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Summary of today’ s talk

* Ne investigate an irrelevant deformation of 2D
QFT, called "TT-deformation”

In particular, TT-deformation of the free
massless O(N) vector model is the Nambu-Goto
action in the static gauge

 We computed the thermal free energy from the
path integral in the large N [imit and the
Burgers equation
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What is TT-deformation?

e An irrelevant deformation of 2D QFT

[F.Smirnov and A.Zamolodchikov |1608.05499]
[A.Cavaglia, S.Negro, I.Szécsényi and R.Tateo 1608.05534]

eIt follows “TT flow equation”
+éa) _ (@)
L(CX a) — L(Gf) - 5“ det(T‘uv ) L(a_l_ CZ)

d
& — L@ = —det(T}))

da L@

Tu(f) : Energy-Momentum Tensor of L)

a : deformation parameter
[a] = M2
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O(N) vector and Nambu—-Goto

e TT-deformation of the free massless 0(N)

vector model is the Nambu-Goto action
[G.Bonelli, N.Doroud and M. Zhu 1804.10967]

L=—(0,8) wh Ly = J— det hy,

/huv = Vijau¢iav¢j

,,j =1,0,1,...,N

~
in the static gauge

x 9 x1 yij = diag (—,+, ... +)
¢T — (O J— \
V2a’ V2a

= related to string theory at classical level

(Note: the dimensions of target space are N+2)
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TT-deformed energy spectrum

e Hami | tonian of TT-deformed theories satisfies

d
_ (a)
% H(a) = det Tuv

e If the spacetime is a infinitely long cylinder,
we can calculate the deformed energy spectrum
from the Burgers equation [A.B.Zamolodchikov 0401 | 146]

9 @ _p@ 9 @ B

da " " OR " R?
X~X+R
B, ---momentum of the eigenstate
(Note: By multiplying expg—ﬁE,(l“)) and taking sum about all energy

eigenstates, we get the TT flow equation)
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Background

e TT-deformation has many interesting features

e But we know that irrelevant theories should
have some inconsistencies as QFT

e For example, we showed that TT-deformed free
O(N) vector model in the large N limit has o
negative—-norm state

[JH, T. Ishii,H.Kawai, K. Sakai, K. Yoshida 2002.01414]
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Motivation

e In the previous paper, we studied the model on
the flat spacetime

e But we cannot compare the result with one from
the Burgers equation

e e compute some physical quantities on o
cylider
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Our work

e We study thermodynamics of the TT-deformed
free massless O(N) vector model

e The thermal free energy can be calculated in
two ways: the path integral and the Burgers
equation
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Path integral

* Here we calculate the thermal free energy by
the path integral

e From the point of view of a perturbation
theory, the Lagrangian has infinitely many
Iinteractions

£=—(36) 2
| @) - +(@d)' @)’ - (@08 08)’)

 le consider the large N limit

+ 0(a?)

N — oo, aN:fixed
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Auxiliary fields

e With auxiliaory fields C*Y, the Lagrangian is
rewritten in a quadratic form of ¢

CHV ... a symmetric auxiliary field
(Note: We rescaled a —» a/N)

 After integrating ¢ out, we get

2
as the effective action for CHV

IN
Seff = —-trlog(—0d,V— C“V6V)+—jdx (— —CCH ’7uv—1>
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Free energy in large N

e In the large N limit, integration of CHY is
equivalent to substituting the values at the
stationary point of Seff

* The thermal free energy density fp; is related
10 Seff as

=——5
fPI ifdx eff

stationary point

e After calculation, we get

N L+ 1 2% «
fPI_ZC( V 3 ,82
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Calculation with Burgers eaq.

* Here we calculate the thermal free energy with
the Burgers equation

e The crucial point is the Zamolodchikov’s
argument in his old paper
[A.B, Zamolodchikov Nucl.Phys.B 342 (1990) 695-720]

* He showed that the thermal free energy of a
theory on R%! with the inverse temperature f
Is related to the ground state energy of the
theory on a cylinder with a circumference f:

f(R1,1) _ E(()Rlxsl)/R

R=p
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Free enegy from Burgers eq.

e With the result of N free massless scalars on
a cylinder, we get the ground state energy
from the Burgers eq.

