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Introduction



Quantum Information & AdS/CFT

SA = Min
Area(�A)

4GN

A

�A

AdS

Interplay between quantum information and holography has led to a fruitful 
bulk-boundary dialogue 

Computational complexity: how hard it is to implement a task?

Spacetime geometry ~ entanglement

|TFDi =
X

n

e�
�En

2 |niL ⌦ |niR CFTL CFTR



How difficult is it to prepare a particular target state?
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Complexity quantifies the cost of the optimal circuit generating  UT

Quantum Circuit Complexity 

gI = ei✏OI

Given a simple reference state (unentangled), how hard it is to prepare a target state 
acting with a unitary constructed from a set of generators of elementary gates



Nielsen’s geometric approach
Continuum representation of unitary transformations 
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Associates a cost to each trajectory in the space of unitaries

Complexity: globally cost-minimizing trajectory in the space of unitaries
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Cost Function

Form of  generally not fixed, but usually one requiresF
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1. Smoothness

2. Positivity

3. Triangle inequality
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Examples:
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Classical mechanic problem with  playing the role of the LagrangianF
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[Jefferson,Myers]

[Jefferson,Myers]

[Chapman,Eisert,Hackl,Heller,Jefferson,Marrochio,Myers]

Approach á la Nielsen adapted to free QFT:


• UV regularization  (lattice):  family of coupled harmonic oscillators


• Gates built from a finite number  of simple generators  yielding a closed algebra


• Optimal circuit: geodesic problem in the resulting geometry

δ

N O
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Other interesting approaches

 vacuum|0⟩

 coherent state|α⟩

|TFD⟩

[Chapman,Heller,Marrochio,Pastawski]

[Caputa,Kundu,Miyaji,Takayanagi,Watanabe]

[Caputa,Magan]

…

[Guo,Hernandez,Myers,Ruan]

QFT Complexity



[Susskind, Stanford]

Holographic dual of the complexity of a target state  on a boundary Cauchy slice |ΨT⟩ ⌃

Complexity = Volume of the extremal bulk hypersurface  

anchored at the boundary on  

B
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⌃

Holographic Complexity

⌃

Global AdS 

⌃ ⌃
B
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BTZ

tRtL

CV = max
@B=⌃

V (B)
GN `bulk
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CA(⌃) =
IWDW

⇡

WDW patch: domain of 
dependence of a bulk slice 
anchored to ⌃

⌃⌃

[Brown,Roberts,Susskind,Swingle,Zhao]

  imposing variational principle for Dirichlet BCs on WDW patch IWDW [Lehner, Myers, Poisson, Sorkin]

Complexity = Action evaluated on the  Wheeler-DeWitt patch  

Holographic Complexity

+
1

8⇡GN

Z

@WDW
ds d2⌦

p
� +

1

8⇡GN

Z

@WDW
ds d2⌦

p
�⇥ log(`ct⇥)

tRtL

ensures invariance under reparametrization of null directions

IWDW = IBulk + IGHY + I + ICT + IJoints
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Interesting similarities and points of contact with (free) QFT results, for instance in the 
structure of leading UV divergences

Holographic complexity proposals reproduce a number of desirable properties

• probe the interior of black holes

• reproduce the expected late time complexity linear growth

• switchback effect

Holographic Complexity

[Stanford,Susskind; Zhao; Chapman,Marrochio,Myers] [Carmi,Myers,Prath]

CA/V ⇠ C=2 ⇠ Vol(⌃)

�d�1
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Holographic Complexity
Still have a very partial understanding

• General QFT formulation still lacking

• Understanding of holographic observables far from being exhaustive 

• Incomplete map between the two sides

(g, {�})| T i

| Ri gI F (U, Y I) ?
classical bulk fields



First Law of Holographic Complexity

A. Bernamonti, FG, J. Hernandez, R. Myers, S. Ruan and J. Simón 

PRL 123 (2019) no.8 081601   &   J. Phys. A: Math. Theor. 53 (2020) 294002



�C ⌘ C(| T + � i)� C(| T i)

• Focus on the dependence of complexity on the target state

• May remove some ambiguities and yield sharper implications for 

holographic complexity

• Properties of new observables 

• Variations often better observables (finite, physical implications…)


Why? 

