









































































































































Entanglement in Quantum Reay Body Systems

I.BA

grouudt
Uquauhueg bodg pokee
eaudquanhmspu systems

Further reading WNolting A Ramakauth

Quantum Theoryof Raguehan Springerzoo

a ag body prokeen

The non relativistic quantummany body
OMB protleen

solids molecules chemicalreactions
electric thegn I

heerueadywaceciefenechanicalproperties ofmaterials

Given

N electrons w charge e crass wee

K nuclei w charge
2 ie I tie N unass Mk

solve the many body Schroadehge equation

H y Ey












































































































































It Et sie

nie Ira Ral

Wavefunction y X fi Sci h Si j Ri Se RySz n n

Laus huge number of degreesof freedom
Dof

extremely complicatedto

Use approximations to solve
QRB problem

most electrons form fkedtleeds i.my
stake

goodapprox
consider ions outer electrons

cire patly filled deeds

nuclei muoh Hear electrons e For electrons

nuclei Cook almost 8th

Boru Oppenheimer approximation

a solve electron protein for Det configuration












































































































































of nuclei Ree n Ra

n En.EE ET.tEylrI
potential of
nuclei

grand stole energy Eee Rep Ra

2 Solve nuclei in externalpotential Eee

b Lattre systems quantum spa systems

Solids Nuclei form Cadets
at Cow enough temperatures

D periodic Lattre potential VCD for
electrons

Elechiaguetre prepohre can be typically

understoodby studying behavior ofelectrons in nuclear

potential v r

MrT

T nuclei I












































































































































In fact not really a potential since we

have takeout fully filled orbitals

In addition there is electrons orbtals forming the

lattice bonds these are also on a shake car energy

state and will not te relevant for electric Keefe props

Nets this can lead to changes m filled us party

filled orbitals

Hov do the additionalelectrouse
non filled shells not

essential for lattice bends bbeken

Depends on orbital they occupy

I 1
large orbital small orbital

mall principal g leader

war S u

m












































































































































layeorfit.ae
electron werefueechay

THAT
I

nuclei I

larfeovekap ofwavefuuoh.ms electrons can

easily hop
to beat site D icefall telecior

D bandtheory d

Ites

I

nuclei I

Sueallorrocap ofwavefunctions
electrons stake

at fleur nucleus insulator

Recuaiceny degrees offreedom Each electron cortices












































































































































a spin of

Quaekcnfprkfy.tt

Note fuel spires are behind magnetic properties

especially of members

Fong
Wavefunction for one electron atpossha Ro s

y tr s Yao r X s

spatialpay
T Th pas s T d

4 IG Rr

or y
Yuk aka

4am exes

Nele 4m61 is fired by the orbtal but

X se is a Strang

N electrons on Lattre et Ro B n

we can assume dates at doffpontius Ri are orthogonal

Slater determinant for N electra wavefunctions

using Bates yr r X r Yee r kz r












































































































































UI red re sein

shut yr rata Yatra X sun Xz Saas

Luce Ye are orthogonal r Each term on the

June associates electron a i to position Ri

The spin Iof song of Kees electra is in state Xi

Theus we can meaningfully talk of the spiny
siha Ri

Furthermore meee ye C is fixed we can omit it

as system fully deserted by goin degreesof

freedom

UI Si Soo Rds Xz su X soo

spm at lattre posehn si












































































































































Dotes Thegeometry i e where Si is located

is dictated by the geometry of the underlying66nA

Note there is other mechanisms
to jet a quantum

Spm system on a Lattre e.g

electrons which can freely hop feet

experience astray Conlouet repulsion when

they are at the same site Hubard model

in the limit of one electron per she

C half flky
optical Lettres periodic potential by

standing so waves where atones are trapped

Internal Rates of atones can make up

a 2 level system or d levelsystem












































































































































c Hettet space ofquantum Spm systems

Qeantum Spm system

EI Se Sn X se Xa sz X Csn

state obtained from independent go.us Healed

what is the 1 pau desantry
the spa yoke

taks

Xi Es gist
spin up

hehe

spm down Rate

Devote this as bets i

147 117 or also 107,117

Then Iki Xi 4 It Xi d Is

Xi o lo t Xi r In C I

Bassfor2spresita
g X q

0 40
ds.se oo

Isn o SSz I yS 0 I

Is Se lo
Js Sz 11












































































































































or bass bets 107 107 107107 too

107 113 107117 lol
o

1170107 a 117107 Ho

117 117 In 117 He

General state

1107 fool 007 too loot 4,01107tofu1117

C Q2 Q2
2

2

Cable contains states rest ofthe form 246,1 kz aD

qones

Sr Sz Sn Ne Se o 1 Hi

I 00 O O

I O O n n O l

o o no 2N orthogonal Sene vectors

Note If written as rector
i

l en n n en
Fdr components as here












































































































































Rest general
state

147 I Cs Sn l se Sz Sn

si

EQ E a E
i

N times

vector

State of a Spm system
with N spores lives

in an exponentially
1h2m space of

dimension 2N

