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ELEMENTS OF QUANTUM STATISTICAL MECHANICS

1 Pure vs mixed states and (reduced) density matrices

Quantum states come in two categories:
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1. Pure states

These are the objects introduced in your basic Quantum Mechanics course. They are formed from
complete sets of probability amplitudes and a basic assumption your lecturer will have made is that
our QM system of interest was somehow prepared in such a state. In other words our basic premise
was that we know the precise quantum state our system is in (at least at some initial time). Given a
pure state 1) we can form an operator called the density matriz

p =)Wl (1)

The density matrix is a convenient object for calculating expectation values, and more generally
probability distributions of observables O

WIoW) = Telp 0]
(WI0%10) = IOy = Tr [p(0 - Tl 0])'] et )

2. Mixed states

More generally we need to deal with situations where our system can be in any of a set of states
{Jt1),...,|¥n)} and the best we can do is to know the associated probabilities {pi,...,pn}. This
results in a density matrix of the form

N
Pmixed = ij‘¢]><w]| (3)

j=1

Note that in general this cannot be written in the form . An example you actually have encoun-
tered before is the Stern-Gerlach experiment. Here the oven creates silver atoms with random spin
orientations, i.e. 50-50 mixtures of | 1) and | }). The resulting density matrix described a mixed state

1 1 1
p=3IDAI+51 D=5 )
In this state we have
Tr [pSY] =0, (5)
so the beam is indeed unpolarized. In contrast the pure state
1
- _ , = 6
¥) 7 HD =11 py =) (6)
describes a beam polarized in the x-direction
Tr [pyS?] = bae - (7)

It is clear from their definition that density matrices have real, positive eigenvalues that sum up to one.

1.1 Relation between pure and mixed states

Consider a composite system, but measure only part A of it. This gives us access to
Tr [pO4] , (8)

where 04 acts non-trivially only on the subsystem A (and as the identity operator on its complement A).
A basis of states of the entire system can be obtained from the states

lea) ®@lear) , Jj=1,...,dim(Ha), k=1,...,dim(Hy) (9)



where {le4 )} and {|e; )} form orthnormal bases of the Hilbert spaces H4 and H 4 associated with sub-
system A and A respectively. We therefore have

Tr[pOa] = Tra[paOa] . pa=Trzlp]. (10)

The operator py4 is called reduced density matriz (RDM) of subsystem A. Here comes the point: the RDM
of a pure state is generally mized. As an example consider a 2-gbit system in the pure state

W)y =al )+ B[4, e+ |87 =1 (11)

We have

py = || DML+ B I |+ B tL) AT [+ a8l I (L],
Tra(py) = || D+ B2 ) (- (12)

This is a mixed state because we don’t have any knowledge about gbit 2.

1.2 (R)DM for spin-1/2 models

Consider a composite system of L spin-1/2s (or equivalently gbits). Each of the spins lives on a site of a
lattice. A basis of states is provided by the product states

lo1) ®@ o) @ ---®|op), o5 € {11} (13)

A basis of operators acting on the spin on site j is then given by

0
O-JO'la a:07172737 Uj:]lja (14)
where 0]1.’2’3 are the Pauli matrices. Expressing the density matrix in this basis gives
p= Z Par,ap O .. 07k (15)
a1 ar,
Hence
Tr [palﬁl ) ..aﬁL} = Z Partyay T [Uf‘l ) ..U%Lalﬂl . ..agL] = 2Lp51m5L. (16)
Q1,00

TT5, Sparaloy? o) 1=TTE 260, 5,
This shows that the expansion coefficients pq,
in the state p.

For RDMs excatly the same analysis applies with the sites restricted to the subsystem, so that

o, are nothing but the equal time spin correlation functions

-----

1
pA= Z Tr[p a;‘ll...az‘]ajo.‘ll...(j;‘. (17)

Qi,...,0

2 Entropy and equilibrium ensembles
Given a density matrix we can define the associated von Neumann entropy
S=-Tr[plnp|. (18)

In the orthonormal eigenbasis of the density matrix we have

o= palalial (19)



and hence

S = _Zpalnpa .
(03

(20)

Given a Hamiltonian H with H|n) = E,|n) the equilibrium ensembles of Statistical Mechanics are defined
through the following density matrices:

e Gibbs ensemble ) )
po=—e P p=-— Z = Tr[e P1). (21)

e Microcanonical ensemble

1
pyC = 7 n)(n| (22)
% |B—E(@)|<6

Here the energy density F(f3) corresponding to inverse temperature § is determined by

oS
o= =8 (23)

These density matrices become locally equivalent in the thermodynamic limit:

lim Tr[pcO4a] = lim Tr[ppmcOA] V local operators O4. (24)
L—o0 L—o0

Here a local operator is characterized by the property that it acts non-trivially only in a finite, local region
in space.

2.1 RDM of the Gibbs ensemble
Let us consider the RDM of a Gibbs density matrix

1 _
pG,.a = Trg [26 PH] . (25)
We can write this in the form )
_ (A)
PG,A = 7(A) e AH . (26)

(4)

However, the operator H'“*) is not simply the restriction of the full Hamiltonian H to the subsystem A

HW H‘A. (27)

To see how the two differ let’s consider a Gibbs ensemble of a lattice model at a high temperature, where

we have a finite correlation length
d(g,k)

Tr [pc (’)}(’)k] xe ‘o . (28)

Here O; is a local operator acting in the vicinity of site j and d(j, k) is the spatial separation between the
regions in which the two operators acts non-trivially.



2.1.1 High-temperature expansion

At high temperature we can expand everything in powers of 8

1

2
po=g [L-H - =] 2=+ )
Z 2 —— 2
D
e P é(H) + (0) = Tr[0] (29)
o) i) U = .
This gives a high-temperature expansion of the DM in the form
I PR G N SRR LAY
pg—D[]l BH —-57) + 5 (H="5°) "+ | (30)

In order to work out what H“) looks like we decompose the Hamiltonian as
H:HA+HA+HAA7 (31)

where Hu (H j)acts only on subsystem A (A) and H,; is localized at the boundary of A (we assume
short-ranged interactions).

SEESEESTEEEIES
IITIINITIII

Figure 1: Red sites: sub-system A. Brown lines: interactions described by the Hamiltonian H 4 4.

<HA>A) _B(<HAA>A (HAA>) +] (32)

1
— 14— B(Hs— _
pG.A DA[A B(Ha D4 D D

Here (H 4 5) 5—Tr 5(H 4 5) is an operator that acts non-trivially only close to the boundary of A. We conclude
that at leading order in
HY = H, + boundary contribution . (33)

Exercise 1: O($?) contribution

Work out the form of the second order in 3 contribution to pg 4 and show that it again is localized
in the vicinity of the boundary.

2.2 MUC ensemble and typicality

We need to make one more comment on the MC ensemble, which we recall is defined in terms of energy
eigenstates [n) with energies F,, as

1
pric = 3 n)(n] (34)
O |Ea—E(8)|<6



If we randomly pick any of the terms in the sum over the MC shell, say |m), then with a probability
exponentially close (in system size) to 1 (|p — 1| oc e*F) the expectation value in state |m) is the same as
the MC average up to finite-size corrections that vanish in the thermodynamic limit

Tr[ppcOa] = (m|Oalm) + o(L). (35)
This implies two things:

e Almost all energy eigenstates in a finite energy shell at any finite energy density are locally thermal, i.e.
their local properties are the same (up to finite-size corrections) and given by the thermal averages.

e We can definite the MC ensemble in terms of a single typical eigenstate.

Part 11
EIGENSTATES OF LOCAL MANY-PARTICLE
HAMILTONIANS

We now take a closer look at energy eigenstates of many-particle Hamiltonians with local densities. In
particular we want to get a qualitative understanding of their entanglement properties.

3 Tight-binding model of spinless fermions

In general it is very difficult to determine exact eigenstates of many-particle Hamiltonians. An exception
to this rule that you have encountered before are non-interacting models. We start by considering one such
example: the tight-binding model of spinless fermions in one spatial dimension

L
H= —JZc}ch + c}ch — ch}cj . (36)
Jj=1 J
This can be diagonalizd by going to momentum space
c(k)—\/z;e ¢, ke{—In=-5+1L....5} (37)

We find

H=> (-2Jcos(k) — p) ¢ (k)e(k) . (38)
; (k)
Assuming that the chemical potential is such that |;1/2J| < 1 the ground state is obtained as a Fermi sea

GS)= [ ¢'k)I0), kr = arccos(- (39)

)
|k|<kp

Here |0) is the fermion vacuum defined by ¢(k)|0) = 0 and the ground state energy is
Bes= Y e(k). (40)
|k|<kr

As we are dealing with a lattice model there is a state of maximal energy, which is simply the ground state
of —H. Low-lying excitations are obtained by making particle and hole excitations in the vicinity of the
Fermi points +kp. For example, if we make a single-particle hole excitation we obtain an excitation energy

Elky, kn) — Eas = e(ky) — e(kn) ,  |kn| < kp < |ky). (41)



If kp 5, = £kpr we can linearize the dispersion relation arpound kr and e.g. for k,j, ~ kr obtain
E(kp, ky) — Egs =~ vp(ky, — k) , vp =€ (kp). (42)

This tells us that our spectrum is gapless in the thermodynamic limit, and in a finite system the excitation
gap scales as L1 (due to the quantization condition for the single-particle momenta). This in turns tells
us that the level spacing between excited states scales linearly in L~!. This means that if we take a finite
energy window above the ground state energy, there will only be a polynomial number (in L) of energy
eigenstates inside the window.