 How complexity varies under a small change of the target state

Complexity Variations



| Ri

| T i

| T + � i �xa

Using the analogy of Nielsen's approach to classical mechanics:

• 1st order variation

• 2nd order variation

�C = pa�x
a|s=1 with pa =

@F

@ẋa

�C =
1

2
�pa�x

a
���
s=1

with �pa = �xb @2F

@xb@ẋa
+ �ẋb @2F

@ẋb@ẋa

Caveat: assumes perturbed optimal circuit stays close to the original optimal circuit 

pa
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First Law of Complexity

Only contributions from the endpoint

xa



| T i = |0i | T + � i = |"↵ji
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µ)a†n
�

|"↵ji = e"
P

D(↵j)|0i D(↵j) = ↵ja
†
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jaj

where a few modes  are given classical expectation value with amplitude {j} αj

Given an AdS bulk scalar  

Holographic Framework

Coherent stateVacuum 

displacement op. 



g0 + "2�g

 are also coherent states in the boundary CFT corresponding to excitations of the 
vacuum by the dual generalized free field operator    and its descendants  


• Quantum circuit technology in QFT [Jefferson,Myers] applied to coherent states 
[Guo,Hernandez,Myers,Ruan] can be equivalently applied in the bulk


• Simple classical gravity description suitable to evaluate holographic complexity 

|εαj⟩
O�
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| T i = |0i | T + � i = |"↵ji

Global AdS (g0 + "2�g, "�cl)
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Holographic Framework

perturbatively in 

Spherically symmetric perturbations and perturbatively in the amplitude  
of the coherent state 

"
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The terms contributing a finite piece  

�I = I[g0 + "2�g, "�cl]� I[g0]
O("2)
= �IWDW + I�WDW
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CA Variation

�Igravity = 0
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fields variations on 
undeformed WDW

background fields on 
deformed WDW

�I = �IEH + �I + �ICT + �I�
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• Counterterm is essential for cancellation


• Not a general feature (non spherical setups, 
excited target state, …)

[Hashemi,Jafari,Naseh]



CA Variation

�CA =
�I�
⇡

= � "2

64⇡GN

Z
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d� dd�1⌦

p
� @��

2
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• Variation completely determined by the matter


• Purely  contribution


• Scale independent: UV finite and independent of 


• Irrespectively of the cancellations, variation of each contribution to the 
action is localized on the boundary of undeformed WDW patch 


O(ε2)
ℓCT



• Purely  contribution

• Scale independent and UV finite

• Expressed in terms of the bulk stress tensor 

O(ε2)

CV Variation

See also 

[Belin,Lewkowycz,Sarosi]  
[Jacobson,Visser]

�CV =
�V
GN `
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deformation of the 
extremal surface
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CA-CV Comparison

• Same functional oscillatory structure 

• Mode mixing


• Scale independent coefficients Cij, Sij

!j = 2j +�



CA-CV Comparison

• Different structure for the coefficients:
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Different behaviour for CA and CV under perturbations

Similar conclusion to what found for “perturbations” given by defects [Chapman,Ge,Policastro]


[Braccia,Cotrone,Tonni]

•  while  can be negative for relevant operators  and small                                                  




QFT Complexity Variation

• Purely  contribution


• Similar oscillatory structure as the holographic  


• Diagonal: no mode mixing

• Dependence on various scales of the circuit models: memory of initial state 

and trajectory                                                  
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Extension of the coherent states analysis of  [Guo,Hernandez,Myers,Ruan] to general Gaussian 
states with non-vanishing first momenta



Remarks

•                                                            

coherent state directions are orthogonal to the direction along the circuit 
preparing the CFT vacuum   

               


• Holographic complexity variation: localized on the boundary of the WDW patch. 
 = end of the quantum circuit? 


• Diagonal vs mixed terms: holographic complexity may require more complicated 
cost functions?


@WDW
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Complexity with Rotation

A. Bernamonti, F. Bigazzi, D. Billo, L. Faggi and FG  

arXiv: 2108.09281



Motivations
• Mostly highly symmetric setups, mainly planar or spherically symmetric. 

Systems with rotation so far less understood


• Extra parameters and gravitational features to test complexity 


• Interesting limits to probe, e.g., rotation with critical (speed of light) velocity


• Few holographic results: deserve to be studied further and extended (see later)


• QFT Nielsen’s circuit complexity?


