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|. Introduction

ll. Holographic mean field theory

lll. Examples

« 1. Kondo condensation and Kondo lattice.
e 2. Mott gap classes.
« 3. Topology in interacting system

e 4. Encoding lattice (UV) in the holography.

Mean field theory and holographic Kondo lattice,
2407.01978

Mean field theory for strongly coupled systems:
Holographic approach JHEP 06 (2024) 100
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Introduction:
what happen if interaction is not weak?

e 1. Particle nature is lost.

e 2. Entire system 1S strongly entangled.
H,, = H(x)+ H(x,)
= Yo = Wi(XDWHx,) = No entanglement

Introduce the interaction:
Hl‘Ol‘ — H(Xl) + H(xz) + Him(xl, X2)

= Yior = 2 C;(x wi(x,) = entanglement
ij




What if interaction is not weak?

« Weak coupling:
iny, = Zcijl//i(xl)l//j(xz), one term dominance remained.

ij
e For strong coupling,

C;i Ny, = Z c,wi(xwi(x,) are more evenly distributed

ij
=> No. of the important terms increases.

=> every scale is equally important=> QCP
=> Entire system becomes one object.



Recipe!

The whole system ~ one object => Emergence
If the object is like a black hole => Simplicity restored!

Apply AdS/CFT to CMT

The only known calculational scheme for the Emergence!




Any Quantitative evidence!

Well known #/s +  Transport anomaly in Graphene

week ending

PRL 118, 036601 (2017) PHYSICAL REVIEW LETTERS 20 JANUARY 2017
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Holography of the Dirac Fluid in Graphene with Two Currents

Yunseok Se:o,1 Geunho Song,1 Philip Kim,z’3 Subir Sachde:v,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

Phys.Rev.Lett. 118 (2017) no.3, 036601
Editors' Suggestion




Transport anomaly in Graphene
Summary: Holography provides a modeling tool for hydrodynamics.
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Why it works for graphene?

I
hole FL

Dirac fluid lec. FL
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I
hole FL

K (NW/K)

Small Fermi surface (little screening) +
masslessness (space filling brane )




ii) Dirac material & Surface of Topological Insulators

Theory fits

) , prB, rapid comm Al&M,525,SIS
[1703.07361, prB, rapid MEM,E2F,S)S

not only for Cr doped Bi,Te,; but also Mn doped Bi,Se,
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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 University, Seoul 04763, Korea.

Published in Phys.Rev. B96 (2017) no.4, 041104 (rapid communications)
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Small Fermi Surfaces and Strong Correlation Effects in Dirac Materials with Holography
Y. Seo, G. Song, C. Park + SIS
Published in JHEP 1710 (2017) 204
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Why it works in Condensed Matter?

Relativistic massless theory for graphene.
Where is large N in U(1) gauge theory?
Origin of SU(3) = degeneracy if 3 color state.

SIS: degenerate ground state:

ex:RVB.
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Why it works (ii)

|. Ground state degeneracy
=> Fluctuation/Frustration/Entagnlement
2. => Long distance entanglement at boundary
bdy theory should not be local!
3. No control over the theory!?
Bulk locality?

Prescription: Model the system by Bulk Local Theories!
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Real condensed matter physics by AdS/CFT?

Beyond Graphene! Off the QCP Need a scale.
Beyond transport? ARPES data. => Need fermion.

Our Region
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Scale from Symmetry breaking

Theory of dynamical symmetry breaking
= Mean field theory:

Study of condensation and
fermion gaps and their roles out of 4-fermion int.
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Universal structure & problem of MFT

1. The mean field theory has universal structure :
e c_) - (¢ 'c_y) = A'- (¢ I'c_) + he — A'A,

2. Depending on the type of instability of FS and the gap,
we have BCS, CDW, SDW, Kondo lattice,... chap11-20.

3. Universal Problem:
New ground state is caused by the instability of the old vacuum.
Need relevant operator. It happens for large enough coupling at
low energy of relevant op., where the calculation is not valid in
general.

