 |
Fermions : (e +1) = 7(2),  w{z+7) = (@) | (o6 2)0(e ) =(4ng) (o | A g Pzl
(v,u) = {(0,0),(0,1/2),(1/2,0), (1/2,1/2)}| ¢ s i sr 2
Green functions of free theories are comprised
of (anti) double periodic functions /
(Weierstrass elliptic functions, Jacobi theta functions) o w1 “Flat” torus et
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Path integral formulation:

perturbation approach

The deformed partition function in the Lagrangian path integral formalism

= /[d¢] exp{ - /Tz £91}-

dcr 1
v /er/\ T/\
dx 20 © Twelee

PATH INTEGRAL FORMULATION TTDEFORMED PARTITION FUNCTIONS




TTbar deformed Partiion function

72 = /qu e ImLd

:Z(O)_/\Z(O)/ (£(1)>+ 7(0) / (ﬁ(l)( )[,(l) / (ﬁ(z) —I—(’)(X;)
J M M’

2
=20 +AzZM 4 %Z“” F O()3),

Detformed Partition function up to second order

Z0 = / D ¢~ Im £,
(1) :_Z(n)/ (LMY,
M
Z® =70 ( / (LD (z) LM (z)) — / (L2)).
MJIM M

12




15t order deformation LW = —%T(O)T(O) = —4¢%(0000)?,
70

nd : 9 1 0)(1 =(0) (1)) _ 3/9.49.4\3
2°¢ otdet deformation £ = ——(7OTM + TOTW) = 324%(960¢)*.

/I

Regulized Z

2(2) _ z(0) (/T% [r@xl)ﬁ(n@_ /T2<£(2)>_%/T2<£ct))

2
89 (0006)” + : }

mTe? 2473 €0

SH, Yuan Sun, Yu-Xuan Zhang, 2011.02901

EFB,ct R /\2 : {
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Free bosons Ezm o -/;%2<?(1)>'>

7(0) _

_&
SFB—2/7_2

d°x9, 0" b,

The additional term (2
contribution comes from 7‘2< )

1 i
|
VT2In(7)|? |
Free Boson

S _ 1

-~ 7(0)

Z?) =16(1,0202 + iTp(0207 — 020,))Z\ +{(720,07 — 67,2)2(0) }

0
7'287-87‘-2( ), O. Aharony, S. Datta, A. Giveon, Y. Jiang and D. Kfitasov, 18
[1806.07426]
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FREE BOSONS
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Free bosons Ezm o -/;%2<?(1)>'>

|
Ses 25/ d2xA.. b ‘ [
2 Je Faqa(zl,zl)éqs(zz,zz» =(mg) " (160 (z0) ~ — 4 30 w0 (a1~ (mt-m) )

1 {m:n}?é{olo}
7(0) _ . a \
\/ T2 ”'7(’7)| |
Free Bosoni
1
1 0
Z( ) :ﬁT2afrafT—Z( ), O. Aharony, S. Datta, A. Giveon, Y. Jiang and D. Kjitasov, 18

7?2) =16(120202 + i (020> — 920,)) 20 +

FREE BOSONS TTDEFORMED PARTITION FUNCTIONS



4

Operator with flow effect:
O = ZZO:U %O(n)- <O>tor.

T 2|m | 1 2 y )
(T*)ior. B :(’11 - 2—) & A ( Iml” 5 (’]1 = '71) + (—Tzf_ll = 1)'1()~rf11) +0(\?)
T2 Vs

T2 ™

1
=
™

=
=

| S

L
=
™

%
=y

S

A ml> 2 3T .
O ). (_I nl® . 2 (i + ) - _) L O02), SH, Yuan Sun, Yu-Xuan Zhang, 2011.02901

s To 472

2021/7/12 TT - flow effects on torus partition functions 16



Resulting VEV of KdV
(P{\)(’},pn == 5. I O()\?), (periodic B.C.)

