BH/QCP Duality and quantum matters.

Sang-Jin Sin (Hanyang)
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e Physics= Simplification by (unification,reduction,symmetry)

e Unification= Identify different objects

. ?
- reduces the # of axioms @3 """"""""" d}
observed affected
“here” “over there”

Example : Electricity+ Magnetism = Electromagnetism )= [ 1) = 141)

particle+wave - Quantum Physics V2
space+time Special relativity

spacetime+gravity=> General relativity
spacetime geometry+ force+dulaity =»string theory

* |Issue of today:
Quantum matter + spacetime geometry
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e Similarity of Quantum Critical point and black hole
- New field theory for strongly int. system

QcCpP
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Quantum matter = large quantum fluctuation

B
e Classical vs qguantum mechaniy
A

* One configuration dominant = no fluctuation
sum over many configuration = big fluctuation .

 Quantum matter = matter with large quantum fluctuation
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When Quantum fluctuation is large?

1. Strong interaction—> Large fluctuation

2. g~ V/K

3. Slow elctron: large g = large fluctuation

4. Quantum matter—> slow electrons
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=

Material with-slow electrons

3d Transition metal Oxide,

Hi Tc SC
Periodic Table (omitting LA and AC Series)
1 2
nonmetal noble gas' alkali metal [ alkaline earth metal "] metalloid ["] halogen ] metal h transition metal c
£ H $ He
=
1s1 152
3 ] 6 7 8 10
£ . s & s 2 =
e Li $ § C g N 20 5 F £Ne
[He] 251 [He] 252 2p3 [He] 252204 He] 252 2p5. [He] 2s2 2p6
1 18
& Ar
[Ne] 2s1 [Ne] 352 3p3 [Ne] 352 3p4 [Ne] 3s2 3p6
19 36
i Se é Kr
[Ar) 3010 452 4p4 [A7] 3d10 452 4p6

5 52 54
Z E - €
! i Rb £ s l1e E Xe
V Kr] 4910 5s2 5p [Kr] 4d10 5s2 5p6

86
s
% Rn

[Xe] 414 5410 62 6p6

118

5 PO
[Xe] Bs1 . ............ Ke] 4114 5d10 6 .

3:

[Rn]§/14.6410.752.7p6
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Effect of strong Interactioni) —

1. Loss of particle = Loss of calculability:

d-function=Particle
resonance=quasi-particle
no feature=non-particle

T

-

o1 0.2 03
Haw donng, p
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Initial state Energy S ‘:: Hydrodynamic

Evolution Hadron Freezeout
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Intensity (arb. units)

Pseudo Gap

ARPES observation of superconducting gap
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Violation of Wiedemann-Franz law
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SIS
QFT=calculation method for many body system

20C QFT=pertubation theory
g=U/t (Or t/U), A=1+a g2+b g3 +C g4 +d g5 4 -

g>1 =>the more you calculate the wronger you beocome.

No calculation method for such matter.
- No theory for new material, high Tc.
Recognized from 1930, Famous after 1986.
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e ———

Condensed matter theory

= Structure in UV scale - functionality in IR scale
physics with reductionism.
Not applicable to SIS.
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e Similarity of Quantum Critical point and black hole
- New field theory for strongly int. system

QcCpP
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1. Critical point—> Fluctuation of all size .

inconsistency—> divegence:
vapor-water critical point: density =0 as water.
Density=infinity as vapor 0 or infinity
3. For divergence L—2infinity
Quantum critical= Icutuation in time.
Size of time=1/Temp=B—2infinity = T=0.

* divergence of a order parameter means not a good parameter for the system
appearance of massless d.o.f w=k?
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Similarity

Quantum'Critical point

Black Hole has

1) Universality /no hair / information loss
ii) Thermodynamics (1%t law €< —>Einstein eq.)
iii) Transport

So is the QCP.

one for all.
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Good Observables for thesnew theory?

