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I. CLASSICAL CHAOS. KICKED ROTOR MODEL AND THE CHIRIKOV STANDARD MAP.

Emergence of statistical description and thermodynamics in dynamical systems (aka thermaliza-

tion) is closely related to the concept of chaos leading to the ergodic behavior. In classical systems



chaos implies strong usually exponential sensitivity of the trajectories to small perturbations. In

FIG. 1 Examples of trajectories of a particle bouncing in a cavity (i) non-chaotic circular (top left image)
and (ii) chaotic Bunimovich stadium (top right image). The bottom panel shows evolution of two initially

close trajectories in the chaotic regime. The images are taken from scholarpedia and wikimedia.

Fig. M we illustrate the motion of a particle in a regular and chaotic two-dimensional cavity. The
top left panel illustrates long time trajectory of a particle in a regular circular cavity. It is visually
clear that the motion of the particle is completely regular and thus non-ergodic. Indeed long time
average is clearly not-equivalent to the micro-canonical ensemble average with all points in real
space and all directions in the momentum space being equally probable. On the other hand the top
right figure showing the trajectory chaotic Bunimovich stadium looks much less regular. Moreover
in this chaotic regime if we compare two trajectories, which are initially close to each other then
we see that after few bounces they become completely uncorrelated both in terms of positions and
direction of motion (bottom graph). This is a consequence of the chaotic dynamics in the system.

There are many examples of dynamical systems exhibiting chaotic behavior. In this course we



will focus on Hamiltonian systems since our goal is connecting the microscopic laws of Nature and
statistical physics. One of the simplest examples of Hamiltonian systems with a chaotic dynamics
is the kicked rotor, analyzed in detail by Boris Chirikov in 1950th. The Hamiltonian of the system
is very simple

2

H(p, p,t) = 2pim — K cos(¢)d(t —nT) (L.1)

It essentially represents a freely rotating particle (it is easier to think about p as an angular
momentum and ¢ as a canonically conjugate angle) which periodically exhibits a momentum kick,
which depends on the position (angle). We are choosing an opposite sign convention in front of
K than usual because then the time averaged Hamiltonian reduces to the conventional pendulum
with the energy minimum at ¢ = 0. Clearly the sign of K is not important since one can always
shift ¢ — ¢+m. Note that this is a problem with a time-dependent Hamiltonian not static as it was
the case with billiards. We have to pay this price because in static problems with a single degree
of freedom there is no chaos as the momentum is a unique function of the (conserved) energy and

position. Let us write the equations of motion for our rotor

o _OH _p dp _ OH _ _
G S m A 06 K sin(¢)d(t — nT). (L.2)

These equations of motion can be easily integrated between the kicks. Let us denote by p, and
¢ the momentum and the angle of the particle just before the n-th kick, i.e. at time ¢t = nT — e,
where € — 0. Then it is easy to see that the equations of motion result in the following recursion

relation

d)nJrl = ¢n + Tpn+1 (13)

Pn+1 = Pn — KSin(¢n> (1.4)

These equations give us a discrete map (known as the standard Chirikov map) allowing one to
uniquely determine the position (angle) and the momentum and arbitrary moment of time. Namely
if nT <t < (n+1)T then clearly p(t) = pn+1, ¢(t) = Pp+pp+1(t mod T). It is clear that without loss
of generality we can assume that the momentum is periodic function defined modulo 27 /7. This
immediately follows from the invariance of the equations of motion above under p,+1 — pp+1+27/T
and ¢p+1 — Pnt+1 + 27

Let us now qualitatively analyze the time evolution following from the Chirikov map. To
simplify notations we assume m = T = 1, which can be always done by appropriately rescaling

time units and K. Then the dynamics is determined by the value of K and the initial angle and



momentum. First we assume that K < 1 and py < 1. Then from equations ([4) it is clear that
both momentum and the angle change very little during each period so instead of solving discrete
equations we can take the continuum limit with respect to the period and write

¢ Op = —Ksin(¢) — g:g ~ K sin(¢). (I.5)

"~
~

oan P on
This equation represents the motion of a pendulum in a cosine potential and is completely regular.
Depending on the initial conditions there are two types of trajectories corresponding either to
oscillations p < K or to full rotations if p > K. A more careful look shows that we even do not
need to assume that the initial momentum is small, the only crucial assumption is that K < 1.
Next we need to check the stability of the found trajectory. It might happen that if we include
corrections to the continuum approximation we will immediately recover chaos. However, as proven
by Kolmogorov, Arnold and Moser this does not happen. In particular, they formulated the KAM
theorem, which states that regular motion is stable against small perturbations. We can check the

stability of the above solution perturbatively. In particular, Egs. () can be written as

Gntl — 200 + Pn1 = —K Sin(¢n) (1.6)

If K is small we can assume that ¢ is a nearly continuous variable and expand it into the Taylor
series

26 1 de .
an? + T2~ — K sin(¢) (L.7)

In general the second fourth derivative term in the equation above is quite dangerous. But our goal
is to treat it perturbatively. From the unperturbed solution we see that (at least in the localized
regime) the natural frequency of oscillations is v/A. This means that each derivative with respect
to n brings an extra factor of VK (Check this by an explicit calculation.) Thus the fourth derivative
term is proportional to K? and is small when K < 1.

When K is large continuum approximation for the map clearly fails. Momentum has large
jumps from kick to kick and so does the phase. Because both are determined modulo 27 it is
intuitively clear that the motion will be random, i.e. chaotic. However, this property of global
chaos is very hard to prove and the rigorous analytical proof does not exist even now. Let us follow

much less ambitious goal and analyze stability of the fixed points of the map:

Ontl = On + Pnt1 = Pn,y Pntl = Pn — KSin(Cbn) (1-8)

It is clear that there are only two possible solutions p, = 0,¢, = 0 and p, = 0,¢, = 7. Now

let us perturb the trajectories a little bit and see whether they will remain stable. The linearized



equations then read

Sbnit — 28 + 661 = —K cos(¢0)S¢n = TK¢n, (L9)

where the plus and minus signs refer to the fixed points ¢ = 0 and ¢ = 7, respectively. We might
recognize equations of motion for coupled harmonic oscillators where +K plays the role of the
frequency squared. Because this is a translationally invariant system we will seek the solution in

the following form

Pn+1 = Adp = Ao (1'10)

For a harmonic chain you might recognize standard procedure of going to normal Fourier modes if
A = explig]. But here we have to be careful because frequency +/+K can be imaginary. After this

substitution the system ([9) reduces to a simple quadratic equation

M-Q2FK)N+1=0, (L.11)

K / K?
/\1’2:1:':5:t :FK—FT. (1.12)

Now let us analyze these two solutions separately for the two fixed points. We start from the ¢ =0

which has two solutions

point corresponding to the — sign. Then we have two solutions

K K?

It is clear that for 0 < K < 4 the expression in the square root is negative leading to the imaginary
contribution to A. In the same range of K the absolute value of the real part of X is less than one.
This means that our solution is stable. Indeed if we introduce a small deviation in phase then as

the discrete time n increases will not grow. Moreover in this range we can check that
N =(1-K/2*+K-K?/4=1 (1.14)

implying that A = exp[iw], exactly like for a harmonic chain. So any small deviation will oscillate
around the fixed point.
If K > 4 then the situation changes completely. Now we are getting to real solutions for A and

the solution with the negative sign

K K2
=1—-=— /= _K
A2 2 4



clearly gives [A2| > 1 implying it is unstable: any small fluctuation exponentially grows without
bound with time, at least in the linearized regime. This exponential growth does not prove the
chaos yet but this is a strong indicator that the dynamics is chaotic. The exponent characterizing
the rate of growth log(\) is called the Lyapunov exponent. In chaotic systems with many degrees
of freedom there are many Lyapunov exponents and typically the largest of them determines the
rate of divergence of nearby phase space trajectories.

The analysis of the other attractor with ¢ = 7 is even simpler

K / K?
)\172:1-1—5:& K—FT. (1.15)

Clearly for any positive K there are two real solutions with one larger than one. So this point is
always unstable. This is not very surprising since this attractor corresponds to the situation, where
a mass sits on top of the potential. It is interesting that if instead of ¢ kicks one applies fast periodic
motion of the pendulum: K = Ky + asin(vt) then one can stabilize the top equilibrium ¢ = 7.
This is known as the Kapitza effect (or Kapitza pendulum) and there are many demonstrations
how it works. In Fig. B we show the phase space portrait of the kicked rotor at different values of
K. It is clear that as K increases the system becomes more and more chaotic. At K = K, ~ 1.2
there is a delocalization transition, where the chaotic region becomes delocalized and the system

increases its energy without bound.

2 " . .
_ b __y Transition from regular (localized) to chaotic
H(p,=,t) = 2 + K cos(z) Z o(t —n) (delocalized) motion as K increases. Chirikov,
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FIG. 2 Phase space portrait (Poincare cross-section) for the kicked rotor at different values of the parameter

K. Note that the opposite convention K — —K or 8§ — 6 4+ 7 is used in the images.

To summarize this section we note that dynamics of Hamiltonian systems can be both regular
and chaotic. Chaotic dynamics usually leads to ergodicity and thermalization. It is characterized

by exponential sensitivity of the phase space trajectories to the initial conditions: small changes
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FIG. 3 Tllustration of the setup for the Fermi-Ulam problem. See text for details.

exponentially grow in time. We saw that at least in some regimes regular dynamics is stable against
small perturbations. There is a rigorous KAM theorem proving this. Then the transition to chaos
occurs gradually (as we increase non-linearity in the system) through the overlapping resonances
of the regular motion. The corresponding theory formulated by Chirikov has many implications
to our understanding of chaotic systems. The situation is much less clear in thermodynamic limit,
i.e. when we have infinitely many degrees of freedom. There is no analogue of the KAM theorem
in this case and it is generally believed that infinitesimal non-linearity is sufficient to cause chaos
and ergodicity. However, in the first part of the course, we mentioned an example of the Fermi-
Pasta-Ulam problem, for which this is obviously not the case and the system remains non-ergodic
even as one increases its size. Perhaps one-dimensional systems are really exceptional but until

now the issue of ergodicity in the thermodynamic limit is not resolved.

