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Introduction
In recent time tools from QI has played important role 

to advance our understand  about the mechanism of AdS/CFT
For eg: Entanglement  entropy 

                         Ryu-Takayanagi prescription: 

  

Holographic Calculations 
(Given: an entangling region A at AdS boundary)

● Modular Hamiltonian:

Calculate holographic stress tensor at boundary
 g
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● Entanglement Entropy:

Find a minimal surface  γ
A
:  z = f (r) 

                                             (spherical surfaces)
                                                

and EE is 

(Ryu -Takayanagi, 
     Phys.Rev.Lett.96:181602,2006)

This duality becomes more stimulating in the context of Black hole 

Eternal Black Hole 
AdS/CFT

Thermofield Double 

EE is not a good probe for physics behind horizon



“Complexity” is dual to these two objects  ? 
 Can we compute it field theory ?

(Carmi, Chapman, Lehner,Myers, 
Marrochio, Poisson, Sorkin,Sugishita

et al…)

CV (⌃) = max

hV(B)
GN l

i
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Two interesting objects probing the interior of black hole

Grows with time and keep growing even after the thermalization time

(picture courtesy Jefferson-Myers, 1707.08570 [hep-th])



How difficult is to implement a task ?

“minimize the number of  operations”  

 how difficult is to prepare a particular state ?  

Important applications in QI and Quantum Many body physics

Here we will use  the notion of “Circuit complexity”

 (Vidal ’03, ’04, F. Verstraete and I.Cirac ’06,09
  N. Schuch, I. Cirac, and F. Verstraete ’08,
 D. Aharonov, I. Arad, Z. Landau, and U. 
Vazirani ’11)

Computational Complexity
Generically:  

will depend on the choice of  the reference state  



Free QFT computation: Jefferson Myers ‘17 using Nielsen approach
 

But to make contact with holography we need to understand 
this interacting QFT.

Jordan-Lee-Preskill (2012): Non-perturbative computation of n-particle 
scattering for        theory  by a quantum computer provides an exponential 
advantage over perturbative method which uses Feynman Diagrams.

(for other approaches  refer to Chapman, Heller, Marrochio, Pastawski 
(arXiv:1707.08582)[Phys. Rev. Lett. 120,121602(2018)],  

Caputa, Kundu, Miyaji, Takyanagi,Watanabe arXiv: 1706.07056 [JHEP11(2017)097])
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Motivated by all these we ask what other important aspects of QFTs
can be capture of “Complexity”  

Then question naturally arises how a quantum computer would compute 
other interesting quantities that are calculated by conventional means

RG flow is one important aspects: what we can we say about it 
in terms complexity ?



Circuit complexity for Interacting QFT

theory:��4
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Discretize:
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AB, A.Shekar, A. Sinha,
JHEP 1810 (2018) 140,

arXiv: 1808.03105[hep-th]
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Normal Mode:

Hamiltonian gets diagonalized 

Sum of Anhamronic oscillator 

We solve the ground state perturbatively, linear order in  � ⌧ 1
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and compute circuit complexity (minimal circuit depth) for it. 



Circuit complexity using Nielsen approach: 

U(s) =
 �P exp(i

Z s

0
ds Y I

(s)OI(s)),
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Path ordering

control functions 

Boundary conditions: 

Optimal Circuit:  We need to find  optimal Y I(s)
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achieved by minimizing some kind of action 
“Cost function”                 for these Y I(s)
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Complexity:

(Nielsen quant-ph/0502070, 
Nielsen,  Dowling, Gu, Doherty,quant-ph/0603161

M.~A. Nielsen and M.~R. Dowling,quant-ph/0701004) 