12 i
P onr :% + - ;_; + O(XN?), (antiperiodic B.C.)
(P2 e BUNEST W—Q + O()\%), (antiperiodic B.C.)
’ 24 288
SH, Yuan Sun, Yu-Xuan Zhang, 2011.02901
(Pl)‘)é,np z—% + A- g + O(X?%), (periodic B.C.)

a 2 V.S. M. Asrat,
(PY)onr = T~ O()\?). (periodic B.C.) 2002.04824

2021/7/12 TT - flow effects on torus partition functions




Wormhole induced by
1D TTbhar deformation




Massive Gravity

2D TTbaI' S/\ = Sg'rav[gul/a ’YIJ,V] ol SO[g[.uM 1/)]

A. . Tolley, 1911.06142

a fa 1 g v a a
Seearlef 11 = 53y / 2z e eap(e® — [2)(eb — f2) T,
EOM of /, EOM of
2 OS)le, f, Y] 2 1 b b ()S'O[ z/)]
P = A& = — et == ——€" €qpley, —
hy = dPT( @) 0, " T det(, ) canl ( f V s 7T2/\€ €’y = fo) oery,
’on—shell value of Sgray
L) = et / 2z det(T?) ) Same as TThar flow eq.
dA 1, i



Massive Gravity

Sle; v, 0] = Sgrav e, V"] + So ey, @)

i |
/ Sg = /(h‘(t (—pc)to - Ho(o.p))
: €t
: 1 i / I |
Serav (€, V"] = 1 / dte,B (eqv") o dl dT
. ~ B =— Bp=l. 8=—1
dt dt

o T '
Gt o ((_) +B ((_) — AH = 0.
dt dt dt One H deformation

SH, Zhuoyu Xian2104.03852
1 — g1 —RHX
TThar deformed f(H) = 75 ..

Hamiltonian D. J. Gross, J. Krutho, A. Rolph and E. Shaghoulian,1912.06132

- 1)2
B(z) = ¢ Smgl) |




H=H L+H R |f (H) =
TTbar deformed

I+ AT, 6l6t) (1 — 8AV(6)— 1
4\

Ly =
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TFD under the 7T deformation

Consider a deformation
H) = f(Hr + Hg). eg f(H)=H+2\H".
TT deformed TFD: Deform and evolve the TFD |¥) with H)y

[Wa) =) e PIERIE) B, p=) e PIB|E)(E
E E

(1)) =e W) pa(t) = pa

) = 9) /VZ(B). |[Ir) = 92) /VZA(B).

Normalization
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Causal correlation caused by the 7T deformation
Up to 1st order f(H) = H + 2)\H?
OL=0®1, Op=10".

the deformed retarded correlator

Grg(t,ta) = —iO(t-) <‘I’ [OL(t1), Og(t2)] OL(t1)ORg(t2)

\il> = 2@(1‘_)1111<\I~f

\i1>

=—i0(t_) (¥ (—aixt_0 (1)0F(t2) + O )m)
= — AX_O(t_)Gly (—ty: B) + O[N],

Non-vanishing means the causal correlation.
Gy (—t4: 3) is maximized at ¢4 = 0. So the signal comes out from QM around the time
t1 = —to.

2021/7/12 23




Re(Gr(t, -B))

Im(Gir(t, -B)

2021/7/12

B

Grr(t,—p) for the SYK model
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Summary
and
future works




Summary

* The second order correction contains the TTbar flow effect in path
integral formalism.

Partition function & KdV operator

* Reformalize the 1D TTbar deformation to realize the quantum
transversible wormhole.

SUMMARY SUMMARY AND FUTURE WORKS 26/23




Future works

Generic higher order correlation functions on 2D Rieman surface
in deformed theory.

Formulate the JT+CFTs in terms of TTbar deformation

2D Bosonization of TThar...

Correlation functions in Lorentz-breaking theory [M. Guica,

Cardy...], ...
How can we do TTbar deformation of the gravity theory

FUTURE WORKS SUMMARY AND FUTURE WORKS 27/23




Thank you for your attention!