Most universal quantity: spectral function and Transport near QCP
Absence of scale>absence of structural dependence - Universality

Classifying QCP : dynamical exponent
Z,0: w=k? [s]=D-6

\

QcCpP
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Q): strong coupling? .... 10 years of speculation

62'6

1. ¢° ~ 1

- Amehc - v

2. near Dirac Point : Tiny FS = No (insufficient) screening
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experimen

breakdown of the Wiedemann-Franz
law in graphene

Jesse Crossno,”? Jing K. Shi,' Ke Wang,! Xiaomeng Liu,' Achim Harzheim,*
Andrew Lucas,' Subir Sachdev,® Philip Kim,"?* Takashi Taniguchi,* Kenji Wa 8
Thomas A. Ohki,” Kin Chung Fong®*

Observation of the Dirac fluid and the 4 March 2016 m
RVAAAS

»

SN

\o}

Thermal Conductivity (nW/K)

b0 = o o

Simple = Pure = Hard !
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holographic model

|dea : neutral current 2 Enhance the heat conductivity

1 Z W
5= [davg {R 2[00 + @1(0)(0n)? + ale)0x2)] - Vig) - 2 pe - T
o =0o(1+(Q/Qo)?),
= 4 basic parameters.
K = ) , .
L+ (1 +9,)(Q/Qo)? at T5K, 0o = 0.338/kQ, & = TInW/K | Qp = €320/ (um)?,
e? _ Adrkp sT o hog 4
oy = EQZQ, K= i ﬁ, QO = Ak sk=.
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Hydrodynamics vs quantum Holography

in data fitting
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Q7 Q:iQ; B R

=2+ s, 0= o2, K=
TSt e C0 T e BT TS Q2 sk,

with & = 4rsT/k?, s = 4wr? and Z; is the coupling of
——Ezg al-—l—E 0ij = Z+41Q°/sk*,  (11)
i 2]

where Q = Y. Q; and Z = . Z;, showing the additivity

D[1/k] = ZD 1/k;],  Dlo] = ZD[‘”]’

K

Tty anQ2/skezy Yk = 1R+ Q7 /Z;s7T,

where D|[f], D[f] denote the density dependent and in
dependent part of f , respectively.
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week ending

PRL 118, 036601 (2017) PHYSICAL REVIEW LETTERS 20 JANUARY 2017

S

Holography of the Dirac Fluid in Graphene with Two Currents

Yunseok Seo,1 Geunho Song,1 Philip Kim,z’3 Subir Sachdev,z’4 and Sang-Jin Sin'
1Department of Physics, Hanyang University, Seoul 133-791, Korea
i 2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

. I

C

®

Phys.Rev.Lett. 118 (2017) no.3, 036601
Editors' Suggestion
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Dirac material is a class (1405.5774): 22| 0|=: so is the anomalous transport.

Material Pseudospin Energy scale (eV) References

Graphene, Silicene, Germanene Sublattice 1-3 eV [5, 6, 17, 19, 36, 37]

Artificial Graphenes Sublattice 107%-0.1 eV [28, 29, 38-40]

Hexagonal layered heterostructures Emergent 0.01-0.1 eV [41-47]

Hofstadter butterfly systems Energent 0.01 eV [46]
Graphene-hBN heterostructures in high magnetic fields

Band inversion interfaces Spin-orbit ang. mom. 0.3 eV [48-50]
SnTe/PbTe, CdTe/HgTe, PbTe

2D Topological Insulators Spin-orbit ang. mom. < 0.1eV 7, 8, 22, 24, 51, 52]
HgTe/CdTe, InAs/GaSb, Bi bilayer, ...

3D Topological Insulators Spin-orbit ang. mom. < 0.3eV 7, 8, 23, 52-55]
Bi;_,Sb,, BisSes, strained HgTe, Heusler alloys, ...

Topological crystalline insulators orbital <0.3eV [56-59]
SnTe, Pby_,Sn,Se

d-wave cuprate superconductors Nambu pseudospin < 0.05eV (60, 61]

“He Nambu pseudospin 0.3 peV 2, 3]

3D Weyl and Dirac semimetals Energy bands Unclear [32-34]

CdgASQ, NagBi

Table 1. Table of Dirac materials indicated by material family, pseudospin realization in the Dirac Hamiltonian,
and the energy scale for which the Dirac spectrum is present without any other states.

