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Abstract: <p>How does thermalization in quantum systems work? Naively, the unitary time evolution prevents thermalization, but one can
show that in general quantum systems thermalize when brought into contact with a thermal bath. In noninteracting systems, the approac
thermal value can be either ballistic or diffusive depending on particle statistics and bath temperature.</p>

<p> </p>

<p>However, many systems cannot be thermalized when placed in a bath: glasses.</p>

<p> </p>

<p>l will discuss a disorderfree model of an organic electronic glass that is formed through rapid supercooling. Geometric frustratiot
long-range interactions cause the Arrhenius-type freezing.</p>

<p> </p>

<p>Quenched disorder can also lead to glassiness, a phenomenon known as many-body localization. In this case, thermalization is prevent:
existence of extensively many local integrals of motion. | will show how to compute these integrals of motion and their properties.</p>
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Overview

Thermalization
in Quantum Systems

il | ‘
Self-generated glasses Many-Body Localization
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Foundations of Stat-Mech

Thermalization = Loss of Memory initial state information

In Quantum Mechanics there is No Loss due to Unitary Time Evolution!

How can Quantum Systems Thermalize?
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Foundations of Stat-Mech

Thermalization = Loss of Memory initial state information

In Quantum Mechanics there is No Loss due to Unitary Time Evolution!

How can Quantum Systems Thermalize?

Deutsch 91

$ Eigenstate Thermalization Hypothesis (10| A[)0) = Z ' Tr Ae P sreanicki‘aa

Rigol ‘08
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Foundations of Stat-Mech

Thermalization = Loss of Memory initial state information

In Quantum Mechanics there is No Loss due to Unitary Time Evolution!

How can Quantum Systems Thermalize?
| 31 Deutsch ‘91
<> Eigenstate Thermalization Hypothesis (¢o|A|1g) = Z7 ' Tr Ae™F ;rcdlnjslgci '94
igo
<> Quantum Chaos Kitaev 15, Maldacena, Shenker, Stanford ‘15

Out-of-time-ordered correlations (OTOC) Cyy (t) = ([W(t), V(0)]?)
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Foundations of Stat-Mech

Thermalization = Loss of Memory initial state information

In Quantum Mechanics there is No Loss due to Unitary Time Evolution!

How can Quantum Systems Thermalize?

Deutsch 91

Eigenstate Thermalization Hypothesis (V0| A|¢) = Z ' Tr Ae ™1 srednicki 94

Rigol ‘08
Quantum Chaos Kitaev 15, Maldacena, Shenker, Stanford ‘15
Out-of-time-ordered correlations (OTOC) Cyy (t) = ([W(t), V(0)]?)

Level statistics Berry, Tabor ‘77
. X ; Polkovnikov ‘13
Poissonian vs. Wigner-Dyson

Integrability / Conformal Field Theory

Cardy, Calabrese ‘06
Essler, Fagotti ‘16

H { . ) .
Existence of ‘local density’ integrals of motion s i
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19th Century Thermodynamics

Simpler question:
Two systems brought into contact.
Will they equilibrate?
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19th Century Thermodynamics

Simpler question:
Two systems brought into contact.
Will they equilibrate?

Example:
* Cup of tea/coffee in surrounding

e Superconducting samplein a
fridge
In general:

* ‘Hot’ system A in ‘cold’ bath B
brought into contact at t=0
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.

Sy . 5 4 ] 3 3 H 1
Initial state has density matrix: p = (Z42Zp) ‘e P4 Hag=PpHp
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.

Sy . 5 4 ] 3 3 H 1
Initial state has density matrix: p = (Z42Zp) ‘e P4 Hag=PpHp

Better described with Modular Hamiltonian M = —logp
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.

