









































































































































Tens etwokmehodsumany lody phynes

I.lu oduchou

1 cmmany body systemsRGHiem.de

Quantum
many body

OMB systems

many elementary particles constituents interacting

Eg
Nudeit electrons which interact

basisof all the normal matter around us

molecules solids liquids gases

Foes of Le Sole
Electrons nuclei form crystal lattice

Electrons in filled orbitals in chemical bonds

not relevant at low energies e g room

temperaturewhere crystal stake

Note typ bindingenergy 1Hartree 13.6 eV

room temperature 300K a 25mV
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Remaining electrons
in not fully filled orbitals

or holes missingelectrons eg 9d

experience a periodic potential from crystallattice

electron orbitals

am

a

large orbitals small orbitals

big overlap little overlap
typ s p orbitals since those typ d f orbitals while

have small

have largeprincipalquantum principalquantumnumber
number transitiongroupelements

d

Lattice of fermionicmodes electrons localized do not

where fermions can move more fermionic nature
irrelevant but they have
a spin

often metallicbehavior d

for now not ourfocus effective spins
will return to it later typ insulators
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effective model for part of such a system

spin
1
2 degreesof freedom on a regular lattice

A priori a 3D lattice but e g layered materials

can have indepent 2D layers or we can be

interested in effects at surfaces ledges

2D ID also relevant

Note There is also other mechanisms which can

create such effective spin models e.g fermions

in a half filled band and they can be

created in quantum simulators e g in optical
lattices
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2 Quai spin Syrians

ar space of guard Smythe

What Hitter space i.e wavefaucha do we need

to defense a quantum spin system

A single spin can be n two states

It or Ids

We will often use Ree rotation

107 147 and 117 113

We can also use a lanceolata

10 o a s

A jewel rate of
one quantum rpm is then

14 Colo call E Q
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For twospy we then have fans
totes

lexicographic

107 107 107107 too
ordeny
1007
1087

102 117 107117 100 in

1170107 a 117107 110

117 117 117117 111

A generalMete of two gust is then of
the form

147 Coo 007 C 10177 401107 4 117

E de E a q

note Thus contain notes not of kn fore 14
0 427

1,19s une si on ti

10 0 0 07

10 0 0 1

2 orthogonal sane
vectors

10 0 1 07

Note If written as rector
i

order components as here
I in 117
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Rost general state

1472 I es so I se se Sn

Sito I 9

Tight e ace

Indimensionaliect
State of a spin system

with N sprees lives

in an exponentially
that space of

dimension 2n

Rose generally if we have a d level system daz

at each lattice site e.g optical
lattices effective

degrees offreedom with tans 107 d 17

the state is

147 Fi cnn.sn Isn isn e d
M
N

i e it lives in a d done Fillet space
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bInteractions
To study the physics of

a quack system we

need to know its Hamiltonian here

low thespresntract

First consider two pins

also used m

opticallattices

Onepossible mechanism not most common

but easiest to explain Beg

orbitals 4 and y overlap

possibility for electron to tunnel from 1 2

with tunneligratt
Consider a process where

electra 1 tunnels to 2

Can only happen if the two electrons form

a singlet Pauli exclusion principle

147 1917 1195 102 1103
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If both electrons
are at the same site they

experience stray Coulomb repulsion
re

U at ground space leas exactly
one

electron per the
but there is an energy

corrector from 2nd order perturbation theory

IN Vtr tent
a

correction from 2nd order perturbation theory

DE If
be Racesfind energy of singlet state

147 Ellon nos lover by E

ask.ph utergmtrach
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The same or similar interactions including

ferromagnetic ones can be obtained from a

range of other mechanisms e.g

intermediate orbitals which Fffffinduce an effective coupling

coupling through
intermediate coupling to a

band of electrons the RKKY interaction

Ruderman Kittel Kasuga Gosida

Further reading WNolting A
Ramakanth

QuantumTheoryofMagnetism Springer200

What is the generalstructurefinteractions

in a quantum spin system

locality interactions only couples wearty

spon or strength decays rapidly with

distance

fewbody interactions only couple
a

small recenter typ 2 spins
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by

syley interactions generally have the

symmetries of the setup
lattice

How does a general 2 Jody interaction look like

h do
2

Hamiltonian 4 4 matrix

We can express h using spin
operators

s s 08

St

and 1

The spin operator S acting on site 2

Is given by

Chapter I, pg 10












































































































































SEE a e s

i ans G
shorthand

rotation

It
and similarly

SY She 1 54 Az

s I
We can also act with S on 1 SD on 2

s s she s

i si sign itshorthand
rotator
data

e.g S S
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Examples

si.si

sp.si 1

st.si 1

Note The spin operator
in a general

direction r ry e IF I 1 is

rx S t ry s re St 5

with 5 s 5 s

Rotations 0 in real space transform 8 5

by rotating and thus equivalently

i 5 OP 5 8 OTS

Chapter I, pg 12












































































































































What are some prototypical simple outrachas

The derivation before 142 I 1017 1203

gets energy Yu is

a E 14 1 Etf
YE to 143

O to the other Holes

sit it

The only fully rotationally
moan and mteracha

e 71st si sis sis

J f se
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Hi't't H II

fi

I D

e t

ET

D Saine as If 4X41Cap to constant

TtheisenbergneteracharfI
antiferromagnetic

JI ferromagnetic
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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
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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
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That is lek should be understood as

knotty Aya An

Or we can do this right at the
level of spoon

operators

Si Ap Ai Stettin

and define by using
these Si e.g

hi I 5 Sj

Can couple arbitrary spins
this way

but typ

Hamiltonian should be local
mechanism teluredout

Total Hamiltonian Sum ofall Gal terms

H E ha E Jj I 5
sun over k
all local terms I

should decay wk
distance
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thedy of gasping she