Let us now consider energy eigenstates at a finite energy density e above the ground state, i.e. states
with eigenvaluyes F such that the extensive part of the excitation energy is el

(E — Egs) = Le + O(L) . (43)

We know from Statistical Mechanics that the maximal extropy “state” at a finite energy density corresponds

to the Fermi-Dirac distribution )

T 14 ec®)/T
where the temperature T is related to the energy density e by

e= /7r dk n(k) e(k) . (45)

R 27

n(k) (44)

We can then construct thermal micro-states by considering momentum space Fock states (which are auto-
matically energy eigenstates in our tight-binding model)

N
k) =[] ' (k1)10), (46)
j=1

such that the k; are distributed according to the Fermi-Dirac distribution function n(k)
2
n(k)Ak = % x number of k; in [k, k + Ak] . (47)

Thermodynamics tells us that there are exponentially many such states in a finite energy window, because
their number is by definition proportional to the exponential of the entropy e, and S itself is extensive S o L.
This is turn tells us that the spacing between adjacent energy levels is exponentially small. Combining our
various observations we conclude that the many-particle energy level spacing has the structure shown in

Fig. [3

4 Entanglement and entanglement measures

Entanglement refers to the property of most quantum states of composite systems (a simple example for a
2-gbit system is | 1)) + | J1)) that measuring one part affects subsequent measurements of the other part.
The exceptions are product states, e.g. | 1)), which have no entanglement. A natural question to ask is
whether we can quantify entanglement. To quote a prominent recent Nobel Prize winner: “Yes, we can!”.

4.1 Bipartite entanglement entropy for pure states
Let |¥) be a pure state and denote the associated reduced density matrix of sub-system A by

pa=Trg|[W)(¥]]. (48)

The bipartite entanglement entropy of subsystem A is then defined as the von Neumann entropy of the
subsystem

Sa=—Tr[paln(pa)] = ~Te[px ()] (49)

The second identity can be established by using the following two theorems from Linear Algebra.
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Figure 2: Structure of the energy level spacing in many-particle lattice models with translationally invariant
Hamiltonians with local densities.

Theorem 1 Singular Value Decomposition
Let M be an m x n complex valued matriz. Then there exist (non-unique) m X m unitary matrices U,
n X n unitary matrices V. and diagonal, real positive matrices 3 such that

— T
M=UXV (50)
Theorem 2 Schmidt Decomposition Let H = Ha @ Hp be a linear vector space, and |y € H. Then there
exists orthonormal bases {|wi), ..., |wa),} of Ha and {JwP),... |wB),} of Hp such that
min(m,n)

)= > Aalwd) @ wd)
a=1

(51)

The Schmidt coefficients fulfil Ao > 0 and >, |Aal® = 1.

The Schmidt decomposition immediately follows from the SVD as we will now demonstrate. Let us
start by expanding |¢) in the tensor product basis of H and assume without loss of generality that
n>m

[0) =D wylef) @ lef) . (52)
i=1 j=1

Viewing 1);; as a complex n X m matrix we can apply the SVD to obtain

sz( > )VT, (53)
Omx(n—m)
where ¥ is a diagonal m x m matrix. In components this reads
Yij = > UredreVy, - (54)
k=1




Defining
i) =S Uiiledy . Jwf) =Y VileP), (55)
i=1 j=1

and substituting back in we arrive at the Schmidt decomposition.

Let us now apply the Schmidt decomposition to the bipartite entanglement entropy. We have

p= W><¢| ’ Z )\a’w ® ’w > ) (56)
which gives
p =" Aads(Jwd) @ [w)) ((whl @ (whl). (57)

aMB
The RDM of subsystem A is then simply

pa=>_ (wh|plwh) Z/\2 |wit) (58)
v
Similarly we obtain

pp =Y Mo|wl)(wp|. (59)

Hence we have

min(m,n)

Z A2 A2 =

(60)

4.2 Bipartite entanglement entropy of energy eigenstates

The bipartite entanglement entropy (BEE) of energy eigenstates in many-particle systems with local Hamil-
tonians has the structure shown in Fig. States in the vicinity of the “edges” of the spectrum have low
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Figure 3: Structure of EE of energy eigenstates in many-particle lattice models with translationally invariant
Hamiltonians with local densities.
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entanglement and follow an “area law”. By “vicinity of the ground state” we mean states with energies such
that for large V/
E—FEqsx VY, (61)

)

and “area law” means that, to logarithmic (in the volume of A) accuracy, the EE is proportional to the size

of the boundary of the subsystem A
Sa o |0A]. (62)

We will see an example of this is the next section. KEigenstates with energies that differ from Fgg and
Engps by extensive amounts “typically” obey a volume law. This means that if we randomly pick an energy
eigenstate at the energy density of interest, its BEE will be proportional to the size of the subsystem with
a probability that is exponentially close (in the size of the entire system) to 1

Sa ox |A| with probability 14 O(e="tV). (63)

The volume law for such states can be readily understood by means of the following argument. The density
matrix we are interested in is in fact just the micro-canonical ensemble formed with a single eigenstate

pyc = |E)(E] . (64)

As we have argued above, the RDM for a finite subsystem is (up to finite size corrections that go to zero as
we increase the total volume V') the same as the one obtained from the Gibbs ensemble

PMC,A = PG,A - (65)

As long as we stay away from energy densities that correspond to temperatures at which phase transitions
occur, the state |F) will have a finite correlation length g. This is turn allows us to approximate

1 ~
pPG,A R ?e_BHA ; (66)

A

where H, is well approximated by the restriction of H to the subsystem, except in a vicinity of order &g
of its boundary. In any case, it has good locality properties. The BEE is then simply the thermodynamic
entropy of a system with Hamiltonian H 4, which we know to be extensive

Sy o |Al (67)

5 The spin-1 AKLT (Affleck-Kennedy-Lieb-Tasaki) chain

Ground states of many-particle systems are generally very difficult to determine exactly. We now discuss
a famous example where this is possible. This will lead us to introduce matriz-product states (MPS),
which provide the basis for the best available numerical methods for computing ground state properties of
low-dimensional systems. En passant we get to understand symmetry-protected topological order and the
Haldane conjecture. The Hamiltonian of the spin-1 AKLT chain is

L
1 1 9 1
H = ; §Sj . Sj+1 + 6(5}- . Sj+1) + § (68)

Here S are spin-1 operators on site j of aring and ST, = S7'. On each site we have 3 linearly independent
states, which we can take to be the eigenstates of SJ'-Z (with eigenvalues 1, 0 and —1 respectively)

I+, 10, =) - (69)

11



In the following we will need to know the eigenstates of the angular momentum operators for a pair of sites.
You know these from the “addition of angular momentum” part of your Quantum Mechanics course. The
maximal set of commtuing spin operators for a two-site system is

Si, S5, SP=S87+85, S?7=(S1+S)% (70)
The simultaneous eigenstates of these operators are |S, s,, S1,S2), where

S%|9,s,,51,52) = S(S +1)|5, 2,51, 52) ,
52‘57 52751752> == SZ‘Sa 8Z751752> )
S2|S,5,,51,82) = Sa(Sq +1)|8,52,51,8) , a=1,2. (71)

They form three SU(2) representations: a quintet, a triplet and a singlet

S=2 quintet: |2,2,1,1) :|++> =|+)1 ® |[+)2

12,1,1,1) = 7(| +0) +[0+)) ,

12,0,1,1) = 7(|+ =)+ | —+) +2/00)) ,
\2,—1,1,1>=f(\—0>+!0 ))

2, -2,1,1) :|——>

S=1 triplet: [1,1,1,1) = (| +0) —10+)) ,

‘1707171>: (|+_>_’_+>)7
(\ —0)—10-)),

(I+=)+1—=+)—100)) . (72)

Py

2
I1,-1,1,1) =

%\

S=0 singlet: [0,0,1,1) =

Sl

We now write the Hamiltomnian in a form where its action on these states will take a very simple form. To
that end observe that

Sy -8y == [8— 87— 87 = [2 3Py +12P57 Y —01 PETY —2 - 2} : (73)

| =

where Pl(zs ) are projection operators on the spin-S representations above. Taking the square of gives
for the biquadratic term

(Sy-Sy)% = —3PP=2 _3pl=1 4 4 (74)

and hence the Hamiltonian becomes a sum over projection operators onto the spin-2 representation for each
pair of neighbouring sites

(s
H= ZPM o (75)
7=1

As the projection operators have eigenvalues 1 and 0 a lower bound for the ground state energy of is
E = 0. Hence, if we can find a state such that

S 2
7 ]+1)W> =0 v.] (76)

then this state will necessarily be a ground state. Hamiltonians that can be written as sums over local
operators H; that have ground states that are simultaneous eigenstates of of all H; are called frustration
free.

12



5.1 Ground state of the AKLT chain

We will now prove that the ground state of the AKLT chain can be written as a matriz-product state

GS) = D AL AT, AT, 01,02, 0L) (77)
TL0L Tr(Ag...A9)

Here A% are 2 x 2 matrices

50D el ). kG

There is a very useful graphical representation for matrix product states, which is shown in Fig.

g1 g9 g3 g4 g5 g6 (% g8

Figure 4: Graphical representation of Tr(A% ... A%).

Carrying out the sums over o; in (77)) gives rise to 2 x 2 matrices of quantum states

|GS) =Tr(g1 ®g2---Qgr) ,

4= A7) = 30y 5l (79)
i =40 =, Sy
and
L
HIGS) =) Tr(g1®ga- ®gj 18 [P](m)(gj ®9j+1)} ®gjt2® - QgL) - (80)
j=1

using the explicit form of the matrices g; we find

10310041 = 51=)il )i+

(|O H’ Jj+1 = |+>j|0>j+1) §| (81)

11g
4
9i ® gj+1 = ( 1

F5(10)j1=)541 = |=); \0>j+1)>
0 :

)i |0>]+1 1)l =)

Importantly all states occcurring in are linear combinations of the triplet and singlet states in and
do not imvolve the quintet states. Hence

S= 0 0
PJ(J+1)(9J®9]+1) <O 0) ) (82)

and concomitantly H|GS) = 0. This proves that |GS) is indeed a ground state of the model. It can be
shown that the ground state is unique, and that there is a finite gap to excited states (known as Haldane
gap). The state we have calculated is not normalized. We now determine its normalization. In our graphical
notations (GS|GS) is represented by the diagram shown in Fig. - We observe that this can be written
as a contraction of building blocks of the form shown in Fig. [5.1l As «, 3 take two values each A can be
viewed as a 4 x 4 matrix. Choosing the identification (o, ) — a With

(L) =1, (2,2)—>2, (1,2) =3, (2,1) =>4 (83)

13



4......-,

Figure 5: Graphical representation of (GS|GS).

