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ll. Holographic mean field theory
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Frame of Physical thinking : reductionism

Anpokpttog [ Democritus

Matter =Z atom

A frame of physical thinking:

Complex =Z simple

Simplicity is the key to the physics.




Ways to the simplicity

Physics=Seeking the simplicity. More than 5 parameter? Not much
predictability.

In condensed matter physics, there are 10> dof.

How CM can be a physics?

Ans= Periodic structure + 1 electron theory based on the weakness of
int.)

Even in particle physics SM, we need something for the simplicity
i) Group structure (symmetry)

ii) Hierarchy + Family structure. (repetition)

iii) Weakness of coupling. (Independence of different sectors)

In both PP & CM, the origin of the simplicity is
the periodicity (repetition) & independence (weakness of int.)




What happen if interaction is not weak!? |

e 1. Particle nature is lost.

e 2.system is strongly entangled.

HZ‘OZ‘ — H(xl) + H(.Xz)
= Wi = WxDW(x,) = No entanglement

H, = H(x)+ Hx,) + H; (x{,%,)

= Wipr = Z ;WX wx,) = entanglement <-> more even c;;

]




What if interaction is not weal! |l

. Weak coupling: in y,, = ch-jl//i(xl)l//j(xz), one term dominance.
ij

= Yo = WiX)W(X,) separability

For strong coupling,

allthec:.iny, =) cwx)px, are evenly distributed
1] fot [Jri J

j
=> No. of the important terms increases.

=> Entire system becomes one object.

Inseparability is the characteristic of the strongly int. Sys.

Simplicity restored!
What one object? The black hole.




view the whole as one body: QCP = BH

\

Qcp
* Origin of simplification/universality in SIY = Information L.oss

= Democracy of scales = Emergence of physical law!

e Thermodynamic character: indeed, both have 0,1.2.,3 law.

e Classification of QCP vs HSV: (z,0) w=kz, [s]=D-0 & sym.

e Equivalence 1s supported by exactly solvable models: AAS/SYM




Fag in AdS/CMT

Postulate: gravity dual exits and Dictionary works.
GKP-Witten Relation

Zgauge — ZAdS '

<eXp (l / ¢(0) 0)> = ei§[¢|u:0=¢(0)].

=201 2408
Where is N of SU(N)? ?:>©<~: . @638 B
Large number of degen. &S E UGS 44

Respect the bulk locality NOT the body locality.
How to characterize a material?




ll. Holographic mean field theory

e Material = lattice_structure +chem_composition

e To characterize a CM, need to introduce a lattice.

Otherwise, we would not know what material we are dealing.

e 3 ways
1. Explicit introduction. Brute force => PDE
2. Explicit introduction. Tight Binding => ODE
3. Implicit introduction by symmetry breaking

IR Probe scale =1 meV = 107%KeV (scale of lattice).
=> impossible to see the details of the lattice.
Proposal: Effect of the lattice = effect of the Symmetry breaking!



Symmetry breaking and lattice

Proposal: in low E limit,

Role of lattice = R or Tr symmetry breaking

How to establish this?

Calculate the effect of the order on the Fermion spectrum
Mean field theory=Theory of symmetry breaking.

Conversely lattice can be identified as the
spectrum generating symmetry breaking.

That is, material = spectrum (~ band structure)

10



Universal structure of MFT :

Condensation and Order

A~ cc_,, BCS

A ~ flj c_,, Kondo Condensation

M ~ clj I'c,, Charge density or magnetic ordering

11



Holographic MFT= Effect of order in fermion spectrum

Order : (¢I¢c) # 0,
Holographic dictionary:
Consider y dual to ¢, and

add @, - yIy to Zy=y(*io, — my.

Find the configuration of @ first, in the fixed BH gravity.
—> Study y(z, x) in the fixed (80 D)

to get spectrum of y.

12



Structure of holographic MFT

JHEP 06 (2024) 100 * e-Print: 2311.01897

Stotal — S¢ + dey + Sg - Sint )

P

Sy = i/ddazi V=g V) (zp _ m(j))lp(j),
j=1

S. Sukrakarn

Shay = - / V=R (FOP0 £ GOy
bdy

g & :/dda:\/—g(R—QA +\DM<I>I|2—m?D|<I>\2),

g,
S, . — / 2o/ =g (5% - Ty 1 hc)

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

N — TH1H2H1
- I'=T D g
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https://arxiv.org/abs/2311.01897

Classifying the MFT by the symmetry of the order

8 (half) of them have both simple pole and branch-cut types.