Surface of Tl

Similar, but differ by strong spin-orbit interaction

18.04.27.USTC
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Surface phenomena of T+ WAL 2> WL transition

1. Bi,Te; with Cr doping: Bao et.al, SREP02391
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Surface states,of TI-[1703.07361]

04 02 00 02 04
B(T)

04 02 00 02 23.04.27.USTC
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Universality instransition due to surface gap

Theory fits
not only for Cr doped Bi,Te, but also Mn doped Bi,Se,

0.2
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Strong Correlation Effects on Surfaces of Topological Insulators via Holography

Yunseok Seo, Geunho Song and Sang-Jin Sin
Department of Physics, Hanyang Unwversity, Seoul 04763, Korea.

Published in Phys.Rev. B96 (2017) no.4, 041104 (rapid communications)

Small Fermi Surfaces and Strong Correlation Effects in Dirac Materials with Holography
Y. Seo, G. Song, C. Park +SIJS
Published in JHEP 1710 (2017) 204
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So far, transport,” What about spectrum?

La,_Sr,CuO,

\ non-Fermi liquid
\ (non-Landau liquid)

temperature

0.2 :
doping level (holes per CuO,)
underdoped optimally doped overdoped
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* |t comes from fundamental fermion’s two point function .

e Mott transition is first candidate to understand

 DMFT is successful to an extend so we can compare
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Mott Transition—

() (b) W

o
Vi

Enerqgy
Density of States
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N
H=—t Y (o, +Cotip) +U D nipnay,
1i=1

e: To move or not to, that is the problem
Real problem to human : unsolvable!
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Hubbard model (HM) = Not solvable

Holography is effective tool.

Can we replace the Hubbard Model by a calculable h-model?
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1 .
Dy = O + ZwabMFab —iqAp.

Sbd = E dPxVhpp = — /deE\/ﬁ(@—Tm + o),

h = —gg"", 1+ are the spin-up and down

18.04@KPS 33



Phase Diagram:-has 6 phases

Sy = /d%ﬁz‘&(ﬂ— m — ipF)Y + Shay

m

Free fermion 0.5 pasasaanssaaaagpseyssssnmmsssnasssssanccsssncasssaooozsnaocasaaoosae:

0.4 (SM)

0.3

0.2

0.1
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understanding phase diagram

A = d/2 —m
App = (d—1)/2

m=1/2 is the Free fermionic
regardless of dim.
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Role-of pwin BM’and SM creation

(g) p=3 (h) p=6

37
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—Role of bulk-mass.in Gap creation

n n I n n n I ' ! L n n I
-8 -6 -4 -2 0 0 2 -8 -6 -4 -2 0 2 -8 -6 -4 -2 0

(i)m=0p=26 i (j) m=015p=6 i (k) m=03p=6

i (1) m=045p=6
Now as we decreases m further, the lower one goes down upper one goes
up > gap creation, i.e, As (%-m) increases, gap is created.

39
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Role of bulksmass-in-psuedo-Gap creation

i (b) m=0.15p=25 i (c) m=0.3p=25 i !d)m20.45p=2.5

Alw) Alw)
() m=n0p=25 (f) m=0.15p=2.5 (g) m=03p=25 (h) m=0.45p =25
(SM)
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Comparing with- Hubbard Model by Embedding

Hubbard model H = —t( C;'ro-cja + Hc) 4 Uzniani—a
Competition of t and U.
+V Z nin; + Vo + Va+
P, m play the role of U, V. =7z
None of constant m or p line has Mott transition

U/t into (m,p) 2 Embed Hubbard into Holography
p=U/t. V/t=(1/2—m) V=aU

m P on Wall _
SR C— m+ap =1/2,

0.4

0.3

One Embedding (alpha) defines one
Holographic Hubbard model.