Figure 6: Building block A.

we can easily work out A using the explicit forms of A?

11
{3 0 0
- |1 I 0 o
— |2 1
A 00 -1 o (84)
1
0 o0 -1
This allows us to write the normed squared of |GS) as
(GS|GS) = Traxs [21 o A} . (85)
The eigenvalues of A are 3/4, —1/4, —1/4 and —1/4, which immediately gives us
3\ L N\ L
(GS|GS) = (1) +3(— Z) . (86)

Nice.

5.2 Spin-spin correlation functions

We now turn to spin-spin correlatiuon functions. Introducing short-hand notations such that |o) =

|o1,...,0L) we can write these (modulo the normalization of |GS)) as
(GS[S7S7,,1GS) = Y (o|Tr[A7 ... A%]010, 1 TX[A7 ... A%L]|o”). (87)

Here we have used that (0;[S7 = (o[- In our graphical notations this can be written in the form shown
in Fig.

We can again use the transfer matrix formalism we employed for computing the normalization for the
ground state. To do so we need to introduce one new building block, c¢f. Fig. The corresponding 4 x 4
matrix can be worked out in the same way as A

0 -2 00
1
= |3 0 00
— 12
B=10 0 0 o0 (88)
0 0 00



Figure 8: Building block B.

In terms of our matrices A and B we then have

(GS|S52,,|GS) = Tryvy [BA’"*BAL*H] (89)
Due to the structure of B this reduces to the trace of the upper left 2 x 2 block only

0o —1 1 1\"1 0o _1 1 1\ L-r-1
esisiszales) — o (3 ) (1 1) (V) (1 1) ] (90)
2 2 2

This is easily calculated by using an orthogonal transformation

11 3 0 _1 0o 1 1 /1 1
4 2 _ 4 2 _ 2 —_
0(; 1>O—<o —i)’ 0(5 0)0—<_; o)’ 0_\@<1 —1)' o)

We find a very nice, simple result

@sisistaion = (- Q) () o

Finally we take the normalization constant into account and then take the thermodynamic limit

=0

. (GS|S57574,4|GS) 1\ rl
1 — (77) —4(—1)" rn(3)'
L (GS|GS) 3 (F1)e
(93)
This shows that in the ground state we have short-range, antiferromagnetic correlations:
e We have a finite correlation length £ = ﬁ ~ 0.91. This is less than one lattice spacing and therefore

very short.
e The factor (—1)" tells us that neighbouring spins have a tendency to be anti-aligned.

e For large seprations r > 1 the correlations are vanishingly small, which in particular tells us that we
do not have Néel order.
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5.3 Hidden “string” order

We have seen in the previous subsection that the AKLT chain does not have antiferromagnetic long-range
order, which is defined through the order parameter

O%.;= lim lim (—1)j*’“—<GS‘S;S’i’GS>
Neéel = 5 k=00 L—00 (GS|GS)

Our result implies that Of, = 0. Interestingly the AKLT has a different kind of “hidden” order. This
is defined in terms of a so-called string-order parameter

(94)

lim  lim (GS|Sgei™ =0 5 501GS)

Oa
|j—k|—o00 L—oc0 (GS|GS) ’

string — a=2,Y,%. (95)
The string order parameter can be calculated in the same way as the spin-spin correlation functions (problem

sheet 1). The numerator in the expression for O has a graphical representation shown in Fig. Here

string

Figure 9: Graphical representation of the numerator in the expression for O

string*
the 4 x 4 matrix C is given by
1 1
PR
= —5 % 0 0 = G
C = 2 4 1 y C 1Ry = AU /A ’ lelﬂ-s |O'> . (96)
0 0 -1 0 (aB),(a’B") - ;) B B §
o 0 0 -1 265,0~1
One finds that 4
O = lim lim Tr4x4[éé’f—j—1BAL—k+f—l] = (97)
& |j—k|—oo L—o0 9

To get some physical intuiton about the string order parameter let us consider product states. Néel order
would then correspond to configurations like + —+ —+ —4+—. In contrast, the string order parameter would
give an antiferromagnetic pattern if we delete all sites where the spin is in the 0 state, i.e. configurations
like + — 0+ 0 — 40000 — +0 — +000 — +—.

5.4 Bipartite entanglement entropy of matrix-product states

Consider a MPS of the form
1
|\1/>:N > Tr[A .. Aoy, .. 0L) (98)
O1,.,0L

where N is a normalization factor and A are y x xy matrices. We want to work out the bi-partite entanglement
entropy of a sub-system consisting of the first £ sites. We will assume that the MPS is injective, which means
that the matrices A? are such that

> AT(AT) =21, A>0. (99)
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One can show that if this is the case then there existe a ;3 such that for all £ > ¢, the set of matrices
{A% ... A%t} span the space of all x x y matrices. To work out the entanglement entropy we rewrite |¥) in
the form

1 X
|w>:NZ AT AT glon,. o) @ > [AT AT o, o) (100)

a,f=101,...,0¢ O¢4150-0L
,

|$as) [Yap)

We then assume that ¢, L — ¢ > {y, so that injectivity of the MPS implies that {|¢ss)} and {|¢ag)} both
form sets of x? linearly independent states. This means that there exist basis transformations U and V

|§gaﬂ> = U|¢a,8> ) |1Eaﬁ> = V|11Z)oz,3> (101)
such that . . . 3
(Parprldap) = Oaardsp s (YarplVas) = daadps- (102)
This provides us with a representation of our MPS of the form
X ~ } X
0) = D Aasldas) @ [ag) . D el =1. (103)
a,f=1 a,f=1

The reduced density matrix of the sub-system consisting of the first £ sites [1,¢] is then given by

X
P = D aslldas) (@asl - (104)

a,f=1
This results in a bipartite entanglement entropy of

X

S =— Y Mgl (IN25]) <Inx’. (105)
a,B=1

The final inequality derives from the fact that the entropy is always bounded by the dimension of the Hilbert
space of states. This tells us that the entanglement entropy of a finite-dimensional MPS is always finite,
i.e. does not scale with system size! This in turn implies that we cannot use MPS to approximate energy
eigenstates at finite energy densities (as they display a volume law for the EE). On the other hand, MPS can
be used very efficiently to approximate ground states and low-lying excitations of local Hamiltonians. The
basic idea is to make a variational Ansatz in terms of an MPS, and then optimize the variational parameters,
i.e. the matrices A%, to obtain the lowest possible energy. There are a number of different approaches such
as the density matrix renormalization group (DMRG) and time-evolving block decimation (TEBD). Several
codes are freely available online, e.g. https://www.itensor.org.

Part II1
QUANTUM QUENCHES AND (GENERALIZED)
THERMALIZATION

A quantum quench is a particular protocol for driving many-particle quantum system out of equilibrium. It
is defined as follows.

1. The starting point of a many-particle system in a large, finite volume L with Hamiltonian H.
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2. The system is then prepared in an initial state |¥(0)) that has non-zero overlaps with exponentially
many (in system size) eigenstates of H. The initial state should have good clustering properties and
is often taken to be a lowly entangled state.

3. At later times the quantum state describing the system is then given by the solution of the time-

dependent Schrédinger equation 4
(U (t)) = e (0)). (106)

4. The objective is to study expectation values of local operators O 4 in the thermodynamic limit

lim (U (t)|OA|T(t)). (107)

L—oo

Here we define local operators as acting as the identity outside a finite, connected spatial region in the
infinite volume limit. For a quantum spin chain operators of the form 03" .. ;‘f where ji € [a,b] with a,b
fixed are local. As we will see later locality is a very important concept in non—equlhbrlum dynamics.

Often the Hamiltonian depends on a parameter h such a magnetic field or interaction strength, and a
popular way of defining a quantum quench is then to take |¥(0)) as the ground state of H(hg), and consider
time evolution under the Hamiltonian H(hy) with hy # hg. This corresponds to an instantaneous “quench”
of h at time ¢t = 0 from hg to hq.

For pedagogical reasons we restrict our discussion (with the exception of the next section) to
e Lattice models with finite local Hilbert spaces;
e Translationally invariant Hamiltonians;

e Translationally invariant initial states.

6 Quantum quenches and experiments

The theoretical quantum quench protocol introduced above is inspired by cold atom experiments. In order
to make the connection more concrete I now present a brief cartoon of experiments on ultra-cold Rb atoms
carried out in Jorg Schmiedmayer’s group in Vienna, which have been the topic of previous lectures at this
school. The Hamiltonian describing the atoms is to a good approximation

+9 +5 > ol (108)

J#k

where V(r;,t) is a confining potential that can be varied in a time-dependent way. The potential is separable
in the sense that V(r;,t) = V| (x;,t) + V1(y;,2;,t) and V| can be tuned in such a way that the transverse
degrees of freedom are essentially projected to the ground state(s) of the single-particle Hamiltonian

h2
Hyp= Z o
J

9% o?

O I Vit zn. 109

By choosing the transverse confining potential to be very tight and having a single minimum the system at
time ¢ = 0 can be prepared in a low temperature thermal state of the one dimensional Hamiltonian

J

+e> 8z — ). (110)

i<k

h? 02 N 1
Com c'?mQ mw”x

18



In the experiments V| (y;, 2;,t) is then changed in a time-dependent fashion so that one ends up with a tight
double-well potential in the transverse direction. Neglecting the higher transverse modes (as they have very
high energies) then leads to a Hamiltonian that in second quantization takes the form

H(to) ~ / dr

Here a = 1,2 label the two wells, ¢f. Fig.[6] The splitting process leaves the system in some initial state

1 &2 mof

@) (- 5ot g

2?) (@) + gWL (@)W (@) Wa(@)Wa(@) | . (111)

t=0ms

Figure 10: By changing the transverse confining potential a one dimensional Bose gas is “split into two”.

|W(tp)) that is not an eigenstate of H(tp): in this sense the situation is analogous to a quantum quench.
The system is now left to evolve in time governed by the Hamiltonian . At a time t; the confining
potential is switched off and the two clouds of atoms start to expand freely in three dimensions. Eventually
they overlap and at a time to the density of atoms is measured. The expansion can be easily modelled

Figure 11: After switching off the confining potential the atomic clouds expand in three dimensions and
eventually overlap.

as the atoms effectively do not interact. One therefore can integrate the Heisenberg equations of motion
for the measured observable (the particle density) backwards and relate it to an operator in the split one
dimensional Bose gas at time ¢;. One finds that the measured density is

2
prof(T, T, t2) & Y gaplts — t1, 1) f (2, 81) Uy (z, 1) (112)
a,b=1

where r denote the transverse directions and g, (¢, r) are known functions. Repeating the experiment many
times then provides access to e.g. the expectation value (112]) in the split, one-dimensional Bose gas after a
period of non-equilibrium evolution.