() (I),Bi,Bjk,Btu (AdS5)
° (I)aq)5aBiaB5iaBjkaBtu (AdS4)

V{NHN

= G==—euny

_ K o y @ 3-dimensional
/\ L\\\/ L\/\\>/ spectral density

Figure: Simple pole and Branch-Cut types spectra

@ 2-dimensional
slice of the
spectral density

Appearing features: Gaps of s-,p-wave sym. 14
Flat bands of dim 1,2,3.
Nodal rings of dim [,2



Analytic Green functions and their

spectral functions (pole types |/4)

4w\/EQ—w2+M2

2 _ 2

D(59); Ps(s4) TrGr(k,) =

2w
b(kg — w?) [

TrGgr(k,) = (b+kz)e— + (b — kg)eq]

Bm(SA)a BmS(SS) v

; ei:\/(bj:kx)2+k§—w2

2

| | TrGrky) = ——]
-Ba:y(SS)v Btu(SA " i o =
| : €L = \/ b+ |k|)? — w?

(b+ [k)e— + (b — |k])e + ]




Interactions Trace of analytic Green’s functions (AdS;) Features/Classifications | Singularity types
4
Tr GSS:‘) o B (43) Gapful/s-wave gap Branch-cut
M, VR —w? + M
\Vk® — w2+ M2
Tr Gggf) = 4MW2_%() (42) Topological liquid Pole
2 2
Tr Gf(f)) = & + Y (4.10) Shifting cones/p-wave gap Branch-cut
B R e R e
9w 0+ E)\/ (0 — k)2 + k2 — w2+ (b—kp)\/(b+ k)2 + k% —
Tr G(S;?)) = —w[ \/ = 5 - \/ = (4.11) 1D flat band Pole
1S b ki —w? —ie
2w 2w
TGS = + 4.15 Nodal rin Branch-cut
B BT kP A= O k) R = (4.15) i
xy
— 2112 _ .2 _ 2112 _ .2
TG99 = Qg[(bJr kL )V/(b—Tki])? + k2 —w?+ (b ' e )V/(0+ kL)) + k2 —w (4.14) 9D flat band Pole
By b k2 —w? —ie
2w 2w
™6 = + 4.8 Nodal shell Branch-cut
B B VO —TRDZ—w? b+ (K] — (4.8)
tu
27(b+ |k b—|k|)2—w?2+(b— |k b+ |k|)? — w?
TG54, = 7{( kDO = [k)* = w4+ (b = kD (b + [k])* —w ] (4.9) 3D flat band Pole
By, b w + 1€
(S8) _ (s4) 4w
B, Tr GBz(LO) =TrG 5O = m (4.5) QCP Branch-cut
b2+ k% —w?+ fof 2
Tr G5 = 4w = = k2= (b yfw? — K2 4.12 Filled nodal segment Branch-cut
B Bl fef-(f++f-) * ( L) ( )
ux
(f+ + f)\Jo? =KL = b(fs — f-) 2
Tr G(%Az) = 4w i = ’ s fe = \/kf — (b +4/w? - ki) (4.13) Non-singular segment Branch-cut & nonsingular
2 k2 (b2 4 R2 2
\w? = kL0 + k7 —w?+ [ f)
2, 1.2, 2 2
G(S(Az) = 4w Tk —w t hihe s he = \/k;i — (b + /w? — k’g) (4.16) Filled nodal ring Branch-cut
B hyh_(hy +h_)
tz
(hy +h_)y/w?— k% —b(hy —h_) 2
Tr G(Ss)l) =4dw i l * s hy = \/k;ﬁ_ — (b +/w? — k:g) (417) Non-singular disk Branch-cut & nonsingular
\w? — k2 (b2 +k? —w? + hyho)
b b—
Tr GB<0 = ( o — d ) (4.6) Filled nodal shell Branch-cut
B, VE = (btw? K (b—w)?
(O> = - {\/k2 (b—w)?— \/k:2 —(b+ w)Q} (47) Non-singular bowl Branch-cut & nonsingular