Generators of the
elementary gates

We choose: F(U, U̇) =
X

I

pI |Y I(s)|
<latexit sha1_base64="U1NKEufx7XsGKxiog2KGsRAoWAI=">AAACF3icbVDLSgMxFM3UV62vqks3wSK0IGWmCroRioLoroLTVtqxZNK0Dc1khiQjlOn8hRt/xY0LRdzqzr8x085CWw/kcjj33iTnuAGjUpnmt5FZWFxaXsmu5tbWNza38ts7demHAhMb+8wXTRdJwigntqKKkWYgCPJcRhru8CLpNx6IkNTnt2oUEMdDfU57FCOlpU6+3PaQGmDEosu4aB+2u76CdumsLUOvE13HMEjq+O5e16IsjTv5glk2J4DzxEpJAaSodfJf+koceoQrzJCULcsMlBMhoShmJM61Q0kChIeoT1qacuQR6UQTXzE80EoX9nyhD1dwov7eiJAn5chz9WTiQs72EvG/XitUvVMnojwIFeF4+lAvZFD5MAkJdqkgWLGRJggLqv8K8QAJhJWOMqdDsGYtz5N6pWwdlSs3x4XqeRpHFuyBfVAEFjgBVXAFasAGGDyCZ/AK3own48V4Nz6moxkj3dkFf2B8/gAoZZ9L</latexit>

pI
<latexit sha1_base64="1aaC2ZH5NUl9q97Ufnh/PVkuuLI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0oreK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0kPTueqWyW3FnIMvEy0kZctR7pa9uP2ZphNIwQbXueG5i/Iwqw5nASbGbakwoG9EBdiyVNELtZ7NTJ+TUKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODWAwgGd4hTdHOC/Ou/Mxb11x8pkj+APn8wclLo20</latexit>

penalty factor:  we fix it  such that we recover 
free theory result for � = 0
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Ground state of Unentangled 
State ��4
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T (x̃0, · · · x̃N�1) = U(s = 1) R(x̃0, · · · x̃N�1)
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To elaborate: Let us first  focus on N=2 oscillator case in d=1+1 
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JHEP 1810 (2018) 140,

arXiv: 1808.03105[hep-th]
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Can be easily checked 
that in original basis 
it does not have any 

entanglement
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Gaussian Non-Gaussian



Now we will have: 
A(s = 1) = U(s = 1).A(s = 0).U(s = 1)T
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We take them to 
be GL(R) 

generators

For this case of two oscillator:  N=2, d=2 U(s)
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is  a GL(5,R) unitary  

Given the block  structures of A(s) we parametrize U(s) it in the following way, 
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(s)) sin (⌧
3

(s)))
(cosh (⇢

3

(s)) sin (⌧
3

(s)) + cos (✓
3

(s)) sinh (⇢
3

(s))) (cos (⌧
3

(s)) cosh (⇢
3

(s)) + sin (✓
3

(s)) sinh (⇢
3

(s)))

�
<latexit sha1_base64="od3vdoJlK9PkrEaHhaRCDFwMqN0="></latexit>

this is nothing but R3 ⇥ SL(2, R)
<latexit sha1_base64="22PuhQAupcTuwGribDoF5+tr5r8=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0GIIGF3I+gx4MWDhxjNA5I1zE5mkyGzD2ZmxbDkV7x4UMSrP+LNv3GS7EETCxqKqm66u7yYM6ks69tYWV1b39jMbeW3d3b39s2DQlNGiSC0QSIeibaHJeUspA3FFKftWFAceJy2vNHV1G89UiFZFN6rcUzdAA9C5jOClZZ6ZqH+UEFdxQIq0d1NyTmrn/bMolW2ZkDLxM5IETLUeuZXtx+RJKChIhxL2bGtWLkpFooRTif5biJpjMkID2hH0xDrZW46u32CTrTSR34kdIUKzdTfEykOpBwHnu4MsBrKRW8q/ud1EuVfuikL40TRkMwX+QlHKkLTIFCfCUoUH2uCiWD6VkSGWGCidFx5HYK9+PIyaTplu1J2bs+LVSeLIwdHcAwlsOECqnANNWgAgSd4hld4MybGi/FufMxbV4xs5hD+wPj8AUCJkpQ=</latexit>

