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The beginning

I ——



4 N D3 Branes I

Type IIB string theory N =4 U(N)
on AdSs x S° Super Yang—Mills theory
gs, R/ — gym, N
g%(M = 4mgs
(R/Zs)4 = 4dmwgs N

Classical strings T 't Hooft limit
gs — 0, R/l fixed. N — o0, A= g%MN fixed.
Classical supergravity — Large 't Hooft coupling limit
gs — 0, R/ly — 0. N — o, \— .

Zgi‘a;i?f” = ZField Theory = e WFT

ZString — ZField Theory

gravity

Wer = Sgiiie + 0 (1/N%) + 0 (1/VA)



AdS space



Anti de Sitter (AdS)

. 1 d(d—1
Action ' S = 2/{2 dd+1x\/ (R — ( 72 )> (/4;2 = 81GpN)

Solution ' ds® = r_2 —dt2 + dr’ + d:vzdx‘ "

Negative cosmological constant: R — QA)

1. r (holographic direction): Energy scale
2. AdS is a Box

00 <— T E r — () 3. Conformal Invariance
(IR) E (V) ot =Xt r—=Ar
' Boundary

Field theory lives here!
Hanging rope in AdS

U vV Trap for gravity
A slowly moving massive particle
feels a gravitational potential
T

1

~ 1/—900 = —




4 Thermal AdS (AAdS)

: 1 A1, — d(d —1)
Action ' S = 52 /d v/ —¢ (R—I— 73
L? dr? S
. 2 _ . 2 Lt
Solu’rlon' ds ;- ( f(r)dt + ) + dx :c)

f<r>:1_(i)d r= e _d

A7 47T’f'_|_

Thermodynamics

e
* (471’)de_1

F=-TlogZ =TSEg|g« = — 537

Black brane VT

OF  (4m)?Ld-1 Il
S = T ~ T9.2gd1 Va1l — CII'GCI/A-G

Bekenstein-Hawking




Charged AdS (AAdS)

Action ' S = /dd“x\/——g [# <R+ d(dL; 1)) B 4_;2172]
2

Solution ' d32 — L—2 (—f(’I“)dtQ + dr i dxzdxz)
r? f(r)
r2 r \¢ 2 s\ 2(d=1)
(B )Ry

gl Ty vE O\t 2 L’
(d — 2)K?

e (7)

Field ~ Operator



Holographic “duality™ I

gravity system: 5D Classical fields

field theory: 4D

Quantum operators



Holographic “duality” I

“Classical” gravity system: 5D Classical fields

Narrow sense

“Strongly” coupled field theory: 4D

Quantum operators



Non-equilibrium physics




Black hole hydrodynamics |

//‘
Black hole O— iy ) ©
-
—~ dissipation

Field theory M ’

Non-equilibrium process:
transport coefficients (viscosity, conductivity)

perturbation



Non-equilibrium physics |

A
A O
E
(@)
o
P
“— 3
S : :
S Dynamical regime
=
T
' Linear response regime |
global * > Kk
equilibrium
N
O— 2 ) &




Linear response I

(Classical Mechanics: Hamilton-Jacobi theory)

On-shell action as a function of the coordinates '

oL 1" 2 /9L  d 0L
68 = | =26 222 Sgdt
° [aq q]tf/tl <6q dtaq) L

6S
3¢ 7V (0g(t1) = 0)
“boundary” “bulk”
One-point function ' Corollary ' (asymptotically AdS)

5S[p® / bulk field ¢
(0 = —[‘lio)] g /
o

-

W
GKP-Witten Relation /O r =1 horizon

V4 = ZAdS E
gauge AdS 0AL(r,w) = — Jp(w)r + -+

[
<exp (i / ¢(0) 0)> — ¢iS[lu=0=01 I I

J Source Expectation value




Holographic conductivity I

© Einstein-Maxwell system

1

SEM — / d433\/—g [R — 2A — —F2]
M 4

~ Reissner-Nordstrom-AdS black hole
~ Boundary field theory at finite temperature and density