A. Problems

1. Fermi-Ulam problem.

Consider the following Fermi-Ulam problem (do not confuse with the Fermi-Pasta-Ulam prob-

lem). The setup is shown in Fig. B A particle freely moves up or down without any force (there



is also a version of this problem with gravity) between two walls separated by the length L. The
top wall is still so the collision of the particle with the wall is a simple reflection. The bottom wall
undergoes small in amplitude fluctuations: z = a cos(wt) where a < L. The goal of this exercise is

to understand the motion of the particle in this setup.

e Write down the map describing the discretized dynamics of the momentum of the particle and
the phase of the bottom wall between consequent collisions. Can you find any fixed points

of this map? Use your intuition for guessing which trajectory should be time invariant.

e Analyze qualitatively fast and slow limits of the particle motion. In which limit can you
anticipate the chaotic behavior and in which limit do you expect the regular motion? Perform

the stability analysis of the fixed points and see if it supports with your qualitative reasoning.

e Using Mathematica or other software simulate the trajectories of this map in different regime
(focus only on the points where the collision with the bottom wall occurs). Plot these points
in a two-dimensional graph (if you have sufficiently many points this graph will give you the

Poincar cross-section.)

2. Kapitza Pendulum

Kapitza pendulum is another famous example of a periodically driven system, which can have
both periodic and chaotic behavior.

The setup for this pendulum is shown in Fig. B. It represents a usual pendulum in the ver-
tical gravitational field, where the top suspension point undergoes small amplitude oscillations
of amplitude @ < L and frequency w. Here is a link a short fragment of a video (in Russian)
where the famous Russian mathematician Vladimir Arnold, one of the co-authors of the KAM
theorem, makes his own experimental demonstration of stable motion of the Kapitza pendu-
lum around inverted position: Kapitza pendulum. V. Arnold mathematically proved that this
motion is stable for small perturbation. The full 8 minute video can be found on youtube:

http://www.youtube.com/watch?v=ZBSLK3Jbd2T

e Write the Lagrangian for this system as a function of the angle 6 (counted from the average

position of the suspension) and the velocity 9

e Write the equations of motion for the Kapitza pendulum. Find the stationary points.


http://physics.bu.edu/~asp/teaching/EtudesRu_britva_short.mov
http://www.youtube.com/watch?v=ZBSLK3Jbd2I

10

FIG. 4 Kapitza pendulum

e Analyze stability of these stationary points in the fast and slow limits. You should find that

under certain conditions there is a new stable equilibrium near 6§ = 7.

e Using mathematica or other software analyze the phase portrait of this pendulum at different
regimes. As in the previous problem you can use stroboscopic map analyzing the position

and velocity at integer multiples of the oscillation period

1. QUANTUM CHAOTIC SYSTEMS. RANDOM MATRIX THEORY.

From the early days of quantum mechanics (von Neumann 1929) it was clear that the classical
concept of quantum chaos and quantum ergodicity does not directly apply to quantum mechanical
systems. The main reason is that the Schrodinger equation is linear and for linear systems one can
not have exponentially departing trajectories, at least in terms of distances between wave-functions.

In 1950th E. Wigner suggested a general framework for describing equilibrium (stationary) prop-
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erties of complex systems using the random matrix theory. His argument was that any complex
Hamiltonian is an exponentially large matrix, which exact form is not important for understanding
statistical properties of energy levels. Instead one should regard the Hamiltonian as a matrix with
random coefficients, which satisfy general symmetries (for example the time reversal invariance).
The success of this theory was tremendous and now predictions of this theory serve as one of the
main indicators of quantum chaos.

To get a sense about the random matrix theory (RMT) let us first consider a simple 2 x 2
Hamiltonian, which entries we treat as random numbers taken from some Gaussian distribu-
tion (for more details see V. Kravtsov, “Random matrix theory: Wigner-Dyson statistics and
beyond”, arxiv:0911.0639, another good source for reading is T. Guhr, A. MiillerGroeling, H. A.
Weidenmiiller “Random-matrix theories in quantum physics: common concepts”, Physics Reports

299, 189-425 (1998):

9 — | VIV (IL.1)

V*/V2 e
Here we wrote the factor 1/4/2 in the off-diagonal matrix elements for convenience. If the system
is invariant under time reversal (there is no external magnetic field or other similar terms in the
original Hamiltonian) then the eigenstates of the Hamiltonian can be all chosen to be real and

hence V' = V*. Otherwise R[V]| and J[V] are treated as independent random entries. This matrix

can be easily diagonalized and the eigenvalues are

€1+ &2
2

1
By = + iwel — )2 + 2|V ]2 (I1.2)

We can now compute the statistics of level separation. For simplicity we assume that we deal with
real matrices and that the individual entries in this matrix have the Gaussian distribution with

zero mean and the same variance o

2, 2 2
P(E, — By =w) = W]

1
- — )2 2 _ _
@) / . / de1deadVE(y/(e1 — €2)2 +2V2 — w) exp [ e
(I1.3)
This integral can be evaluated in steps. First let us change variables e5 = e + v/26. Then the

integral over €1 is a simple Gaussian and we are left with

P(Ey — Ey=w) = Pw) = 7T;//alé“dVé(\/ 262 +2V2 —w)exp {—W] : (I1.4)

202
Then we go to the cylindrical coordinates: V = rcos(¢), & = rsin(¢). The remaining integrals are

very simple and we obtain

Pw) = 2% exp [—4“;22] (IL5)
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This distribution has a characteristic property of the repulsion between levels at small separation
(probability of having the levels very close to each other linearly vanishes with w) and Gaussian
decay at large level separation. It turns out that these two features survive level statistics in
larger systems and the level distribution is well described by the approximate expressions (Wigner

Surmise)
P(w) = Agw” exp[-Bsw?], (IL.6)

where 8 = 1 if we have time reversal invariance (orthogonal ensemble) and 8 = 2 if we do not
have time reversal symmetry (unitary ensemble). The coefficients Ag and Bg are found from the
normalization and from fixing the mean level spacing. The exact Wigner-Dyson distributions do
not have a closed analytic form but they are qualitatively (and even quantitatively) close to the
Wigner Surmise (especially for the unitary ensemble 8 = 2). In particular, for 8 = 1 the normalized

distribution with average spacing being equal to one is well approximated by

P(w) = gw exp [—%wﬂ . (IL.7)

Before checking how this distribution works in different situation let us contrast it with our
expectations in non-ergodic situations. Of course for small single-particle systems the statistics of
levels is well described by the details of the potential. Like in the harmonic potential the levels
are equidistant, in a square well the levels spacing grows with energy and so on. But we always
keep in mind systems with many degrees of freedom. The simplest example of such non-ergodic
system is an array of harmonic oscillators with some incommensurate frequencies. Then different

many-body energy levels can be expressed as
E=) njwj, (IL.8)
J

where n; are the occupation numbers and w; are frequencies. If we look into large energies with
large occupation numbers nearby energy levels (which are very closely spaced) can come from very
different sets of {n;}. This means that they are effectively uncorrelated with each other. It is
also intuitively clear that at large F there is no particular pattern in the number of levels entering
the interval [E, E + 0E] thus we are essentially dealing with uncorrelated random numbers. As
we know from the first part of the course we expect that the distribution of these numbers is well
described by the Poisson statistics, i.e. the probability of having n energy levels in a particular

interval F is given by

P, = n—exp[—)\], (I1.9)
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where A is the average number of these levels in this interval (e.g. averaged over many nearby
intervals). This Poisson statistics is very different from the Wigner - Dyson statistics. In particular,
there is no level repulsion since the Hamiltonian is completely diagonal in the single-particle basis.

The probability that within the given interval ' = w there are no levels is simply expressed by
Py(w) = exp[—uw], (IL.10)

which is very different from the Wigner Surmize (IIT74). This statement is in fact known in literature
as the Berry-Tabor conjecture (1977), which states that in the ”generic” case the quantum energy
eigenvalues behave like a sequence of independent random variables (i.e. have Poisson statistics)

provided that the underlying classical dynamics is completely integrable. In Fig. B we show level

s=10 1 2 3 4

FIG. 5 Level statistics in a rectangular cavity with the ratio of sides a/b = v/5 (Z. Rudnick, What Is
Quantum Chaos?, Notices of the AMS 55, 32 (2008)). The levels are given by a simple formula: E,, ,, =
72(m?/a® + n?/b?).

statistics for a rectangular cavity with sides @ and b, which have the following ratio: a/b = v/5.

Clearly they agree perfectly well with the Poisson statistics. Yet the Berry-Tabor conjecture is not
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proven in general and there are notorious exceptions. For example level statistics in a square well
a = b is not given by the Poisson distribution because of commensurability of the spectra. Usually
commensurate frequencies result from additional symmetries (like e.g. in a hydrogen atom) and
lead to extra degeneracies. In quantum systems level statics (Poisson vs. Wigner-Dyson) is used

as one of the main indicators for the quantum chaos.

A. Examples of the Wigner-Dyson distribution.

Random matrix statistics found many applications, which extend much beyond the framework

of the original derivation. Let us illustrate this with several examples. Fig. B illustrates statistics

1.0 - -
i Poisson NDE [
s 1726 spacings -
™ n
05 .
GOE
1 1
0 1 2 3

FIG. 6 Level statistics of 1726 level spacings taken from absorption spectra of different heavy nuclei. The

data is taken from K.H. Bchhoff (Ed.), Nuclear Data for Science and Technology, Reidel, Dordrecht (1983)

of nearby level spacings of heavy nuclei. The data shows distribution of 1726 level spacings taken
from different nuclei. The figure also shows the Poisson and the Wigner-Dyson distributions (for
an orthogonal ensemble). It is clear from the figure that the latter works much better, while the
Poisson statistics is completely off.

Next let us consider level statistics in a classical chaotic system. We will choose a Sinai billiard:
a square (rectangle) with a circle in the middle Fig. @ indicates close statistics between classical
chaos and the random matrix theory. Clearly the statistics of level spacings in the Sinai billiard
perfectly agrees with the Wigner-Dyson ensemble. At the same time this billiard together with

Bunimovich stadium is one of the classical examples of chaotic systems. This situation is generic:
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Sinai’s billiard
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FIG. 7 Sinai billiard, which is a classical chaotic systems, similar to the Bunimovich stadium considered
earlier. Left panel illustrates the Billiard and the classical trajectory (image source Wikipedia). Right
panel shows level spacing statistics for the same billiard together with the Poisson and the Wigner-Dyson

distributions (image source O. Bohigas, M.J. Giannoni, C. Schmit Phys. Rev. Lett. 52, 1 (1984)).

energy levels in classical chaotic systems are typically well described by the Wigner-Dyson statistics.