7 Local relaxation

The first question to ask is whether after a quantum quench a many-particle system somehow relaxes, i.e.
whether if we wait long enough the quantum mechanical probability distributions describing the outcomes
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of measurements become time independent. This is equivalent to the question whether the double limit

lim lim (¥ U 11
Jim lim (U()|ONY(2)) (113)
exists for all Hermitian operators O. We note that the order of limits is crucial here. It is easy to see that
this limit cannot exist for all observables. Indeed, let [n) be the eigenstates of the Hamiltonian describing
the time evolution of our system and E,, the corresponding energies. Then

(w(t) =) e n|¥(0) |n). (114)

Now we can choose “observables” that never relax, e.g.
0 =0 = 1) +]2)(1]. (115)

Indeed, we have
(U(t)|O)¥(t)) = Acos ((E1 — E2)t + ¢), (116)

which shows that the expectation value of this particular observables is a periodic function of time. However,
the operator O is highly non-local. This suggests that we should restrict our attention to local measurements
and concomitantly local operators O 4. For these our double limit generally exists, i.e.
lim lim (U(¢)|O4|¥(t)) = (Oa)stat- (117)
t—o00 L—o00
The physical picture underlying this fact is as follows. As O4 is a local operator it acts like the identity
outside some finite spatial region A. In the infinite volume limit the complement of A simply acts like a bath
on A and eventually leads to relaxation. One can reformulate this observation in terms of density matrices

as follows. The density matrix of the entire system p(t) = |V(¢))(¥(¢)| in our case is a pure state and hence
can never relax. On the other hand, the reduced density matrix

pa(t) = Trz[p(t)] (118)

describing the region A on which our observable acts (A is the complement of A) is a mixed state and hence
can become time-independent at late enough times.

A natural question to ask at this point whether it is possible to describe the late-time limits of the
expectation values of local operators in terms of a statistical ensemble. In other words, is it possible to find
a time-independent density matrix pgg such that for any local operator

Jim lim (U(1)|O| (1)) = lim Tr[pssOa]. (119)

We note that in analogy to equilibrium statistical mechanics (where we can choose from micro-canonical,
canonical and grand canonical ensembles) pgs is not unique.

7.1 Local Conservation Laws

A local conservation law is a Hermitian operator I that commutes with the Hamiltonian of our system

(n)

and has a density I jn that is a local operator as defined above, i.e.

JCINS o (OIS () P (120)
J

We stress that the conservation laws we have in mind here are extensive. The existence of a local conservation
law has important consequences for the steady state density matrix pgg in translationally invariant cases.

By (120]) we have
(U()|10W(t)) = time independent. (121)
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Translational invariance then implies that

lim 1Z<x1f(t)f§">|x1/(t)> — Tim (U()1"9(1)). (122)

L—o0

Combining (122) with (121]) we conclude that

lim (¥(0)1"|¥(0)) = lim lim (¥(1)I"|¥(t)) = Tr [pss I]<.">} , (123)

L—oo t—o0 L—00

(n)

where in the last step we have used that I jn are local operators. This tells us that psg retains information
about the expectation values of local conservation laws in the initial state.

7.2 Thermalization

As we are dealing with an isolated quantum system energy is always conserved

e (EOLH@)
eg = lim .

124
L—oo L ( )

This is the minimal amount of information on the initial state |¥(0)) that gets retained under the dynamics.
If there are no conserved quantities other than energy the system thermalizes at late times after a quantum
quench. The steady state density matrix is then given by a finite temperature (equilibrium) ensemble
constructed as follows. We define a Gibbs density matrix

€7BeffH

bl
ZGE

PGE = (125)

and fix the effective temperature ﬁe_ﬂ} by requiring it to correspond to the energy density established by the
choice of initial state

. Tr[pce H]
=1 _ 126
o= T L (126)
Under this choice we have
PSS = PGE - (127)

We could have equally well chosen a micro-canonical description

pss=pmc= > [n)n|, (128)
|En—Le|<e

where |n) are energy eigenstates with energy F,. Finally we note that averaging over a micro-canonical
shell is not required as long we use a typical energy eigenstate to define our micro-canonical ensemble, which
then takes the simple form

pmc = [n)(n| . (129)

Drawing an energy eigenstate at random out of our micro-canonical window provides us with a typical state
with a probability that is exponentially close (in L) to one.

7.3 Non-equilibrium steady states and Generalized Gibbs Ensembles
(n)

If we have additional conservation laws with local densities [ ; the system cannot thermalize because

lim ((0)1"®(0)) = Tr [pss Ij(")] , (130)

L—oo

which tells us that the system retains more information on the initial state than just its energy density.
What should the ensemble describing the steady state then be? The answer to this question is provided
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by Jaynes and Rigol et al: we should maximize the entropy under the constraints (130]). This leads to a
generalized Gibbs ensemble

o ()
PGGE = ¢ 2n An T (131)
GGE
where the Lagrange multipliers A, are fixed by
lim (T (0)1{™ |W(0)) = Tr [pGGE 1(")] . (132)
L—o0 J J

We note that solving these equations is a difficult task in general.

7.4 A simple explicit example

It is useful to make the above discussion concrete by considering a simple explicit example. We take as our
Hamiltonian a one-dimensional tight-binding model of spinless fermions

L
H=-JY clejpatche. (133)
j=1

This can be diagonalized by going to momentum space

L
1 ik 2mn
C(kn) = ﬁ jzle ‘]Cj 5 kn == T (134)
We have
H=> e(kn) c'(kn)ec(kn) , e(k) = —2J cos(k). (135)
As our initial state we choose
L/2
12 (0)) = ] ck;10) (136)
j=1

where ¢;|0) = 0. The time evolved annihilation operators in the Heisenberg picture are obtained by solving
the Heisenberg equations of motion

c(kp,t) = ekl e(k,) (137)
The equal-time single-particle Green’s function in momentum space is thus
» ) 4] x
(W(0)|ef (k. ep, ] B(0)) = e e T okpir (138)

This oscillates indefinitely in time and does not relax in any way. This is not a problem because cf(k, t)c(p, t)
is not a local operator. On the other hand, in position space we have

_ _ t 1o (=1 —ip(k—j)+4iJt
934(0) = (HOISDeu(ON(O) = gy + 57 Sk Dien)
5 —1) .
JQ—”“ + (2)i|ﬂ—’“.]j_k|(4jt), (139)

where in the last line we have taken L — oco. At late times and fixed j, k this has the following asymptotic

behaviour A
Gt <1V

j—klm =«
9ik(t) = =3~ + 7= 4

1 —1

This exhibits local relaxation in a power-law fashion to a stationary value of d; /4. By Wick’s theorem this
implies that any local observable relaxes in a power-law fashion, e.g.

(W()leleheiem¥(®) = gim(E)gri(t) = 6;1()ghm(2) - (141)

22



The ensemble describing the stationary state is defined through the requirements that Wick’s theorem should
hold and

- 05k t
Jo J 01000 = 55 = T [ps ] (42
We can choose pgs as an infinite temperature Gibbs ensemble
1
pss = 2—L]1 . (143)

Given the fact that the tight-binding model is integrable and has an extensive number of local conservation
laws (see below) according to our discussion above the steady state density matrix should be described by a
generalized Gibbs ensemble. This is in fact correct, but it turns out that this GGE is identical to a simple
Gibbs ensemble. Our results for the single-particle Green’s function allow us to exhibit another inteTresting

property of relaxation after quantum quenches. To that end we consider the particle density n; = CiCj

(W), (1)) = (O, () w(0)) = £ + 1

We plot the resulting density as a function of time for even and odd sublattices in Fig. At early

Jo(4.Jt). (144)
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Figure 12: Density on even/odd sublattices after a quantum quench from the state ((136]).

times we clearly see the charge-density wave order of the initial state , which breaks translational
invariance by one site. However, at late times this order “melts” and in the steady state the particle density
is homogeneous. This shows that full translational invariance is restored in the steady state. Such symmetry
restoration is a generic feature of quantum quenches in one-dimensional systems.

8 Spreading of correlations

Starting with the seminal work by Calabrese and Cardy [I} 2] the spreading of entanglement and correlations
after quantum quenches has been explored in great detail. In the following we exhibit some of the important
findings for our specific example of a quench from a CDW state in the tight-binding model. The connected
density-density correlation for that problem is easily obtained using Wick’s theorem. In the thermodynamic
limit it reads

D 0(t) = (¥(0) |y () (1) () = 222

The result is shown in Fig. @ We see that for a given separation ¢ the connected correlator is very small
until a time ’ J
L max, Z(p ) _oy (146)
D

- iJﬁé' (4J¢). (145)

t_

B 2Umax
After that time significant connected correlations are observed. This behaviour is generic for integrable
models and is referred to as a “light-cone” effect. Some remarks are in order:
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Figure 13: Connected density-density correlation function D ;y(t) for the tight-binding model on the
infinite chain as a function of ¢ and ¢ for j = 1 after a quantum quench from the state (136)).

e If the correlation length in the initial state |¥(0)) is finite (as in our example) the light-cone effect is
very pronounced.

e If the correlation length in the initial state |¥(0)) is infinite there still is a light-cone effect, but it is
much weaker [3] 4].

e For long-range interactions the light-cone effect is different [5].