4. Need a formalism to overcome the usual MFT,
To discuss all above phenomena in the same fashion.
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|1. Holographic Mean field theory

Mean field theory for strongly coupled systems: Holographic approach
Supalert Sukrakarn(Hanyang U.), Taewon Yuk(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Nov 3, 2023)
Published in: JHEP 06 (2024) 100 - e-Print: 2311.01897 [hep-th]
The emergence of strange metal and topological liquid near quantum critical point in a solvable model
Eunseok Oh(Hanyang U.), Taewon Yuk(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Mar 15, 2021)
Published in: JHEP 11 (2021) 207 -+ e-Print: 2103.08166 [hep-th]
Ginzberg—Landau—Wllson theory for Flat band, Fermi-arc and surface states of strongly correlated systems
Eunseok Oh(Hanyang U.), Yunseok Seo(GIST, Gwangju), Taewon Yuk(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Aug 6, 2020)
Published in: JHEP 01 (2021) 053 -+ e-Print: 2007.12188 [hep-th]

< T.Yuk
S. Sukrakarn >
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Effect of Order in holographic theory

. Theory of Condensation = (®,,A,,8,,)
ll. Theory of gap = fermion in the bulk.

Order : (yTy) # 0,

Dictionary:

1. First consider : Spin n tensor ®, dual to 7'y,

& find the configuration of ®, + gravity.
2. Then, consider  dual to y* (the gauge singlet version of y),

and add ®, - l/'/FAl// to & Index A = (uypr )

Z =y, —my+ Dy - pT . (But @, p)
—> Study y(z, x) in the fixed (80 ®) to get spectrum of y.
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Holographic Mean field theory
Bulk locality=> almost unique in leading order.

+ Sint )

Stotal = Sy + Sbdy + Sg) o

2
Sy — @-/ddxz V=5 59 (= m®) 40,
=1
Shiy = /bd V=R (5O £ 5Oy,
y
S o = /ddx\/—g(R — 2A +|Dy®;|* — mé|<1>|2 ),
g,

S, . — /ddxﬁ(w(l)q)rw(2) —I—h.C) | = (Iulluz...lun)

where ®; is order parameter field, 1»(V® - T2 is constructed by considering all possible
Lorentz symmetry.

For known @, this is a Mean field Theory for fermion.
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Results |: Gap or no-gap

Among 16 possible T4,

1, I°, I produce s-wave gap

[,i =x,y produce p-wave gap with/without flat band

Anything else: non-gap

Tr Gg\if) = 4w

\/k2 — w2 4+ M2 Ty G54 _

4w

Mo

2

kK —w

2

e \/kQ—wQ—I—Mg
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Spectral features: gap or not

| 1 4+ | | ‘ | ‘ 1 4+ I v | | ' 9
2F 4 2t i
dw O0f dw 0k i
1 -2r 4 -2t ]
4 ” -2 0 2 4 i -2 0 2 4

(a) (A1, A2) = (0,0) (b) (A1, Az2) = (2,0) (c) (A1, A2) = (0,2)

Figure 1: The gap structure (GS) with different ® configuration. GS are similar for
different power of z in the leading term of ®. We used T' = 0.01, . = 0.

Notice also: localized band
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Results 2. Classifying the quantum fluid by singularity of G

1. Branch cut type: most of them. &, — Bﬂym

® By, B¢, Bti, Byi, Bst, B5,,  (AdS}y) Biy 2Kyt Kay— \ go1 goa /)

Kays = /(boy £ RL)Z + K2 — &2,
—> New type of Non-Fermi liquid

* Observation: CFT singularity structure remains even after
scaling sym. Is broken.

* Traditional way:
3 ways to NFL :i) X ~ w® with a< 1, ii)Z — 0, iii) flat band

n(/\')A

Gk,w) = + less singular
W — €, — 2
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2. Pole type G in AdS,

v
£

460\/];2 — w2 + M2

BCE(SA)? B;p5(55) oo

P59y Po(sa) | 4 \\ TrGr(k,) = e
| TrGr(ky) = b(k;i‘) = [(b + kz)e— + (b— k:c)€-|—]

e = f(bE k)2 k2 — w?