In Fig. B we show another example of the level statistics for a classical chaotic system also analyzed

/GOE distribution

(0,0)
5=0 1 2 3 4

FIG. 8 Another chaotic system analyzed by Sinai (left panel) and illustration of classical trajectories (middle
panel). Right panel shows level spacing statistics, which again perfectly agrees with the Wigner-Dyson
ensemble (Z. Rudnick, What Is Quantum Chaos?, Notices of the AMS 55, 32 (2008)).

by Sinai.

As a next example we illustrate statistics of the level spacing of the high energy hydrogen atom
in a magnetic field. Fig. @ shows statistics of calculated level spacings in a hydrogen atom in strong
external magnetic field. The top panel describes low energy spectra where the classical motion
is regular and the level statistics is Poissonian. The bottom panels shows the high energy region

corresponding to the classical chaotic motion. The plot clearly illustrates the crossover from the
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FIG. 9 Statistics of calculated highly excited energy levels in a hydrogen atom in external magnetic field.
Energy E increases from the top to the bottom panel, meaning that the bottom panel describes higher
excited states. The transition from the Poisson to the Wigner-Dyson statistics is clearly visible on this plot.

The data is taken from Ref. D. Wintgen, H. Friedrich, Phys. Rev. A, 35, 1464 (1987)

Poisson statistics to the Wigner dyson statistcis as the system become more chaotic.

Our next example will be more somewhat more exotic. In Fig. I we show statistics of time
intervals between bus arrival times in the city of Cuernavaca (Mexico). The crosses illustrate the
actual data and the solid curve is the Dyson-Wigner distribution for the Gaussian unitary ensemble.
The agreement is very good. Of course this does not yet imply that there is an underlying linear
model (though this is not impossible) describing arrival times. But this illustration shows something
generic about Wigner-Dyson statistics: level repulsion (driven maximizing the ridership in a given
bus or other reasons) and a Gaussian or exponential tail at long times. Just to demystify things a

little bit, the Maxwell-Boltzmann distribution of the magnitude of the velocity in three-dimensions
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FIG. 10 A histogram of spacings between bus arrival times in Cuernavaca (Mexico), in crosses; the solid
line is the prediction from random matrix theory. (M. Krbédlek and P. Seba, J. Phys. A: Math. Gen. 33,
L.229 (2000).

also looks very similar to the Dyson-Wigner ensemble.

As a final example of the situation where the random matrix statistics naturally emerges let us
mention the distribution of zeros of the Riemann zeta-function. For R(s) > 1 the latter is formally
defined as

1
()= o (IL.11)
n>1
and for other values of s by an appropriate analytic continuation. As was proven by Euler the

Riemann zeta function is related to the prime numbers again for R(s) > 1:

)= 11 1_1p_s. (I1.12)

p=prime

The proof of this result is very simple and elegant. Notice that
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is a sum of inverse powers of all even integers, i.e. integers multiple of two. Thus

g(s)fég(s):IQ(S)=1+%+%+....

Then let us do a similar exercise and analyze I5(s)/3°. It is very easy to see that

Iy(s) = In(s) — %Ig(s) = ¢(s) <1 - 21> (1 _ 31> — 14 5i 4 % + 115 b (IL.13)

is a sum of inverse powers of all integers which are neither a multiple of two nor three. Continuing
this exercise and using the fundamental theorem of arithmetic, stating that any number has a
unique decomposition in prime numbers, we prove Eq. (IIT2).

This product representation of the Riemann’s zeta-function allows us to map it to the partition
function of the non-interacting harmonic chain with the frequencies of the normal modes related
to the prime numbers. Recall that the partition function for a single oscillator is

1

TR (I1.14)

2p(B) = Zexp[—ﬁwpn] =
n
where we set the units A = 1. If we associate prime numbers with different modes and require that

wp = lOg(p), 5 =S

then we will see that
Z8) =28 =<8 (I1.15)
p

The (complex) zeros of the zeta function are thus the complex zeros of the partition function of
this model. As we will discuss later the structure of complex zeros of the partition function (also
known as Lee-Yang or Fisher zeros) contains the information about phases and phase transitions.

The Riemann’s zeta function has many fascinating properties. One of them that the non-
trivial zeros of ((s), i.e. zeros which are not negative integers, lie on the line R(s) = 1/2. This
conjecture is called the Riemann’s hypothesis and it remains one of the greatest unsolved problems
in mathematics. By now it was checked for the zeros up to the first 10%2. In Fig. (ILT) we show the
distribution of the normalized spacings of the 10° zeros of the Riemann’s zeta function centered
around the zero number 1.310'6. This distribution is astonishingly well described by the Wigner-
Dyson statistics of the unitary ensemble. This agreement shows that there is some deep connection

between prime and random numbers.
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FIG. 11 Distribution of the spacings between one billion zeros of the Riemann’s zeta function near zero
number 1.310'® and the Wigner-Dyson statistics for the unitary ensemble. A. M. Odlyzko, “Dynamical,
Spectral, and Arithmetic Zeta Functions”, Amer. Math. Soc., Contemporary Math. series 290, 139 (2001)

I1l. QUANTUM DYNAMICS IN PHASE SPACE. ERGODICITY NEAR THE CLASSICAL LIMIT.

Before moving our discussion to many-particle interacting systems to which laws of statistical
mechanics and thermodynamics apply we will try to reconcile two apparently different languages
for describing chaotic systems: classical, where we rely on the sensitivity of the time evolution to
small perturbations and the quantum, where we look into the statistics of the energy levels. In
general this task remains unresolved, but at least we will try to formulate quantum dynamics in
the way, which is similar to the classical one, understand quantum dynamics in the semiclassical

limit and formulate a very powerful Berry’s conjecture for the semiclassical eigenstates.

A. Quick summary of classical Hamiltonian dynamics in phase-space.

We will generally deal with Hamiltonian systems, which are defined by specifying a set of

canonical variables pj, ¢; satisfying canonical relations

{pi, g} = b4, (IIL.1)

where {...} denotes the Poisson bracket.

0A OB 0B 0A
AG.D. BE.r =S 2208 OB 94 pag, I11.2
{A(P,q), B, )} Zj: 3030~ Op; 9, (111.2)
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where

is the sympectic skew symmetric operator. It is easy to check that any orthogonal transformation
Q = R(\g, P=R(\)p (I1L3)

preserves both the Poisson brackets and the symplectic operator. A general class of transformations
which preserve the Poisson brackets are known as canonical transformations and can be expressed
through the generating functions (see e.g. L. Landau and E. Lifshitz, Classical Mechanics). It is

easy to check that infinitesimal canonical transformations can be generated by gauge potentials

_0A0RD)

; =q,; 111.4
q; ()‘ + 5)‘) qj ()‘) 8pj ( )
AN, 7,
pi(A+6X) = p;(\) + %q?gq%x, (IIL5)
J

where A parametrizes the canonical transformation and the gauge potential A is some function of
canonical variables and parameters. Then up to the terms of the order of §A? the transformation
above preserves the Poisson brackets

0?A 0%A
Op;jOq;  Op;Oq;

{Pi(X+0N), gj (A + 6A)} = 6;5 + OA ( ) + O(8N?) = §;5 + O(6N?). (I11.6)

Hamiltonian dynamics is a particular canonical transformation parametrized by time

0% _ gy oy 2 OH 0pj
at _{H7QJ}_ 8]?]7 8t —{Hypj}—

o

1.7
dq; (L)

Clearly these Hamiltonian equations are equivalent to Eqs. (II3) with the convention A, = —H.
One can extend canonical transformations to the complex variables. Instead of doing this in all

generality we will focus on particular phase space variables which are complex wave amplitudes.

E.g. for Harmonic oscillators for each normal mode with the Hamiltonian

2 2
P mw
— i_i_ikqQ

H
K= om T g Tk

(I1.8)

we can define new linear combinations

. mwg, 1 .
e = iy/ 5 (af, — ax), qr = Do (ar + ay,) (I11.9)

or equivalently

i

N/ MW

1 )
Pk) , Ak = ﬁ (%\/mwk + pk> . (II1.10)

1
ap = ﬁ (Qk\/mw — TR
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It is clear that in new variables the Hamiltonian reads
Hy = wrajay. (I11.11)
Let us now compute the Poisson brackets of the complex wave amplitudes
{ag,ar} = {a;,a;} =0, {ag,ar} = i. (II1.12)

To avoid dealing with the imaginary Poisson brackets it is convenient to introduce new coherent

state Poisson brackets

0A 0B 0B 0A

{A,B}. = zk: Do 90t~ Bax Dai AA.B, (I11.13)
where
— —
o 0 o 0
A= Zk: Bor e~ Ba Dap (T11.14)

As for the coordinate momentum case, the coherent symplectic operator A, is preserved under the

canonical transformations. From this definition it is immediately clear that
{ak, aZ}c = (5kq- (111.15)

Comparing this relation with Eq. (ITT2) we see that standard and coherent Poisson brackets differ

by the factor of ¢:

(=il ) (IIL.16)

Let us write the Hamiltonian equations of motion for the new coherent variables. Using that

dA 0A 0A .
%_5_{ ) }_E_Z{AvH}C (11117)

and using that our variables do not explicitly depend on time (such dependence would amount to
going to a moving frame, which we will not consider here) we find

Jday,
_— = H c=
? dt {akv }

oH da; oH
—= ={a}, H}, = —— II1.1
day’ ! dt {ak, H} Oay ( 8)

These equations are also known as Gross-Pitaevskii equations. Note that these equations are
arbitrary for arbitrary Hamiltonians and not restricted to Harmonic systems.

