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A few Tales on Entanglement

. O|F 1} X 2]: introduction to ads/cft
ll. Entanglement & locality : ads/cmt
lll. Entanglement and scattering.

IV. Sewing spacetime by Entanglement

V. ER=EPR and Strange metal
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Before : open string theory: J = a’M?, 1/a’' = (1GeV)?, (ZEH7|)

After : Closed string theory(1974): s=2 S X} &£,
Gravity with scale Mp = 10°GeV, (Gy = M;3?)

practically oo slope/energy to excite modes.

=> 0| 2-M&O| 0| : by the presence of Gy = M;>




12 XH3l:  AdS/CFT (1998)

D-brane(1995: Polchinski)
Near horizon limit of D-brane =AdS

N=4 SYM <=> string th in AdS (1998: Maldacena, 2Bt015| 2/ &)

Strong-weak duality

AdSICFT

/ 4
g 2 (122)

gstm’ng

Cias _ (taas "' A2
Gn (p

CFT has no scale => G, decouple.

Once it decouples, we can generate any wanted scale by
a dynamical symmetry breaking

=> X2 ? How to generate a theory for the system on the boundary?



Generalize to AdS/CMT: a calculation formalism of emergence

\

QCP =analogue of N=4 SYM
no scale BH: no hair

* Origin of simplification at QCP :
Democracy of scales => Information Loss => universality in SIS

* The whole system as an object indivisible.

* AdS/SYM = an soluble example.




ll. Entanglement and Locality

Entanglement implies Non-locality.
Measuring L can affect R, whatever is their distance=> Non-locality

Strong Interaction => Strong Entanglement=> Non-locality => untreatable

Q: How to overcome this non-locality?

O

A: AdS/CFT: Bulk-Bdy correspondence is non-local.

P(x,2) = JK(x, 7, x)O(x)dx'



Prescription of AdS/X, X=QCD, CMT, ...

Finding the dual theory of known theory is meaningless.

)( Define dof at bdy: y
7 = A non-local Th. of ¥
X Ty(y) Postulate the local Th. of

=> calculate observable of ¥

3=+ J'%(x))( (dX " No reason to prove the equivalence

e D.o.Fis defined in bdy, but its dynamics is defined by the BULK theory.

e assume the presence of basic bulk fields which is dual to the (fermion,
fermion bilinear, ...) and its local bulk action.

« We do not assume the locality of the boundary theory.

e bulk locality= a principle not a theorem.



Q: How to describe a realistic system using ads/CFT?

By structure & features
=> need a scale=>need a Symmetry breaking !

T

ordered ..\/.. disordered
. QCP

Need a theory off the QCP.
Mean field theory=Theory of symmetry breaking.

Theory of symmetry breaking in holographic version:
we call it as holographic mean field theory.
The first example is Holographic Superconductivity theory.



ll. Holographic mean field theory (1)

Traditional MFT:

MFT= theory of condensation. => ... gap generation => ... order.

A ~ (c.c_;), BCS

A~ ( flj c_;), Kondo Condensation

MA ~ (c]j I"c,), Charge density or magnetic ordering

What are the condensations in particle theory?
Holographic MFT:

” 1
S=|d*x /=2 (R—ZA——Fz— D.® 2)
u 8 1 | A 1‘

Solution to the eq. Of M => @, # 0 — hairy solution
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H-MFT (ii) Effect of order in fermion spectrum

Order : (¢[™c) # 0,
Holographic dictionary: ¢
Consider v dual to ¢, and

add @, - yIMy to £, = w(y'io, — my.

Find the configuration of @ first, in the fixed BH gravity.
—> Study w(z, x) in the fixed (8, P)

to get spectrum of y.
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Structure of holographic MFT

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

Einstein-Maxwell-Tensor

Stotal — S¢ + dey + Sg‘(I)/—I_ Sint )

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

Symmetry type of the order vs pattern of spectrum

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

) . 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. o

Flat bands of dim 1,2,3.
Nodal segment and rings



For probe: Analytic spectral functions

notice: pole vs branch cut

4w\/E2—w2—|—M2

B2 _ )2

P55y, P5(54) TrGr(k,) =

2w
b(k% — w?) [

€L = \/(bikx)Q—l—kg — w?

| TrGr(ky) = (b+ kz)e— + (b — kz)ey]

BCB(SA)? Bw5(SS) ’

| TrGRM) == [ RDem + (b~ [RDe+]

-Bxy(SS)aBtu(SA .o —
ex = /(b £ |F)2 — w?