Metric: ds2 = GIJdY
IdY J ,

= 2

⇣
dy21 + dy22 + d⇢21 + p[dy23 + d⇢23

+ cosh(2⇢3) sinh
2
(⇢3)d✓

2
3 + cosh(2⇢3) cosh

2
(⇢3)d⌧

2
3 � sinh

2
(2⇢3)d✓3d⌧3]

⌘

<latexit sha1_base64="IYoYPamXykPKnM1MuSF+zSC8LEY="></latexit>

penalty factor 
proportional to �

<latexit sha1_base64="K3ZLdk+uXZGoxi5Edyv8gdYgx7s=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFtKJPJTTt0MgkzE6GEfoQbF4q49Xvc+TdO2yy09cDA4ZxzmXtPkAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmGLZZIhLVC6hGwSW2DTcCe6lCGgcCu8Hkbu53n1BpnshHM03Rj+lI8ogzaqzUHQgbDemwWnPr7gJknXgFqUGB1rD6NQgTlsUoDRNU677npsbPqTKcCZxVBpnGlLIJHWHfUklj1H6+WHdGLqwSkihR9klDFurviZzGWk/jwCZjasZ61ZuL/3n9zES3fs5lmhmUbPlRlAliEjK/nYRcITNiagllittdCRtTRZmxDVVsCd7qyeuk06h7V/XGw3Wt2SjqKMMZnMMleHADTbiHFrSBwQSe4RXenNR5cd6dj2W05BQzp/AHzucPOUOPcQ==</latexit>



Geodesic: Given this we know find the geodesics with 
the following boundary conditions 

A(s = 1) = U(s = 1).A(s = 0).U(s = 1)T
<latexit sha1_base64="6J17iqXo7SNHn5Qdgy7YETalrNE=">AAACC3icbVA9T8MwEHXKVylfAUYWqxVSWaIEkGCpVGBhLFLTVmpD5bhua9VxIttBqqLuLPwVFgYQYuUPsPFvcNIM0PIk6969u9P5nh8xKpVtfxuFldW19Y3iZmlre2d3z9w/aMkwFpi4OGSh6PhIEkY5cRVVjHQiQVDgM9L2Jzdpvf1AhKQhb6ppRLwAjTgdUoyUlvpm+aoqa85JDbpZtGCa2zrO8/ukOeubFduyM8Bl4uSkAnI0+uZXbxDiOCBcYYak7Dp2pLwECUUxI7NSL5YkQniCRqSrKUcBkV6S3TKDx1oZwGEo9OMKZurviQQFUk4DX3cGSI3lYi0V/6t1YzW89BLKo1gRjueLhjGDKoSpMXBABcGKTTVBWFD9V4jHSCCstH0lbYKzePIyaZ1azpll351X6te5HUVwBMqgChxwAergFjSACzB4BM/gFbwZT8aL8W58zFsLRj5zCP7A+PwB+OWWlw==</latexit>

U(s = 0) = I ) {⇢1(0) = ⇢3(0) = y1(0) = y2(0) = y3(0) = 0}
<latexit sha1_base64="4o73+oUcOQ2QhvkdCYQ/fMtMuu8="></latexit>

Initial condition: s=0:
Final condition : s=1

y1(s) = y1(1)s, ⇢1(s) = ⇢(1) s,

y3(s) = y3(1)s, ⇢3(s) = ⇢(1)s,

⌧3(s) = 0, ✓3(s) = ✓0,

y2(s) = y2(1)s
<latexit sha1_base64="MKyjtPqCwgJWZ2RM61JLBMvJS2Y="></latexit>

The simplest solution is a “straight line geodesic”
Jefferson-Myers, 1707.08570 [hep-th]

AB, A.Shekar, A. Sinha,
arXiv: 1808.03105[hep-th]