And finally let us write down the Liouville equations of motion for the probability distribution
p(q,p,t) or p(a,a*,t). The latter just express incompressibility of the probability fllow, which

directly follows conservation of the phase space volume dI' = dgdp or dI' = dada™ for arbitrary
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canonical transformations including time evolution and from the conservation of the total proba-

bility pdI™:
_dp  0p _Op .
or equivalently
dp .0p
L ={p H), i— =—{p, H}, 111.2
gy = W} igs = —{p, H} (I11.20)

1. Exercises

1. Show that the generator of translations (X ) = g—X is the momentum operator: fi}—g((j’, p) =
p. You need to treat X as a three component parameter X. Note that the number of particles

(and thus phase space dimension) can be much higher than three.

2. Show that the generator of the rotations around z-axis:

¢z (0) = cos(0)qz0 — sin(0)qyo, gy(0) = cos(0)qyo + sin(#)qz0,

Pz(8) = cos(0)pro — sin()pyo, py(8) = cos(0)pyo + sin(8)peo,
is the angular momentum operator: Ag = p,qy — PyQs-
3. Find the gauge potential Ay corresponding to the orthogonal transformation (III=3).

4. Check that any unitary transformation a; = Uy paj, where U is a unitary matrix, pre-
serves the coherent state Poisson bracket, i.e. {ax, ZL;}C = 0,4 Verify that the Bogoliubov

transformation
i = cosh(0x)ax + sinh(0x)a” ;, v = cosh(bx)ay, + sinh(0x)a_, (IIL.21)
with 8, = 0_j also preserves the coherent state Poisson bracket, i.e.

v v=kte = {0 te =0, {ve Vi te = (=Y ke =1 (I11.22)

B. Quantum systems in first and second quantized forms. Coherent states.

Now we move to quantum systems. As for the classical systems let us first define the language.

We will use two different representations of the operators using either coordinate-momentum (first
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quantized picture) or creation-annihilation operators (second quantized picture). In the second
quantized form we will be only considering bosons because finding semiclassical limit for fermions

is still an open question. These phase space variables satisfy canonical commutation relations:
[Gi- Bj) = ihdij, [as, at] = 6y (I11.23)

Throughout these notes we introduce “hat”-notations for the operators to avoid confusion with
the phase space variables. From this relations it is clear that in the classical limit the commutator
should reduce to the coherent state Poisson bracket. As in the classical systems any Unitary
transformation of the canonical variables preserves their commutation relations.

Since we will be always keeping in mind the classical limit we will be predominantly working
in the Heisenberg representation where the operators are time dependent and satisfy canonical

equations of motion

dg o o dp s
Zh% = [¢i, H], Zhﬁ = [pi, H], (IIL.24)
Cdag oo odal

’lh%—[ai,ﬂ], Zh dt —[ai,H}. (11125)

As in the classical case these equations can be thought of as continuous canonical transformations
parametrized by time. Next let us define representation of these operators. For canonical coordinate

and momentum the natural representation, which is most often used in literature is coordinate,

where

. R .0

4j — xj, pj = —zha—xj (111.26)
This representation is realized using coordinate eigenstates |Z) = |x1,22,...,2) such that any
state [1) is written as

) = / D (@)|). (I11.27)

Here M denotes the total number of independent coordinate components, e.g. in the three-
dimensional space M is equal to three times the number of particles.
In a similar fashion the natural representation for creation and annihilation operators is given

by coherent states:

) 4D
a; — o, a; —

™ B (111.28)

Clearly in this form the creation and annihilation operators satisfy canonical commutation rela-

tions (T23). Coherent states can be created from the vacuum state by exponentiating the creation
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operator:
M T
2 .
log, g, ... apg) = He_mjl /2629 |0), (111.29)
J=1

where |0) is the global particle vacuum annihilated by all operators a; L. One can check that these

coherent states are properly normalized:
/DaDa*(al,ag, coaplag, e, oay) =1, (I11.30)

where we use the integration measure dada® = dR(a)d3(«)/7. Unlike the coordinate states they

are not orthogonal, which means that the coherent state basis is over-complete.

C. Wigner-Weyl quantization

1. Coordinate-Momentum representation

We are now ready to formulate phase space representation of quantum operators and the density
matrix. To simplify notations we suppress component index in phase space variables except when
extensions to multiple components is not straightforward. For any Hermitian operator Q((j, p) we

define the Weyl symbol, which depends on the corresponding phase space variables ¢, p:

(o) = [ dé {a~ 5| 2(a.5)

q+ §> etPe/h, (I1L.31)

The Weyl symbol is clearly uniquely defined for any operator with off-diagonal elements in the
coordinate space decaying to zero. We will consider only such operators. In the classical limit
the exponential term exp[ip/h] very rapidly oscillates unless ¢ is very close to zero. Thus we see
that the Weyl symbol becomes equal to the classical function Q(q,p). Before proceeding let us
point that there is some ambiguity in defining quantum classical correspondence in this way. In
particular, instead of Eq. (ITI=30), one could define a continuous range of functions characterized

by some real number e:

Qc(g,p) = /d€ (g — €€ Uq. B) lg + (1 — €)&) P&/, (I11.32)

This transform is always well defined and one can show that it is possible to build complete and

unique phase-space representation of any quantum-mechanical operator for any e¢. For coherent

! Note that there is a sign mismatch between a'|ay = 94|a) and the representation (IIIZ8). This is because the
derivative operator acting on the basis vector is opposite in sign to the derivative operator acting on the wave

function |¢) = [ datp(a)|a).
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states such freedom is well understood leading to P and () (Husimi) representations (for more
details see the text books: C.W. Gardiner and P. Zoller. Quantum Noise. Springer-Verlag, Berlin
Heidelberg, third edition, 2004; D.F. Walls and G.J. Milburn. Quantum Optics. Springer-Verlag,
Berlin, 1994). Clearly the Weyl symbol corresponds to the symmetric choice ¢ = 1/2. In these
lectures we will stick only to the Weyl quantization.

Let us now compute the Weyl symbol for some simple operators. First let Q(g,p) = V(q)

depends only on the coordinate. Then obviously

Viv(q) = / dEV ()5(€)e™S/" = V(g), (I11.33)

i.e. the Weyl symbol amounts to the substitution the operator ¢ by the number ¢. One can check

that the same is true for any operator depending only on momentum

Qw (p) = Q(p) (II1.34)

The easiest way to see this is to note that the definition of the Weyl symbol is symmetric with
respect to q <> p.

Now let us consider a slightly more complicated operator Q((j, p) = ¢p. Then

(@pw = [ dela—€/2a—€/20ila+&/2em/" = [ de [ 72 (q-¢/2he@ R —pg I (11135)

To get the last result we inserted the resolution of identity

dk
1= [ ool

inside the matrix element appearing in the integral. In the same way we can find that
o ih
(b)w = pg — 3 (111.36)
For a general “normal” ordered operator Q(Q, p) such that the coordinate operators appear on

the left of momentum operators the Weyl symbol (IITZ31) can be written as

dgd —1 L
Qw (g, p) = /fﬂ? 0 <q - g,p + 727) ein/2h, (I11.37)

The equivalence of Eqs. (IIIZ3X1) and (OI=3T) can be established by the same trick of inserting the
identity (IIIC) into Eq. (IOIT=3M).

While the integral expressions for finding the Weyl symbol are very general, it is very useful to
introduce the representation of the canonical coordinate and momentum operator, which gives the
Weyl symbol right away. This is known as the Bopp representation:

ih 0 th 0

=g ——. P=p— ——. I11.38
q q+2ap,p P~ 59 ( )
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This representation clearly respects the canonical commutation relations (III23) and is symmetric
with respect to coordinate and momentum. Then the Weyl symbol of the arbitrary operator Q((j, D)

is given by
Qw (g, p) = Qq +ih/2p,p — ih/20,)1, (I11.39)

We wrote unity on the right of this expression showing that derivatives acting on unity give zero.

For example

(@)w = <q + izhap) (p — Zi(?q) 1= (q + i2h(‘9 >p g + 2h (II1.40)
which is the correct result. Similarly
5252 ih 2 ih 2o o 99, .. h?
(@°p")w <Q+ 8) 2= +2¢— (9pp——8pp = p“q +2@hqp—?. (TI1.41)
One can check that this is also the correct result by e.g. explicitly performing integration in
Eq. (OT37).

Let us prove Eq. (IIZ39). First note that if we prove this statement for a normal ordered
operator an(jmﬁ” then we will automatically prove this statement for any operator, which is
analytic in ¢ and p. Indeed obviously any analytic function can be represented as a sum of normal
ordered polynomials of § and p. Thus if we prove the statement for Q. We prove it for any

operator. Since the latter is normal ordered we can use Eq. (III-37)

P [ [ () e ) = [ GR 6 g) o

:/dn(p—i-g) (g —thdy)" 6(n) = (q + ihdy,)™ (p—i-g) ‘77:0 (q+ h@)mp” (II1.42)

Thus we proved that the representation of ¢ is indeed given by the Bopp operator. Bopp represen-
tation of p e.g. immediately follows from the commutation relation. Alternatively it follows from
the symmetry of the representation of the Weyl symbol with respect to the change p <+ ¢, £ <> —n.

Let us note that there is an alternative Bopp representation expressed through the left deriva-

tives:

R
p=p+ RO (111.43)

NE:
Siadl

where the left derivative now acts on the operator on the left. While for now left and right repre-
sentations are equivalent as we will see later causality uniquely defines the correct representation

when we consider non-equal time correlation functions.
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As a next ingredient of the Weyl quantization we will establish rules for addition and multipli-

cation of operators. The former are trivial
(1 + Q)w = nw + Qow, (I11.44)

The Weyl symbol of the product of two operators is much less trivial; it is given by the Moyal
product:

(2122)w (g, p) = Q1w (g, p) exp {—i?A}Slzw%q,p), (I11.45)

where A is the symplectic operator introduced earlier (ITT7Al). As earlier, before proving this relation

let us first check that it agrees with simple results

ih
P+0=pg+ = (I11.46)

2 )

dpdq  dqp

» il
(@p)w = qexp [—2/&] P=ap—da7

— —
m[aa 8 0
where we used that all higher order terms in the expansion of the exponent give zero because
they contain higher order derivatives with respect to ¢ and p. Clearly we got the correct result.

