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QP Tsin a Rydberg quantum simulator
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The PXP model: (V; = o00,V,>5 = 0, P projects out nearest-neighbor boson

states)

Hpxp = Z %73 (bj + bj) P — Ab;f-bj_

j -

These models were motivated by ‘ti
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M. Eric Tai, P. M. Preiss, M. Greiner, Nature 472, 307 (2011).
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Rydberg atoms on the square lattice: theory
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Rydberg atoms on the square lattice: experiment
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Quantum criticality of Ising model in 2+1 dimensions

Quantum critical
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Quantum criticality of Ising model in 2+1 dimensions

Quantum critical dynamic susceptibility in an ex-

pansion in € = 3 — d
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Quantum criticality of Ising model in 2+1 dimensions

Quantum critical dynamic susceptibility in an ex-

pansion in € = 3 — d
1 ————
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Quantum criticality of Ising model in 2+1 dimensions

For hw ~ \/ekpT and e small, we can use a semi-classical approach.

Equal time correlators
In a classical theory, equal time correlators are independent of the dynamics, and depend only upon
the potential energy. The classical ®* field theory has potential energy

U<I>4

| , R
O = [ d°z | = (VD) + —P° -
Viel = [ & |5 (V0 + S8t o

2

The partition function at a temperature 7' is

Z = /Dcpexp( V[Tq)]>

and a typical correlator of interest is the equal time structure factor

1 0 .
Sci(k) = = /DCD exp ( V; ]) ’/dee_WCI)(:E)CI)(O)
S. Sachdev, PRB 59, 14054 (1999)




Quantum criticality of Ising model in 2+1 dimensions

Matching to determine couplings
Let us assume a square lattice of spacing a. A key assertion is that results are independent of the

lattice as a — 0 a single mass renormalization. This renormalization is equivalent to replacing R by
R, where

5_p_ TU /W/a dk,.dk, 1
B 2 4% (2/a?)|2 — cos(kya) — cos(kya)| + R

—7/a

After all lattice results are expressed in terms of R, then the claim is that no further renormalizations
are needed, and the limit a — 0 exists, and is independent of the lattice choice. Notice that we
assume that R > 0, and that as R ranges from 0 to +00, R ranges from —oo to +00. The values of
R and U are determined by matching to static properties of the quantum critical point.

S.Sachdev, PRB 59, 14054 (1999)
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Matching to determine couplings
Let us assume a square lattice of spacing a. A key assertion is that results are independent of the

lattice as a — 0 a single mass renormalization. This renormalization is equivalent to replacing R by
R, where

5_p_ TU /W/a dk,dk, 1
2 J_nsa 4m (2/a?)[2 — cos(kya) — cos(kya)] + R

After all lattice results are expressed in terms of R, then the claim is that no further renormalizations
are needed, and the limit a — 0 exists, and is independent of the lattice choice. Notice that we
assume that R > 0, and that as R ranges from 0 to +00, R ranges from —oo to +00. The values of
R and U are determined by matching to static properties of the quantum critical point.

Classical dynamics
We introduce a conjugate momentum field II(x) with the Poisson bracket

{@(2), L(y)}p.p. = 0°(z — y)

and the Hamiltonian
02H2
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Quantum criticality of Ising model in 2+1 dimensions

where c 1s a velocity. The partition function is now extended to
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By integrating these equations of motion, we can obtain the dynamic structure factor
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Here the average (-) is over thermal initial conditions defined by the partition function Z.

Precise numerical results to appear by
Julia Wei, Matthew Dodelson,Anders Sandvik... S.Sachdev, PRB 59, 14054 (1999)
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Superfluid-insulator transition

a Superflud state

\

ﬁ Ultracold ®'Rb

atoms - bosons

M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and 1. Bloch, Nature 415, 39 (2002).



The Superfluid-Insulator transition

Boson Hubbard model

Bosons, b; hopping on the sites 7 of a square lattice with Hamiltonian

U
—th,}Lbj | 9 an(nj—l)
(%7) J

bl b,

H

Uy
The boson operators obey the commutation relation
b, bi] = 00
We restrict attention to the sector of the Fock space with

Z n; = Integer multiple of the number of sites
J
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Insulator (the vacuum)
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Superfluid
at small repulsion between bosons

Ground state) [Z bT]




Insulator

Superfluid

A A~ U/t



U ~ br—g — a complex field representing the
Bose-Einstein condensate of the superfluid
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Observation of Higgs quasi-normal mode
across the superfluid-insulator transition of
ultracold atoms in a 2-dimensional optical

lattice:

Response to modulation of lattice depth scales
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Manuel Endres, Takeshi Fukuhara, David Pekker, Marc Cheneau, Peter Schaub, Christian Gross, Eugene
Demler, Stefan Kuhr; and Immanuel Bloch, Nature 487,454 (2012).