Spuyten
Je d j lattice

geometry TIFF
H 7 hi local quasi local

interactions

H is typically
transl invariant i.e

hi Eh centered at poisha i e
g

Heisenberg coupling

beep rough equals

H 47 E ly 14 EH

in particular lowest eigenvalue Eo and

corresponding eigenvector to

groundtate grouchy E

describes system at sufficiently low temperatures

Chapter I, pg 18












































































































































Mendat

1 a ble th

f p

significantly more complex than 1407

I x2N weak

For T small enough f I Tokyo

sums to ask about system

e.g forground
or thermal state

What type please does system exhibit

long range magnetic
order

no magnetic order

other types of order

a as a fun cha of T or of some parameter
in

H such as different couplings a magnetic field

H H h s or H H E E E

Chapter I, pg 19












































































































































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

Chapter I, pg 20












































































































































To

qualmphates

qu plantranssha

hz

Importantpoint Are properties
at Tao state

against small
TSO

later

Wdproperties are we rutersted m

magneticorde

e.g average magnetization

in ELSE
ferromagnetic

or more general

in 4 I e kiss
j

e g for
2D k TT staggeredmagnetization

detects antiferromagnetic order
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correlationskhears
S Sf for transl invariant systems

this only depends on i j

or if we also have reflection syn
on li jl

decay exponentially

was t.Esis.si iii
structure factor s k e

1
Csis

encodes information
aboutmagnetic order

S k can be measured
with elastic

neutron scattering

behavior of correlations e.g

si s s e
ti its

gives correlatintenths 5
which diverges

at phase trans I gives extra info
about

type of transition

Chapter I, pg 22












































































































































groundsaknergyeo

By itselfmeaningless
but derivative with

respect to parameters fields
encode

information

cf free energy F KT ent

84

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

Chapter I, pg 23












































































































































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

Chapter I, pg 24












































































































































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

Chapter I, pg 25












































































































































dthespectalge

What characterizes a phase transition

Divergence of correlation length

discontinuity of
derivatives of certain

quantities

n

Planting wallchart n parameters can

give
rise to largletchange

on physical

properties
the system is unstable

Indeed system should only rely to

smallperturtations i e the properties and thus

the system
are statleagainstperturating

How can we characterize 4 stability to small

perturbations H H H EV in a simple

way

Chapter I, pg 26












































































































































Perlatntheory
H groundstate 14

w energy
Eo

ex states di w energy Ei sorted EEE

H ground state 14

14 s f f 14

Tama
1114 s 14 1 e I

l told

IEEE D

const
I depends on V

higher ordersscale
with E

If the energy gap
or spectralgap

Chapter I, pg 27












































































































































or gap of H is affrrekylage Rua

Eg KL for Ek L

t
it

gopped
Hamiltonian gopless Hamiltonian

A

IEEE

e.LI

ggspedask
Ik
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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

Chapter I, pg 29












































































































































Captes or critical systems are those where

N 0 open
s N tryin

We can define frontage
as regions

on parameter space
where H is gapped

and the

boundaries transitions between them as the

lines where H is gapless

h hv f.ae A gap ensures stability of

the phase as the prefactor E on the

perturbation series vanishes

But this is not rigorous since hyp V is

extent e.g
H H Eff

and thus IV 4 11 N Thus higher

order terms can in fact get larger
as the

bounds scale as E Nʰ
Should stillbe true of the terms m V don't conspire
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Proofs of such stability
posestle in certain cases

render some additional reasonable assumptions

Then one can show that

H e H EE Vi

is still gapped for small enough
E and then

the ground state of H
and H e only

differ inside a light cone whose site

depends on E and Δ up to small corrections

Thus the properties of the groundstate
do not

change abruptly and in particular no long range

correlation can appear or disappear

Furtherreading

for the stability of the gap and

for the consequence that the Rate only changes
inside a light come

https://arxiv.org/abs/1001.0344

https://arxiv.org/abs/cond-mat/0503554
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A furtherconsequence of a gap is that for low enough

temperature

glt effa 1407401

with 140 the ground Rate
this requires are

extra reasonable assumption
on the density of

States i e we don't need to cool to 7 0

to be effectively on the ground state

e Sumary fehpQuest_

Quantum spree system
H C

Local Hamiltonian H Zhi

Determine properties ofground state

spectral properties of H

Q How can we deal with the exp
dimension d

of the underlying
Hilbert space Je
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Dha H hi specifiedby 0 N parameters

we care about groundstate only a small

fraction of states on I actually relevant

Wempsoutherentstates
The structure oftheir g correlations

enrolment

Chapter I, pg 33