Similarly

ﬂqga %ﬂQ_ﬁjga %ﬂﬁ
2

52 A2 2 ih 2

e ——A = — - _—— —

(@ P )w lep{ 5 ]p W05 15,50 990p|Y T8 |90 990

h2
:ﬁf+%@¢n? (111.47)
which is again the correct result (cf. Eq. (IZX)). The proof of the Moyal product relation
is straightforward, but somewhat lengthy. It can be found e.g. in Ref. (M. A. Hillery, R. F.
OConnell, M. O. Scully, and E. P. Wigner. Phys. Rep., 106: 121, 1984). Another way to prove

this relation is to consider the Bopp representation and check manually that

JU. ih ih _\" ih .\ A
(@"p™)w exp {—21\] Qow (g, p) = (q + 23p> (p - 28q) Qa(4, p)- (1I1.48)
The Moyal product obviously satisfies the following relation
ih ih
Ql,W exp —EA QQ’W = ngw exXp +§A Ql,W- (111.49)

From this relation we immediately derive the Weyl symbol of the commutator

A A h
[Ql, QQ}W = —QiQLW sin (2A> QQW = —’L'h{QLw, 927W}MB’ (111.50)

where “MB” stands for the Moyal bracket:

2 . (h
{A,B}yp = ﬁAsm <2A> B.
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Obviously in the classical limit A — 0 the Moyal bracket reduces to the Poisson bracket (cf.

Weyl symbol of the density matrix p is known as the Wigner function:

Wia.p) = [ deta— /20l + /2% = [ depla - €/2.q+¢/2)em (IL51)
In particular, if the density matrix represents a pure state: p = |¢) (1| then
Wigp) = [ dev(a+&/2)(q - &2 (I1L52)
The Wigner function is normalized and in this sense it is similar to the classical probability distri-
bution
dqdp R
S W a:p) = [ dadép(a —€/2,q+¢/2)0(¢) = Tr[p] = 1. (I11.53)

Unlike probability distribution, the Wigner function is not necessarily positive (as we see later
considering explicit examples). Therefore it is often referred to as the quasi-probability distribution.

Now let us prove that the expectation value of any operator is given by the average of the
corresponding Weyl symbol over the Wigner function:

dqdp

(©6.5) = TWlpa.p) = [ FEW (0. (a.p) (11L54)

This statement proves that the Wigner-Weyl quantization, i.e. representation of quantum systems
through the Weyl symbols and the Wigner function, is complete. The proof of this statement is
straightforward:

| erwianfwian = [ FF [ de [ deta-e/20lare/2ia—¢/200a+¢ 2) explip(ee)/m

— [ da [ deta~e/20ola+ &/2)0a + /2800~ ¢/2) = [ datalpla) = Telp. - (11L55)

Let us consider an example of a harmonic oscillator

~2 2

A p mw A2

=X T 2 11156
5+ 54 ( )

First consider the zero temperature density matrix corresponding to the ground state wave function

1 2 2 h
_ ~?/(ad) oo ) T I1L.57
o) (27rag)1/4e > 0 2mw ( )
Then the Wigner function
1 (¢ +&/2° (a-£/2°7 , ¢ 7P h
Wap) = [ d . . ine/h _ g _n
(¢:p) / 3 ol exp [ 12 o P | =97~z 0T gy

(IT1.58)
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Thus the Wigner function is positive Gaussian function for the Harmonic oscillators in the ground
state. It is easy to realize that this is true for any harmonic system in the ground state since the
latter can be always represented as a product of the ground state for each normal mode. This
simple Gaussian structure persists to finite temperature states. In particular for a thermal density

matrix
1
~ —Bhw(n+1/2)
p= 7 gn e [n)(n| (I11.59)

the Wigner function reads:

(111.60)

2 2
W (q, p) = 2tanh(hw/2T) exp [_ q D }

2a2 coth(iw/2T)  2p2 coth(hw/2T)
This result clearly reduces to Eq. (III58) in the zero temperature limit. In the high temperature

regime fiw < T we can approximate coth(fw/2T) by 27 /hw and thus

(IT1.61)

fuw p?/2m + mw?q? /2
W(q,p) = = exp [— T :
which is exactly the classical Boltzmann’s distribution of the Harmonic oscillator up to the factor

of h, which is due to the integration measure dgdp/(27h).

D. Coherent state representation.

All results in the momentum representation immediately translate to the coherent state rep-
resentation. Since the proofs are almost identical we will simply list the main results and show
several examples.

First let us define the Weyl symbol of an arbitrary operator written in the second quantized
form Q(&, a'). As earlier we suppress the single-particle state index in the operators @ and a' to

simplify notations.

Here |av) denote coherent states. As in the coordinate momentum representation the Weyl symbol

O(a,ah ’a + g> o3 (7" a=ma"), (IIL.62)

of a symmetrically ordered operator can be obtained by simple substitution @ — a and af — a*.
For normally ordered operators, where all ' terms appear on the left of & terms, Eq. (ITTG2)

implies

Qw(a,a”) = / / dndn*Q (a* — 1% /2,0 + n/2) e~ 11°/2. (111.63)
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As in the coordinate representation Weyl quantization is naturally associated with the coherent

state Bopp representation

10 1
P e ST 111.64
a 590 a* + 2(_8(1’ (111.64)
10 10
a4 = — =q— — . I11.
a=da 2 da* 2 Ja* (TT1.65)

The complex derivatives here are understood in the standard way through the derivatives with

respect to real and imaginary parts of a:
o _1o 10 90 10 i
da  20Ra  20Ja’ da*  20Ra  20a’

The choice of the representation with the conventional (right) derivatives and the one with left

(I11.66)

derivatives is arbitrary. However, as we discuss below, for time dependent problems it is dictated

by causality. This representation of creation and annihilation operators is clearly symmetric and

preserves the correct commutation relations. It also automatically reproduces the Weyl symbol of

any operator. Let us illustrate this representation with a couple of simple examples. First consider
2

the number operator 7 = afa and its normal ordered square: : n? := a'a’aa. First we evaluate the

Weyl symbol using Eq. (0T73):

* * *k * 1
my = [ dudef (@~ /2)(a-+ /D) expl-nP /2] =a’a - 3,
L2

(-2 = / dndn® (* — /2 (a +n/2) expl-|n*/2] = laf* ~2laf + 3. (1TL67)

Next we do the same calculation using the Bopp representation

. 1 . 1
nw:(a —28a>a:a a—3

1.\ 1 1
(% w = <a* - 28a> a? = |a|* — a*9ua® + 163 2= la|t — 2Ja]® + 3 (II1.68)

For simple polynomial operators Bopp representation gives the simplest way to evaluate the Weyl
symbols of the operators.

Again by a close analogy to the coordinate-momentum representation it is straightforward to
show that the Weyl symbol of the product of two operators is given by the Moyal product (cf.
Eq. (O0I435)):

. A,
(QuQ2)w = Qyw exp [2} Qo 1v, (I11.69)

where the symplectic coherent state operator A. is defined in Eq. (IIT4). From this result we

immediately derive that the Weyl symbol of the commutator of the two operators is

Ao A
[Ql, QQ} = 2Q1,W sinh |:2:| Q27w, (11170)
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which can be termed as the coherent state Moyal bracket.
Let us check that in this way we can reproduce the Weyl symbol of the operators considered

before

1 1
(aTa)w = a* exp[A./2a = a*a + §a*Aca +0=a%a— 5
1
(@Taaa)w = (a*)2[1 + Ae/2 + A2/8 + 0]a® = |a|* — 2|a)® + 1 (I11.71)

which are identical to Eq. (IIG8).

The Wigner function is again defined as the Weyl symbol of the density matrix:

W(a,a*) = //dn*dn <a - g‘ F ’a v g> e3(nta=—na*), (IIL.72)

The expectation value of any operator is given by averaging the corresponding Weyl symbol

weighted with the Wigner function:

Q(a,ah)) = / / dada* W (a,a*)Qwa, a*). (I11.73)

So the Wigner function again plays the role of the quasi-probability distribution of the complex
amplitudes.
Let us consider few simple examples of Wigner functions. We start from the vacuum state:

p =10)(0]. Note that the overlap of the ground state and the coherent state is
(0|a) = exp[—|al?/2]. (II1.74)
Thus
Wo(a®,a) = / / diy*dn exp[—|a|? — |n|2 /4]e2 ™" @1%) = 2 exp[—2|al?] (IIL.75)
Similarly the Wigner function of any coherent state is a shifted Gaussian. If p = |a)(a| then
Wa(a*,a) = 2exp[—2|a — o] (II1.76)
The proof of this result is essentially the same using that:
(ala) = exp[—|al*/2 — |a|?*/2 + a*a]. (IT1.77)

Another important example is the Wigner function of the Fock state

IN) = 10) (IIL.78)
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The overlap of the Fock state and coherent state is obviously

N 12
(Nla) = & bl lal/2] (I11.79)
Vv N!
Therefore
“ )= L (ar~ TN (g VY olaPinP fagh o a-na)
WN(a,a)N!//dndn <a —2> <a+§> e ez
_ i d~d~*(2a* _ ~*)N(2a+ ~)Ne—2|a|2—\ﬁ|2 _ 46—2|a\2 i\f:(_l)N—mQGFm Nt
~ NI e 1 1 - P (mD)2((N — m)!)2
N
. N!
[ [ i e sy S (e e = 27 Ly (4l
m! —m)!
m=0
(I11.80)
where Ly (z) is the Laguerre polynomial:
N
Ly(z) = (=) Z(—l) mx :
m=0 ) ’

Unlike previous examples involving coherent states, the Wigner function for the Fock state is
very non-local, especially at large N. It highly oscillates at |a|> < N and then rapidly decays at
la|> > N. Due to these oscillations it is e.g. very hard to use this Wigner function for Monte-Carlo
sampling so one can try to find approximate Wigner functions which correctly reproduce the lowest
moments of the true distribution. The simplest example of an approximate Wigner function would

be a Gaussian Wg(n), where n = a*a:

Wyg(n) = e 20?2 . (IT1.81)

Because we will be interested in large N we can extend the range of n to the full real axis.
Unphysical negative values of n will occur with vanishingly small probability. We will require that

this function correctly reproduces the first two moments of the number operator:

e 1 1
N =(n) = / dnn,Wg(n) =n— 3=~ 5 (I11.82)
and
N2=(R%)=(a%:4n)=n2 —2n+1/2+n—1/2 =n2 + 0 — ny, (IT1.83)

where the over-line implies averaging with respect to the approximate Wigner function Wg(n).