Sy . . 4 ] 3 3 H 1
Initial state has density matrix: p = (Z4Zp) ‘e PaltaeFuHs

Better described with Modular Hamiltonian M = —logp

Moy = D)\ Hi+ ,BB Hp + ],()g Z

Time evolution is given by Hamiltonian H, hence M(t) = ¢~ " MM
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.
Initial state has density matrix: p = (Z42Zp) ‘e P4 Hag=PpHp

Better described with Modular Hamiltonian M = —logp

Moy = D)\ Hi+ ,BB Hp + ],()g Z

Time evolution is given by Hamiltonian H, hence M(t) = ¢~ " MM

For a noninteracting model: just phase evolution!

Mo =Y mywcher +log Z
Kk’
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.
Initial state has density matrix: p = (Z42Zp) ‘e P4 Hag=PpHp

Better described with Modular Hamiltonian M = —logp

Moy = D)\ Hi+ ,BB Hp + ],()g Z

Time evolution is given by Hamiltonian H, hence M(t) = ¢~ " MM

For a noninteracting model: just phase evolution!

Mo = mywcher +log Z
Lk’ & Y S
Lp (_-l (f) = e ’H"(:L(ﬂ =€ "

THt
k

M(f) Z 'f”-l.:l.:’(t) (.'1;(.'“ + lop, Z

kel
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Fourier's Law Relativistic Fermions Nonrelativistic Fermions Low Temperature Bosons
‘ ,/‘ ‘\\\\ i A A
A

Classical expansion is diffusive, 0,7 = DV?*T ,s0 AT ~ t—4/2
Relativistic fermions: instantaneous thermalization
Nonrelativistic noninteracting fermions thermalize ballistically AF ~ ¢t ¢

Bosons...
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Approach to thermalization

Fermions, d=1 Bosons, d=1 Bosons, d=2

1|—_—__—__= . \
— —— — [ % ",
— - = ~

3

= fg=1. =1/t diffusive it
— w00
— Bye0B

Ba

fou0 6

=05

1-E5(t)/Ea(ee)
1=EA(t)/E p{oo)

Ballistic
g fan04
_____'___..E__I___ fa=0.3
Diffusive :

Az=n! fau 2

w— fy=0 1. 1 ballistio fit
4

il

10
Time (1/J) Time (1/J) Time (1/J)

There is a crossover from ballistic to diffusive for bosons!

At low temperatures, when bosons overlap, diffusive wave-like behavior

dominates 1) ~ f"'),;,“)-’@/-'
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Experimental realization

Can test this experimentally with cold atoms:
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\”‘\\'37 0% 004 s 000 :_Q,x/

Experimental realization

Can test this experimentally with cold atoms:
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1. Trap an atom cloud

2. 'Build a wall’ between A
and B

3. Heat up system A

4. At t=0, remove wall
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Experimental realization

Can test this experimentally with cold atoms:

f‘ i
\2' B |A] B
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1. Trap an atom cloud

2. Build a wall’ between A
and B

3. Heat up system A

4. At t=0, remove wall

5. At later time, build wall
6. Remove all atomsin B

7. Measure kinetic energy
in A using Time-Of-Flight
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Experimental realization

Can test this experimentally with cold atoms:

/ \ B |A] B
4 b ll:. f | /
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Repeat with different ‘end-times’ to get AFE(t)

1. Trap an atom cloud

2. Build a wall’ between A
and B

3. Heat up system A

4. At t=0, remove wall

5. At later time, build wall
6. Remove all atomsin B

7. Measure kinetic energy
in A using Time-Of-Flight
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Thermalization - Outlook

What about interacting nonintegrable systems?

Z Hl /)i{), -+ Z U? f)[)‘[) {)A {J[ -+ Z ”“m” b {) b;\ hlbmhn

ijkl ijkimn

VD mae D bbbt 3 (g In) (nlkghe”

k! qpp’ n
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Thermalization - Outlook

What about interacting nonintegrable systems?