CFTL CFTR|rTFDi = 1p
Z (�,⌦)

X
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Rotating TFD
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Particle number simultaneously labels Hamiltonian and momentum eigenstates

|rTFDi = 1p
Z (�,⌦)

X

n

e�
�
2 (En+⌦Jn)�it(En+⌦Jn)|En, JniL|En, JniR

<latexit sha1_base64="pVhZABGHckK4ynr5PIw7JPgEODE="></latexit>

Simple model: two copies of a free boson on a circle



Rotating TFD

can be written as TFD state with no rotation and mode-dependent effective 
temperature and time
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 non-negative for  �k
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Rotating TFD state can be given an effective description in terms of non-rotating TFD states
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Gaussian state: factorizes into single-mode rotating TFD states

|rTFDi = ⌦|rTFDik

<latexit sha1_base64="0prtm36ZI9y1b000HFKAOzHscBk=">AAACE3icbVDLSsNAFJ34rPEVdelmsAjioiRS0Y1QVMRlhb6gCWEynbZDJzNhZiKU2H9w46+4caGIWzfu/BunbRbaeuDC4Zx7ufeeKGFUadf9thYWl5ZXVgtr9vrG5ta2s7PbUCKVmNSxYEK2IqQIo5zUNdWMtBJJUBwx0owGV2O/eU+kooLX9DAhQYx6nHYpRtpIoXMM7QcoazfX0JeI9xiBF9AXmsZEwamR6+EgdIpuyZ0AzhMvJ0WQoxo6X35H4DQmXGOGlGp7bqKDDElNMSMj208VSRAeoB5pG8qRWRpkk59G8NAoHdgV0hTXcKL+nshQrNQwjkxnjHRfzXpj8T+vnerueZBRnqSacDxd1E0Z1AKOA4IdKgnWbGgIwpKaWyHuI4mwNjHaJgRv9uV50jgpeeXS6V25WLnM4yiAfXAAjoAHzkAF3IIqqAMMHsEzeAVv1pP1Yr1bH9PWBSuf2QN/YH3+ABRinHc=</latexit>

|rTFDik =
1p

Zk(�,⌦)

X

n

e�(
�
2 +it)(!k+ ⌦pk)(n+

1
2 )|nik,L|nik,R

<latexit sha1_base64="h0Zf5cSgE0FSsmqU/6IGu6kBYRk="></latexit>



Rotating TFD Complexity 
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[Chapman,Eisert,Hackl,Heller,Jefferson,Marrochio,Myers]

TFD circuit complexity:  optimal circuit does not mix modes and complexity obtained as 
the sum of complexities evaluated for each mode separately

F=2
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Consequence: we can estimate the complexity of the rotating TFD state as the sum of 
complexity of single mode TFD states each with inverse temperature  and time �k
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Time Dependence

• Low temperature: zero mode dominated 

• Oscillations vs holographic linear increase: L-R moving 

d.o.f. propagating freely on the circle. Periodicity:


• High T: amplitude of different modes become comparable 
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isolate the IR-regulated zero mode contribution and use Euler-MacLaurin formula to extract 

Complexity of Formation

• Scale independent

• Positive defined
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as  ⌦ ! 1
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High temperature and critical angular velocity  divergences:⌦ ! 1
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Holography: Review

Lower dimensional case revisited in [Auzzi,Baiguera,Nardella et al.]: full time dependence of 
CV and CA growth rate 

The first estimates of late time holographic complexity growth rate -before complete 
understanding of action contributions of null boundaries- was given in 
[Brown,Roberts,Susskind,Swingle,Zhao][Cai,Ruan,Wang,Yang,Peng]

lim
t!1

dC
dt

⇠ (M � ⌦+J)� (M � ⌦�J)

<latexit sha1_base64="L/ZXyrSMpYE89huTPkHrV1DFKO0="></latexit>

• Counterterm was not included: does it play any role?


• Complexity of formation i.e., cost of preparing the rotating state as compared to the 
cost of preparing vacuum?