8.1 Light-cone effect vs operator spreading

It is instructive to connect the light-cone effect to operator spreading. The Heisenberg operators c¢;(t) act
non-trivially on the entire system for any ¢ > 0. This can be seen e.g. by expanding

. . +2
¢jt) = eMeje™t = ¢; —it[H, cj] — SHH ]l + (147)

However, the contributions to ¢;(t) are very small outside a light-cone. This can be seen by using the
Heisenberg equation of motion

1 —ipj 1 ip(£—7)—ie A\ 0—j
ci(t) = 7 S e Pe(p,t) =) cor > e wt o N (LT, (21 e (148)
p l P ¢

The amplitudes J;(2Jt) are plotted in Fig. [8.1 We see that .J;(2Jt) becomes very small for [ > 2Jt = vyaxt.
This means that ¢;(¢) can be accurately approximated by an operator ¢;(t) that acts non-trivially only on
a finite interval [j — Umaxt,J + Umaxt]. This in turn tells us that the density operators n;(t) can be well
approximated by 7n;(t) that act as the identity outside [j — Umaxt, j + Umaxt] and establishes the picture for
operator growth shown in Fig. ﬂ Using that fact for short enough times ¢ < |¢|/2J the operators 1n;(t)
and nj4¢(t) act on different parts of our system and our initial state |¥(0)) is a product state we conclude
that

(W(0)|n;(£)nj1e(t)[W(0)) ~ (W(0)|n;(£)[¥(0)) (¥ (0)[nj4e(t)[¥(0)), t < |€]/2J. (149)

This accounts for the light-cone effect seen in Fig.
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Figure 14: J;(2Jt) as a function of [ for Jt = 20.
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Figure 15: Space-time plot of the effective size of the Heisenberg picture operators n;(t) and nj4(t).

8.2 Relation to Lieb-Robinson bound

Our discussion on operator spreading relied on the fact that in our example the Heisenberg equations of
motion are linear and can be solved exactly. However, there are rigorous results on operator spreading
that lift the picture we have just established, to a certain extent, to quantum quenches in general. For
non-relativistic quantum spin systems with short-ranged Hamiltonians the Lieb-Robinson bound provides a
bound for the norm of the commutator of two operators that at time ¢ = 0 act respectively only on spins
inside two spatially separated regions A and B, cf. Fig. Lieb and Robinson proved that [6, [7]

Figure 16: Setup for the Lieb-Robinson bound: two operators initially act only on spins in regions A and
B that are spatially separated by a distance L.

L—wvt

[[©a(t), Op(0)]] < ¢ min(|A[,[B]) [Oa |Op] e < . (150)

Here |.| denotes the operator norm, |A| and |B| are respectively the numbers of sites in regions A and B and
v, ¢, & are constants. The Lieb-Robinson bound implies that the operator O 4(t) can be well approximated
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by an operator that acts only on spins in the interior of the (forward) light-cone of region A [8]. This is
completely analogous to what we just discussed for free theories! This fact is sufficient to show that for
initial states |¥(0)) with finite correlation lengths one has [J]

L—2vt

(W(0)|0A)OB(1)|[(0)e < c(|Al+[Bl) e X, (151)

where ¢, v and x are constants and L is the separation between regions A and B. This establishes the
existence of a “speed limit” for sizeable connected correlations to emerge, in perfect agreement with the
light-cone effect observed after quantum quenches. Some comments are in order:

e The Lieb-Robinson bound is a statement about operators and is independent of which quantum state
the system is in. This means in particular that the “Lieb-Robinson velocity” v is not necessarily
related to any observed “light-cone velocity”, because the latter is in general state-dependent [9].

e As the name suggests, the Lieb-Robinson bound is a bound and does not imply that there will be a
visible light-cone effect.
8.3 Calabrese-Cardy quasi-particle picture

There is a very nice physical picture that explains light-cone effects in the spreading of correlations and
entanglement due to Calabrese and Cardy [I], 2], ¢f. Fig.

3

Oo(r1) O(r2)

{
{ t
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Figure 17: Quasi-particle picture for light-cone effects in the spreading of correlations and entanglement.

e The quantum quench creates quasi-particles at time ¢ = 0, which start propagating with velocities

|'U| < Umax; Cf' Flg (a)

e At short times ¢ > 0 operators at positions r; 2 are “hit” by quasi-particles emanating from within
their backwards light-cones, ¢f. Fig. 8.3 (b). This leads to a dephasing of one-point functions, but
connected correlations remain small.

(W(0)[O(r1,1)O(ra, £)[¥(0)) = (W (0)[O(r1,1)[¥(0)) (¥(0)|O(r2, )| ¥(0)). (152)

e Atatimet* = |ro—7r1|/2vmax the two backwards light-cones touch and (sizeable) connected correlations
develop.

Light-cone effects have been studied in cold-atom experiments, see e.g. [10,11]. The experiments of Ref. [10]
correspond to an interaction quench for a system of lattice bosons with Hamiltonian

U
H=-7> dlaj+al,a;+ 5 2 ni(n—1). (153)
J J
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The system is prepared in an initial state |¥(0)) and by changing the optical lattice potential the ratio U/.J
is then quenched from about 40 to 9. The system is let to evolve in time and eventually an “occupation
parity” two-point function is measured

Ca(t) = (¥(0)]s;(t) sj+a(t)[¥(0))c , (154)

where s; =1 (s; = —1) if site j is occupied by an odd (even) number of bosons. The measurements show a
clear light-cone effect.

9 Finite-size effects

In the above we have stressed the importance of taking the thermodynamic limit before considering the late
time behaviour. Indeed, the thermodynamic and late time limits do not commute. However, experimental
systems are of course all finite (and often not even particularly large) and it is therefore important to
understand how the above considerations are modified for quantum quenches in finite systems. Working
with a finite system has two obvious consequences:

e Local relaxation in the sense discussed above is impossible.

e There are finite-size effects in the dynamics at finite times.

9.1 Relaxation of time averages and diagonal ensemble

To address the issue of relaxation in finite systems it is customary to consider time averages

T
Or — ;/0 4t (U (1)| O[T (L)) . (155)

Relaxation then corresponds to the existence of the limit limy_o Or. The physical picture is that the
expectation value keeps on fluctuating around its late-time average, but for most of the time is found very
close to the latter.

Late-time averages can be described by the so-called diagonal ensemble. The idea is to expand the time
evolved state |U(t)) in energy eigenstates |n)

OT_Z /dt 0)|n) (n|O|m) (m|W(0)) e HEm—En), (156)

Assuming for simplicity that the energy spectrum is non-degenerate we have
Jim Or = Z| 2(n|O|n) . (157)

This only involves diagonal matrix elements of O in the basis of energy eigenstates and is therefore known
as diagonal ensemble. It is believed that for local observables the infinite time average coincides with the
stationary value in the thermodynamic limit up to finite-size corrections, i.e.
lim O = lim lim (¥()|O|¥(t)) + o(L°) . (158)
T—00 t—00 L—00
For this to be true, the diagonal ensemble must be able to describe thermal states. At first sight this seems
very strange, because ((158)) looks like it should be very sensitive to the precise form of the initial state |¥(0)),
whereas the stationary state density matrix of a thermal ensemble only “remembers” its energy density.Let
us recall that the Hamiltonians we are interested in have densities H = ) ; Hj that are short-ranged and that

our initial state |¥(0)) is assumed to have good clustering properties. In this case there are two ingredients
in establishing that the diagonal ensemble can describe thermal states.
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1. Firstly, the overlaps [(¥(0)|n)| become very strongly peaked in energy for large system sizes L. To see
this we first note that the average energy is extensive F = (¥(0)|H|¥(0)) = eL. The variance can be
expressed as

(AE)® = (U(0)|H?|W(0)) — (¥(0)|H|W(0))*
—Z 0) | Hp Hr | 9(0)).c. (159)

Using that |¥(0)) has good clustering properties and that H,, are local operators we can conclude that
the connected correlation functions vanish for large |n — m|. This implies that

(AEY? < L*, a<2. (160)
Hence (AEY?
E _
77 X L2, (161)
This establishes that for large L the probability distribution of energy and hence [(¥(0)|n)| is strongly
peaked.

2. According to the Eigenstate Thermalization Hypothesis (see below) the expectation values of local
operators in nearby typical energy eigenstates away from the edges of the spectrum fulfil

(n|O[n) = go(En) , (162)

where gop is a smooth function of energy (and for L — oo becomes a smooth function of energy
density).

Combining these two ingredients we have for Ey = eL + O(LY)

Lim onZ\ 1?(n|O|n) ~ (k|Ok) Z| = (k|O|k). (163)
In this way the diagonal ensemble can reproduce the micro-canonical ensemble.

9.2 Traversals and revivals

We now turn to some generic finite-size effects. Let us start by considering the density-density correlator
Dj (1) in our example of a quantum quench in the tight-binding model, but now on a finite ring
of L = 64 sites. The results are shown in Fig. For convenience we reproduce the result in the
thermodynamic limit on the left. We observe pronounced differences between the results in the infinite
and finite volume at fairly short times. The most striking effect is related to the light-cone in the connected
correlation function traversing the ring. Concomitantly this effect has been termed a traversal. If we
consider a fixed separation 0 < ¢ < L/2 between our two density operators, the light cone arrives at the
time t; = ¢/2vnax and sizeable connected correlations develop. At the later time

L1

2Umax

ty = (164)
a signal from the “traversed light cone” appears. The next traversal occurs at time (L + ¢)/2vmax and so
on. Traversals are a simple geometric effect (and occur for open chains as well) and on time scales that
scale linearly in system size. They are very different from revivals, which can be defined as instances when
the return amplitude becomes large, i.e. the time evolved quantum state has a large overlap with the initial
state

R(t) = [(L@)|[w(0))| ~ 1. (165)
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Figure 18: Connected density-density correlation function Dj j;¢(t) for a quench from a CDW product state
in the tight-binding model Results are shown in the thermodynamic limit (a) and on a ring of 64 sites
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Figure 19: Magnitude of the return amplitude after a quench from a CDW product state in the tight-binding
model [7.4] for a system of L = 64 sites.

In our example the return amplitude is in fact tiny as shown in Fig. Unlike traversals revivals are related
to regularities in the spectrum of the Hamiltonian, see e.g. [12]. Expanding the return amplitude in a basis
of energy eigenstates we have

R(t) = (166)

D () n)Pe ).