- /D‘I’(T» T) exp (—/d2rd7 10, W]? + ¢*|V, ¥ |* + V(q;)})

= (A=A)|V)° +u (|\If\2)2

Quantum state with

complex, many-body,
“long-range” quantum entanglement

() #0 () =0

Superfluid Insulator

Ac A~ U/t



/D\I/(r, T) exp (—/dQTdT 10-T|° + *|V, U|* + V(@)})

(A =AW+ u (|0[?)°

A conformal field theory

in 2+1 spacetime dimensions (CFT3):
the O(2) Wilson-Fisher CFT3

(W) # 0 (V) =0

Superfluid Insulator

A~ U/t



z /D\If(r, ) exp (—/dQTdT 0; 9] + |V, 0|? 4 V(\If)})

V() = (A= A)U? +u(P)?)°

The coupling © — u™,
the renormalization group

A conformal field theory

fixed point, for the CFT3. in 2+1 spacetime dimensions (CFT3):
7 the O(2) Wilson-Fisher CFT3
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Superfluid Insulator
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\ critical ,
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. Quantum 7
. /
“Boltzmann” critical ! Boltzmann
theory of Nambu- theory of
Goldstqne and particles/holes
vortices
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Conformal field theory in 2+1
dimensions at 7>0:
excitations are not quasiparticles

~ -
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- \ g
N 7

\\ Quantum //
\ critical ,
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Electrical transport in a free quasiparticle
CFT3forT>0

w /T



Quasiparticle view of quantum criticality (Boltzmann equation):
Electrical transport for a (weakly) interacting CFT3

Re|o(w)]
O((u*)?),
where u* 1s the
| fixed point .
Interaction

| hw

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997). k B A



Quasiparticle view of quantum criticality (Boltzmann equation):
Electrical transport for a (weakly) interacting CFT3

— *\ 2
Relo(w)] O(1/(u*)”)
O((u*)?),
where u™ 1s the
| fixed point .
Interaction

| hw

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997). k B A



Quasiparticle view of quantum criticality (Boltzmann equation):
Electrical transport for a (weakly) interacting CFT 3

Y. — a universal function

Universal conductivity ~ e*/h
Universal time scale ~ h/kgT

) < O(1/(u*)?)

Re|o(w
O((u")*),

where u™ 1s the
fixed point -
Interaction

— l—

| hw

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997). k B A




Quasiparticle view of quantum criticality (Boltzmann equation):
Transport of O(N) current for a (weakly) interacting CFT3

oQ = 62/ h, the quantum unit of conductance

| hw

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997). k B A



Quasiparticle view of quantum criticality (Boltzmann equation):
Transport of O(N) current for a (weakly) interacting CFT3

oQ = 62/ h, the quantum unit of conductance

Ooo = 27 X (1/16) + O(1/N)

in a vector large /N limit

AO'OO

[Chester, Landry, Liu, DP, Simmons-Duffin, Vichi, '19]
. _ (2e)”

Bootstrap: o(c0) = 0.355155(11) 5

Quantum MC: 0.285(20) Girvin, Wallin, Cha, Fisher, Young '91]

0.355(5) [Gazit, Podolsky, Auerbach '14]
0.3605(3) Katz, Sachdev, Sgrensen, Witczak-Krempa '14]

| hw

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997). k B A



Quasiparticle view of quantum criticality (Boltzmann equation):
Transport of O(N) current for a (weakly) interacting CFT3

oQ = 62/ h, the quantum unit of conductance

in a vector large N limit

] hw
S. Sachdev, Phys. Rev. B 57,7157 (1998) W.
Witczak-Krempa, P. Ghaemi, T. Senthil, and Yong Back Kim, Phys. ]{j B T
Rev. B 86, 24102 (2012)




Traditional CMT

> Identity quasiparti-
cles and their dis-
pPEersions

& Compute scattering
matrix elements of
quasiparticles

{ Input parameters into
a quantum Boltzmann
equation

{ Compute dissipative
properties at w <
quasiparticle-collision-
rate

Dynamics without quasiparticles

*

*

Start with strongly inter-
acting CF'T without quasi-
particles

Using scaling dimensions
and operator product ex-
pansions (OPE) of the CFT,

compute conductivity
at hw > k BT

Relate OPE coeflicients to
couplings of an effective grav-
itational theory on AdS

Dynamics of a “horizon”
in gravitational theory yields
info at hAw < kgT'.