Rotating BTZ

ds2 = �f(r)dt2 +
dr2

f(r)
+ r2 (d'� !(r) dt)2 ,
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Revisited time dependence of holographic complexity taking into 
account all terms in the WDW action

• Inclusion of counterterm does not alter qualitative behaviour

• Expected late time linear growth 

tL = tR =
t
2

J < M
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• CA and CV have the same  divergences when the counterterm is 
included                       


                                      


• Without countertem, same form but opposite sign


• Extra log factor as compared to QFT divergence

⌦ ! 1
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�C = C(t = 0)� 2CAdS
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To compare with the QFT results focus on complexity of formation                                            

 dependence:Ω
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• Matching linear behaviour for CV and CA only when counterterm is included


• Same linear divergence as for free QFT complexity at high T


• In tension with the hypothesis of a third law of holographic complexity:

finite complexity of formation at zero T vs logarithmic divergence of higher dimensional 
charged and Myers-Perry black holes


 dependence:T

[CarmiChapmanMarrochioMyersSugishita]
[AlBalushi,Hennigar,Kunduri,Mann]



Holography: Review
Higher dimensional rotating black holes: much harder technical task

Notable exception: odd-dimensional Myers-Perry AdS black holes with equal angular 
momenta in each orthogonal plane [AlBalushi,Hennigar,Kunduri,Mann]


Highlighted connection between holographic complexity and thermodynamic volume in the 
large black hole limit 


• complexity of formation controlled by the thermodynamic volume


• late time growth rate
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dC
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[Couch,Fischler,Nguyen]
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<latexit sha1_base64="cNOaiUFNVyiTUYULW1a8X9vC5Q0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevEYwTwgu4TZSe9myOyDmVkhLPkNLx4U8erPePNvnCR70MSChqKqm+4uPxVcadv+tkpr6xubW+Xtys7u3v5B9fCoo5JMMmyzRCSy51OFgsfY1lwL7KUSaeQL7Prju5nffUKpeBI/6kmKXkTDmAecUW0kVw4uiBuGxEUhBtWaXbfnIKvEKUgNCrQG1S93mLAswlgzQZXqO3aqvZxKzZnAacXNFKaUjWmIfUNjGqHy8vnNU3JmlCEJEmkq1mSu/p7IaaTUJPJNZ0T1SC17M/E/r5/p4MbLeZxmGmO2WBRkguiEzAIgQy6RaTExhDLJza2EjaikTJuYKiYEZ/nlVdK5rDuN+tVDo9a8LeIowwmcwjk4cA1NuIcWtIFBCs/wCm9WZr1Y79bHorVkFTPH8AfW5w/s6pD5</latexit>
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� = (r2 + a2)

✓
1 +

r2

`2

◆
� 2mr

<latexit sha1_base64="Eac/Lr6iG6g+7mPsqIWTc0Hz6Po="></latexit>

�✓ = 1� a2

`2
cos2 ✓

<latexit sha1_base64="SfDDPyZFkBKWyDBOaNEK6neGwhw=">AAACGXicbVC7SgNBFJ31GeMrammzGAQbw25QtBFELSwjmETIruHu5K4ZnH0wc1cIS37Dxl+xsVDEUiv/xkmyha8DwxzOOZeZe4JUCk2O82lNTc/Mzs2XFsqLS8srq5W19ZZOMsWxyROZqKsANEoRY5MESbxKFUIUSGwHt6cjv32HSoskvqRBin4EN7EIBQcyUrfieGcoCbq5R30kGB65u16ogOdwXR/mHkppbo8n+ro+SXQrVafmjGH/JW5BqqxAo1t593oJzyKMiUvQuuM6Kfk5KBJc4rDsZRpT4Ldwgx1DY4hQ+/l4s6G9bZSeHSbKnJjssfp9IodI60EUmGQE1Ne/vZH4n9fJKDz0cxGnGWHMJw+FmbQpsUc12T2hkJMcGAJcCfNXm/fBFEOmzLIpwf298l/Sqtfcvdr+xV71+KSoo8Q22RbbYS47YMfsnDVYk3F2zx7ZM3uxHqwn69V6m0SnrGJmg/2A9fEF65Kg4g==</latexit>

⇢2 = r2 + a2 cos2 ✓

<latexit sha1_base64="IP9bgKMQrBPzdz2LM/8diOFOXXk=">AAACBHicbVDLSgMxFM34rPU16rKbYBEEocyUim6EohuXFewDOm3JpJlOaGYyJHeEUrpw46+4caGIWz/CnX9j2s5CWw/cy+Gce0nu8RPBNTjOt7Wyura+sZnbym/v7O7t2weHDS1TRVmdSiFVyyeaCR6zOnAQrJUoRiJfsKY/vJn6zQemNJfxPYwS1onIIOYBpwSM1LML2FOh7JavVLd8Rrplj0ptOoQMSM8uOiVnBrxM3IwUUYZaz/7y+pKmEYuBCqJ123US6IyJAk4Fm+S9VLOE0CEZsLahMYmY7oxnR0zwiVH6OJDKVAx4pv7eGJNI61Hkm8mIQKgXvan4n9dOIbjsjHmcpMBiOn8oSAUGiaeJ4D5XjIIYGUKo4uavmIZEEQomt7wJwV08eZk0yiW3Ujq/qxSr11kcOVRAx+gUuegCVdEtqqE6ougRPaNX9GY9WS/Wu/UxH12xsp0j9AfW5w8EHJcU</latexit>