V4

w—€c—3

7

Usual many body theory assume: G ~

_ Poles=>FL. // Branch cut also appears in ours => New class of Non-FL
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Analytic spectral functions for AdS4

Interactions Trace of analytic Green’s functions (AdS,) Features/Classification
4
Tr GE\%) Tr G(Sj) “ Gapful /s-wave gap
Mo /Mos \/k2—w2+M2
k* — w2+ M7
Tr Gg(jf) Tr Gg{% = 4w \/k:2 — . Topological liquid
(SS) _ SA 2w 2w o
TrG B0 = =Tr G -+ Shifting cones/p-wave gap
B,/Bs, Bir \/(b— ke + 12— w? (b4 k) 4k —w?
o (b ) [0 — k)2 + k2 —w? 4 (b— k) ([ (b + ko) + 2 —
el = ety = 2| v - , v — 1D flat band
B b k2 — w? — e
B.,/B Gy =6l 2 + 2 Nodal i
v/ Bru T N = ) = odal rin
vt : B( b Vib—Ek)2—w? /(b+k)?—w? 5
2170+ |k b—k)2—w?+(b— |k b+ k)2 — w?
(anti-symmetric) Tr G(Ssi) = Tr G(*S;Af) = —= {( + kD) VI Fowt ( kDb +K)? = } 2D flat band
b w + 1€
B, TGOS = gl - ¥ QCP
<0> <0> 5
k™ — w?
b2 ki2 2 a 2
6% = 6! = 4w J]: T f“’:ff ;f fy = \/ 2 (bi W — kg) Filled nodal line
BUI/B5U = - A =
(5A) (55) (f+—|—f_)\/w2—k‘§—b(f+—f_) 2 .
Tr GB(‘” =Tr GB(‘” = 4w D fe =/ k2 — <b + ,/w? — k2> Non-singular segment
u " Jw? = K20 4+ K — w4 ffo)
15
b b—
TG =TGN = 2( e 2 ) Filled nodal ring
B/ By | VR = b0 R = (- wp

TrGEB(OQ_TGS(;?)_ [\/k2 (b—w —\/kQ—(ber)?]

Non-singular disk




Analytic spectral functions for AdS5

Tr Gg\jf) = e (4.3) Gapful/s-wave gap Branch-cut
MO A/ k2 — WQ + Mg
VK2 — w2+ M2
Tr Gg\if) = 4wm <4.2) Topological liquid Pole
Tr GEBS(E)) = 2w + 2 (4.10) Shifting cones/p-wave gap Branch-cut
B T ok R e ot k) R -
x
(b4 ko) /(b — k)2 + k2 — w2+ (b—ky)\/ (b + k)2 + k2 — w?
TG = ZJ [ v S s v —] (411 1D flat band Pole
1 —w?—de
Tr G(S(AZ) = 2w + 2 (4.15) Nodal ring Branch-cut
B B? TR R e b R+ R -
Yy
(ss) _ 2w+ k)b —[kiD)?* k2 —w?+ (0~ |ki)V/(0+ kL2 + k2 — w?
G2 = (4.14) 2D flat band Pole
BGY T b k2 —w? —ie
2w 2w
69 = + 4.8 Nodal shell Branch-cut
B RO R A G s 48)
tu
sa) _ 27+ kD (b—[k])? —w? + (b= k)b + |k[)* — w?
el = [ i ] (4.9) 3D flat band Pole
(55) _ myglSd) - 4
u — [y — .
B TrG oy =Tr G (4 5) QCP Branch-cut
( ) k2 2
b2+k27w2+ff, 2
6% = 4w P e = k2 — (b Jw? — K3 4.12 Filled nodal segment Branch-cut
B 5" Tl (s + 1) i (b -kt) (412)
ux
fo+ w2 -k —b(fy — f- 2
Tr G(S(fi‘z) _ 4w( + ) L= b(f+ ) D fy = \/k% - (b +4/w?— ki) (4.13) Non-singular segment Branch-cut & nonsingular
Buax /2 k2 b2 k2 .2
w J_( + w* + f-‘rf—)
2 1.2, 2 2
TrG(S(“_la) = 4wb TR Wt hyhe s hy = \/ka_ - (b +/w? — kg) (4.16) Filled nodal ring Branch-cut
B B hyh_(hy +h_)
tz
(hy +h_)y/w? — k3 —b(hy —h_) 2
Tr Ggg)l) — g - * s he = \/ki - (b + w? — kg) (4.17) Non-singular disk Branch-cut & nonsingular
= \Jw? — k(02 4+ k? — w2+ hiho)
b+w .
TrGB(O) ( ) (46) Filled nodal shell Branch-cut
+ w) w)
B k* — (b k*—(b—
t
2
Tr Ggg) =3 {\/ kK2 — (b —w) \/ k2 — (b+ w)? ] (47) Non-singular bowl Branch-cut & nonsingular