Basic characteristics of CFTs
Primary operators of CF'T, O,(x), obey ( at T' = 0):

where A, is their scaling dimension. Their “interactions” are determined by

the OPE (considering scalar operators only)

The values of {Aq, fape | determine (in principle) all observable properties

of the CFT, asconstrained by conformal Ward identities. For the Wilson-

Fisher CFT3, systematic methods exist to compute (in princip!

e) all t

1€

{Aq, fape}, and we will assume this data is known. This knowlec
taken as an input to the computation of the finite 7' dynamics

oe will |

DE



Basic characteristics of CFT3s
The OPE of the current operator is

C
lim J,(w)J,(— — 0o, 6@ O
Q> (@) Jz(~w +Pp) o P) QA P

The most important O is the thermal operator O ~ |¥|* with scaling dimensions
A =3 —1/v. We also need

(O)p —(O)p_, = BT> Y

Then the thermal average of the OPE of two O(2) current operators yields for
w>1

where by = BC and by depends on OPE with the energy-momentum tensor.

E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, Physical Review B 90,245109 (2014)



Quantum Monte Carlo for lattice model of integer currents
(Villain model) in Euclidean time

| | | | | | | | |
. © — Fit : 0.36038 + 0.053 /71516 — 0.01 /n3
0.40- O QMC Villain Model B
S .l |
0.39 i
\ i -
N\
32 I
D 038
N— B
E _
~J 0.37 _—
0.36
0

Excellent agreement with OPE

E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, Physical Review B 90,245109 (2014)



Quantum Monte Carlo for lattice model of integer currents
(Villain model) in Euclidean time

| | | | | | | | |
. © — Fit : 0.36038 + 0.053 /71516 — 0.01 /n3
0.40- O QMC Villain Model B
S .l |
0.39 i
\ i -
N\
32 I
D 038
N— B
E _
~J 0.37 _—
0.36
0

QMC fails for Minkowski trequencies hw < kT

E. Katz, S. Sachdey, E. Sorensen, and W.Witczak-Krempa, Physical Review B 90,245109 (2014)



Extending OPE using holography

We match the OPE results to a holographic theory of a U(1) gauge field F', which is dual to the conserved
current J, in a AdS4 background.

The T > 0 AdS,-Schwarzschild metric is

2 27 9
e 5 5 5 L<du
724,2 —f(u)dt® + da® + dy” w2 f (u)

. We also introduce a holographic scalar field ¢

2 _
dSSch —

where u is the holographic dimension with f(u) = 1 — u*

dual to O which has the profile near the boundary
r&A
gp(aj,u — O) — (QA B D) (<O>T o <O>T:O)

where @ = ulL? /ro with rg = AnT L? /3. Then the current correlations are determined by the holographic
theory for F':
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Conductivity of Einstein-Maxwell theory

Relo(w)]

w/2nT
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Numerical solution of Einstein-Maxwell-VVeyl-scalar
theory + OPE info from OMC
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Numerical solution of Einstein-Maxwell-VVeyl-scalar
theory + OPE info from OMC
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Traditional CMT

> Identity quasiparti-
cles and their dis-
pPEersions

& Compute scattering
matrix elements of
quasiparticles

{ Input parameters into
a quantum Boltzmann
equation

{ Compute dissipative
properties at w <
quasiparticle-collision-
rate

Dynamics without quasiparticles

*

*

Start with strongly inter-
acting CF'T without quasi-
particles

Using scaling dimensions
and operator product ex-
pansions (OPE) of the CFT,

compute conductivity
at hw > k BT

Relate OPE coeflicients to
couplings of an effective grav-
itational theory on AdS

Dynamics of a “horizon”
in gravitational theory yields
info at hAw < kgT'.