⌅ = 1� a2

`2

<latexit sha1_base64="rXiilHWp2w61DIvxTdvGGvMtzO0=">AAACBHicbVC7SgNBFL0bXzG+Vi3TDAbBxrAbItoIQRvLCOYB2RhmJ7PJkNnZZWZWCEsKG3/FxkIRWz/Czr9xkmyhiQcu93DOvczc48ecKe0431ZuZXVtfSO/Wdja3tnds/cPmipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9dTv/VApWKRuNPjmHZDPBAsYARrI/XsIvLa7BK5p8gLJCYpvq9MUo9ybnrPLjllZwa0TNyMlCBDvWd/ef2IJCEVmnCsVMd1Yt1NsdSMcDopeImiMSYjPKAdQwUOqeqmsyMm6NgofRRE0pTQaKb+3khxqNQ49M1kiPVQLXpT8T+vk+jgopsyESeaCjJ/KEg40hGaJoL6TFKi+dgQTCQzf0VkiE0Y2uRWMCG4iycvk2al7FbLZ7fVUu0qiyMPRTiCE3DhHGpwA3VoAIFHeIZXeLOerBfr3fqYj+asbOcQ/sD6/AGlmpbb</latexit>

M =
m

GN ⌅2

<latexit sha1_base64="wZjWIDYa5ZJYUqXY7ce4qnDKqio=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJKUim6EogvdKBXsA5oYJtNJO3QyCTMToYSAG3/FjQtF3PoT7vwbp20W2nrgwuGce7n3Hj9mVCrL+jbm5hcWl5YLK8XVtfWNTXNruymjRGDSwBGLRNtHkjDKSUNRxUg7FgSFPiMtf3Ax8lsPREga8Ts1jIkboh6nAcVIackzd6/hGXQCgXAaZumldwOdI+i06X0l88ySVbbGgLPEzkkJ5Kh75pfTjXASEq4wQ1J2bCtWboqEopiRrOgkksQID1CPdDTlKCTSTcc/ZPBAK10YREIXV3Cs/p5IUSjlMPR1Z4hUX057I/E/r5Oo4NRNKY8TRTieLAoSBlUER4HALhUEKzbUBGFB9a0Q95EOROnYijoEe/rlWdKslO1q+fi2Wqqd53EUwB7YB4fABiegBq5AHTQABo/gGbyCN+PJeDHejY9J65yRz+yAPzA+fwCgu5Y/</latexit>

J = aM

<latexit sha1_base64="tKyOiadczvvU/LUaHZR0mjnVAeU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9C0IsIQgTzgGQJs5NOMmR2dpmZFcKSj/DiQRGvfo83/8ZJsgdNLGgoqrrp7gpiwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ShTDOotEpFoB1Si4xLrhRmArVkjDQGAzGN1M/eYTKs0j+WjGMfohHUje54waKzXvyBWh5L5bLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3dCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp76THFTIjxpZQpri9lbAhVZQZm1DBhuAtvrxMGmdlr1I+f6iUqtdZHHk4gmM4BQ8uoAq3UIM6MBjBM7zCmxM7L8678zFvzTnZzCH8gfP5A3r6jl0=</latexit>

