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Motivation
To construct the bulk from the boundary in the context of
AdS/CFT,
build the cMERA non-perturbatively for interacting theories

Result

» Derive a non-perturbative flow equation(ERG eq)
for wave functionals

» Check the validity of the flow equation to the first-order
perturbation in ¢* theory
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MERA and AdS/CFT

AdS/CFT correspondence

Gravity on AdS < CFT on the boundary[Maldacena, 1999]
Classical gravity < Large N strong coupling gauge theory

How to construct the bulk theory
from the boundary theory? MERA AdS/CFT
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Correspondence between MERA & AdS/CFT
RG scale corresponds to the bulk direction
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MERA and AdS/CFT

AdS/CFT correspondence

Gravity on AdS < CFT on the boundary[Maldacena, 1999]
Classical gravity < Large N strong coupling gauge theory

How to construct the bulk theory
from the boundary theory? RG MERA AdS/CFT

scale

Hint: MERA[Vidal, 2007] & AdS/CFT correspondence " /)\ s
[Swingle, 2012] o~ e
LA A =

MERA: P
A numerical method for computing the wave function \>\/< %74 %7
of the ground state w / \/ \ 1\/\]\1\

CFT

Correspondence between MERA & AdS/CFT
RG scale corresponds to the bulk direction

« Multi-layering of the system
by the scale of the RG

 Treating the entanglement
properly by tensors called disentangler

» Applying variational method to obtain the wave
function of the ground state

o Each layer «++ RG scale 420



MERA and AdS/CFT

Intro

MERA network < discrete AdS [Swingle, 2012]
I

MERA enables the explicitly construction

of the bulk geometry

Continuous geometry from continuous fields
= continuous MERA(CMERA)[Haegeman et al., 2013]
for free fields: [Nozaki et al., 2012] (using the variational method)

Nontrivial to construct trial functions
of the variational method for interacting theories

for interacting fields: [Fliss et al., 2017, Cotler et al., 2019]
[Fernandez-Melgarejo and Molina-Vilaplana, 2022]

MERA AdS/CFT
sca\e

Tl A
A KA = e
A ANA R, A

o AARBRARR

Sy o< #Bonds(v4)

. | \ N
CFT
S, o Area(ya)

Correspondence between MERA & AdS/CFT
~va4 : minimal surface of A

5/20



Exact renormalization group

» Continuous geometry — cMERA
 Strong coupling theory to extract classical geometry — Non-perturbation theory

= Should consider the non-perturbative cMERA
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Exact renormalization group

» Continuous geometry — cMERA
 Strong coupling theory to extract classical geometry — Non-perturbation theory

= Should consider the non-perturbative cMERA

How to construct the non-perturbative cMERA?

Constructing the cMERA:

{ equivalent

Obtaining the scale dependence of wave functionals

(c.f. RG scale corresponds to the bulk direction)

Non-perturbative cMERA

= Derive a functional differential equation for wave functionals
from the exact renormalization group(ERG)

Exact renormalization group(or Functional RG)
Gives a functional differential equation(ERG equation)
that describes non-perturbatively the scale-dependence of the effective action

o We consider the ERG equation for wave functional in scalar fields theories 6120



ERG

Exact renormalization group
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Exact renormalization group(ERG)

Requirement
The partition function is unchanged
under the infinitesimal change of the effective cutoff A
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Exact renormalization group(ERG)

Requirement
The partition function is unchanged
under the infinitesimal change of the effective cutoff A

= —A—/D(;Se_SA

A9 sl /&b (e fsAw]}

A: the effective cutoff, S,: the effective action
Ga[¢](p): the UV regularization,

corresponds to a continuum blocking(coarse-graining) procedure

GAlOl(P) = FCA ) 5554 ~25) i

S': the seed action

. 1 '
Cph = —A0rC) : an ERG integration kernel 4\

=we typically, Ca(p) = K(p*/A%)/(p* +m?) T ¢ e




The Polchinski equation [Polchinski, 1984]

Take the seed action S to the free part Sy

§=5= [ 36W)Ci o(-p)

_Aa%e—SA[¢] — p%(p)[GA[qﬁ](p)e—SAW]]
Gal¢l(p) = 3Ca(P) 5555 (Sa — 295)

N 7A8%675A[¢] /p&j(m BCA(p) {&b(é—p)(SA 250)}65A[¢}]
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The Polchinski equation [Polchinski, 1984]

Take the seed action S to the free part S,

S=28= %¢(p)CX1(p)¢>(—p)
an%c*S\[d’] = pédfzp) [GA[¢](p)c S«[aﬂ]
Galol(p) = %CA(P) 545(5,],) (Sa —25)
A s = [0 |1 0 _ o—Sald]
~ o [ 75 520 { gy o 29 pe>

Put Sy = Sg + Sint
The Polchinski equation for S;,,

—N—e int — __ __ A - int
oA 2Jp 6¢(p)d¢(—p)
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The functional differential equation for the interacting part of S

ERG



ERG equation for wave functionals
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Path integral representation of wave functionals

0,5) = ¢(p —00,p) =0
Derive an ERG equation for the #0.8) = ¢(7) #=00.)