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
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lll. Entanglement and Scattering

1. 24|

2. IEZL| Mol & Ak ZAl

3. NSEX A} 3l 70| A Of|A]

4. AHAE ME/FXGer DEIN AEZ L] A5}
5. 4=

1. EPR = ER, scattering amplitude and entanglement entropy change

Shigenori Seki(Hanyang U.), Sang-Jin Sin(Hanyang U.) (Apr 3, 2014)
Published in: Phys.Lett.B 735 (2014) 272-276 - e-Print: 1404.0794 [hep-th] 15 citations

2. Variation of Entanglement Entropy in Scattering Process
Shigenori Seki(Hanyang U.), L.Y. Park(Philander Smith Coll.), Sang-Jin Sin(Hanyang U.) (Dec 26, 2014)

Published in: Phys.Lett.B 743 (2015) 147-153 - e-Print: 1412.7894 [hep-th] 51 citations
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W)= lim Uli)=) |F)(fISl) =) |f)Ssi
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o  ZAHTO HEH[O|M TIA:

i 2
. A E 21| 845} leading term: ASy, &~ g% log gz[dk | Thip,q, |

. AEZL| He}: MS MO[et et MER 20| order gOi|A S

o ZCH Ay = u,y)2 R 1R AHE

20




Explicit examples

d+1 1 2 1 2 I 2
S=[d X 5(0¢A) +5(a¢3) +5m (P + P3) + Adids

. AMBEIE g EZLD Z7I8
ASp x |7 |2 X Ogcattering
e center of mass frame: AS; ~ pd 2E3
(B) LRtHst
e with time-dependent Hamiltonian H,, (?),

12
° ASE X |J | X Gscatterlng

the same! 21




ads/cft 2} scattering

world sheet wormhole

o AdS/CFT CHEO|M = ArEHEIZ 2 AHIE 21| 7 B bulk minimal
surface2| F0]| CH S

« world sheet has wormhole structure. Actually this was the motivation

Xp=— Xy =400
X_ '
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IV. Entanglement and spacetime sewing
(Raamsdonk)

Quantum gum

Space-time might be woven from quantum entanglement

In a model universe, the equations describing gravity in a

volume of space are equivalent to those describing the surface SURFACE:

of that volume, which don't include gravity. This suggests ENTANGLED

space on the inside somehow emerges from the properties of FIELDS/PARTICLES
the outside, namely entanglement

INTERIOR:

EMPTY SPACE

Sure enough, when you reduce the
entanglement connecting two regions
of the outside surface, the space
inside pulls apart as if pulling at two
ends of a piece of chewing gum

If you eliminate all entanglement, the
space inside splits in two, suggesting
that entanglement is the thread that
binds space-time

V. ER=EPR
Relation to the strange metal
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Conclusion

 Locality is essential for the simplification, which is
lost by the entanglement.

e This difficulty can be overcome using the
holographic duality.

° ASE= kd

24




Conclusion

- Entanglement is still poorly understood.
* Recently, many idea has been much development.

» Entanglement is the herb of new idea.
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