The first equation implies ng = N + 1/2 and the second gives

1 1 1
N2:N2+N+Z—N—§+O'2:>O':§- (11184)
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Thus the best Gaussian approximation to the Wigner function for the Fock state is

2

Vezd

E. Coordinate-momentum versus coherent state representations.

2_-2fn-N-b)

(I11.85)

To summarize the discussion above we will contrast the two phase-space pictures in Table [I. This

TABLE I Coherent state versus coordinate momentum phase space

Representation coordinate-momentum coherent
Phase space variables q,p a,a”
Quantum operators q,p a,al

Standard representation

q—q, p— —ihdqg

(coordinate basis)

a—a,at - —0,

(coherent state basis)

Canonical

commutation relations

[da, D] = ihba,

(a, B refer to different particles)

[, af] = 6

(i, j refer to single-particle states)

Quantum-classical q—q,p—p, A B — —ih{A, B} a—a,a —a* [A B — {A B},
_ OA OB _ DA OB _ DA OB _ DA 9B
correspondence {A,B} =3, Poe Dan ~ Dax ope {A>B}c = ZJ da; 0a7 — da} da,
. W(a,a* dn*d a+ 2
Wigner function Wi(q fd£< ~£lp %> e'PE/N (a,a) = [ Jdn*dn d 3)
X eE("] a—mna )
. _ Qw(a,a*)= [ [dn*d a—an—F"
Weyl symbol QW(qvp):fd€<Q*%‘ Q ’q+%>e”’€/h w(a,a”) ff L "7< ’ | >
% g3 (n*a—mna®)
(U Q)w =N WeXP [—2A] Qo w, (U Q2)w = Qwexp [4¢] Qw,
Moyal product 5 3 - 5 3

A=T. i — a7 a;
Moyal bracket {01, Q2} 5 = ﬁQl sin [%A} Qs {1, 0} ype = 291 sinh [%A ] Qs
A L = <~
a-ardh-a- 44 T 3
Bopp operators - -
L in 0 _ E 9 N 1 8 _ 19
P=P— 9354 =P+ 93 Q=0+ 55,7 =0 354

table highlights close analogy between particle and wave pictures. While the two representations are

formally equivalent one can build different approximation schemes using these representations as

starting points, e.g. expanding around different classical limits one representing classical particles

evolving according to the Newton’s laws and another classical waves evolvong according to Gross-

Pitaevskii (or Ginzburg-Landau) equations.
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F. Spin systems.

The machinery developed above allows one to extend the Weyl quantization to spin systems.

The spin operators satisfy the canonical commutation relations:
[§a7 §b] = l€abcSe, (11186)

where €, is the fully antisymmetric tensor. The classical limit corresponds to the spin quantum
number S > 1 so we expect that quantum-classical correspondence will be exact in the large S-

limit. Formally spin systems can be mapped to boson systems using the Schwinger representation:
sta — B3
a'é A .
§ = # st =al8, 5 = fla. (I11.87)
This representation allows us to apply results from the previous section directly to the spin systems
without need to introduce spin-coherent states. The bosonic fields a and 3 in Eq. (III87) should
satisfy an additional constraint 7 = &fa+ BT B = 25. Note that any spin-spin interactions commute
with this constraint for each spin, therefore if the constraint is satisfied by the initial state, spin

dynamics is equivalent to the dynamics of bosons.

Using Eqs. (OI64) and (OT64) we can find an analogue of the Bopp operators for the spin

systems:
. afa—pFp 1 0? 0? 1/, 0 0 L, 0 0
= — = — - = —a— — — | (IT1.88
s 2 8 (aa*aa o5705) " 1\“ o0 Y0 P g T P55 ) (LES)
1 0 0 1 02
S— o il =)= I11.
Se=a’f+g <a o5 Baa) 10005 (ILL.89)
1 0 0 1 02
s =af + - |a=—— 3" - - . I11.
S-=alt+g <O‘aﬁ g aa*) 10003 (I11.90)
These equations can be also written using compact notations:
. i 1 1 [= -1,
s—s—2{sxV}—8{V—F(S'V)V—QSV}, (IIL.91)
or equivalently
i 0 0 10 s, [0° o 0? s, 02 sy 02
S, =8, —=|Sa=——Sy— | =" | =5~ =— | —— ——= . (IT1.92
2T Ty <8 Jsy 8y83$> 80s, 16 <8s§ 0s?2 833) 8 05,05, 8 0sy0s, ( )
and similarly for other components. Here V= 0/0s and
_a*a-f8  _aBifa __aBf-fa
Sz = 2 9 Sy = 2 9 Sy — 22 (11193)

are the Schwinger representation of the classical spins. One can check that these momentum

variables satisfy standard angular momentum relations:

{sa,s8} = €085y (II1.94)
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These expressions can be used in constructing Weyl symbols for various spin operators. Let us

give a few specific examples:
. . . i
(3w = 52, (82w =52 — =, (528.)w = 5252 + 25u- (111.95)

In principle, the mapping (IIIX7) is sufficient to express the Wigner function of any initial state
in terms of the bosonic fields o and . General expressions can be quite cumbersome, however, one
can use a simple trick to find a Wigner transform of any pure single spin state and the generalize
it to any given density matrix. Assume that a spin is pointing along the z-axis. This can always
be achieved by a proper choice of a coordinate system. Then in terms of bosons & and B the initial
state is just |2S5,0). In other words the wave function is a product of two Fock states one having

2S particles and one 0 particles. The corresponding Wigner function is then (see Eq. (II=0):
W(a,a*, B, 8*) = de 21l =218 [, o (4]a?). (111.96)

At large S the Laguerre polynomial is a rapidly oscillating function and very inconvenient to deal
with. So instead of the exact expression to a very good accuracy (up to 1/52) we can use a Gaussian

approximation (cf. Eq. ([I83) one can use
W (a, B) ~ 2v/2e 28 ¢=2(a*~25-1/2) (111.97)
Then the best Gaussian approximation for the Wigner function reads

2
W(827 gL) ~ me—si/se—ﬂsz—S)Q. (11198)

The Wigner function is properly normalized using the integration measure dsgds,ds, =
2ms)ds) ds,. This Wigner function has a transparent interpretation. If the quantum spin points
along the z direction, because of the uncertainty principle, the transverse spin components still

fluctuate due to zero-point motion so that
(111.99)

This is indeed the correct quantum-mechanical result. It also correctly reproduces the second

moment of s,:

(s2) :82—1/8252+é—é252, (111.100)

where we used Eq. (ITUS) for the Weyl symbol for s2. Clearly from Eq. (IIIA) one can derive
the Wigner function for a spin with an arbitrary orientation by the appropriate rotation of the

coordinate axes.
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1. Exercises

1. Write down an explicit expression for the Weyl symbol of a general operator (IT-31) as an

integral in the momentum space.
2. Complete the proof of Eq. (III=36).

3. Consider a fully symmetrized polynomial of p and § of degree n, which can be represented

either as

or as

~ ~

Qn(ﬁa (j) = qAQTL—l(ﬁ7 (j) + Qn—l(p> q)Q7

where Qn_l(ﬁ, ) is the symmetrized polynomial of degree n—1. Prove that the Weyl symbol
of the fully symmetrized polynomial is simply obtained by substituting p — p and ¢ — q.

For example
(64 + aP)w = 2pa, (5°q + 2pdp + 4p*)w = 4p’q. (ITL.101)

4. Considering polynomial functions or otherwise prove the equivalence of two Bopp represen-

tations (IT38) and ([ITZ3).

5. Prove the relation ([IT4RY) starting from m = 0 and arbitrary n and then generalizing the

proof to arbitrary m.

6. Prove Eq. (II60). Hint. One possibility is to expand both the Wigner function and the final
result in powers of exp|—ffw]. Another possibility is to use coherent state representation of
the Wigner function discussed below, where all calculations are much simpler since they do

not require using Hermite polynomials.
7. Using definition of the Weyl symbol (IILG2) prove that (a'a + aal)w = 2aa*.
8. Prove the result (III'73) by completing the square.

9. Complete calculations to prove Eq. (III80). Visualize this distribution for various V.
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10. Prove that for finite temperature density matrix of the non-interacting system H = hwa'a

the Wigner function is a Gaussian:
% . hw 9 hw
Wr(a*,a) = 2 coth <2T> exp { 2|a*”| tanh <2T>] . (I11.102)

11. Verify Eqgs. (OT93).

G. Quantum dynamics in phase space. Truncated Wigner approximation (Liouvillian dynamics)

Next we move to time-dependent systems. In this section we will focus on coherent state phase
space since it found more applications to interacting systems. All results immediately translate
to the coordinate-momentum picture using Table I. We will explicitly quote only final expressions
where necessary. Time evolution of the density matrix for an arbitrary Hamiltonian system is given

by the von Neumann equation:
ihp = [H, p). (I11.103)

Taking the Weyl transform of both sides of the equation and using Eq. (IIZ0) for the coherent

state Moyal bracket we find:
_ |1
ihW = 2Hyy sin {QAC} w.. (I11.104)
This equation in the coordinate-momentum representation reads
. 2 . [h
W = ﬁWsm §A Hy (I11.105)

If we expand the Moyal bracket in the powers of the symplectic operator A, (or A) and stop at
the leading order then the Moyal bracket reduces to the Poisson bracket and the von Neumann’s
equation (IMIT0F) reduces to the classical Liouville equations (III20) with the Wigner function
replacing the classical probability distribution. It is interesting that in the coordinate-momentum
picture the classical limit is formally recovered as A — 0 as expected. In the coherent state
picture the classical limit is found when the occupation number of relevant modes becomes large
N = a*a — oco. The Planck’s constant merely sets the time units and can be completely rescaled.
Of course the mode occupation number in e.g. harmonic equilibrium systems is given by the ratio
T and hw and diverges as h — 0 so there is no inconsistency.