Bay(s5), Bru(sa)

TrGr(ky) = —% (b + k)e_ + (b — |k|)e + |

e =0 R -
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3. Holographic Flat band (AdS;):
multi layered graphene

dw| M .
TrGg =~ fu' | ,  Point: Usual Cone
k2 L w2
TrGp, =~ R g2 _y2) Flat Line
ki — w2
2 1.2 ~ .
TrGp, ~ 4‘2([’ kL)@(bQ —k2), Flat Disk
’ k? — w2
2 7.2
TrGp, ~ 2" = g2 2y Flat Ball
w

6-fnt from branch cut

b=symmetry breaking scale

~Io| |b]
k

Figure: Holographic Flat band
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Inv Green Functions

Interactions Trace of analytic Green’s functions (AdS,) Features/Classification
4
Tr ng:l) =Tr Gﬁi) = - - Gapful /s-wave gap
My /My \/k — w? + M¢
K — w2+ M?
Tr Gﬁf) =Tr Gg\ii) = 4w \/k2 T ! Topological liquid
—w? — e
2 2
Tr Ggg) =Tr G(Big) = :j - - + ;j - - Shifting cones/p-wave gap
B./Bs, 5 \/(b—kx) + ki —w \/(b—l—kx) +k; —w
9w t (O ko)A /(b —Fkp)? + k2 —w? + (b — ki) /(b + kp)? + k2 — w?
Tr Gﬁé) =Tr G’S(‘Og)) = —w{ \/ ! 5 T \/ i } 1D flat band
B e b k, —w” — i€
(S4) _ (55) 2w 2w .
Bay/ B, Tr GB&;” =Tr GB;:U = \/(b L + \/(b o n Nodal ring
21(b+ |k b—k)?—w?+ (b— |k b+ k)? — w?
(anti-symmetric) Tr G(S‘?Z =Tr G(Sflf = —— (b+ kD VA Fow +( DV + R —w 2D flat band
B,V B,V b W+ i€
B, TGS = gty - AW QCP
B B k2 >
b2 1{72 2 -~ 2

w65, = 6 = 4w ; 1 f“:ff ; - \/ k2 (b +,fw? — k;) Filled nodal line

Bu:v/B5u —~ > R =
(54) (55) (f+ + [2)yJw? =k = b(f+ — f-) 2
Tr GBH) =Tr GBH) = 4w D fe =4[ K2 — (b +,/w?— k;) Non-singular segment
u g Jw? = k0 + K — W+ fof)
b b—
Tr Gg(f)) =Tr Ggég) — 2(\/k2 —E: - — \/k2 (bw )2) Filled %al ring

B,/ Bs t t —0+tw — =W

SA) ss) 2
Tr G;f@) = Tr Gfgég)) =7 [\/k2 —(b—w)?— \/k:2 —(b+ w)2]

Non-singular disk




Spectral features

Order p. & Dims

Flat bands

Semi-metals

Order p. & Dims

Nonsingular

w-shiftings

SS, (figure 2)

SA, (figure 2)

ol

SS,SA

SS,SA

SXBX
ke by
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& A By
defs=0 v defr=0
SA, (figure 5) SS, (figure 5) SA, (figure 6) SS, (figure 6)
defr=1 v defe=1
SS, (figure 7) SA, (figure 7) SS, (figure 8) SA, (figure 8)
defr=2 v P dess=2
SA, (figure 4) SS, (figure 4) SA, (figure 3) SS, (figure 3)
Bty - AN
defs=3 NS
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Summary of Holo mean field theory:
order type/ spectral features/ singularity type

* Scalar, pseudo scalar : s-wave gap
e Spatial vector gives p-wave gap.
e Temporal vector : nodal ring (2d AdS4), nodal shell(3d AdSS)

eFlatband : 1,23dimby B, B, B

Xy’ —Ir?

e Symmetric 2-tensor: D-wave

24




Implications

Lattice=10°eV, Transport =IR data. 0.leV

S0, electrons can not see the lattice!