wave functional of the ground state

Yalp(P)] = (p(0)|¥a)
_ / D¢ e SO drLAl¢)
#(0,5)= (D)

+oo
<_ / D¢ e-ﬁJdTLAW]) (assume Ly € R — U, € R)
$(0.5)=0(P)
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Path integral representation of wave functionals

0,5) = ¢(p é 0
Derive an ERG equation for the #0.8) = ¢(7) (FoouB) =

wave functional of the ground state

Yalp(P)] = (p(0)|¥a)
_ / D¢ e SO drLAl¢)
#(0,5)= (D)

—+ oo
— / D¢ e-ﬁJdTLAW]) (assume Ly € R — U, € R)
(0,9)=(p)

¥ :/D¢H5 0,) — p(@le”
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ERG equation for U,

Act Ai on the both sides, we obtain

AW o] = /D¢H6[¢<o vl [ i [seatr—rp { g sh - 250 e

Substitute 5, = J, 36@)CF )é(-p),
“Agre M = mw [QCA(p){Jo( ) (SA—%‘O)}fsAM]
- - 1 s 52
= [ D660, k) — o()] o IN Gy P ————UN ()
/ B /7',7",5 |: 2 6¢(T7m6¢(7 77ﬁ') :|

- - ) .
_ ) 5 — - 7___[_/7 -1 T, —T”, - a Al#]
/ p¢1;[ 600 =@ [ ot [Catr = PCR = ot e

41 Total derivative except 7 = 7/ = 0O(first line) & 7 = 0O(second line)
Typically, Ca (0, ) = K (7)/(2+/52 + m?2), where K () damps rapidly for 5> > A?

ERG equation for the wave functional of the ground state

o 1 . (52‘111\ 1 00 6Py
AUy =—- [ CA(0,7 {7+— }
oA 2 1 PN ) 6% 6) D)
CA(0,p oW 174 CA(0,p
_ ( q)so(ﬁ) A Vg, [ 600
Flow eq P Ca(0,p) dp(P) 2 P Ca(0,p) 12/20



Wave functional for a free theory

We can check that ¥, the ground-state wave functional of a free theory,
satisfies the ERG equation
The wave functional

0
V@)= [ DLt
¢(0,0)=¢(p)

LO = [ lKﬁ_l [ar¢(7’m87¢(77 _]7) I (ﬁQ + m2)¢(7,m(ﬁ(7, —ﬁﬂ

1 v -
\IJE\O) — exp {_ [§Kﬁlwﬁ o(P)(—p) + T [log <2K;71) wﬁ}
5 p

— satisfies the ERG equation for the wave functional
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ERG eq for the interaction part of wave functionals

Uale] = D e [2oc 47(Lo+Line)

-/¢>(0,ﬁ>w(ﬁ)
Parametrize

Ualp] = 'Pu® w0y the free part of the wave functional
I[y]: the “interaction part” of ¥,

ERG eq for the interaction part of ¥,

0 1 . 521 ol ol
—Agxl=3 /,30(0’@ {&O(ﬁ)&p(—@ " 5000 39(—p)

Counterpart of the Polchinski equation

Flow eq 14/20



Perturbative check
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1st-order perturbation of ¢* theory

Lo = ﬁ %Kgl [0-0(7,9)0, (1, —P) + (B* + m*) (7, D) (T, —P)]
Lins = 6% / &(7, D) (T, —F)

L (z)(Taﬁ1)¢(T7ﬁ2)¢(77ﬁ3)¢(7-7ﬁ4)5(ﬁ1 +ﬁ2 +ﬁ3 +ﬁ4)
P1...-p4

A
T

Uy = eI\IlE\O), \115\0): the free part of the wave functional
I: 1Pl diagrams
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1st-order perturbation of ¢* theory

The ERG equation for I :

P 521 5T oI

S / (o,

oA N e T e

—_—————

=())
1PI diagrams for 1st-order perturbation of I:
om?
—— / B~ ﬁ)—

)\ 8(p1 + P + P + )
— ()01...804
4 7 w1 + w2 + w3 + wy
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1st-order perturbation of ¢* theory

Using the flow equation for §m? which is obtained by the Polchinski eq

—Ai(5m2 = A Ka(P)

= [ satisfies the ERG equation
The ERG equation is valid to the 1st order perturbation of ¢* theory
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Conclusion
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Conclusion

Summary
+ Derive the ERG equation that determines non-perturbatively the scale dependence of
wave functionals in scalar field theories
» Check the validity of the ERG equation to the 1st-order perturbation

Future Work
+ Determine the entangler of cMERA non-perturbatively
+ Calculate the entanglement entropy

 Extract the geometry from the information metric
cf. For the case of the massless scalar field,
pure AdS is extracted from the information metric[Nozaki et al., 2012]
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Backup slides
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(d + 1) dimensional Euclidean spacetime

/pE/(;lj:)_;fl7 /ﬁE/(;li];d7 /TE/dry

3(p) = (2m)*5(p)

S

V =45(0)

We frequently use ¢(p) and ¢(7, p), which are transformed each other by

$(p) = $(E, ) = / dro(r, Ple—E" .

Conclusion I
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