0.2

0.1
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Comparision with DMFT results-——

oM M s&l—é
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-4 -2 2 =
w

Single-site DMFT result Holography with embedding Yellow



Comparision with DMFT results ii

m  Free fermion Wall

0.5 -O‘

0.4

(SM)
0.3

0.2

~single site DMFT ~Clustre DMFT

i

I T~
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Data for Transition Metal Oxide

O?%: anion

V3t V,0,, &2
V4#:VO,, d'

Periodic Table (omitting LA and AC Series)

§ nonmetal noble gas'  alkali metal [ alkaline earth metal [”] metalloid "] halogen [l metal h transition metal .
! 3 H 3 He
3 6 7 8 10
- 5 5 :
[He] 25 [He) 252202 [He) 252203 e (He) 252296

15

[Ne] 352 3p3

o INejEst . ..
36
.
£ Kr
N 10, [A7] 310 452 4p6
37 2 54
| c
| Te i Xe
(r] 410 582 Sp [Kr] 4d10 552 5p6
86
£ Rn
[Xe] 414 51 10 652 6p6
118
i
5 09
o
[Rn].514.6d10.7s2.]

.ppt from Ara Go 18.04@KPS 44

Rubidium
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w E Fr
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Cf: DMFT vs Experiment // Holography vs Exp

r —— T , T , T , T
| — SrVd3,LDA+DMFT(QMC5 — SrVO,LDA+DMFT(QMC)
‘7 | -- CavO,LDA+DMFT(QMC) —- CaVO,LDA+DMFT(QMC)
E | 0 SrVO,(Sekiyamaetal.) o SrVO,(Inoueetal.)
S| e CaVO,(Sekiyamaetal.) o0 g Ca,,Sr,,VO,(Inoueetal.)
> **
= ¢
=~ ioe
= 3 y"‘y"‘ab
e < , 'v'-,' ¥
- - R\ v o¥ ¥,
< / p S g% 4 'y
N— VY ¥ Ox.\‘
= ¢ oie®
= b 3 ** e,
= a4 RN
g ’
: . . ¢ -3 -2 -1 0
-3 -2 -1 0 1 2 3 4 ® o ; s ; ;
Energy(eV) Energy(eV)

(a)PES data vs theory

(b)XAS data vs theory

DMFT school (2011) Dieter Vollhardt  FIG. 5. Experimenal data vs holographic theory: (a) PES
data, (b) XAS data ; In both case (color red) is for SrVOs;
and (color blue) is for CaVOs. The data for SrVOs3; is from

[26], and that for CaVOs is from [25].

m
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-~ —Conclusion

* New field theory based on holography
* Applied to Dirac material, Transition metal

21 century physics=highly interesting theory with exp.
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Thanks you.
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3 dim.
Classical
BH

2 dim.
Quantum
Matter

2d SIS ( near QCP) hologram = 3dim Black hole
— quantum black hole

18.04.27.USTC
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quantum holog

QCP : dynamical exponent
But

BH :
< equilibrium, fluid dynamic behavior
<> transport( transport is input in traditional fluid dynamics)
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Supersymmetric D-brane

Open string

Closed string
Susy gauge theory Susy AdS gravity
Theory of
Quantum  e—]- Classical
Matter Geometry

General case without SUSY

i. Find example outside string theory.

ii. Asume—> caculate = compare with exp..
18.04.27.USTC
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i) Evidence outside string theory

1. entanglement entropy calculation in 2d

Minimal Surface

/

Ryu & Takayanagi (2006) @ @

AdS g+ >

>z
BouVery

[Swingle]
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Ryu & Takayanagi (2006) by product.
Presence of dual space time=

presence of high entanglement @ @
AdS 4:2
Raamsdonk : classical . Boun/{v:v

Space is sewn by entanglement.
Entanglement first law - Linearized gravity equation.

|

Complete Einstein equation from the generalized First Law of Entanglement
Eunseok Oh (Hanyang U.), I.Y. Park (Philander Smith Coll.), Sang-Jin Sin (Hanyang U.):
arXiv:1709.05752 [hep-th] | PDF
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Def. of AdS/CMT

AdS/CFT : an exact duality where dictionary is given
Hydrogen atom of Holographic Duality

w—d2 A 1 &
d32D+2:7”D< F + 2 -I-T—22da:f>
1=1

Geometry (z,0)

Dual?

QCP(z,6) - N

Exp. data Make a unique rule

Transport coefficients
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