For a lattice spin system with finite dimensional local Hilbert space we have a finite number of energy
eigenvalues that can be approximated to any desired precision by rational numbers. Hence we can always
find a time t* such that

E,t* =~ 0 mod2m Vn. (167)

At this revival time we have R(t) ~ 1. Importantly, for many-particle systems revival times are typically
extremely large and only become small if the energy spectrum is highly regular. An example is the spinless
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fermion Hamiltonian

L N
H= —JZ Z (2n—1|—1)2 {c;r-cj+2n+1 + h.c.} = ZEN(p) c(p)e(p) . (168)
P

7j=1n=0

By taking N large enough we can make the dispersion relation approximately linear, c¢f. Fig.|9.2| (a). This in
turn leads to a very regular many-particle spectrum with an approximately equal spacing of 27wv/L, where
v is the velocity and L the system size. As a result the revival time scales linearly in system size. In Fig.[9.2

1.0F
2.
~
o, 1t 0.8+
\5 N
GT 0 ot 0.6
’r 1 o 0.4}
™~
—of 0.2
-3 -2 -1 0 1 2 3 0.0 0 5 1'0 15
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Figure 20: Magnitude of the return amplitude after a quench from a CDW product state in the tight-binding
model [7.4] for a system of L = 48 sites.

we plot the magnitude of the return amplitude after a quantum quench to the model as a function
of time. A revival is seen to occur at a time ¢* ~ 15/J. The fact that this occurs at around half the time
expected on the basis of the level spacing is related to our particular choice of initial state. Revivals have
been observed in cold atom experiments with highly regular spectra [13].

10 Eigenstate Thermalization Hypothesis (ETH)

The ETH is a conjecture on what the matrix elements of local Hermitian operators in energy eigenstates
of generic EL local Hamiltonians look like [I4]. Let H|n) = Ey|n), L be the volume of our system, and O a
local, Hermitian operator. Then the ETH states that

— 1

(m|O|n) = go(E)onm + ¢ 25 fo(E,w)Rym , E = . w=E,— Ep,

E,+ Ep,
2

(169)
where

e go(x) is a smooth function of z;
This implies that for large system sizes diagonal matrix elements are approximately smooth functions
of the emergy density, which fits nicely with our previous discussion of the micro-canonical ensemble.
e fo(z,y) is a smooth function of z and y;
Note that the function fo(z,y) can in principle be very small itself — for example it is allowed to
become vanishingly small unless y/L = o(L").
e S(E) is the thermodynamic entropy at energy FE;

As the entropy at finite energy densities in (typically) extensive, off-diagonal MEs are exponentially
small in system size.

!This means that there are no local conservation laws other than energy and particle number.
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e Ry, = Ry, , are random variables with zero mean and unit variance, i.e.
R’I’LJ’I’L = 0 ? Rn?”nR;’:k’ = 6n7j6mak‘ (170)

The way to think about this is as follows: if we consider £, ,, to lie inside some small, fixed energy shell,
then apart from the diagonal matrix elements O, , looks like a random matriz. This is because in this
situation S(E and fo(E,w) are approximately constant. ETH is a statistical statement in the sense that
typical matrix elements are believed to obey it.

10.1 ETH and thermalization

We have used the ETH above to compute long-time averages

T—o00

T
0= lim ;/0 dt (0(1)|O(L) | (171)

and show that they agree with results of the micro-canonical ensemble (up to finite-size corrections). We
now go a bit further and use it to calculate the time-average of fluctuations of expectation values

T
ot = Jim o [ e [wwlopw) - o).
0

T—oo T

(172)

By writing [1(t)) = Y, Cre~Ertn) as a linear combination of energy eigenstates we have

T
0o® = Th—r>n 1/ dt [ Z e~ MER=EmtE=Ep) (1| O|n) (p|O)q) CnCrCoCy -0’
o0 0 n,m,p,q

1 (T ,
= Jim /0 dt Y e BBt BB (11O} (plOg) CuClCoCl (173)
n#Em,p#£q

We now make use that the expansion coefficients C,, = (n|¢)(0)) are strongly peaked in energy (see the
discussion in subsection and the ETH to conclude that the RHS is exponentially small in system size.
This means that for large systems the expectation value is most of the time extremely close to its infinite
time average, i.e. temporal fluctuations of the expectation value are very small.

Part IV
BBGKY AND QBE

11 BBGKY Hierarchy

We now turn to methods for analyzing non-equilibrium dynamics in interacting many-particle systems. For
the sake of definiteness let us consider a model of interacting spinless fermions

L
H=-J Z(C;Cj_l,_l + c}_ﬂcj) — Man + Z Z Unnjnjsm , (174)
Jj=1 J j m

where we define Uy,<1 = 0. This model has a U(1) symmetry corresponding to particle number conservation
Ule;U = e'¢; (175)

which simplifies the following discussion. It is convenient to work in momentum space, where the Hamiltonian
reads

1
H =Y "e(k)c(k)e(k) + 7 > "V (kr, ko, ks, ka)ef b cracr, (176)
k k
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where (using that V' can be taken to be antisymmetric in k12 and in k34 due to the anticommutation
relations of the ¢’s)

V<k> 5k1+k2,k3+/€4 Z Uf [ flhahs) _ (k2 k) — eig(kl_kg) + ew(kl_’%)] : (177)
>1

Let p(0) be an U(1)-invariant initial density matrix

Up(0)UT = p(0). (178)

11.1 First quantized form of the Hamiltonian

A general n-particle state can be written as

B = > W) ...ch o), (179)

J1<<Jn

where ¥(7) is the n-particle wave-function. The position representation of the Hamiltonian is then

H(g, ):<O|cj ...clec£ CL |0)

= Z (= J0ks o+t — TOksjom1 — 10ke ) [ [ ke + H%m SN Un bjtmije- (180)

r#s w>s m>1
11.2 Equations of motion for n-particle Green’s functions
Then the probability distributions of all observables can be extracted from the n-particle Geeen’s functions
G (j;0,t) =Tr [p(t)c}l...c;n%...%} L <o << g, b <Ly <o <Ly (181)

The equations of motion for the GF's are

O n) s .
i—GM(5:4,t) = Tr {zp(t)c;r-l . c;f»nc% . -0121} =Tr [[H, p(t)]c;[l e c}n% A

ot
=Tr (,0(15)[0;-1 . c;r-nc% e Cpy H]) . (182)
We have
[l ...cle co H = . cplee, H) + b .. eolc,, Hlegr + -+ el H]el .. .c (183)
10 CjpCln -+ Clys 1 Cla|Cly s 1 e Cls|Clys 0,1 ik o -+ Clys
where the basic commutators are given by
L L
lce, H) = [=T0p410 — J00—14 — pderler + Y (Us—e + Up—s)nsce
r=1 s=1
L L
[C}, H] = Z[J5j+17r - de_l r /ng rlcr Z Us_j + Uj_s+)c}n5. (184)
r=1 s=1

Let us focus on the contribution from 0;1 ... Cpy[ce,, H]: this can be written as

L L

Z[_Jéfﬁlm —Jop 10 — Méélﬂ“]cjj e CopCr Z:(Ur,g1 + Ugl,T)c 0 c; c,tcrczn A
r=1 r=1
n
+> Un—ecl ey (185)
2
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where the last term arises from moving the c:[cr to the left of ¢y, . Putting everything together we arrive at
the following hierarchy of equations of motion

i GG t) = }j%ev MGl ) =Y H(G, TG (L1
n L ’ (186)
+ Z [US_K'm + Uem_s - US*jm - Ujmfs] G(n+1) (j’ 855, 'e’ t) .
m=1 s=1

This is known as the Bogoliubov-Born-Green-Kirkwood-Yvon hierarchy. We see that as a result of
interactions the equation of motion for the single-particle Green’s function involves the two-particle Green’s
function, the equation of motion for the two-particle Green’s function involves the three-particle Green’s
function and so on.

If our density matrix p(0) describes a state with at most N particles, the hierarchy truncates because
G(m>N) (7;k,t) = 0. However, for a many-particle system the hierarchy is much too difficult to solve
numerically and has to be truncated in some way.

11.3 BBGKY in momentum space

The Green’s function in momentum space is

g(n) (p; q, t) = % Z 6—iP'j+iq.lG(n) (.7, e, t)
gt (187)
=Tr [p(t)e! (1) .. ! (pa)e(an) - - clar)]

Then the equation of motion for one-particle Green’s function in momentum space is

2 g0, 0,0) = T o0t )eta). 1)) (159)

similar to the previous section. Recall that H = Y, e(k)c (k)c(k)+1 > V(k)cl (k1)ct (ke)e(ks)c(ka), where
V (k) is antisymmetric with respect to exchanging ki <> ko and k3 <> k4. We have

[ (p)e(a), H] = [e(q) — e(p)]e! +7 Z [QV )l (k2)e(ks)e(ka)bk, q
(189)
—2vmememw@@d@@M}
Therefore, the equation of motion can be written as
0 1
k k!
where the integration kernel is defined as
Kl(p7 q‘kla k2; lla ké) = _25k1,pV(Q7 k?a /17 k/Q) + 25k’2,qv(k17 k27 kllap> (191)

Similarly, one can derive the BBGKY hierarchy in momentum space. We summarize the first two as follows:

gV pig.t) = [6((1) — ()] 9W(p;q.t)

+ f > Ki(p, qlko; kb) g™ (ka; b, 1),
ko K

.0
Yo7
(192)
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9P (p;a,t) = [elqr) + €(a2) — e(p1) — €(p2)] 9P (s . 1)

+ > Ka(p, qlka; kb)) (ka; b, 1)
k:z,ké

+ > Ks(p. qlksi kb)g® (kes; kb, ).
ks K,

8
"ot?

(193)

The kernels K 23 are linear in V (k).

12 Self-consistent time-dependent mean-field approximation

Truncating the hierarchy: For a meaningful approximation, we need to truncate the hierarchy, which
calls for a small parameter. To this end, we assume that V' (k) is small, and that we are working in the
weakly interacting limit.