C=1(U) =

Z 1

0
F(U, U̇)ds

<latexit sha1_base64="qhQv3JXjoIbxbpuXT4dvL6ULhlQ=">AAACI3icbVDLSgMxFM34tr6qLt0Ei6AgZaYKilAQC+KygqNCpw530lRDM5khuSOUof/ixl9x40Ipblz4L6YPxNeBwOGcc8m9J0qlMOi6787E5NT0zOzcfGFhcWl5pbi6dmmSTDPus0Qm+joCw6VQ3EeBkl+nmkMcSX4VdWoD/+qeayMSdYHdlDdjuFWiLRiglcLiURAD3jGQea0X5kEH0hSqXm/b36kGQmHo3nhfiVMr7watBKm/Q1smLJbcsjsE/Uu8MSmRMephsW+HWRZzhUyCMQ3PTbGZg0bBJO8VgszwFFgHbnnDUgUxN818eGOPblmlRduJtk8hHarfJ3KIjenGkU0O9jW/vYH4n9fIsH3YzIVKM+SKjT5qZ5JiQgeF0ZbQnKHsWgJMC7srZXeggaGttWBL8H6f/JdcVsreXrlyvl86PhnXMUc2yCbZJh45IMfkjNSJTxh5IE/khbw6j86z03feRtEJZzyzTn7A+fgElQqjjw==</latexit>

Then, F(U, U̇) =
X

I

pI |Y I(s)|
<latexit sha1_base64="U1NKEufx7XsGKxiog2KGsRAoWAI=">AAACF3icbVDLSgMxFM3UV62vqks3wSK0IGWmCroRioLoroLTVtqxZNK0Dc1khiQjlOn8hRt/xY0LRdzqzr8x085CWw/kcjj33iTnuAGjUpnmt5FZWFxaXsmu5tbWNza38ts7demHAhMb+8wXTRdJwigntqKKkWYgCPJcRhru8CLpNx6IkNTnt2oUEMdDfU57FCOlpU6+3PaQGmDEosu4aB+2u76CdumsLUOvE13HMEjq+O5e16IsjTv5glk2J4DzxEpJAaSodfJf+koceoQrzJCULcsMlBMhoShmJM61Q0kChIeoT1qacuQR6UQTXzE80EoX9nyhD1dwov7eiJAn5chz9WTiQs72EvG/XitUvVMnojwIFeF4+lAvZFD5MAkJdqkgWLGRJggLqv8K8QAJhJWOMqdDsGYtz5N6pWwdlSs3x4XqeRpHFuyBfVAEFjgBVXAFasAGGDyCZ/AK3own48V4Nz6moxkj3dkFf2B8/gAoZZ9L</latexit>

,

gets minimized on this geodesic and the minimum value 
corresponds to the circuit complexity

Next we analyze the results for arbitrary N and arbitrary “d”



Results

Continuous Limit: 

  
AB, A. Shekar, A. Sinha,
JHEP 1810 (2018) 140,

arXiv: 1808.03105[hep-th]

N ! 1, � ! 0, N � ! finite
<latexit sha1_base64="ZW3mD+ycTsJmq8bWEGsOnUDtZaM="></latexit>

C=1 =

1

2

d�1X

k=1

hN�1X

ik=0

��� log
!̃ik

!̃ref

���+
3� �

2N

N�1X

ik=0

1

!̃3
ik

+O(�2
)

<latexit sha1_base64="QrMFK8pkSU0bsaKEst+bmmUneKQ="></latexit>

Also we will rewrite everything in terms of Renormalized quantities 

At 1-loop Renormalization order:

d=2: (m �)2 = (mR �)2 � �R �2

2


C0 � 2C1 log(mR �)� C2(mR �)2 +

1

32⇡
(mR �)2 log((mR �)2) +O((mR �)4)