T =
r+

4⇡
�
r2+ + a2

�
✓
1 +

a2

`2
+ 3

r2+
`2

� a2

r2+

◆

<latexit sha1_base64="oAnaqSpMhsSN1TzkcF3R3Dw5/xM="></latexit>

⌦ =
a

`

r2+ + `2

r2+ + a2

<latexit sha1_base64="wWiaHun03VZEMQYPBiMOI/tGJoM=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIIQCbtB0YsievFmBKNCNgm9k944OPtgZlYIy/6NF3/Fi6AievRPnCSLaGLBQHVVNz1dXiy40rb9aU1MTk3PzM7NFxYWl5ZXiqtrVypKJMM6i0QkbzxQKHiIdc21wJtYIgSewGvv7rTvX9+jVDwKL3UvxmYA3ZD7nIE2Urt45J4H2AV6SKnrS2ApZKmLQmTU3ckV2S63qrRM+3Krmv3UYIp2sWRX7AHoOHFyUiI5au3ii9uJWBJgqJkApRqOHetmClJzJjAruInCGNgddLFhaAgBqmY6uDOjW0bpUD+S5oWaDtTfEykESvUCz3QGoG/VqNcX//MaifYPmikP40RjyIaL/ERQHdF+aLTDJTIteoYAk9z8lbJbMOFoE23BhOCMnjxOrqoVZ7eyd7FbOj7J45gjG2STbBOH7JNjckZqpE4YeSBP5JW8WY/Ws/VufQxbJ6x8Zp38gfX1DRrJo5s=</latexit>

Reduced symmetry but some partial progress
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lim
t!1

⇡
dCA

dt
=

r3+ � r3� + `2 (r+ � r�)

2GN (`2 � a2)
= (M � ⌦+J)� (M � ⌦�J)

<latexit sha1_base64="J9lHjemDnKMzCQ/qBO5S2RqnNps="></latexit>

Precise treatment of the late time limit of the CA growth rate


• Only non-vanishing contributions: EH term and null-null joints 
at the past and future tips of the WDW patch


• Reproduces expected answer [Cai,Ruan,Wang,Yang,Peng]


• Proportional to the difference of thermodynamic volumes in the 
large black hole limit r+ � `

<latexit sha1_base64="cNOaiUFNVyiTUYULW1a8X9vC5Q0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevEYwTwgu4TZSe9myOyDmVkhLPkNLx4U8erPePNvnCR70MSChqKqm+4uPxVcadv+tkpr6xubW+Xtys7u3v5B9fCoo5JMMmyzRCSy51OFgsfY1lwL7KUSaeQL7Prju5nffUKpeBI/6kmKXkTDmAecUW0kVw4uiBuGxEUhBtWaXbfnIKvEKUgNCrQG1S93mLAswlgzQZXqO3aqvZxKzZnAacXNFKaUjWmIfUNjGqHy8vnNU3JmlCEJEmkq1mSu/p7IaaTUJPJNZ0T1SC17M/E/r5/p4MbLeZxmGmO2WBRkguiEzAIgQy6RaTExhDLJza2EjaikTJuYKiYEZ/nlVdK5rDuN+tVDo9a8LeIowwmcwjk4cA1NuIcWtIFBCs/wCm9WZr1Y79bHorVkFTPH8AfW5w/s6pD5</latexit>

Recent analysis of null hypersurfaces [AlBalushi,Mann]: implicit description of the WDW patch
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CV complexity of formation evaluated numerically

• Diverges at high T and for critical angular velocity 

• Compatibility with the claim of [AlBalushi,Hennigar,Kunduri,Mann] on the scaling of the 

complexity of formation with the thermodynamic volume 

• Unable to test it independently. Scaling of S and V fixed in the region of parameters 

corresponding to physical solutions (extremal solutions have superluminal rotation)

⌦ ! 1

<latexit sha1_base64="uHhlRYADPDpPr6NJlexTGDE1lP0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF29WsB/QhLLZTtqlu0nY3Qil9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uFRSyeZYthkiUhUJ6QaBY+xabgR2EkVUhkKbIej25nffkKleRI/mnGKgaSDmEecUWMl37+XOKDENwnxeuWKW3XnIKvEy0kFcjR65S+/n7BMYmyYoFp3PTc1wYQqw5nAacnPNKaUjegAu5bGVKIOJvObp+TMKn0SJcpWbMhc/T0xoVLrsQxtp6RmqJe9mfif181MdB1MeJxmBmO2WBRlgtgXZwGQPlfIjBhbQpni9lbChlRRZmxMJRuCt/zyKmldVL1a9fKhVqnf5HEU4QRO4Rw8uII63EEDmsAghWd4hTcnc16cd+dj0Vpw8plj+APn8wfgcJDv</latexit>



Remarks

• Map between rotating and non-rotating TFD in simple scalar toy model 


• Holographic complexity: counterterm essential to match CA and CV behaviour 
for rotating BTZ black holes


• Qualitative agreement between QFT and holographic complexity results in the 
high temperature and critical angular velocity limit


• QFT complexity of formation scale independent while CA depends on the 
counterterm scale



Thank you!