Zm /)ib, + Zm

ijkl

VD mae D bbbt 3 (g In) (nlkghe” "

k! qpp’ n

Because of thermalization higher order terms vanish at late times!
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Thermalization - Outlook

What about interacting nonintegrable systems?

Zm /)ib, + Zm

ijkl

VD mae D bbbt 3 (g In) (nlkghe” "

k! qpp’ n

Because of thermalization higher order terms vanish at late times!

When will thermalization break down?
- Long Range interactions: no separation of degrees of freedom into A and B

- Disorder leads to localization
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Quantum Thermalization

Consider Quantum system with A at temperature T, and B at temperature Tg.
Initial state has density matrix: p = (Z42Zp) ‘e P4 Hag=PpHp

Better described with Modular Hamiltonian M = —logp

Moy = D)\ Hi+ ,BB Hp + ],()g Z

Time evolution is given by Hamiltonian H, hence M(t) = ¢~ " MM

For a noninteracting model: just phase evolution!

My = Z 7')'1;‘7*,;(".1:{‘_;‘,/ | l()gZ

o L (.'.I‘ (t) =&

k
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Thermalization - Outlook

What about interacting nonintegrable systems?

Zm bib, + Zm

ijkl

VD mae D bbbt 3 (g In) (nlkghe” "

k! qpp’ n

Because of thermalization higher order terms vanish at late times!

When will thermalization break down?

[ - Long Range interactions: no separation of degrees of freedom into A and B ]

- Disorder leads to localization
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Self- generuied Glasses
e Y O AW T

Supercooled liquid

Latent heat

Residual
Entropy

TK T9 Tm
Temperature
Liquid slows down to become glass
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Organic crystal 6-(BEDT-TTF),RbZn(SCN),

Low temperature electronic stripe order

Fast cooling: Glass with Arrhenius dynamics
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Kagawa '14, Sato ‘15

Pirsa: 16110076 Page 29/52



Pirsa: 16110076

Organic crystal 6-(BEDT-TTF),RbZn(SCN),
Low temperature electronic stripe order
Fast cooling: Glass with Arrhenius dynamics
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Organic crystal 6-(BEDT-TTF),RbZn(SCN),

Low temperature electronic stripe order

Fast cooling: Glass with Arrhenius dynamics
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Ising Model

Simplest interaction: Nearest Neighbor repulsion gives Ising model (V' > )
| | | ]
(ij)

Ground state is exponentially degenerate

Pirsa: 16110076 Page 32/52



Ising Model

Simplest interaction: Nearest Neighbor repulsion gives Ising model (V' > ¢)

| 1\ [ 1
H= Z V (n,— - ;) (n,— -7
(ij)

3
=i il

Ground state is exponentially degenerate
A EEEEEREEEEKE)
%e%0%0%0%0%0%0%0%:%e%%
®0%0%0%0%0%¢%0%e%¢%: %%
%0%0%0%0%0%0%¢%¢%¢%e %%
®e%0%0%0%0%0%0%0%¢%e %%
%0%0%0%0%0%¢%0%¢%0% %%
%0%0%0%0%¢%0%0%¢%¢%e %%
A EEEEEEEEE)

e - - N =
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Simplest interaction: Nearest Neighbor repulsion gives Ising model (V' > ¢)

| | 1
H = ZI (m ' ;) (‘N.r‘ ~ 5
(ij) - -

Ground state is exponentially degenerate
EEEEEEREEEEE)
%0%0%0%0%¢%0%0%¢%:%e %%
©0%0%0%0%0%0%0%:%¢%: %%
%0%0%0%0%¢%¢%¢%¢%¢%e %%
%0%0%0%0%¢%0%0%0%¢%e %%
®0%0%0%0%0%0%0%¢%0%¢%%
%0%0%0%0%¢%¢%0%¢%¢%: %%
A EEEEEREEEEE)

= - = = =
a a & & & & & & & &

Upon inclusion of hopping leads to Liquid-like state

This cannot explain slowing down!
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Long-range Interactions