They can see only repeated structure or protected by
the symmetry: Condensation is creation of new order
although it is expressed as violation of symmetry by the
OLD ground state!

Lattice <=> Symmetry breaking order.

Interaction => Entanglement

Duality:

Qm or Cl depends on the excitation you are looking for



|1. Applications

Mean field theory and holographic Kondo lattice
Young-Kwon Han(Hanyang U.), Debabrata Ghorai(Hanyang U.), Taewon Yuk(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Jul 2, 2024)
« e-Print: 2407.01978 [hep-th]
Observation of Kondo condensation in a degenerately doped silicon metal
HyunS|k Im, Dong Uk Lee, Yongcheol Jo, Jongmin Kim, Yonuk Chong et al. (Jan 21, 2023)
Published in: Nature Phys. 19 (2023) 5, 676-681 * e-Print: 2301.09047 [cond-mat.str-el]
ABC-stacked multilayer graphene in holography
Jeong-Won Seo(Hanyang U.), Taewon Yuk(Hanyang U.), Young-Kwon Han(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Aug 31, 2022)
. Published in: JHEP 11 (2022) 017 « e-Print: 2208.14642 [hep-th]
Classes of holographic Mott gaps
« Debabrata Ghorai(Hanyang U.), Taewon Yuk(Hanyang U.), Young-Kwon Han(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Apr 16, 2024)
. Published in: JHEP 10 (2024) 062 - e-Print: 2404.10412 [hep-th]
Encoding the lattice in the holography
. Taewon Yuk(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Jan 15, 2024)
Published in: Phys.Rev.D 110 (2024) 10, 106017 + e-Print: 2401.07498 [hep-th]

<YK Han
D. Ghorai >
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application | : multi-Kondo

e Single Kondo: spin impurity in conductor.

11 1 1 Resistance/Resistance(T=0 Celsius) x 10000
A (from W.J. de Haas and G.J. van den Berg,

1 1 Physica vol. 3, page 440, 1936)

1.0 - 440 sstrusngs, 300 - T

* Low temperature resistivity of
s x"\‘\ 280 Au
3 A CuFe ' .
o S Xperimen
/ + CuCr \&

0.0 _olo1 I .(;1 0.1 T/TK1.0 10 | | } Tempemture T(K)

T == 5 10 15 20
e I
K.Wilson: RG Kondo: p(T) = py+ aT? + bT° + ¢, In .

Holographic single Kondo effect: Issue : log T
J. Erdmenger, R. Myer, A. Obanon, A.Karch,.....:.impurity=AdS defect in AdS



Multi Kondo : Random vs regular impurities

a . \ N 3 b /,:'./;"/
\ 7
\\\\ fé) F- |
single Kondo / ™ “F  Randomimp.
° 14} o 7 : gap
N."\;\ l | //';/ 77
. (N L\ % O
Y \\\
¢ /A /o d
Kondo Latti & a3 C7ant
ondo Lattice N
heavy fermion, \ /\/ o
Kondo insulator 11‘11 \ Wi 111* PINg

Strongly-correlated
Kondo lattice
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Random Kondo

S-wave gap

- B=0G

|0 years ago,
H. Im et.al found a tiny gap
in extremely high P-doped

Si
A Dirty sample

G (mS)




Kondo-Condensation

o Kondo cloud
Y v
e /
\‘g\ ;‘;"
A2 3 fle,=0@1=0+A,
/7, /
P ¥ Phenomena says
14 \
> RN S-wave gap
: => spin 0

Discard vector.
30



For Kondo condensation: scalar-fermion

S =5¢ + Sw + dey,
S / I /=g (D2 — m30%),  Spay = i [,y dlav/ e,

Sy = [ 415 i6 (07D, — (m + 98) .
D, =0 => V(D) is needed

u— Y
w_: . MZA MOMl =0

(a) (A1, A2) =(0,0) (b) (A1,A2) = (2,0) (c) (A1,A2) =(0,2)

O = Mpz + M122

Figure 1: The gap structure (GS) with different ® configuration. GS are similar for
different power of z in the leading term of ®. We used T'= 0.01, p = 0.
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Spectral functions and DOS

0.6

Exp vs Theory

G (mS)
DOS (a.u.)