In absence of any interactions, the equations of motion are

.0 " n
Ot ( paqv !Ze _Gps ] g( )(pvq)t)v (194)
s=1
E(p,q)
and the solutions are
9" (p; q,t) = e F@DIGM(p: q.0). (195)

Therefore, if we further assume that the initial state p(0) is a Gaussian fermionic state, which inherently
obeys Wick’s theorem, we have the following relations at all times:

9D (p;q,t) = gV (p1,q1,1) 9V (p2, 42, 1) — ¢V (p1, 42, )9 (P2, @1, 1), (196)

p, q,t p] ,qj,t) + [all other contractions]. (197)

||’:]oo

Physically, this suggests that all connected higher-point correlations functions vanish. One way of truncating
the BBGKY hierarchy in the weakly interacting limit is then to assume that the connected higher-point
correlations remain small. If we assume that the connected 4-point correlation functions are negligible, i.e.,

9P q,t) = gV (p1,q1,)9V (D2, g2, 1) — 9V (1, g2, )9V (D2, q1, 1) (with weak interactions),  (198)

we arrive at a closed, nonlinear evolution equation for g(l):

2 g 0. = 0= o0
) (199)

b S Kl alls K [ o0 Ok, K, 009 (k) — 00t K )90 (B, K
k:k’

This corresponds to a time-dependent self-consistent mean-field approximation, i.e., treating the interaction
terms in a time-dependent way in the mean-field approximation. Schematically,
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Tr[p(t)ches]
—

- 0104 <0503> +<CJ{C4> 6303
€1CyC3C4 — ; ; t ; t ;
—CC3 <0204> — <6103> C5Cy

t t
= (cles), (dea), +(cles), (ches)
<clc4 . C9C3 . + clcgt CoCy .

Under this replacement, we have a time-dependent mean-field Hamiltonian

Hp(t) = 3 elbn(k) + 7 37 Vaaw (0, (p)ela) + (1),
k p.q

where

Vair(pa.t) = Y 4V(p. kK1) (el (k)elk)) . by antisymmetry of V (k)
kK’

and

plt) =7 2V ) (el (h)elhs)) (e (ha)eh))
k
Operators in the Heisenberg picture can be written as
Ou(t) = UT ()0 (0)U(t).
Thus,
Op(t) = UT(1)Om(0)U(t) + Ut (1)Ou (0)U (t)
= (U'U®) 0u() + 0u®) (U0 )
= i[Hu(t),Ou(t)],

(200)

(201)

(202)

(203)

(204)

(205)

where in the last equality, we have used U = —iHt)U = UUT = —iH(t), so UTU = —iUN ) H (U (t) =
—1Hp(t). Also, since % (UTU) =U'U + U'U = 0, we have UTU = —UTU. Here, the unitary operator U (t)

can be represented through the time-ordered exponential

Ut) = Te—iJo dH()

t t t/
=1- z/ dtH(t") — / dt// d"HYH") + ...
0 0 0
Finally, the equation of motion can be written as
On(t) = iU ()[H(t), On (0)U(1).

Thus when applied to the fermionic operators, we have

&(g,t) = iU (6)[Hwir (¢), c(q)]U (¢)

= iU1(#) | ~cla)ela) — 7 3 Vaae(a, ks 0)elk) | U0
k

= —ic(g)e(a,) ~ D Vi (@ b etk )
Hence,
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0
(1) - 2l
50" 00| =T [o(0) (p)ela) + ¢ ()e(0) )]
=1 [6(]9) - E(Q)] g pa Q7 Z |:VMF k pa (1) (k> q, t) - VMF(Qa k? t)g(l) (pa kv t)] :

k

(209)
By recalling

Var(p,q.t) = > _AV(p, kK, q)g" (k, K, 1), (210)

kK

we arrive at the equivalent closed, nonlinear evolution equation for the 2-point correlation functions shown

previously, effectively truncating the BBGKY hierarchy.

13 Quantum Boltzmann equation

Starting from the first two levels of BBGKY in momentum space,

gV q.t) = [e(q) — ()] gW(p;q.t)

+ f > Ki(p,alko; kb) g™ (ka; kb, 1),
kez )

8
“otY

9
i~ 9% (pia.t) = E(p,q)g® (p;q.t)

0t
+ Z KQ(p7q‘k27k§) ()(k27 25 )
kg,ké

+ 3 Ks(p, qlks; k)™ (kes; k4, 1),
kg,k:g

we take the following steps:

Step 1: Integrate the 2nd equation over time.
First notice that the second equation can be rewritten as

id, ( iBt (2 )) _ Bt [iatg@) _ Eg(ﬂ — iBt [Z Kag® + ZK:zg(ﬂ ‘

Integrating this equation over time, we have
9P (p:q,t) = e FPDG) (p; q,0)

t ) ,
—z'/ dt'e” FPOUD N " Ko (p, qlka; k) g (Ra: K3, 1)
0
k2 k!,

0 ks, K,

Step 2: Assume that the higher-point connected correlators are negligible, so

9(2) (k2; ké?t) ~ A[kl,kﬂg(l) (klv llat)g(l) (k27 kévt)a
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—i / dt'e” PO N " [0y (p, qlks; k5) g (ka; K5, 1),

(211)

(212)

(213)

(214)

(215)



9 (k3 Kb, 1) ~ A[kl,kg,kg]ﬂg (kj, K, 1), (216)
7j=1

where A[...} indicates a fully antisymmetric sum over the indices.

Step 3: Substitute into the 1st equation, we have

.0
i579 gV (p.qt) = [ (@) — )] g™V (v, 9,1)
F 3 2K alka; Kg)e PR GO (kK 0)g) ko, B, 0
ka,k,
217
— z/ R Z My (p, qlka, kY, t —t))gW (ky, K, £)g™ (ka, kb, t) (217)
kQ,k'
3
/ dt Z M3 pqucv?n gat_t H k]7k37
ks,k' ]:1
where
My (p,qlkn, Kyt =) =0l > Ki1(p, q|Q2, Q5) Kn(Qa, Qblkn, ke H(Q22)(1), (218)
Q27Q2
This is the 2nd Born approximation, namely
e The dynamics is non-Markovian, i.e., ¢(!)(p, ¢, t) depends on all gV (p, ¢,t' < t).
e K is of order O(V), and M3 of order O(V?).
If we further restrict our attention to translationally invariant system, we have
9V (p.0.1) = Tr [p(t)c! (p)ela)]| = 8y Te [p(E)n(p) 19

= p,qf(pv t)a

where f(p,t) denotes fermion occupation number. And since V(ki, ka, k3, k4) o Ok, 4ky ky+ky, the 1st-order
term o< K1 now vanishes.
In this situation, the equation of motion simplifies to

t
¢ 1 —i(t—t)[e e(k2)—e(ks)—e
Fo.t) = [y S e b0l [V ) x [~ G
k

X [f(k1,t) f (Ko, t) f(ks, t) f(Ka,t) — f(ks, t) f(ka, ) f (K1, t) f (Ko, t)]

(220)

where we have exploited V (ki, ko, k3, ka) = V*(k3, k4, k1, k2) and defined f(k,t) = 1 — f(k,t). Note that the

quartic terms in f cancel (as required).This is now an evolution equation for the fermionic mode occupation.
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Step 4: Local approximation in time
It is convenient to introduce an explicit small parameter

V(k) =MV (k), (221)
and use the relation
e~ tEo(t=t) — / dE§(E — Ep)etEE-t) (222)
—00
to rewrite the equation as
a [e'e] t ) ,
— 5 /) = A2 / dE / dt'e By (B, p, 1), (223)
—00 0

where the integrand is summarised in v(E, p,t'). Now, consider a rescaled time 7 = A\*t, so %% %. We
may write the equation in this new time scale as

= S

A2 Y (Evpv F)

0 7'
([ T—S S
:A )\27 )\2 7p7ﬁ )

where 7 is the Fourier transform of + in the E argument. Under another change of variable, u = *, we

arrive at
0 T /X . T —ul?
—af (p, P) :/0 duy <uapa )\2> . (225)

In the weakly interacting limit, we shall assume that the following limits exist:

(224)

lim f(p,7/X*) = F(p,7), (226)

lim v(E,p, 7/\?*) = [(E,p, 1), (227)
A—0

namely that there exists a universal dynamical behavior in the rescaled time. Then, assuming that the
integral and the weak interaction limit commutes,

B T/A\2 5 2
/ dul (u, p, / dul (u, p, 7) (228)
=nl'(0,p, 7).

This gives

_ 9 ppr - — st V()2 [8osp — O p) 0 (k) + e(ka) — e(ks) — e(ka))

or (229)
x [F (kl,T) (ko, ) F(k3, 7)F(ka,7) = F(k3, 7)F(ka, 7)F (k1,7) F(ka, 7)] ,

and this is known as the quantum Boltzmann equation (QBE). The QBE is a standard approach in many-
particle dynamics. Some comments are in order:

e The QBE, strictly speaking, applies in the Boltzmann scaling limit, in which A — 0 and t — oo while
Nt = 7 is fixed.
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The QBE is a Markovian evolution equation.

Generically, this is only applicable at sufficiently late times; for short times one should use the non-
Markovian 2nd Born approximation derived in Step 3.

Instead of weak interactions (A — 0), one can also use the low-density limit to formulate a QBE.

One can also consider non-translationally invariant situations, though the derivations are more com-
plicated and equations would be modified.

Part V
QUANTUM MASTER EQUATIONS

Consider a QM many-particle system interacting with an “environment”:
e Hilbert space: H = Hg ® Hr. We denote the respective dimensions by Dg g.

e The Hamiltonian can be written in the form
H=Hg+ Hg + Hint- (230)
where Hg and Hg only act on the system and environment degrees of freedom respectively.

e We will assume that there are no initial correlations between the system and the bath degrees of
freedom. This is implies that the initial density matrix is

p(0) = ps(0) ® pp(0). (231)
The time evolution of system plus environment is given by the time-dependent Schrodinger equation
p(t) =UMpOUT (), Ut)=e"M". (232)

From a physics point of view we are not interested in the environment but only the system itself. The
reduced density matrix describing the time evolution of the system degrees of freedom is

ps(t) = Trp [p(t)] = Tr [U()p(O)U' ()] (233)
It is useful to think of this in terms of a completely positive, trace-preserving map My
ps(t) = Mi[ps(0)]. (234)
By construction the map M, has the following properties

(M1) M; is trace preserving.