4
- (fSALY + “-6A, — 54, =0
\ f Vs

s aemm————— Ej = =0 4;
Hartnoll, 1106.4324 AJ - e_iwt
artnoll, . /

© Electric conductivity

E
Tail of the field~ 0A,(r,w) = oy + Jp(w)r+--- J, =cFE,
S .
o on-shell action ~ §A,(0A)) ~ (E/iw)J, ~ (E/iw) (B /i) (B/iw) ~ §ADG,640)
Gll J:c
- Y pu— O-



Strong coupling problems
- QCD /nuclear physics

R —




Quark gluon plasma

Q
—
=y
-
(4]
-
V)
Q,
5
=




Elliptic flow: shear viscosity

Po+Pb 160 GeV/A t=-00.22 fm/c

UrQMD Frankfurt/M

large elliptic flow
small viscosity /entropy

strong coupling




Experiment vs hydrodynamics simulation

Initial conditions

(a) (b)
MC-KLN  hydro (/s) + UrQMD _ n/s | MC-Glauber  hydro (n/s) + UrQMD _ 1/s
' 0.0 o 0.0
0.25 [ - - o o | 0108
o~
02} - - Fﬁ% 16
< / = - - 2024
015 L g -
” P itds
0.1+ Y /} &
O d 0V 1 e
0.05 B ‘ part’KLN = o » 2 part’ Gl
O Vo) /(€ v 0 {v)) /(€
O L | ) | ) | ) ) | L | L | X
0 10 20 30 0 10 20 30 40
2
(1/5) dN,,/dy (fm") (1/S) dN,, /dy (fm™)

Comparison between RHIC results and hydrodynamic simulations

Holographic 1 r0\> _ T 5.3
it It = lonG (L) =gl n_ 1
(gravity) resu nGs ~ = — ~0.08 (KSS bound)
1 oro\3 1 , 5 4 5 Am
(2) - e
4G5 \ L 2

A friend of mine in nuclear physics joked....
The first useful paper to come out of string theory



Strong coupling problems
- More than QCD /nuclear physics




Ultracold Fermi gas experiment

Observation of a Strongly Interacting Degenerate
Fermi Gas of Atoms

K. M. O'Hara, S. L. Hemmer, M. E. Gehm, S. R. Granade, J. E. Thomas”
+ Author Affiliations

Science 13 Dec 2002: 100 us
Vol. 298, Issue 5601, pp. 2179-2182
DOI: 10.1126/science.1079107
200 us
400 us
600 us
800 us
- 1000 pus
Y
/ L X
&
= o 1500 us
& —
o
>
) & 2000 us

Elliptic flow of a strongly interacting Fermi gas as a function of time
after release from a cigar-shaped optical trap



Universal bound

77/8 0- e, . \.' water
h/k ] N, .
1.0:*\\\\\ \\\ .0.'....0‘
05" el T
Experiment: colored circles ®é '\\ e L
Lattice: open squares and circles 02 - \\\ 0) b
Theory: dashed curves quark gluon plasma™~. L —---""
0.1~ ‘lL
" holographic bounds |
-0.6 -04 -02 0.0 0.2

(T —T)/T,

quark gluon plasma Gas-liquid transition of water, helium
1032, ® ] Superfluid transition of Fermi gas
neutron stars ‘ ‘  Deconfinement transition of QCD
1023 £ -1
P|Pa]
10 P 1
Sun
helium
105 r ‘ . ‘ 1
water
10_4 F -
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Strong coupling problems

AdS /CMT

R —




AdS /CMT

It is often said
the conductivity
is
the first quantity to be measured
and
the last to be understood

Strong interaction
~ No quasi particle picture & Fast thermalization
~ No Fermi-liquid theory

~ “Strange metal” or “Non-Fermi-liquid”




[Sachdev, Keimer:

Linear-T-resistivity 2011, Physics today]

a
BaFe, (As,_.P,),
200 Iron pnictides
. o o (8] —~~ &
' Resistivity: p ~ pg + AT ' Z
[
2 2.0
=
=
5m ™ - B ¥ ¥ ¥ T m100
Tl_Ba,CuO, . single crystal %
— 400} e
=
g 1.0
= 300
= =
2 200}
2 oL - 0
% 100} 0 0.2 0.4 0.6
DOPING x
U i i i i i
0 50 100 150 200 250 300 b C 20
Temperature (K) o Pr, Ce CuO, N Sr,Ru,0,
N N
o copper oxides o 15 ruthenium oxides
T2 = 5
Y — —~
Fermi liquid theory p = = L
A A
[ [
> >
> >
E5 Qb5
= =
Anomal d universal 0 0
nomailous ana universa 015 0.16 017 0.18 0.19 2 4 6 8§ 10 12 14