— 75 mK
— 100 mK

0.3

——123mK
. ——140mK
- . ——160mK

I U B R SR
0 e -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

-0.1 0 0.1 E (mev)

nature physics

Article https://doi.org/10.1038/s41567-022-01930-3

Observation of Kondo condensation
inadegenerately doped s silicon metal 3

Hyunsik Im®'?", Dong Uk Lee ®3, Yongcheol Jo', Jongmin Kim',

Yonuk Chong®*', Woon Song®, Hyungsang Kim', Eun Kyu Kim®3" -,
Taewon Yuk?, Sang-Jin Sin®3', Soonjae Moon?, Jonathan R. Prance ®°¢,
Yuri A. Pashkin ® ° & Jaw-Shen Tsai*’



Kondo lattice

Hybridization of
Flat band +dispersive band

Essence of the Kondo Lattice physics:

1. Heavy fermion, FL

2. Luttinger volume up.

On a larger length scale, a very slow coherent motion.

Both are explained from the
33



MFT for the Kondo lattice

0 V? 0
— oyt Y I
L ¢<zt—|—2 +,u>¢—|—x <Zt A)X

o Kondo int.
+ 5 W10) = g (V) () — 90 (¥1FY) - (X7

Using the Fierz identity,

o V? 0
[ SRl
L= (28t+ +,LL>¢—|—X (Zc‘?t A)X

+ 2010 + @) + g @le) - 0ddw), g = B g B

Lyp = ¥TDU — U,

O (gt ;_<¢> c M ey = As A,
’ ? = — = —, 0} = —,
(Gt —M A +G A
As+7 - A, ig—X )
A2 A2
U::_+| | +| |

29 ¢ g, 34




MFT for the Kondo lattice (continued)

0.4 0.6
p

(a) w(p) without condensation. (b) w(p) with condensation.

Schematic presentation
of the hybridization

T ~ V?/D : 1 — Kondo Temp.

E 7
Ek f I\ ¢A9~V2/D

FS in gap-> K insulator,
otherwise
Heavy Fermion w/ larger FS

35



MFT for the Kondo lattice

(a) Q versus |A|. (b) © with strong ¢, > g, > g.. (c¢)  with strong g, > g. >

Condensation only for large enough coupling!
Validity of MFT?

36



Holographic Kondo Lattice

Stot = Sbg -+ SSpiIl) 4
6 1 o
Sbg — Sbg,bdy + /d4a:\/ —g ( + 73~ ZFMVF'LW) | |
+ [ Aloy=gl- (0,80 8,) — m20? - (9,8,,)(9"0y) — mi @), YoungKwon Han

2
.. T1 R .
_ . E : 4 — - o B -
Sspin — Sspln,bdy + — /d L/ gZ?ﬁ(J) [2 (B(]) ]ﬁ(])) mJ] 770(])
j:

(1) O - I° Vb, -ily \ [
d4 [ ,‘é g1 % ps S 4
+ / ‘ g ( (2)> < Vo -illy godg -1y 2

SSpin,bdy /d?’az\/ [w(l)(@]l )¢(1) + ¢(2)Fl¢(2)

pY = I'e,” (53 + ZchdFCd — quAB) , h=gg9"",
L=1, B0 = Tt
0 2 0

FLZO'1®7:O'2= . 102 , FX:0'1(8)0'1: o1 3
109 0 op 0
0 0

Y=o ®o03 = 73 : ™ = g3 @00=|"°
03 0 0 —0)

1
% = ;rirXryru reb — ~e 1)
i , 2[ 1] 37



Role of interaction terms

Eq. Of Motion

2
..M e |
Sspin — SSpin,bdy + Z/d4£€\/ —gzwm [5 (B(]) — ]D(])) _ mj] w(J)
j=1
| o )
Sspin,bdy = 5 /dgw\/—h[zp(l)(zh)w(l) + P TEL ()]

Gives Dirac cone Gives Flat band
(H. Liu et.al) (Tong+Laia)

38



Role of interaction terms

5 '
o
55 s
0 0
55

(PO (1@ T VL) (0
d4 — 2 p
+/ ) g(¢(2> VO, -ily ga®s-ily ) \ @ )’

Separating flat band from .
Dirac cone.