Interactions Trace of analytic Green’s functions (AdS,) Features/Classification
(S4) _ (S9) 4w
TrG,, "' =Tr G Moy Gapful /s-wave gap
My /Mos \/k2 w? + M}
k? — w? + M?
Tr GESOS) = Tr GE\*Z;D = 4w \/k2 T " Topological liquid
— w? — e
2 2
TrG S(f) =Tr G( ) = - + ~ Shifting cones/p-wave gap
B,/ Bs, By \/(b—k$)2+k§—w2 \/(b+kx)2+k‘§—w2
o (b F) (b= k)2 + k2 — w? + (b= k) /(b + a)? + K2 — 0
Tr GSA) Tr G Sf) _ [ \/ ! 5 SR \/ ’ } 1D flat band
b k, —w® —ie
Bay/ B TGyt = TG = e + - Nodal ring
Ba By, Vib—k)?2—w?  /(b+k)?— w?
21 (b+ k) /b — R — w2+ (b— 22
(anti-symmetric) . (s(sz — T G(SA) _ __[( + k) (b—k)? —w? + (b k) \/(b+ k)2 —w } oD flat band
B; B{-Y b w + 1€
4w
B, Tr G = Tr g4 — p
Y0 P2 g0 L2 _ 2 QC
b2 k2 2 B 2
68 = TG4 g IR W e, \/ — (b fo? —i2) Filled nodal line
B /B5 Bua Bs. f+f—<f++f—>
(S4) (s ) (f+ + fo)yJw* =k = b(f+ — [-) 2
TrG B = =Tr G = 4w D fe = k2 — (b + ,/w? — kz) Non-singular segment
B! JJwr = B2 4k —w?+ fofo)
b b —
Tr G;(O)) =TrG 5;:3 = ( Rl — - ) 1Filled nodal ring
B,/Bs, VE —(b+w? (K- (b w)

TrG\) = TGS;?)_ [\/k:2 (b—w) \/k2 (b+w)2]

Non-singular disk




Order p. & Dims Flat bands Gaps Order p. & Dims | Nonsingular/Gapless | w-shiftings/Gapless
SS, (figure 2) SS,SA SS,SA
e IA' 'A' By X X X X
SA, (figure 5) SS, (figure 5) SA, (figure 6) SS, (figure 6)
N 3 I 3 3 B 3 B < > N
5 AN N aN
SS, (figure 8) SA, (figure 8)
Byy B,
derf=2 defr=2
SA, (figure 4) SS, (figure 4) SA, (figure 3) SS, (figure 3)
Beu = = AN Bt . L
defs=3 } poa v defs=3 ] P

'




Summary of |l

Features in spectrum from Sym. Breaking

Gaps of s-,p-wave sym.
Flat bands of dim 1,2,3.
Nodal rings of dim 1,2

Lattice <=> symmetry breaking

/

w—c—X
Some of Green fct has poles, indeed.

but some of them are not. Branch cut singularity!
=> New class of Non-Fermi liquid 19

All many body theory assume: G ~



lll. Kondo Physics

1. Single Kondo
2. Multi-Kondo : Random impurities
3. Muti-Kondo : Kondo lattice

20
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What is Kondo physics

Scattering of conduction electrons in a metal o (
by the magnetic impurities.

1. Exp. Fact : Resistivity increase as T decrease after certain temp.

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

Physica vol. 3, page 440, 1935)
T 300 - L

19 ) Low temperature resistivity of (T) = J/ + aT> + bT°,
_ \ 280 H AY
= | . ) 260 Experiment
U Y
g o Cu—5%AuFe L

- |
00— e o To o 220 . o - 2'0 == Temperaiure T

2. Theory: Kondo: p(T) = py, + aT? + bT° + ¢, In ﬁT’ Divergence as T — 0.
21


https://en.wikipedia.org/wiki/Conduction_electrons
https://en.wikipedia.org/wiki/Magnetic_impurity

Saturation of pin T — ()

RG: imp-itinerant e coupling goes strong in IR: complete screening

The Hamiltonian of the Anderson model can be described by

s
H, = ngcka Cho T 8dznd0' HUnn,,

AN ~g=
H'= Z(decka d_+V,d “c,) (perturbation)
\/,
where
n, =d_‘d_ (o=T,1).
{do" d0'+ }: L, {Ck0'9ck'0+ }: 5k,k' dg

= B(g9) = —2¢°

dInD
Schrieffer-Wolff transformation —> Kondo Hamiltonian $
AH go

= =~ 90) = T3 20 In(De/ D)
H= ) ac'ivcio +g¥'(0)3u(0) -5,
ko

Tr = D06_1/290 _ Doe—l/poJ

Anderson’s poor man’s scaling(1970) —> K. Wilson : numerical RG (1 97521



Classification of Multi Kondo : Random vs regular impurities

Y P
=z Random imp.
single Kondo - Kondo-Conden:
///
il gap
W

Kondo Lattice
Both
heavy fermion/
Kondo insulator

’%ﬁ RKKY

Strongly-correlated
Kondo lattice 23

SNy



l1l.2. Discovery of a tiny gap in a dirty semiconductor

- B

0G

G (mS)