�

<latexit sha1_base64="yHMF70hTZutQGKY+vOXYh5Jr0yY="></latexit>

C0 = 0.28, C1 = 0.08, C2 = 0.02.
<latexit sha1_base64="ks4HeP6LafU8Jfv+JoqQb4RLZuw=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCghiYLdFIrZuKxgL9CGMJlO2qGTCzMToYSu3Pgqblwo4tZncOfbOGmz0NYDw3z8/znMnN9PGBXSNL+10tr6xuZWebuys7u3f6AfHnVEnHJM2jhmMe/5SBBGI9KWVDLSSzhBoc9I1584ud99IFzQOLqX04S4IRpFNKAYSSV5+qnjmQ1oGna9Bh3PapiGWa85np2DbXh6Vd3zgqtgFVAFRbU8/WswjHEakkhihoToW2Yi3QxxSTEjs8ogFSRBeIJGpK8wQiERbjZfYwbPlTKEQczViSScq78nMhQKMQ191RkiORbLXi7+5/VTGdTdjEZJKkmEFw8FKYMyhnkmcEg5wZJNFSDMqforxGPEEZYquYoKwVpeeRU6tmFdGubdVbV5U8RRBifgDFwAC1yDJrgFLdAGGDyCZ/AK3rQn7UV71z4WrSWtmDkGf0r7/AGPhpQT</latexit>

d � 3
<latexit sha1_base64="K5kMbLjfUXIPn3VTZZ6idyRoFf0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0msoMeiF48V7Ae0oWw2k3bpZhN3N0Ip/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqzUDnsDfCS1frniVt05yCrxclKBHI1++asXJiyLURomqNZdz02NP6HKcCZwWuplGlPKRnSAXUsljVH7k/m5U3JmlZBEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MdO1PuEwzg5ItFkWZICYhs99JyBUyI8aWUKa4vZWwIVWUGZtQyYbgLb+8SloXVa9Wde8vK/WbPI4inMApnIMHV1CHO2hAExiM4Ble4c1JnRfn3flYtBacfOYY/sD5/AGX5o8S</latexit>

(m �)2 = (mR �)2 � �R �4�d

2


C0 � C2(mR �)2 +

1

16⇡2
(mR �)2 log((mR �)2)|d=4 +O((mR �)4)

�

<latexit sha1_base64="bJn0fg+D1uDjBsdhgCEV32RHoyY="></latexit>

extra log term 
for d=4

Ci d=3 d=3.99 d=4 d=5
C0 0.21 0.15 0.15 0.11
C2 0.06 0.03 0.03 0.015

<latexit sha1_base64="CE9Gs2BJuzUKPY6I7wz6kSOgmRA="></latexit>

also: 

Finally we will also expand in terms             and keep only leading terms  mR �
<latexit sha1_base64="IBu+iHnD60gUeL9kNS5BBfde8EY=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxiv2A7lKy2bQNTbJrMlsoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNYGDYJ1EMyJDwdrh6Hbmt8dMGx6rR5gkLJBkoHifUwJWCmQve5j6F37EBJBeueJW3TnwKvFyUkE5Gr3ylx/FNJVMARXEmK7nJhBkRAOngk1LfmpYQuiIDFjXUkUkM0E2P3qKz6wS4X6sbSnAc/X3REakMRMZ2k5JYGiWvZn4n9dNoX8TZFwlKTBFF4v6qcAQ41kCOOKaURATSwjV3N6K6ZBoQsHmVLIheMsvr5JWrepdVmv3V5V6LY+jiE7QKTpHHrpGdXSHGqiJKHpCz+gVvTlj58V5dz4WrQUnnzlGf+B8/gCgzpH0</latexit>

� = �R
<latexit sha1_base64="dmNgnHYh1IjUDgiugYct41Vr4Mo=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzJTBd0IRTcuq9gHtMOQyWTa0ExmSDJKqf0UNy4UceuXuPNvTNtZaOuBkMM555KbE6ScKe0431ZhZXVtfaO4Wdra3tnds8v7LZVkktAmSXgiOwFWlDNBm5ppTjuppDgOOG0Hw+up336gUrFE3OtRSr0Y9wWLGMHaSL5d7nETDvFlfvt3vl1xqs4MaJm4OalAjoZvf/XChGQxFZpwrFTXdVLtjbHUjHA6KfUyRVNMhrhPu4YKHFPljWerT9CxUUIUJdIcodFM/T0xxrFSozgwyRjrgVr0puJ/XjfT0YU3ZiLNNBVk/lCUcaQTNO0BhUxSovnIEEwkM7siMsASE23aKpkS3MUvL5NWreqeVmu3Z5X6VV5HEQ7hCE7AhXOoww00oAkEHuEZXuHNerJerHfrYx4tWPnMAfyB9fkD4uyTwQ==</latexit>



d=2: C(1)
=1 ⇡ V

2�


log

✓
1

!̃ref�

◆
+ 2a1 � �R�

2C0 � 2C1 log(mR�)