Gives hyperbolic spec.

Making Hybridization to compete the goal

-0 2" —0 "



Holographic Kondo Lattice

— ma 0 g 91(I>ps : F5 V(I)S : iI[4 w(l) -
0 E — 19 V(I)s ) ﬂ[él 92(1)8 ’ ﬂ[él ¢<2) -




results with back reaction:
T-evolution

ky ky ky ko

. SA
(e) T > 2T, (f) T ~ 0.97. (g) T ~ 0.1T. (h) Analytic B

Figure 12: Backreacted fermions spectral functions (SFs) by fixing the order parameter (O;) =~
2.0 at T~ 0.17.. (a,e) fermions SF with B,, interaction type at above T.. In this regime, the
symmetry is restored so that (O;) = 0. (b,f) SFs where the order parameter is of the order
of temperature (1" ~ T, ~ (Oq)). (c,g) SFs where the order parameter is much biggeg; than
temperature ((O1) > T). (d,h) SFs generated by our analytic results given in the section 4.



Application 2. Classifying the Mott gap

e Mott gap : gap without order, due to the Coulomb int.
Hubbard model.

_ i
Hyubbard = t E ¢, Cic +U E it T
(ij)o 1
No symmetry breaking, No condensation.

» Previously Phillips group used Pauli term £, i [ """y for it.

DOS
DOS

?

t/U < 1= Mott insulator
t/U>1 = Metal / 4



* Order : gap by condensation by spon.sym.breaking.
* Mott gap: gap by coulomb interaction without sym. breaking.

* In holography,
if a matter field has source only or condensation only => Order.
if a matter field has both source and condensation => induced gap

* We treat the Mott gap as the induced gap.
* S0, holography can handle the Mott phonomena

as a hMFT=analogue of Landau theory.
This 1s a surprise! 43



o Li=iwp(I"D, —mys—i-F, IH" )Y » Phillips et.al

4 E¢

E
t/U < 1=» Mott insulator

DOS

>

Spectral fn  DoS:asymmetric gap

44



* No order parameter. Use only density.
e Want more canonical symmetric gap

Gauge i1 L)

Field Gapless Gap Flat Band Effect of ¢

A= Ai(z)dt | TF? i0°*F? | F%(n > 0),iF?T°, iF,, " | F,,['*T° | Shifting & Bending

10

IPhi‘IIipls eta WO/W minimal int.

7

w
| |
S N o N i
w
| | |
D A N O N A O

4 w

(a) For F,,,T* at T=0,q=1 (b) For F? at T = 0.025u,¢ =0 (c¢) For F? at T = 0.025u,q = 1

- W
4



Application 3. Topology in interacting system

@ Topological Hamiltonian Method and Eigenvectors (w = 0)
Hi(k) = —G(0, k)
where eigenvector of H; and H share the same eigenvector, |n).
Fe =V x (n| 0 |n) (2)

@ Alternative method: " Cubic of Green's function”

o
1 dw 4 1 1
Fe= = — €y CTr[G((‘) G )G(0,G)G(0,G )] (3)
3! om HP H p
‘ — 0
Yoy N ) /
kb f [ f
et “H’“ #
\ NN YR 2y o 4
RN N o A B 20 4
LNk A
\\ - ;_*S;o.ﬂ < “*\."9 - Il
- T, e O s T - el K Y |
k ’llf./}'o\\':‘.\‘ : K\ e f; ,»"\ 'T\ R -
’f/f/i‘\ NN & ./v‘:‘k‘ s
’/"Q\\‘\ \\ (’/*Q,\ LSRN
Vs ¢ h\ VN \ ] .
/' \‘ \\ /' ' \\ \
i _ ' by
~ T~
k ~_ kx —