Rose generally if we have a d level system Izz

at each lattice site e.g optical
Lettres effective

degrees of freedom with tens 107 lol 17

the state is

d I

Hs to es sn Is so e
d a

H2
dN












































































































































i e it lives in a DN alone Kitsch space

Naches
To study the physics of

a queue system we

need to Lemon ib Hamilton ran
here

retract

First consider

X akin us

1
Are possible mechanism wet recent coma

but easiest to explain i

Directexchangeceorbitals y and ya overlap

D possibility for electron to tunnel from 1 s2

with tunneling rate t

Consider a process where
electra 1 tunnels to 2

Can only happen of the two electrons form












































































































































a Anglet Pauli exclusion principle

147 tf HD Hss Fellow Hoi

If both electrons
are at the same site they

experience stray Coulomb repulsion
U

U t a ground space has exactly
one

electron per site
but there is an energy

corrector from 2nd order perturfatia theory

far Hire sfHr

come ohh from 2nd order perturtada theory

AE I
U

De Ruasfrud energy of ought Bate

to 4013 Hoy lower by Eu

D antiferromagnetic Heisenberg mhrecha












































































































































The same or similar mteractms Concluding

ferromagnetic ones can be obtained from a

range of other mechanisms e g

intermediate orbitals while µµinduce an effective coupling
0

coupling through
intermediate coupling to a

band of electrons the Rkky interacts

Ruderman Kittel Kasuga Goside

What is thegececalthnckeofmkracha.sn
a quantum spore system

locality mteractms only couples wearty

spoon or strength decays rapidly ask

olesfance

few body imkrach.ms only couple
a

small recenter typ 2 spins












































































































































sy y
interactions jeaerally leave the

symmetries of the setup
Ghee n

How does a jeueral 2 dooly mteracha CookGlee

h E I E Ee

Hamiltonian 4 6 meets

We can express A ashy spin
operators

0 i

za El S Eid Eli o

z E If
and I no

The gone operator 5 acting on ate 2

is given by












































































































































SEE u s
t 1007

A Sf µE
io

1107

I o.SE 1 SE in

Hoffman

a

and muilarly

S
d St I S Az

e.g s t f
We can also act with S on 1 R SA on 2

S s Saxo SP

si sig't
e.g SES












































































































































Examples

sg.si a

SY si a tu f i

Sf SE te i
i

Note Robben Con real space transforms

between St SY Sit as it should The

general spin operator
in detector F Crary

H h h is

r I try S't rest F 8

ask 8 5 s's St












































































































































What are some prototypical simple mhraehas

The derivation Here If Ion Ho

gets energy the is

h E 14 41 Etf HII
energy tf to lol

0 to the other Hales

eat

o

fi

The only fully rotationally
moanaut mteracha

a L E s t s s ESE

J S Sa












































































































































Hi't't H II

fi

I D

e t

ET

D Saine as If 4X41Cap to constant

TtheisenbergneteracharfI
antiferromagnetic

JI ferromagnetic












































































































































Eigenvalues of operator

I E te ti

we1 3
4

with eigenvector 1 lot 1107
speo

sxtt.I.mn ummm L

JEFE

I lot tho Sz o

lurportaute TOpreserve rotational symmetry

101312 mustgo
with the ferromagnetic

dates classical mhihaucis
TD form of quantum correlations

eur plays an exceed












































































































































6ms

lsnyfhhih sf.si
Cor s I

X tm h SYSE t SP s

xxzmtvachash SY.SE SY.sf sq.SE

those have a preferred axis plane

Hoo do these act on the fwUN s paa

147 Ics Sn lse se n Sn

h
a 147 acts mtg on Sc Sz and

leaves ether si tu variant

legalof Icq sn else sis Iss Sy

Ies sn een si si.siss 7












































































































































That is i k z should k understood as

lent Ayd Ay btw

Or we can do this right at the
level of spm

operators

Sid Ano Ai i s A it

and define big uony
these SE e g

bij J Ji

Can couple arbitrary spms
Hers way

but Typ

Hamiltonian should te toed

Total flaeuiltonian fun ofall cereal knees

H I ha 22g I.SI
bum over k
all local terms 9

should decay ask
distance












































































































































elthedyffquauhuspm

syskeusspmsyshui.TO
H

d lattice
geometry q

hi

H hi local quasi local

interactions

H is typically
traced invariant i.e

hi L centered at ponha i e.g

Heisenberg coupling

true molep herdalouge equeha

Hly E ly 147 EN

m particular lowest eigenvalue Eo and

corresponding eigenvector
1403

ground state ground up Ed

describes system at sufficiently Gu temperatures












































































































































thermal state
pH

e

f I
r z h EPH

p
I
let

significantly more complex than the

x2N creatorQ

For T small enough f I 140140

Hbcus to ask about system

e.g forground
or Kunal Hete