R la=0 6 Rz

E % N E N 212 «
Y — ‘ ?O(Q/N):ﬂ<_1+\/1_7ﬁ>

e With the Zamolodchikov’ s argument, we get

N 2% «
fBu‘rgzﬂ _1+\11_ 3 ,82
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Resul ts

f N 1+ |1 on” « (leadi in | N)
p; = — | — = eading in large
2 \ 3 p
N 2T? «
fBurg zﬂ -1+ 1‘?? (thermodynamic limit)
N

e These results are the same
e Sub-leading corrections?
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Summary

e Studied an irrelevant deformaTion_pf 2D
quantum field theories, called "TT -
deformation”

e Computed the thermal free energy from the path
integral and the Burgers equation

e The results are identical at leading order in
the large N limit

Thank you!
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Example of TT deformation

* Consider the free massless O(N) vector model

(O) — ( )2 [Qbi'-- real scolors}

i=1..N
e TT-deformation of this model is

r@ — %<_1 + \/1 — 40((%([_,’)2 — 16a? <(00$)2(015)2 — (505 : 615)2))

[G.Bonelli, N.Doroud, M.Zhu |1804.1096%7]
[A.Cavaglia, S.Negro, I.Szécsényi, R.Tateo 1608.05534]
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Good properties of detT,,

[A.B.Zamolodchikov hep-th/0401 | 1 46]

* detT,, Is a composite operator, but can be
defined well as a local operator

detT,, (z,w) = 0.7(z) + (total derivative)

e [ts expectation value in energy eigenstates
factorizes into products of one point
functions

(det Tﬂ")n = (Too)n{T11)n — {To1)n{T10)n

(0)n = (n|0|n)
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Zamo lodchikov’ s argument

e Thermal free energy can be calculate from

= oven(-,, ) -on{-f 1)

« If we exchange roles of the (Euclidean) time
and space, we get

o E(Rlxsl)
7 = exp(—fdxlE(gR - )> = exp —fdsz 0 -

e Then we conclude

f(Rl,l) _ E(()Rlxsl)/R ‘Rzﬁ
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Example of TT deformation

e We give a examples of TT-deformed theories
e We begin with the free massless scalar

£O = ~(0,9)°

e TT deformation of this model is

@ — i<_1 T \/1 — 4a(0u¢)2>

2
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o PR THRRED

Zoqn = J DPD7 exp <i j dx [:)

(5 _ zi( \/1 S 4a(01$)2 + 16a2(7_f : 01(5)2>

hz

« BBNIZDEN

N ) ) ) -
£= ﬁ(ﬁ 09 + 4 (n? + (8,8)" — 207 01) + (o> —p) — 1+ /1= p) —%trlog/l
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s BMIEREESITY

Zoqn = j D$D7DADpDa exp <i J dx [:)

= f DADpDo exp(iSefy)

IN 1 N
Seff = 7tr log (—00).60 + Z((’)O - /1001)2> + ﬂde (A(6?2—p)—1+1—p)

- EERERALTAHIRLF-—DERX

| 2% «
fcanzﬁ -1+ 1_Tﬁ
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How to resolve?

e Possible candidates

|. The canonical formalism of the path integral
differs from the Lagrangian formalism?

2. I/N corrections cancel out at all-order?
3. The Burgers equation or the operator

formalism cannot capture I/N corrections?
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Hami | fonian and Path integral

e Hami | tonian of static NG model is

1 S -
Hiv = 5 <1 - J 1 — 4a(,) — ait? + 4a?(7 a1¢)2>

e Hami I tonian is NOT a quadratic form of 7

= The canonical and Lagrangian formalism of the
path integral are NOT equal generally

ngBDﬁ exp(ifdx(ﬁ-aoqg—}[)> + fDquxp(ifdx L)
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Free energy in canonical PI

e With the large N method, we can calculate the
free energy in the canonical formalism of the
path integral as well as in the Lagarangian

formalism

e But the result coincides with the one in the
Lagrangian formal ism

fcan —

2Q

N
-1+ |1
\

2% «a
3 B?

e We do not understand the reason yet...
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Summary

e This means that the |/N corrections may make a
difference between the two methods

* There are several possible candidates to
resolve this inconsistency
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