Monopole Number:

an%fc.dsziyfvunmk\m.ds 16



Critical case (® = 0)

11 22 |k| — ky T
AT =A 2|k|(k2 + k2) (0, v) (5-1)
k| + k.,

20k (kG + R2)

v/ k? — k2
AL = A2 = A3 = 12 — S 17 (—i(k] + K2), ikoky + |k|k., ikoks — |K|ky)"
Yy z
(5.3)

F=dA+AMA =>for Abelian case, denote F= €2

1 T ﬂuX:/ﬂ-dS:%r
ﬂ - W(kxa kya kz) S

ko]
1000

800 -
600 -

400




Topological Liquid : scalar order without gap

Sy = /d%\/?g(R DY v S m?p|c1>|2) (6)
Syt = / Pay/=g (1969 1 hc). (7)

where ) = TM Dy, Dy = (On — iqAm + Fwriapl )
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Scalar Interaction case(SS quantization)

Spectrum of free

Fermion

However, Berry Curvature is ldentical to critical case.

The same Dirac monopole

Berry curvature
for both cases

Spectrum is pole type, differ from critical case.

Spectrum of scalar

coupled Fermion
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Scalar Interaction case (SA quantization)

« Gapped spectrum nelN =

e Trivial topology

50



Vector Interaction : Separated Dirac monopole

Berry curvature

) =
2((by + kz)?

Spectrum

(b) Berry curvature on k,-k, plane



Sus = [ P/ =g(R =20~ 1Dy = mi o). (9)
Sint = / v/ —g(B ( By, p T ) (2) +h.c). (10)

where D = TM Dy, Dy = (Op + inaﬁI’o‘ﬁ), and B = By (u) dz A dy
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Topology of Flat band

Spectrum =2d Disk Berry curvature=monopole Ring

159, = 2O DVO TP TR+ Ol )y O Y Al ¥ R =7

— w2 —
S —we — €

-4 -2 0 2 4
k;

(e) BS, VY5 wk,  (f) BS,YE wek,

[ (RLl(f= = f) + bay(f= + 1)) sin® )
0 ko (f- = f4)* (K = %) (JkLl(f= = F4) +bay(f- + £4)) cosd

A2k L] f fo (R = 02K = 02, — f-f) ™ | k2, k2 402 <(ki+k§)(f——f+)igmy|kll(f—+f+))
(k3 +k2—b2,)(f-—f+)?

fo = /ry T R0Z K2 and ki = \/k2+ k2



Summary (AdS; or 3d topology)

Interaction types/SF

Near the origin

Far from the origin

Scalar

Tensor

Single monopole

Separated monopole

Monopole ring
54



AdS, : scalar vs pseudo-scalar

the scalar I' - ® = ¢ My Green’s function is given by the 1-flavor with psudo scalar I' - ® = I'> M5 can give a gap

ke+w ky .
G — (Mo-l-\/k%-l—kg—i—Mng Mo\/k%—kkg—i—Mgw?) G = 1 ( ke +w _ky + ’LM5> |
— ky km+w 2 2 2 o 2 —k . M —kx
Mo—/k24+k2+Mg—w?  Mo—+/k2+k2+M3—w? \/km + ky + Mg —w y — M5 T W
TrG = 2w G — 2
—Mo+\//€%+k§+M3—w2 \/kg+k§+M§—w2
Spectrum-> gap (g>0) Spectrum-> gap
Topological Liquid (g<0)
O M
But in both case 2(k2 + k2 + M2)3/2
Qxy =0 -
C1 = — F=1
2T |
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Topology in finite temperature

|. Non-interacting (single particle) theory:
Finite temperature is ensemble average.
Each band has its own topological number ¢, .