2mR�
c1

�
+ · · ·

<latexit sha1_base64="GzyJGuXPXRfwtxeS9wLtwJQmyoU="></latexit>

d � 3
<latexit sha1_base64="K5kMbLjfUXIPn3VTZZ6idyRoFf0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0msoMeiF48V7Ae0oWw2k3bpZhN3N0Ip/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqzUDnsDfCS1frniVt05yCrxclKBHI1++asXJiyLURomqNZdz02NP6HKcCZwWuplGlPKRnSAXUsljVH7k/m5U3JmlZBEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MdO1PuEwzg5ItFkWZICYhs99JyBUyI8aWUKa4vZWwIVWUGZtQyYbgLb+8SloXVa9Wde8vK/WbPI4inMApnIMHV1CHO2hAExiM4Ble4c1JnRfn3flYtBacfOYY/sD5/AGX5o8S</latexit> C(1)

=1 ⇡ V

2�d�1


log

✓
1

!̃ref�
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+ 2ad�1 � �R�
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)

�
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�6�2dV
d�2
d�1

�
f1{(mR �)d�4|d 6=4 + log(mR �)|d=4}+ f0

�
+ · · ·

<latexit sha1_base64="0cdEz1WJQDJf00inx6iBYqj/tZc="></latexit>

vanishes for d � 4

<latexit sha1_base64="U9jcp9Noo1TqBF5lYF6eJisHoyo=">AAACD3icbZC7SgNBFIZnvcZ4i1raDAbFQsKuBrQUbSwjmAtklzA7OUkGZ2fXmbNiWPIGNr6KjYUitrZ2vo2zSQpvPwx8/Occ5pw/TKQw6Lqfzszs3PzCYmGpuLyyurZe2thsmDjVHOo8lrFuhcyAFArqKFBCK9HAolBCM7w+z+vNW9BGxOoKhwkEEesr0ROcobU6pT0f4Q51lN0yJcwAjH/gH9BerEdjoF2/Dze02imV3Yo7Fv0L3hTKZKpap/Thd2OeRqCQS2ZM23MTDDKmUXAJo6KfGkgYv2Z9aFtULAITZON7RnTXOt18CfsU0rH7fSJjkTHDKLSdEcOB+V3Lzf9q7RR7J0EmVJIiKD75qJdKijHNw6FdoYGjHFpgXAu7K+UDphlHG2HRhuD9PvkvNA4r3lHFvayWT8+mcRTINtkh+8Qjx+SUXJAaqRNO7skjeSYvzoPz5Lw6b5PWGWc6s0V+yHn/AnaDm5o=</latexit>

fractional
volume 

dependence 

For large V
this is the leading

contribution at linear of order of  
Perturbation theory

breaks down for   

�R
<latexit sha1_base64="CwNA9MBNfabsPoeo1oouamhLUDY=">AAAB8nicbVBNS8NAFHypX7V+VT16CRbBU0lU0GPRi8cq1hbSUDabbbt0sxt2X4QS+jO8eFDEq7/Gm//GbZuDtg4sDDPz2PcmSgU36HnfTmlldW19o7xZ2dre2d2r7h88GpVpylpUCaU7ETFMcMlayFGwTqoZSSLB2tHoZuq3n5g2XMkHHKcsTMhA8j6nBK0UdIWNxqSX30961ZpX92Zwl4lfkBoUaPaqX91Y0SxhEqkgxgS+l2KYE42cCjapdDPDUkJHZMACSyVJmAnz2coT98QqsdtX2j6J7kz9PZGTxJhxEtlkQnBoFr2p+J8XZNi/CnMu0wyZpPOP+plwUbnT+92Ya0ZRjC0hVHO7q0uHRBOKtqWKLcFfPHmZPJ7V/fO6d3dRa1wXdZThCI7hFHy4hAbcQhNaQEHBM7zCm4POi/PufMyjJaeYOYQ/cD5/AGLlkVA=</latexit>