This leading order approximation where the Wigner function satisfies the classical Liouville

equations is known in literature as the truncated Wigner approximation (TWA). Formally it is
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obtained by truncating the expansion of the von Neumann’s equation
. 1 1
iW = 2Hw sin [21\0] W = Hy AW + ZHWAEW + -~ Hy AW (TI1.106)

at the leading order in 1/N (h). Let us make a few comments about TWA. First we observe that it is
exact for non-interacting systems which involve particles in a harmonic potential, non-interacting
particles in arbitrary time-dependent potential, arbitrary non-interacting spin systems in time-
dependent magnetic fields and others. This observation immediately follows from noticing that for
such systems all terms involving third and higher order derivatives of the Hamiltonian identically
vanish. Second we observe that the Liouville equation can be solved by characteristics, i.e. the
probability distribution is conserved along the classical trajectories. Thus classical trajectories
have the same interpretation within TWA: they conserve the Wigner function. This implies that

within TWA the expectation value of an arbitrary observable can be written as
<O(t)> = /dada*Wo(ao, ag)Ow (a(t),a™(t),t), (I11.107)

where Wy(ao,ay) is the initial Wigner function and a(t) and a*(t) are solutions of the classical
Gross-Pitaevski (Netwon'’s in the corpuscular case) equations satisfying the initial conditions a(t) =
ag, a*(t) = af. Finally let us point that TWA is asymptotically exact at short times. We will
present the formal proof in the next section when we discuss the structure of quantum corrections.
But heuristically this statement relies on noting that formally £, divided by an energy scale, sets
the time unit and thus the classical limit & — 0 is equivalent to looking into very short times.

In many-particle systems one rarely considers interactions higher than two body, i.e. involving
more than four creation and annihilation operators. This means that the expansion of the Moyal
bracket always stops at the third order and the exact evolution equation for the Wigner function

is

i =3 O OW Ol OW | Lss Oy OW 0w OW
- da; Oa¥  Oa} Odaj 8 Py da;0a}0ay, Oa;da;0ay  dajdajday, Gaiaa;aa};’ '

where for completeness we inserted all single-particle indices. This third order Fokker-Planck
equation is relatively simple looking. However, there are no available methods to solve it for
complex systems. In particular, it can not be solved by the methods of characteristics, i.e. there
is no well defined notion of trajectories. In the next section we will show how one can solve this
equation perturbatively using the notion of quantum jumps.

Quantum jumps also appear in the context of finding non-equal time correlation functions.

Intuitively such jumps are expected from basic uncertainty principle. E.g. measuring the position
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of a particle at time t necessarily induces uncertainty in its momentum and affects the outcome of
the second measurement at a later time. It turns out that the Bopp representation is most suitable
to analyze the non-equal time correlation function. We simply understand derivatives appearing
in Egs. (II338), (OI43), (II64), ([II63) as a response to an infinitesimal jumps in phase space
variable, which can be calculated either instantaneously for equal time-correlation functions or at

a later time for non-equal time correlation functions. E.g. for t; < ¢

af)ate) = [ [ dondasi¥an,a) (o (atea) - 5o (IT.109)

The last term is understood as a linear response of the function a(t2) to infinitesimal jump in a at
the moment ¢1: a(t;) — a(t1) + da. This representation is valid even if ¢; > to but then it becomes
not casual because the response of a(ts) is evaluated to the jump, which will occur in the future.
Here it is much more convenient to restore causality by using the left Bopp representation ([II-43).

Then e.g. again assuming that ¢; < ta

(a(tz)al (t1)) = //daodag;W(ao,a;g) (a(tQ)a*(tl)Jr;gzgi;) (I11.110)

In the classical limit the two expressions clearly coincide but in general the two responses are
different. In particular, the non-equal time commutator, which is up to a factor is the retarder
Green’s function appearing in standard Kubo linear response theory, is given purely by the response

to the jump:

(0. ate)) =~ [ [ daodai (an,a) 5

Clearly as to — t; + 0 we recover standard bosonic commutation relations. Conversely the sym-

(I11.111)

metric correlation function, which appears e.g. in dissipative response of the systems, does not

contain quantum jumps:

(6t (h), alta)]s) = 2 / / daoda W (ag, az)a* (t1)a(ts). (11.112)

While this representation of the non-equal time correlation functions is completely general, it is
most useful within TWA, where response at a later time can be easily computed as a difference
between two classical trajectories: the original one and the one infinitesimally shifted at time ¢;.
TWA is a very powerful tool for analyzing quantum dynamics in the semiclassical limit, where
quantum fluctuations are responsible for initial seed triggering the dynamics but the consequent
evolution is nearly classical. There are many applications to quantum optics, physics of ultracold

gases, simulation of kinetics of chemical reactions, evolution of early universe and others. In
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these notes we will only consider simple applications to simple systems. Further more complicated
examples can be found e.g. in Refs. (P. B. Blakie, A. S. Bradley, M. J. Davis, R. J. Ballagh, and
C. W. Gardiner, 2008, Advances in Physics 57, 363, A. Polkovnikov, Phase space representation of
quantum dynamics, Annals of Phys. 325, 1790 (2010)).

1. Single particle in a harmonic potential.

As a first illustration of the phase space methods for studying quantum dynamics let us consider
a particle moving in a harmonic potential. Here all the calculations can be done analytically without

any approximations. The Hamiltonian of a single harmonic oscillator is

9 2
2 4 mw” o At
Hy=—+4+ —g° = +1/2 11
0= + 5 q hw(a'a /2), (TI1.113)

where the coordinate and momentum operators ¢ and p are related to creation and annihilation

operators @ and a! in a standard way:

L LA St [T A_LA 111114
“ V' 2R <Q+mwp>’ “ V' 28 (q mwp>' (IIL.114)

Now suppose that the particle is prepared in the ground state and we are suddenly applying a

linear potential V' (q) = —Ag. So that the Hamiltonian becomes
H=Hy—\j (I11.115)

Next we compute various observables as a function of time.
Coordinate-momentum representation. First we will solve this problem using the coordinate-
momentum representation. The corresponding Wigner function is a Gaussian computed earlier

(II58). Next we need to solve the classical equations of motion:

dp 9 dg p
—_ = — A — = = II1.116
dt Mgt A, dt m ( )

satisfying the initial conditions ¢(0) = qo, p(0) = pg. Clearly the solution is

q(t) = qa(t) + qo cos(wt) + % sin(wt), (II1.117)

where qq(t) = A\/mw?(1 — cos(wt)) is the classical trajectory describing the motion of the par-
ticle, which is initially set to rest. Then we need to substitute this solution to the observable

corresponding to the quantum operator of interest and find the average over the initial conditions.
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For the expectation value of the position we trivially find (G(¢)) = g (t), which is just a particular

case of the Ehrenfest’s principle. Similarly we find
(@) = ¢*(t) = ¢4 (t) + ap. (ITL.118)

This is of course also the correct result, which can be easily obtained from the solution of the
Schrodinger equation.
Next let us show how to compute a non-equal time correlation function. In particular, (¢(¢)g(t’))
with ¢ < ¢/. For this we will use the time-dependent Bopp representation (IIT-3J)
ih 0

and interpret this derivative as a response to the infinitesimal jump in momentum at time ¢. Then

(4000 = (4at) + a0 costor) + 22 sin(er) + 5 2 )

X (qd(t’) + qo cos(wt’) + % sin(wt’) + % sin(w(t’ — t)>
= qa(t)qa(t) + a2 cos(w(t — ') + iad sin(w(t’ —t)). (111.120)

Note that this correlation function is complex because it does not correspond to the expectation
value of a Hermitian operator. Similarly for the correlation function with the opposite ordering of

t and ¢’ we find
(G(t)qt)) = qa(t)ga(t’) + ad cos(w(t —t')) — iak sin(w(t’ —t)) (II1.121)

Therefore the symmetric part of the correlation function is simply given by

<d(t’)d(t) +4()q(t)
2

> = qa(t)qa(t)) + a3 cos(w(t —t')) (I11.122)
and the expectation value for the commutator is
(D) — G)at)) = 2ia}sin(w(t’ — ¢). (111.123)

This commutator vanishes at ¢ — t' and rapidly oscillates if w(t' —t) > 1.
Coherent state representation. For illustration purposes we repeat this calculation in the coher-

ent state representation. In the second quantized form the Hamiltonian of the system reads

H = hw(a'a +1/2) — Mag(a + al). (I11.124)
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The classical (Gross-Pitaevski) equation for the oscillator reads:

ihg—(z = hwa — Aay. (I11.125)

We use «a(t) and o*(t) do denote phase space variables to avoid confusion with the notation ag for

the oscillator length. This equation has the following solution

A , 4
a(t) = % (1 — e ™) 4+ age ™. (111.126)

Using the explicit form of the Wigner function of the vacuum state (III"73) we immediately find

2a2\

(0(1)) = ao(alh) + a7 (1)) = 02 (1 ~ cos(wt)) = ga(t). (I1.127)
Similarly
(@ (1) = aj(@?(t) + (o*(t))* + 2a(t)a* (1) = ga(t) + af. (ITL.128)

We obviously got the same answers as before. Similarly one can verify the result for the non-equal
time correlation function. Of course it is not surprising that both methods give identical exact
results for harmonic systems. However, it is important to realize that once we deal with more
complicated interacting models the correct choice of the phase space can significantly simplify the
problem. Moreover the expansions around the two possible classical limits are very different. Thus
for a system of noninteracting particles moving in some external potential TWA in the coordinate-
momentum representation is only approximate unless the potential is harmonic. At the same time

TWA in the coherent state representation is exact.

2. Collapse (and revival) of a coherent state

Next consider a slightly more complicated case of an initial single-mode coherent state evolving

according to the quartic interacting Hamiltonian

A~

U
H= 5&*@(&*& —1). (IT1.129)
Clearly the eigenstates of this Hamiltonian are the Fock states |n( with eigen energies

€n = gn(n —1).

This problem is closely related the collapse-revival experiment by M. Greiner et. al. (M. Greiner,

O. Mandel, T. W. Ha nsch, and I. Bloch, Nature 419, 51, 2002). Because the problem does
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not have kinetic term it can be easily solved analytically. In particular, the expectation value of
the annihilation operator can be found by expanding the coherent state in the Fock basis and

propagating it in time
[(t)) = el % (Ln|n>e—iﬁnf. (I11.130)
Vil

Then we find

~ — olaf? (a*)n(am) i(en—€m)t _ o —laf? n amtl i(en—€nt1)t
(lai() = S mE e o) = 5 ﬁ¢n+1e

— ae o 3" Wme—iU” — aexp [Jaf? (Ut —1)] . (IIL.131)
il

Qualitatively at larger N = |a|? this solution gives first rapid decay of the coherence, where {(a(t))
decays to an exponentially small number at a characteristic time 7 = UN and then at a much later
time t9 = 2w /U there is a complete revival of the state. The classical limit here corresponds to
N — 00, U — 0 and UN = X fixed. Clearly in the classical limit there is still collapse of the state
by no revival since ty ~ 27 N/\ — oc.