Break thermalization with |

Leads to increased frustrati
1k

1
ng-range interactions: Coulomb V,; ~ ﬁ
Tij
is lifted
2. Stripe order is ground state

%0% %%} }.0%° " 3'8'° 9'd
90%%%)| |.c 07600

0696%0% JOOLK

(OIS IN I WX : ‘0’
%0%%% 979:9'g

hooo0000:

b) 017100V ¢) <0.17253V d) =0.16230V

Stripe order comes about via first order transition

System can get stuck in one of exponentially many metastable states
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Long-range Interactions

Break thermalization with long-range interactions: Coulomb V; ~ ﬁ
: oo
Leads to increased frustration and: d

1. Ground state degeneracy is lifted

2. Stripe order is ground state
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8006 1900 . Do e
16230V

DOOOOOOOC
 POOOOO0OC

.._
2
—
=
—
ok |
] |
=
=
—

= POO00000(
- POO00O0OQ

b) —0.17100V  ¢) —0.17253V  d) —0.

Stripe order comes about via first order transition

System can get stuck in one of exponentially many metastable states
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Monte Carlo: Arrhenius-Law

Using classic Monte Carlo

with Ewald summation
74

Vii= 1 ;f')‘-""i - 1 1+
3= 0= aVon—my =1+ oo

Measure autocorrelation function

9
(‘U + fr.”1 r'u‘) - ? Z((\"”'r“ + 'fu‘)dr”r“u‘:w

Find Arrhenius Law

T (sweeps)

40 3 80 100
t(sweeps)

QO 12
24

L] 48

10

Gap A ~ 2300K corresponds to experiment
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EDMFT: Conductivity

Semi-classical limit of Extended Dynamical Mean Field Theory yields
qualitative results for resistivity:

PRC

|
(m—7n)"1+ B(A + Vi)

n —

Supercooled state 2B
P n= §
With stripe order T-’

/ = p*(w)
T ™~ (f-' —— o
o — o0 -

- 47T cosh >F

0.05 0.10
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Electron glass - Outlook

How does the single-particle density
of states look like?

=== Powerlaw fit

10 == Exponential fit

What is the structure of the manifold of metastable states?

What is the relation to ETH and quantum chaos?

Is there a ‘true’ glass transition at finite temperature?
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Many-Body Localization

Quenched disorder leads to

«

exponentially localized WF [W(7)| ~ ¢ "/¢

N 2, Anderson localization Hamiltonian
H=-—t —q\(r'j—hr_j + h.c) + Z;_f_.,w,;
<ﬂf} 1

can be diagonalized H = ¢;n;

Anderson ‘58

Basko, Aleiner, Altshuler ‘06

Huse, Nandkishore, Oganesyan ‘14
Bardarson, Pollmann, Moore "12
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Many-Body Localization

Quenched disorder leads to

«

exponentially localized WF [W(7)| ~ ¢ "/¢

N 2, Anderson localization Hamiltonian
H=-—t —q\(r'j—hr_j + h.c) + Z;_f_.,w,;
<ﬂf} 1

can be diagonalized H = ¢;n;

Local Integrals of Motion (LIOMs)

Anderson ‘58

Basko, Aleiner, Altshuler ‘06

Huse, Nandkishore, Oganesyan ‘14
Bardarson, Pollmann, Moore "12
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Many-Body Localization

Quenched disorder leads to

&

exponentially localized WF [W(7)| ~ ¢~ "/¢
"‘_"‘"j;, Anderson localization Hamiltonian
H = —t —-\(rfj—'r'_j + h.c.) + Z/Liﬂj_
<er} t

can be diagonalized I = ¢;n;

Local Integrals of Motion (LIOMs)