We can understand this  break down of perturbation theory intitutively
invoking RG picture, as for             Gaussian fixed points are stable

compared to the Wilson-Fisher fixed point.             

d > 4
<latexit sha1_base64="Yu0bq2+s6GzX0QF2hrdqCRVlngk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oCcpevFYwX5AG8pms2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AI8kiRrDJpfAGNYbVmlt350CrxCtIDQq0htWvQRiTVFBpCMda9z03MX6GlWGE01llkGqaYDLBI9q3VGJBtZ/Nb52hM6uEKIqVLWnQXP09kWGh9VQEtlNgM9bLXi7+5/VTE137GZNJaqgki0VRypGJUf44CpmixPCpJZgoZm9FZIwVJsbGU7EheMsvr5LORd27rLsPjVrztoijDCdwCufgwRU04R5a0AYCY3iGV3hzhPPivDsfi9aSU8wcwx84nz8Wc42a</latexit>

d > 4
<latexit sha1_base64="Yu0bq2+s6GzX0QF2hrdqCRVlngk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oCcpevFYwX5AG8pms2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AI8kiRrDJpfAGNYbVmlt350CrxCtIDQq0htWvQRiTVFBpCMda9z03MX6GlWGE01llkGqaYDLBI9q3VGJBtZ/Nb52hM6uEKIqVLWnQXP09kWGh9VQEtlNgM9bLXi7+5/VTE137GZNJaqgki0VRypGJUf44CpmixPCpJZgoZm9FZIwVJsbGU7EheMsvr5LORd27rLsPjVrztoijDCdwCufgwRU04R5a0AYCY3iGV3hzhPPivDsfi9aSU8wcwx84nz8Wc42a</latexit>

Finally we get, 



A Flow equation for Complexity
Now armed with all these we derive a flow equation for complexity:

f�C ⌘ (C=1 � C=1|�R=0)
�d�1

V
<latexit sha1_base64="8L+dk4Ww2gXcQFGd5pgZdCKgMSQ="></latexit>

Define: change of 
complexity  per unit 
degree of freedom

Scale Transformations: �R ! bd�4�0
R, � ! b �,

b = 1 + db,�R = �R + d�R
<latexit sha1_base64="/Y1ux6JW5Qhh3JVrvxBD0WoYTxw="></latexit>

Now in large volume “V” keeping only leading order  term in small �
<latexit sha1_base64="zp/DKTxOToowD4GU1D4Gyc8Qgec=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUQFPRa9eKxgP6ANZbOZtGs3u2F3I5TQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFKWfaeN63s7K6tr6xWdoqb+/s7u1XDg5bWmaKYpNKLlUnJBo5E9g0zHDspApJEnJsh6Pbqd9+QqWZFA9mnGKQkIFgMaPEWKnVi5Ab0q9UvZo3g7tM/IJUoUCjX/nqRZJmCQpDOdG663upCXKiDKMcJ+VepjEldEQG2LVUkAR1kM+unbinVoncWCpbwrgz9fdEThKtx0loOxNihnrRm4r/ed3MxNdBzkSaGRR0vijOuGukO33djZhCavjYEkIVs7e6dEgUocYGVLYh+IsvL5PWec2/qHn3l9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNkc6L8+58zFtXnGLmCP7A+fwBkjaPHg==</latexit>

df�C
db

= 2(4� d)f�C +O(�2
R)