Initially we have by construction

Trs[ps(0)] = Tr[ps(0) ® pp(0)] = 1. (235)

At later times we have

Trs[ps(t)] = Trs[Teu[U(1) (ps(0) © pp(0))UT(8)] = T [U(1) (ps(0) @ pi(0)) U (¢)]
— Tr[ps(0) © p(0)] = 1. (236)
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(M2) M, preserves Hermiticity of the reduced density matrix.

T T
ps(0) = (ps(0)) = ps(t) = (ps(®)) - (237)
(M3) M, is positive, meaning that
eigenvalues of pg(0) > 0 = eigenvalues of pg(t) > 0. (238)
(M4) M, is completely positive, meaning that for any k
Idgxk @ M, is positive over End(CF @ Hg). (239)
To see this, consider a positive operator B on C* ®Hg and write our map M; in an orthonormal basis
{|k)} of Hp
(Id® My)[B] =1d® > (kUBU'|k) . (240)
k

This is a sum of positive operators and hence positive.

Complete positivity is a stronger property than positivity: not every positive map is completely
positive. An example is transposition

Mipl =" (241)

M is clearly positive as it does not change the eigenvalues of p. To be specific take Hg = C?
and k = 2. Defining a basis of 2 x 2 matrices by

(€*),; = 6a,i%, (242)

we consider the particular operator
1 12
X = (621 622) € End(C* ® Hs). (243)
The eigenvalues of X are {2,0,0,0}. The transposition map acts as
121
[Idaxo ® M](X) = (212 222> . (244)

This is a permutation operator and has eigenvalues {1,1,1, —1}, i.e. is no longer positive.

We have seen that the time evolution of the reduced density matrix is given by a completely positive,
trace-preserving map (CPTPM). Conversely, we have

Theorem 1: STINESPRING’S THEOREM

Any CPTPM can be expressed in the form
M|p] = Trg [U(p ® pE)Uq (245)

for some (non-unique) unitary operator U and density matrix pg.
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14 Kraus representation

Let us assume for simplicity that pp = [0)(0| for some |0) € Hp and let {|k);k = 0,...Dp — 1} an
orthonormal basis of Hg. Then we have for a general CPTPM

Tri[U(p @ 10)(0]) U]

Dg—

= > (k|U0)p(0|UT[E). (246)
k=0
Writing the unitary as
Dp—1
U= Z |k) (¢] Uke , Uk € End('Hs), (247)
k=0
we obtain
Dp—1
= Upoplt],. (248)
k=0
Defining Kraus operators
Dg—1
Ky, = Uy Y KiKy=1, (249)
k=0
we arrive at
Dp—1
p=>" Kipk] . (250)
k=0

But as K; € End(Hs) there are only D? linear independent Kraus operators Kj. This implies that by
making an appropriate choice of these we obtain

Theorem 2: KRAUS’ THEOREM

Any CPTPM can be written in the form
p=Mpl = Kipkl, Y KiKT=1, (251)

where the Kraus rank r < qu -

It is easy to see that the Kraus representation is not unique. For example the set of operators

K, =Y Uyk,, UU'=1 (252)

fulfils 3 K} (K/)! =1 and
> KoKl =" Kip(K;)T (253)
k k

14.1 Infinitesimal generators of Kraus maps and Lindblad equation

Let us now consider an infinitesimal time step

p(t + 8t) = Mysi[p(t)]
= p(t) + 5tp(t) + O(6t?). (254)
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There are two types of Kraus operators that generate terms linear in §t:

ko
ICk:ak]l—l—ét[Mk—in]—i—o(dt), 0<k<ky, Zak:l, Hk:HI];,Lk:LL,
k=0
K = LnVot + 0o(V8t) ,  m > ko. (255)
This gives
Mualp(®)] = o) + 0t 3 —ionlHi plt)] + 0 {Mecp(®} + 3 Lup(OLE] +ol6t).  (250)
k<ko n>ko

We see that all terms involving Hp and Mp can be combined into a single contribution. Hence we can
without loss of generality take kg = 1 and define Hy = H, My = M. We then can eliminate the M term by
solving

1= Kek) =1+t [20 + Y L[ L] :M:—%ZL};L;C. (257)
k k k

Putting everything together we arrive at the Lindblad equation[15], [16]

@ ps(t) = ~ilH, p(0)] + 3" Lips ()L — 2 {LLLi. ps(1)}
k

(258)

Here L are called jump operators. The Lindblad equation has a very suggestive form:

e The first term on the r.h.s. looks like a time-dependent Schréodinger equation with system Hamiltonian
H.

e If we think of H as the system Hamiltonian the second term then must describe the effects of the
environment on the system.

e The Lj;, will a priori depend on the full history of the system and environment for all times ¢’ < ¢.

14.2 Markovian approximation

For general environments the time evolution of the system will be very complicated, as its reduced density
matrix at time ¢ will depend on the details of its “history”, i.e. its state at all times ¢’ < ¢. In order to
get something tangible we have to make some simplifying assumptions on the environment and its coupling
to the system of interest. For simplicity let’s assume that all local correlation functions in the bath decay
exponentially in time

Trp[Ag(z,t)Be(2)pp] o e7tan (259)

and define a typical time scale 7 associated with quantum dynamics of the bath degrees of freedom as
maxa p(7aB). The analogous time scale for the system is denoted by 7g. We then further assume that

(S1) The back-reaction of the system on the environment is negligible.

(S2) The system dynamics (w/o coupling to the environment) is such that the characteristic relaxation
time scale is very large compared to the relaxation time of the environment

TS > TE - (260)

Under these conditions we can consider a “stroboscopic” time evolution of the system by considering discrete
time steps dt such that

Tg > 0t > 1 . (261)
This stroboscopic time evolution is then essentially Markovian, i.e. ps(t + 0t) depends only on the state of
the system at time ¢ and not its prior history. However, we still don’t really know what H and the L in the
Lindblad equation are for a given physical problem. To understand this it is very useful to consider systems
that are weakly coupled to environments.
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15 Redfield equation

Let us start with a system that is weakly coupled to an environment
H=Hs+Hg+\V, V=) S,®E,. (262)
H, n
0

Here S, and E, are operators acting only on system and environment degrees of freedom respectively and
|A| < 11is a small parameter. The time-dependent Schrédinger equation is

W) it ptr) (263)
Now we go to the interaction picture by defining
p1(t) = etfotp(t)etHot V(1) = ettloty g —itot (264)
A simple calculation using gives
pr(t) = —iA[Vi(t), p1(t)]- (265)
Integrating over time results in an integral equation
pr(0) = pr(0) =i [ sV, 5] (266)

We can solve this formally by iteration, using that by assumption A is small

pit) = pr(0) =i [ dstVie) @)= [ s [ asViGo) W) 0]+ O00). (267

Here we have used the fact that in the O(\?) term we can replace p;(0) by pr(t) up to the order in \ we
are working in. Now we define

prs(t) = Tre(pr(t)), (268)

and make the following assumptions/observations:

(i) The environment is time-independent
p1(t) = prs(t) ® pr(0) (269)
(ii) Without loss of generality we may assume that
Teplpp B = 0. (270)

This can always be achieved by an appropriate redefinition of the system Hamiltonian. To see this
assume that (Fy) = Trg[pgpEx] # 0. Then

H=Hs+ )\ (Ep)Sk+Hg+ XY Sp® (B, — (E)) (271)
k k
PY

S

Tracing over the environment, using (i) and (ii) and taking the derivative in time we obtain the Redfield
equation

prstt) = = [ ds Tep [Vi(0). (69,1 5(6) @ ]
(272)
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Finally we evaluate the trace for the form of V' given in (262))
t
prs(t) = -2 / 453" Jnm(t = $)[Su(t), Sm(t — 5)pr.s ()] + . (273)
0 n,m

where the matrix J(t) is given by
Jnm(t —t') =Trg [En(t)En(t')pE] - (274)

The main problem with the Redfield equation is that it does not guarantee positivity and trace preser-
vation of the reduced density matrix. In practice this means that it can be used only for sufficiently short
times where such effects may be small because of the smallness of .

15.1 From Redfield to Lindblad

It is possible to derive a Lindblad equation starting from the Redfield equation, see [I7]. As the derivation
is somewhat lengthy we only state the results. A key object is the matrix g(w) defined as the matrix square
root of the Fourier transform of Jy(s)

g(w) = M, Jri(w) = / " ds Jr1(s)e™". (275)

—0o0

In terms of these one defines

o0 2 I dtltg(t)]]2,
r=x [/ ‘“’g“)”“] B PO (276)

—00

where the Lo ; matrix norm is defined by

1M

=D D Mgl (277)
k \ 1

Then, if I'7 < 1 one has (up to small corrections)

pr.s(t) = —i[Ar(t), prs®] + [Lk,z(t)pf,s(t)LL,z(t) - %{LIL,I(t)Lk,I(t)a prst)}, (278)
k
where
Ly r(t) = AZ/ dsgr(t — s)S11(s)
] J—oo
2 o] o
Ar(t) = % / ds/ ds' Z Sk.1(8)S11(8") grn(s — t)gni(t — s')sgn(s — &) . (279)
- o il Pr,1(5—t,8'—1)

Finally we go back to the Schrodinger picture using
prs = Trg [eiHotp(t)efiHot] — sty [eiHEtp(t)efiHEt] o—iHst
= ¢t g (t)emiHst (280)
This gives a Lindblad equation

ps(t) = —i[Hs + A, ps(t)] + > Lips(t)Lf — %{LZ;Lk, ps(t)}
!

Ly = )\Z/ds gr(s) Sir(—s)
1

)\2
A - Z /d8d8/2¢k,l(sy S/) Sk7[(S)Sl7I(S/) .

k.l

This derivation is instructive because it shows
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e how the jump operators Lj arise from the microscopic system-bath interactions;

e that there is contribution A to the “coherent” (i.e. von Neumann) part of the Lindblad equation. This
is sometimes referred to as “Lamb shift”.

Part VI
PERIODICALLY DRIVEN SYSTEMS
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