24



Difficulty of our system as Kondo lattice

e If no periodicity—> No momentum |
No band.
The whole picture of Kondo-lattice break down.
No calculational scheme.
In fact, random singlet picture
—> No gap!

e However, ......
A gap is found in random impurity
similar to
Indirect gap of Kondo lattice

25



Our proposal: dense Random multi-Kondo

Overlapping Kondo cloud => Kondo condensation :

H = Z €{f,;[jfia + Unipyng + Z 5,;»00%00/;0 + Z Vi (eikR’if;[,cEU + e‘ikR’iclJ%Ufw)
10 1.

ko 1,k,0

« Cooper pair=cc : < cc > # 0 — superconductivity

« Kondo pair =f7Lc: <f7Lc > #* () — Kondo condensation

. 2z7E
@o cloud

a2 9=

—-L-o™

Kondo
¢ Yamamoto et. al.

condensat
“Observation of the Kondo screening cloud”
Nature 2020 26




Kondo condensation model and its result

Sp = [d¥*x,[—gp([TMDy —m — @)Y + [ d%*x,/—g(|0,P|* — m?D?)
D~ flc

Dy = 0y + ia)abMFab — iqAy,

1

2 — .2 2 2 4 2032
® — () N e e ds® = —r*f(r)dt +r2f(r)dr +redx
r T2
— ro  rou ro%u?
OV =0 oMW =M,/1-T/T* fO)=1-3-"+5

a
B=0G
7o keT, _ T L 0.6 &
hvp Kelvin 2.3x10°nm ;
©
A~ 2 —_~ S
B Bl2=—"——" £ Q
h Tesla (25.7nm)? o a | | — 75 mK
0.3 . ——100mK
M wi 12 M — 18 mK _ —— 123 mK
My » —=L* =—3 ——75mK p—
0 7 (hwp)? 4vg (nm)? (eV)? - —— 123 mK N —128 mE
— 140 MK 5
_160 mK | 1 | 1 | 1 i 1 | 1 | 1 |
0 L : ' ' ' -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
-0.1 0 0.1
v (mV) E (meV) 27



nature physics

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

Observation of Kondo condensation
inadegenerately doped silicon metal

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

Yonuk Chong®*' 7, 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*’

28



Remarlk: random vs lattice

K-condensation vs K-insulator

B=0G

CeCo(Ing 998519 0015)s

70 K
— G0 K
50 K
w— 40 K
= 30 K
= 00 K
CeRhin,
snme 20K

Normalized conductance
o
o'

0.6

260 30

G (mS)

Conductance (mS)

—— 18.9 meV
0.8} = 16.8 meV

14.7 meV
e 12.6 meV
s 10.5 meV
s 8.4 meV

e 0050 30 0 30 60
150 -100 50 0 50 100 150
Vomge-Vag (MV)
CeColn,_, Hg,;x = 0.0015
SmB6 nature 11204 .
PHYSICAL REVIEW X 3, 011011 (2013) S|:P

K-lattice : asymmetric gap K-cond: symmetric gap

29



1.3 Physics of Kondo lattice

conduction electron

Kondo coupling: S-S

Essence of the Kondo Lattice physics:
Electron trapped and propagate rarely from site to site.

On a larger length scale, a very slow coherent motion
= a quasi-particle with a large effective mass.

30



MFT for the Kondo lattice

o V2 0
— ol = 4+ — P == —
L=1 (z8t+2m+u>¢+x (Z(‘?t )\)X

+%<M>2—gs<ww>< ) — gu(T@) - (xT&x).

Using the Fierz identity,

o V? 0
[ Sl
L= (zat+ +,u>¢+x (Z(% A)X

+ 5 W) + (00T + gl wlen) - (dav), g

Lyr = VDU — U,

F o (ot _ (¥ M
v (TP X)’ (X)’ WW)E—Ea (Wly) =
_<z%+2l+u—MA;+a A;*;)
_ s 5 ,
AS—I_O-.A'U ZE_A
As2 &UQ

le gs v |

31



MFT for the Kondo lattice (continued)

- : / T« ~ V?ID : 1 — Kondo Temp.
FS in gap-> K insulator,

e S otherwise
(a) w(p) without condensation. (b) w(p) with condensation. HeaVY Fermion w/ |arger FS

32



4
Q= U+% S {—%m(m _ %m 1 +e—/3%<ﬁ>l}}

|ﬁ1<A i=1

1 A 4

2
_U_E dpp Z‘Wz

Wizt 4 =Ef \/53 + A2+ A2 £ \/(|A3|2 +A2)2 — |AZ— A, - A2,
(2
gi.—2[<2m ,LL—I—M>:|:)\:|.