<latexit sha1_base64="WYG2UMlZIM4QbFgJksU+BiWHO/Y="></latexit>

Similar to the flow equation for coupling: d�R

db
= (4� d)�R +O(�2

R)
<latexit sha1_base64="3MjTIc74zOAZahPFUaFOgX3HeOk=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK0iCVpC7oRim7cWcU+oIlhMpm0QycPZiZCCfkQN/6KGxeKuHEh+DdO21C09cDA4Zx7uHOPE1HCha5/K7ml5ZXVtfx6YWNza3tH3d1r8zBmCLdQSEPWdSDHlAS4JYiguBsxDH2H4o4zvBz7nQfMOAmDOzGKsOXDfkA8gqCQkq3WTI9BlLgmlRkX2rdp4jrpeal+4pZn2vF1acbvq2VbLeoVfQJtkRgZKYIMTVv9NN0QxT4OBKKQ856hR8JKIBMEUZwWzJjjCKIh7OOepAH0MbeSyXGpdiQVV/NCJl8gtIn6O5FAn/OR78hJH4oBn/fG4n9eLxbemZWQIIoFDtB0kRdTTYTauCnNJQwjQUeSQMSI/KuGBlC2JWSfBVmCMX/yImlXK0atot/Ui42LrI48OACHoAQMcAoa4Ao0QQsg8AiewSt4U56UF+Vd+ZiO5pQssw/+QPn6AR1UoLU=</latexit>

For d < 4 :
<latexit sha1_base64="bflW9wUAjxuANm+kVuDiJ/RLK7Y=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexqQREPRS8eK9gPaJeSzWbb0Gx2TbJCWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMPD8RXBvH+UaFldW19Y3iZmlre2d3r7x/0NJxqihr0ljEquMTzQSXrGm4EayTKEYiX7C2P7qd+u0npjSP5YMZJ8yLyEDykFNirNQJ8DWu4SvcL1ecqjMDXiZuTiqQo9Evf/WCmKYRk4YKonXXdRLjZUQZTgWblHqpZgmhIzJgXUsliZj2stm9E3xilQCHsbIlDZ6pvycyEmk9jnzbGREz1IveVPzP66YmvPQyLpPUMEnni8JUYBPj6fM44IpRI8aWEKq4vRXTIVGEGhtRyYbgLr68TFpnVfe86tzXKvWbPI4iHMExnIILF1CHO2hAEygIeIZXeEOP6AW9o495awHlM4fwB+jzB5UMjlo=</latexit> Wilson Fisher fixed point is favored in term of complexity 

d > 4
<latexit sha1_base64="OpAjXD+y1zeqFQ8BB0Y1QIPj7sg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oCcpevFYwX5AG8pms2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AI8kiRrDJpfCmgYbVmlt350CrxCtIDQq0htWvQRiTVFBpCMda9z03MX6GlWGE01llkGqaYDLBI9q3VGJBtZ/Nb52hM6uEKIqVLWnQXP09kWGh9VQEtlNgM9bLXi7+5/VTE137GZNJaqgki0VRypGJUf44CpmixPCpJZgoZm9FZIwVJsbGU7EheMsvr5LORd27rLsPjVrztoijDCdwCufgwRU04R5a0AYCY3iGV3hzhPPivDsfi9aSU8wcwx84nz8Wh42a</latexit> Gaussian fixed point is favored in term of complexity 

This matches nicely with the intuitive idea of RG flow!!!



Outlook
Our methods works for O(N) scalar model and  

we can classify the fixed points in terms of complexity 
Extend it for other non-trivial interacting theories 

for eg:Fermions, Gauge theories?

How to understand fractional subleading volume 
dependence from holography ? 

Comparison with other methods ? 
(for eg: Fubini-Study method by Chapman, Heller, Marrochio, Pastawski (arXiv:1707.08582),  

Path Integral method: AB, Caputa, Kundu, Miyaji, Takyanagi arXiv: 1804.01999)

Hamiltonian Complexity 
                   (To appear with A. Sinha and P.Nandi)

Applications to quantum quench

Many more…..