Z 1 o of
f] = "Sc\-”n + _) § 1‘}\ﬁ“.*c‘i('({‘('ﬁ('"‘;('ﬁ

oy a3yd
Interactions ‘dress’ Anderson integrals of motion

In Many-Body Localized phase LIOMs still exist that prevent thermalization

- Logarithmically slow growth of entanglement/entropy

Anderson ‘58

= Va n |Sh | ng Conduct-ivity Basko, Aleiner, Altshuler ‘06
Huse, Nandkishore, Oganesyan ‘14
Bardarson, Pollmann, Moore "12
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Many-Body Localization

Quenched disorder leads to
exponentially localized WF |U(7)| ~ ¢~ "/¢
"‘_"‘"j;, Anderson localization Hamiltonian

H= -t —-\(rfj—'r'_j + h.c.) + Z/Liﬂj_

<er) N

can be diagonalized I = ¢;n;

Local Integrals of Motion (LIOMs)

1 . P
H = qu”n + > Z 1-"'(.I,-'%‘,(‘i('J‘('“L('q’.('(s — [ = Z ETE + Z I,,T,:T, T

« apyd i i
Interactions ‘dress’ Anderson integrals of motion

In Many-Body Localized phase LIOMs still exist that prevent thermalization

- Logarithmically slow growth of entanglement/entropy

Anderson ‘58

= Va n |Sh | ng Conduct-ivity Basko, Aleiner, Altshuler ‘06
Huse, Nandkishore, Oganesyan ‘14
Bardarson, Pollmann, Moore "12
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Unitary Transformation

For every Hamiltonian, there exists a unitary transformation that brings it
into the classical form 2 2z
H=>Y &7+ Y Jiyrir] 4

1

1'-..( ¥ I‘.f ' o |

—CRCAC

Perturbation theory often fails due to resonances co =+ co + "7
S TR 7 Gy T8
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Unitary Transformation

For every Hamiltonian, there exists a unitary transformation that brings it
into the classical form 2 2z

i i]

Perturbation theory often fails due to resonances ¢, — co + w: {‘,.’ T ahesos
S TR 7 Gy T8
Our solution: Consecutive application of exact ‘small’ unitaries

& = (rj"_(r'!‘;(r.r_.(:,g tan 2\ = — Vapns — ’D,\(,X) = exp ()\(\'T _ \'))

4 & . .
! an- + SH = kL.-‘-, — &6

Approximation: Cut off after a certain order in normal ordered operators
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Unitary Transformation

For every Hamiltonian, there exists a unitary transformation that brings it
into the classical form 2 2z
H=>Y &7+ Y Jiyrir] 4

1

1'-..( ¥ I‘.f ' o |
RO~

Perturbation theory often fails due to resonances co =+ co + "7
S TR 7 Gy T8

Our solution: Consecutive application of exact ‘small’ unitaries

& = (rj"_(r'!‘;(r.r_.(:,g tan 2\ = — Vapns — ’D,\(,X) = exp ()\(\'T _ \'))

4 & . .
! an- + SH = kL.-‘-, — &6

Approximation: Cut off after a certain order in normal ordered operators
i ij

'T-;' = Un i [IT — ﬂ-‘i + ik ({"il (‘.f\ + 5 klm ¢

~ Compute J;; and @;;jxim !

tata a
§CLCLCm
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Typical Integrals of motion

N—1 N—1

N
Ourmodel: H=3cni+tY (clei+clye) +V Y nimer € € [—W/2,W/2)

i=1] =1 =1

Take the median of all Integrals of Motion for many disorder realizations
As a function of distance and disorder strength

I

la ! " ‘)‘ = 4 =
It n; Jjj Hamiltonian parameters

O(i, j)

Median of JWJ,]

Pirsa: 16110076 Page 47/52



Typical Localization Length

Exponential decay can give us localization length:
10

One electron
—eo— |OM
—e— Hamiltonian
—e— TaNg

— ci+cj

&=
hed
(=)
c
3
c
o
ke
0
N
I
y
o
=

No sign of transition!

Disorder
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