DOPING x MAGNETIC FIELD (T)



Effective classical gravity for strong correlation

Good for

microscopic
understanding

Top-down
models

Classical gravity in higher dimension

Good for universality

¢ Guide:
i © Self-consistency
i © Compare with the

Strong correlation
first principle computation !

> 200F m
>  < InfUITlon from CMT é ‘g— Quarks and Gluons
i . = s Critical point?
 © Experimental results v % '\ o o
2 ; ot 5
§ E e’)) — T*
N (oposq fr Exp. o 8_ ool l 3 Hademe @o(eoao g § Stl‘aﬂge metal
P55 e NI s o i o — QE) %\ ,,)QQ 6/19/, g-‘ %0 TX
= & K S |g pseudo-gap
& . 3 metal
/ Color Super- : superconductivity
Neutron stars  conductor?
—F 77 25
Nuclei Net Baryon Density ® doping

o — m— —— E—



AdS /Quantum Information
-Entanglement entropy




Entanglement: EPR Paradox

“SPOOKY AGTIONATA

Alice

measurement ‘




Entanglement Entropy I

(@) (b)

Spin Chain Quantum Field Theory
S
bbb A
I
I
I

The Simplest Example: two spins (2 qubits)

Sa = —trapalogpa 1 . .
pa = IB Piot ® HJ>ZE HT>A+“’>AI® T>B+ ¢>B -

= o =T [ ¥)(¥l]= 1), +[4), 1], + (4]

Not Entangled

S, =0
@ [¥)=(|7),8),+¥),8[1), | V2
= o, =T )= 20 (1], +4), (4]

Entangled

S, =log 2




Entanglement Entropy I

(a) . . (b) .
Spin Chain Quantum Field Theory

P-4 A

JEB () @' /

bbb
/ AdS g+ 5

SAz—trApAlogpA Boun/lc/zry > Z
PA = trp Ptot

Minimal Surface

s Area(7y4)
A —
- 4G§3+2)

Successful agreements
with field theory computation

DA |

- Tadashi Takayanagi

Shines Ryu



Emerging AdS? |

Entanglement Entropy and Quantum information

Entangled electrons

vy W
| e | @
P

o ......... 00 ......... °° ......... 00 ......... °



AdS /Quantum Information
-Entanglement is not enough?




Complexity

[Susskind: 1402.5674 l

Stanford and Susskind: 1406.2678]

| T—1]

s

1. Einstein-Rosen bridge increases even after thermalization
2. The field theory meaning of this?¢
3. Physics inside black hole?

Fig. from [Koiji, Norihiro, Sotaro: 1707.03840]

Entanglement is not enough?

Complexity | R) > |T)

Minimum number of operation

v = max, ||

oY=t Utr

D:ni() 'TED) := Z~Y/23 " exp|~Ea/(2T)]|Ea) | Ea) R

ITFD(ty,tg)) := e (e HrttrHr) | TED)

[Maldacena: hep-th/0106112]

Conjecture

2K

K-coins (00110110001) Cmam @ tma,x.comp

K-quiTS |¢> — Z az‘z> Cmaa:

1

~ tmaa:.comp

exp K



Holographic conjecture for complexity

CV (complexity-volume) | CA (complexity-action) |
[Susskind: 1402.5674 [Brown, Roberts, Susskind Swingle and Zhao:
Stanford and Susskind: 1406.2678] 1509.07876, 1512.04993]

o -
~ -
e -
~ -
~ -
-~ -
~ -
-

————
- .
- o
- o~
- -~
- -~
- S
- ~
o ~

_ V()
Cv = o, [ Gl ]
- Equation of motion - B?undor.y terms
- Free scale: ambiguity - Singularity

Fig. from [Jefferson, Myers: 1707.08570]



Field theory conjecture for complexity

® Complexity geometry is a Finsler geometry.