UUUUUUU

—/ 71 711() ~g,
_—/ g, =114

0.00010 0.00010

4 4
0.00005 0.00005
0.00000 0.00000
0.00000 0.00005 0.00010 0.00015 0.00000 0.00005 0.00010 0.01
| A, | A,

(a) Q versus |A|. (b) 2 with strong ¢, > g, > g.. (¢) Q2 with strong g, > g, > 33



Holographic Kondo Lattice

Stot Sbg -+ SSplIl?

6 1 w .
Sbg = Sbg,bdy /d T/ — R+ ﬁ — ZF’LWF ( &
+ /d4x\/__g[_(aﬂq)s)(aﬂq)s) o mgq)z o (a,UJ(I)PS)(a’u(I)PS) mps(bf)s]a Younngon Han

2
Sspin = Sspin,bdy T Z;/d‘lx\/—_gz'@ﬂ(j) [; (E(J lﬁ(ﬂ ) j] e

1) P -IT° Vg - iy \ (M)
4 . /—— g1 ®ps s -ty
/ o ( ) <V<I>S-z'ﬂ4 gz@s-ih) (W |

1 —
Sspin,bdy — 5 /d3$ hW(l) (ZH4)¢(1) + ¢(2 F—W 2)]

: 1
lD(J) = T B (83 + ZchdFCd — 73qu3> , h = gg"",
L=1, 20) = pITE,
109 0 op 0
]__‘X:O'l(g)o'g: 003 : I‘E:0'3®0'0: 70 0
03 0 0 —00
1
5 — jirXpyru reb — Zre 70
[/ 9 2[ ) ] 34



Holographic Kondo Lattice 2

YO\ (i@ . T5 Vb - il (1)
‘l‘/d4£€\/_g %2 Il pS. SZ.4 ¢2 ’
) Vo, -ily go®s-ily ) \ P
e g1 is the coupling strength of M (P, - )b that makes a hyperbolic spectrum

of the light fermion dual to ) (to see why we have not chosen the scalar-type
interaction, see appendix D).

e We consider the standard-mixed quantization to flatten the spectrum of the heavy
fermion dual to ¥(?) (see eq. (3.4) and refs. [70, 71, 83]). The flat spectrum comes
from the cancellation of the spinor components making the compact localized states

(CLS) [71, 84].

e go is the coupling strength of ¥(?) (® - il,)1(? that isolates the flat spectrum from
others (see appendix D and ref. [71]).

e V is the coupling constant of the inter-flavor interaction () (®g - il4)e(?) hybridizing
the light and heavy fermions.
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—m; 0 (91 ®os IV, -ily Py 0
0 B — M9 V(I)s . 7;1[4 92(1)8 . i]Ll ¢(2) -

(b) A(w, k),V = 0.5. (d) A(w, k),V = 0.5.




IV. 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 —1 —1 —1
Fo=o | e Tr[G(0,6HGB,6 )G(9,67 )] (3)
3 o P T 2
‘ — 0
ky ky
t i \ A ' 4
L f [ f
4 4
~ ::\”i; t# /'// P \\:;\\t; 4‘# # //
~ ’
~ ~. NI A S = e Y LI st 2 N0g
~ ‘ ,-iv _: - \\0‘ ’_}/ - ;
\ TaT e, fOCIP - R ROl
k - l'f;;//" o\‘:\‘ =~ k T f;}" o\\?‘: =<7
“Ly ,ﬂ"\ AT [;/ j;"\ "
/’/f”'\\\\‘ N g AT
¥ /' \ \‘ \ \ ¥ /' \\ \\
*V \\ ¥ . *V \
~ T~
k _ kx g

Monopole Number:

an%fc.dsziyfvunmk\m.ds .



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 )

39



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

40



Scalar Interaction case (SA quantization)

« Gapped spectrum nelN =

e Trivial topology

41



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

43



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- + f4)) 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
45



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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Lattice = symmetry breaking mechanism =>spectrum generation
CLS=Atom, essence of both=localization of electron
identify f orbital = flat band by CLS.

. Topology of strongly interaction can be handled and holography
gives a T-independent Topology.

Kondo lattice = flat band hybridized with s-band.
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Thank you
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