What typ please does system exhibit

long range magnetic
order

no magnetic order

other types of order

a as a function of T or of some parameter
in

H such as different couplings a magnetic field

H'a H h S or H H E E E












































































































































disordered

paramagnet

m.n.mn

Where are the pleese transitions

Whatproperties do they
have

Focus Quantum Rotter materials where quantum

effects play an essential role

this is more prominent at Lou
T

kTK energy
scales of H y Lahr

why g later at Cage T quantum

correlations entanglement vanish

D Special interest on physics at TV i e

ground state properties phase diagram












































































































































Teo

µ

gauges
µ quaeehuplo.se raernhaS

Importantpoint Are properties
at Teo Hoke

against small
T o

later

Herbs are are nkested n

magnetic order

e.g average magnetization

a In Tests Ioi

ferromagnetic
or imore general

mlk In 2 eikj
j

e.g for
2B k Gi staggeredmagnetization

detects antiferromagnetic order












































































































































spins

S SE s typically
traced our only

a function of i j or even li JI

average fees sis
cast E7g

ij
old with lay g order

structure factor scale eikkilss.gg

encodes information
aboutmagnetic order

f k can be reeeatured
ask neutron

scattering

behavior of correlations e.g

sis e
Hills

gives correlabalayth 5 which diverges

phase trans I gives extra info
about

type of transition












































































































































ergy
Eo

By itselfmeaningless
but deniak ies with

respect to parameters fields
encode

information

Caf free energy
F KT

entry
e AH

https://www.ericmfischer.com/project/exact-sampling-cluster-sampling/












































































































































eg
H Hth V e.g V E SE

DEO H1

dx 4a.dz f YolNlHtdvlyo6yy

Lyo ollVl4oLo 7

other knees vanish as ddH much

be orthogonal to 7 due to wormalikha

TY we might also be interested
on

okwqeethass

hlueevoluhaye.g after change of

H quench
or
ftp.yaspmcaeeteeueas.u

m

elastic neuron scattering












































































































































excited elates

HIya E Ek theE

with momentum T14 7 it14
T
translate operator

effects of disorder
m H

properties of thermal Rates

a and lunch more

For the beginning
will te

what is the groundstate

what are its properties

This will also form the teas for many

of the other querns












































































































































gap

what characterises a phase transhn

Divergence of correlation length

discontinuity of
derivatives of certain

quantities

n n n

P ujfueallchae.ge m parameters can

give nL
change n pleyneae

properties
the system is wasted

hsrde_aphasei_ System should only rung to

smallperherfetions i e the properties and key

the sytheraeskkeejurkhas

How can we characterize a stability to small

perturbations H H Ht eV in a simple

way












































































































































heathery
Hi groundstole 147

w energy
E

ex Reks lol w energy Ei sorted EisEa

H ground state 1417

141 e HiK4 4 t ly t

i Ei Eo

change in state

1114 s Hill e l
Xti
Ei Eo

FET EE S

Estvlysk

higher ordersscale
with Jk

D If the
d
energy gap

or spectralgap












































































































































or gap of H is affrrekylage Rua

Eg KL for Ek L

t
it

gopped
Hamiltonian gopless Hamiltonian

A

IEEE

e.LI

ggspedask
Ik












































































































































Define We call a Hamiltonian fear a

family of Hamiltonians
N

H Iki
in

on a Glare of size N zapped if the

gap E N Eo N A N on a cake

of sie N es lower bounded

b N 7 A 70

Typ ACN A

We call is the japcoreuergy.gg

specbaljap gH

This can also be extended to systems
with k

degenerate or almost degenerate as N so

ground stocks
then ACN Eu Cw Eu w












































































































































Caplets or critical systems are those clear

ACN o Copen SCN n

We can definefgjpe.am
as regions

in parameter space
there Has gapped

and the

boundaries traumas Khreen keen as the

lines where H is gplea

qabe A gap ensues stability of

the phase as the prefactor Eg on the

perturkha series vanishes

But this is not rigorous smee hyp V is

e.g
H H t e 20

exhume IT

and Hues HV147112 N Thus higher

order knees can in fact get Larger
as the

bounds scale as E
kNk

Should Ask te true if the knees n V don't conspire












































































































































Proof of such stability poses
ke n some cases

see e.g

Mup
Quantum spm system

H Cid

o Lord Hamiltonian H Zhi

Determine prophrs of ground Rate

spectral properties of H

Qi Hou can we deal ask the exp
dimension d

of the underlying
kitsch space Je

Nha H II hi specifiedby OEDparameters
we care about groundstate

D only a small

fraction of daks n Il actually relevant

Recantsteaks

D The structure oftheir q concGhers
entanglement

https://arxiv.org/abs/1001.0344