® Puzzle: for a given operator, the right(-invariant) complexity and Left(-invariant)

complexity are different.

~

F(H, =icc™ V) # F(H; =ic 1¢)

® By considering physical conditions, the puzzle is resolved: Left /right equivalence and
bi-invariace. F(Ho) = F(UHLUT)

F(H, =icc ) = F(H, = ict¢)
® SU(n) operator complexity is uniquely determined.

[— A

C(O) = min {Tr\/ HHY |V H,s.t., exp(—iH) = O} (Finsler)

C(O) = min { [Tr (EFIT) %]

s T

| VH,s.t.,exp(—iH) = O}

Applications?

® SYK model: complexity growth in a chaotic model



Complexity growth I

N
SYK model | H(J,N) Z Jijkl XiXGXkEXI (N Majorana Fermions)
i<j<k<l
— O 2 6‘72
mean = variance o =3
Complexity | C(t) = min{A Tr\/XT/VT | VV, s.t. exp(—iV) = U = exp(—itH(J,N)t )}
2N/2 2N/2 2N/2 \
V=S (Eat + 2ka)ln)(n]  kn €N Y ky =0 et ) (n]
n=1 n=
W,
oN/2 oN/2
C(t)min{ZEnt+27rkn Vk, €N, s.t. an()}
n=1 n=1
4000 N =16 | | N expK C
—N =18 L
3000 —4V =20
—N =22
C -N =0
2000 ¢
Cc ~ 2N/2
1000 - * £, ~ oN/2
%0 2000 4000 6000 8000 10000 & t
: exp K




Complexity growth I

o N> 4000 [~ » —
C(t) = min E.t+2nk,|| Vk, € N, s.t. k, =0 —N =18 ,//
—N = 22
2N/2 C N =00
2000 ¢
C(t) ~ Y |Ent — 27[[Eyt/2n]]]
n=1
1000 ¢
[1.2]] = 1,[[1.7]] = 2 and [[-2.7]] = =3
O ! ! ! !
2N/ 2 0 2000 4000 6000 8000 10000
(E) t

More general analysis:
Statistical properties of eigenvalues

SYK information work in progress

<E> — 2N/2<Ema><(ja N)>

(Bmax (T, N)) ~ (0.055 + 0.020N).J

u For fixing J (consequently fixing E_max), see

‘Quantum complexity of time evolution with chaotic Hamiltonian” [1905.05765]
,Balasubramanian, DeCross, Kar, Parrikar



Summary and outlook




History of gauge/gravity duality

97 98 99 00 O1 02 03 04 05 06 07 08 02 10 11 12 13 14 15 16171819

—

AdS/QCD
Quark-Gluon Plasma: Many many QCD,
Small g bound CMT, gravity
' applications,
Nuclear Physics: Quantum information

AdS/CFT Sakai-Sugimoto model
1. Finding more supporting o ]

evidences. AdS/QCD The principle is
2. Towards less symmetric cases. bottom-up model not proven yet,
3. Adding flavours. But many supporting evidences

Quantum information:
Entanglement entropy

AdS/CMT

Holographic
superconductor

AdS /tensor-network

AdS/CMT: Strange metal




In a bigger context: overview on holographic duality

Quantum
information

o AdS/Ql

Fields
Strings

Holographic
duality

Condensed Matter
QCD, nuclear physics

® AdS/CFT
® Gauge/Gravity

Gravity
Black hole

® AdS/QCD
® AdS/CMT

: o Self-consistency
- Compare with the i
¢ first principle simulation i
i~ Intuition from CMT/QI
| © Proposal for CMT/Q
| © Experimental results

| © Proposal for Exp.



Holographic Duality I

GTRING THEORY GUMMARIZED:

| JUST HAD AN AWESOME |IDEA.

SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY. VIBRATING 'STRINGS.

THAT IMPLY?

| burNo /
£ R

\ OKAY. WHAT wouLp




Holographic Duality I

GTRING THEORY GUMMARIZED:

| JUST HAD AN AWESOME |DEA.

SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY. VIBRATING STRINGS.

OKAY. WHAT wWouLp
THAT IMPLY 7

It led a ngw parqdlgm

Holographic principle % %
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