Therefore the topological number = average of ¢, :

o(T) = ) pT)c,

Actually Uhlmann defined a T-dependent c.

Q: But does it make sense for a topology to be dependentonT,a
continuous deformation?

Q:What holography says about it?
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Monopole number at Finite T in holography

Method |: A & F are T-independent, though G depends on T.
Method 2: GdG~! depends onT.

Monopole Charge at T >> 0

. Kcutoff =10
. K(mt()ff =20
K(,’Ut()ff > 100

________

(non)topological number over finite surface

Figure: monopole numbers over the
evolution of temperature by various

< h

Figure: Monopole charge with increasing of temperature, with integration sphere radius.
a fixed sphere surface

Flux over Large enough Surface => temperature independent result.
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| In holography, ¢,(T") = ¢,(0)

2.Why this happen?
In AdS/CFT dictionary,
finite temperature ~ black hole ~ (a pure) state!

tarded = inflating BC
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Other applications

1. BCS and s-p-d-wave gaps
2. Strange metal
2. Topology and interaction/temperature

3. Fermi-Liquid as a topological liquid
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To encode the lattice use localized basis
(Wannier basis).

Fourier transform ==> Tight binding model.
for n orbital => H(k,w) : matrix of n x n.

Schroedinger eq has the form of Dirac eq.
-> Embed this Dirac eq in 2+1 into Dirac eq in AdS4.

[f‘:('): —m — il* 11Dy — GH (K, /\'y)}} ¢ =0,
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1?9, —m — il® {iDy — GH (k. l\*y)}} (=0,

uv » R
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Two band case: |. Graphene

o Graphene’s tight-binding Hamiltonian and its eigenvalue are given by

e
e I _ | 0 1 < 2ediakz/2 cos( aky)
1 + 2¢—3tiakz/2 cos(—‘é—g-aky) 0
ks k
¢ E::t\/3+2008(\/§ak )+4cos(3a )cos(\/gg 7).
L

https://drive.google.com/file/d/1PXvC9tJ
VcN391INngWw1bPWPYTvOOK8T-/view

3ak \/_ ak,

2 =) cos(

TrG = Nk ¢? = 3+ 2cos(V3ak,) + 4 cos(
€ —w

“)
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E(k)

2w

TrG = 5

€ w2’

r K M K' r
k

(a) Dispersion Relation of the
Graphene

€€ =3+2 cos(V3ak,) + 4 cos(

r K M K' r
k

(b) Spectral Density of the Graphene

3ak.
2

) cos(

Binding Energy (eV)

Intensity (arb. units)

V3ak,
2

)
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r K M K' r r K M K' r
k k

(a) m ~ 0.5 (b) m =0.25

Figure 3: Graphene’s SD changed by m with t =1, to = 0 and A, = 0. As we change the
value of m from % to 0, there is a transition from a simple pole to a branch-cut type pole.
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Hrp = tz c;.rcj + 19 Z ei”ijgbc;rcj + Ay Zfic;fa,;.
(i7) ((i9)) 2

Vij = sign(d; x d])z ==+1, (i,7) €{1,2}

Figure 4: Haldane model SD
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Conclusion

Holographic Mean field theory = classifying the order

1) spin of the order parameter:

ii) Singularity of the Green fct. (Pole vs branch cut)

iii) Features of band: 0,1,2,3 dim Flat band. nodal ring, nodal shell....

. surprise: Effect of the lattice =symmetry breaking.

Mottness can be discussed in parallel to order.
Gap without order. Possible due to the conformal structure.

Mass term => WF 2y

Future: Strange metallicity from the <ER=EPR>
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Thank you
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Prescription: Model the system by Bulk Local Theories!

Why it works!?

|. Large N= large degeneracy in the ground state.
=> Fluctuation/Frustration/Entagnlement
2. Duality between CL and Quantum (Missing step)
. Long distance entanglement at boundary
<=> Non-locality in the bdy.
Bulk locality is very plausible!
4. Strange metallicity from the entanglement. <ER=EPR>,,

W