Next we solve the problem using TWA. For doing this we first compute the Weyl symbol of the

Hamiltonian (TT29):

U U
Hy (a*,a) = §|a|2(\a|2 —-2)+ T (111.132)

Note that there is an extra —1 in the first term Hamiltonian as compared to the naive substitution
a — a due to the Weyl ordering. Using this Hamiltonian we find classical Gross-Pitaveski equations

of motion for the complex amplitudes:

Oa(t)
i = U(la* — 1)a(t). (IT1.133)

This equation can be trivially solved using that |a(t)|? = |ag|? is the integral of motion:
a(t) = age” Ul =1t (I11.134)

The solution should be supplemented by random initial conditions distributed according to the

Wigner function:
W (ag, af)) = 2exp[—2|ag — af?]. (II1.135)

Using the explicit analytic solution of Eq. (IIIT33) and the Wigner function above we can calculate
the expectation value of the coherence (a(t)) within TWA by Gaussian integration
iUl o)t

a(t) =~ aexp [—mm] exp[iUt] (I11.136)

(1+iUt/2)2’
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This expression is more complicated than the simple exact quantum results. Let us discuss its
qualitative features. First of all we an see that at a characteristic time 7 = 1/(UN) there is a
collapse of the coherence as in the quantum case. One can check that for times much shorter than
the revival time the TWA solution very closely matches the exact solution. However the TWA
result completely misses revivals, which are thus intrinsically quantum related to discreteness of
the Fock basis.

This example highlights important potential issue with TWA: it can miss long time behavior.
One can imagine that if there is some small dephasing in the system e.g. due to decoherence such
that revivals are destroyed then TWA solution will be accurate at all times.

Let us make a remark concerning Weyl ordering in simulations of bosonic systems using TWA.
Most commonly one deals with two-body density-density interactions so typical Hamiltonian is

H(ay,al) = Y |Vyala, + Uyjalialasa) (I11.137)
]
where V;; includes both kinetic part and the single particle potential and ¢ and j can be either
descrete or continuous indexes. Using the Bopp representation we find that the Weyl symbol for
the Hamiltonian is

. 1 1
Hy(a},a5) = Y [Vijaia; + Uyjlai*|oy|*] — B > Vi= D 1eifPU; = Y ll*Usi + 5 > Ui

)

i % 7

(TI1.138)
The constant terms are clearly non-important since they only give an energy shift. The only two
important terms, which distinguish between Weyl symbol and naive classical Hamiltonian are

= ail*(Us; + 655Us).
ij

In general these terms can be very important for accurate description of dynamics using TWA. But
in the most common case of translationally invariant interactions U;; = Uj;_j| it is clear that this
contribution is simply proportional to the number of particles and thus has no effect on dynamics
in isolated systems since the latter is conserved. If we aer dealing with e.g. two different species of

bosons like a two-component system then this correction can become very important.

3. Spin dynamics in a linearly changing magnetic field: multi-level Landau-Zener problem.

As a final simple illustrative example we consider another situation where TWA is exact. In

particular, we will analyze dynamics of an arbitrary spin .S in a linearly changing magnetic field:

H = 2h.(t)8* + 293", (111.139)
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where h,(t) = 0t. We assume that the system is initially prepared in some way at t = —tp and
will be interested in finding expectation values of various observables at t = ty, where ty is large
so that h,(tg) > g.

As we discussed in Sec. [MIH one can map the time evolution of noninteracting spins to the
evolution of noninteracting bosons using the Schwinger representation. Therefore TWA is exact in

this case. Using Eqgs. (IT-87) the Hamiltonian (ITT39) becomes:

A~

H=h.(t)(é'a - BT8) + g(a'B + BTa). (I11.140)

The Weyl symbol of this Hamiltonian is obtained by simply replacing quantum operators &, B ,afb, BT

by complex amplitudes «, 8, a*, *. Then the corresponding equations of motion are

i% = dta + gps, (111.141)
d
zd—f = ga — 6tf. (I11.142)

These equations should be supplemented by the initial conditions distributed according to the
Wigner transform of the initial density matrix.
Note that Egs. (IIT4T) and (OTT42) map exactly to the equations describing the conventional

Landau-Zener problem. Then the evolution can be described by a unitary 2 x 2 matrix:
oo = Tag + Re'®By,  Boo = —Re g + T, (111.143)
where (see e.g. J. Keeling and V. Gurarie, Phys. Rev. Lett. 101, 033001 (2008))
T=e™, R=+1-T2 ¢=~[n(y) — 1] — 2yIn(V25T), (I11.144)

and vy = ¢%/(20) is the Landau-Zener parameter.
Using this result we can re-express different spin components at ¢ — oo through the initial

values:

agao — By Bo
2
= (T? — R*)s§ + 2RT cos(¢)sg — 2RT sin(e)sy, (IT1.145)

s?, = (T? — R?) + afBoRTe™ + agBRTe™

s = —2RT cos(¢)si + (T? — R? cos(26))sg + R*sin(26)s},
sY. = 2RT sin(¢)sf + R?sin(2¢)sg + (T* + R* cos(2¢))sp.

Now using these expressions and the Weyl symbols of spin operators and their bilinears derived

in Sec. [MI'H we can compute expectation values of various operators. This can be done for any
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initial state but for concreteness we choose initial stationary state polarized along the z-direction.
In the language of Schwinger bosons this is a Fock state |S — n,n), where a particular value of n

corresponds to the initial polarization s§ =S — n.

(82) = (T* - R*)s;

((5%)%) = [T* + R — AT*R?] (s§)* + 212 R%s(s + 1),

(82,85 + 82,8%) = 2RT(T? — R?) cos(¢) [s(s + 1) — 3((35))] - (IT1.146)

Note that for the conventional Landau-Zener problem corresponding to the spin s = 1/2 the last

two equations become trivial: ((3%,)%) = 1 and (3% 3% + 87,3% ) = 0. But for larger values of spin
these correlation functions are nontrivial with e.g. ($2 8% + §% §Z)) being an oscillating function

of the rate 6 and the Landau-Zener parameter ~.

4. Exercises

1. For the example 2: collapse and revivale of the coherent state, using Mathematica or other
software, plot the dependence (a(t)) both using the exact result and TWA approximation.
Choose N of the order of 10 and fix U at one (this can be always done by choosing appropriate
time units). Check that TWA very accurately reproduces collapse already for N ~ 4,5.
Check that if you use naive classical Hamiltonian as opposed to the Weyl symbol H =

Ylal*(|al*> — 1) the agreement even at short times will be much worse.

H. Path integral derivation.

In the final section of these notes we will see how all the concepts introduced earlier: Wigner
function, Weyl symbol, Bopp operators etc. naturally emerge from the Feynmann’s path integral
representation of the evolution operator. Using this approach it is also possible to understand
structure of the quantum corrections beyond TWA and understand potential extension of this
formalism to other setups: open systems, quantum tunneling problems (as possible non-classical
saddle points). The derivation itself is very similar to the formalism used in the Keldysh approach
to dynamics of quantum systems (see e.g. A. Kamenev and A. Levchenko, Advances in Physics
58, 197 (2009)). The main difference is that we will be focusing on expansion of dynamics in the
effective Planck’s constant, while in the Keldysh technique the expansion parameter is usually the

interaction strength. So the two approaches are rather complimentary to each other despite many
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similarities. As in the previous section we will concentrate on the coherent state representation
and only quote final results in the coordinate-momentum space.

Our starting point will be expectation value pf some operator Q(d, af,t). We assume that this
operator is written in the normal ordered form. To shorten notations we will skip the single-particle

indices in the bosonic fields and reinsert them only when needed.

Qt) = (Qa,al 1) = Tr [pTr e o AOT O af et Jo HTr| (I11.147)

Because in the coherent state picture the Planck’s constant plays the mere role of conversion
between time and energy units we set A = 1 throughout this section to simplify notations. Here
time ordering symbol T’ implies that in both exponents later times appear closer to the middle, i.e.
closer to the . Next we split the exponent of the time ordered integral over time into a product:

M M 1

Tye' Jo B(@)dr H I ATH (™) o H(l +iATH(1y)), TTe_if(;5 H(r)dr _ H e_iATH(TJ'),

j=1 j=1 j=M

where 7; = jAT is the discretized time (we assume that initial time is zero), A7 =¢/M and M is a

large number. We will eventually take the limit M — oco. Next we insert the resolution of identity

I= /dozjdoz;\aj><aj|

between each of the terms in the product. Because we have two exponents on the left and on the
right of the operator Q) we need to distinguish two different « fields. The one, which corresponds
to the positive exponent we term forward field ayx and the one which corresponds to the negative
exponent backward field ;. This notation is conventional in Keldysh technique and comes from
the ordering in the Schwinger-Keldysh contour. Loosely speaking as we move from left to right we

first increase time from 0 to ¢ and then decrease it backward to zero. Then we find

Qt) = / : ./Dosza}DabDaZ (apolpleso) o~ oaso/2taGgapi+iH (agoaf )AT

* * * * ; * *
e % ManQ(a;:M7 ap M, t)eaf MO M o=\ % M+ay rap Mflle(abM:ab Mfl)AT . e_aboab0/2. (111148)

Next let us change the variables:

_ Qi t

]
Oéj = B

"
SNy Qs S ap = g Q==

As we will see below this choice of variables automatically leads to the Weyl quantization. Other

choices e.g. «a, = a, ay = a + n will naturally lead to other representations. Physically the

symmetric field « corresponds to the classical field and 7 is a quantum field. It is intuitively clear
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that in the classical limit there is a unique classical trajectory satisfying fixed initial conditions
and thus the forward and backward fields should be essentially the same. Performing this change

of variables and taking the continuum M — oo limit we find

/DnDn*DaDa < oy — — /3 o+ 770> Q [a*(t) + 2 (t),a(t) - n(t)} e~ 2O o3 (nGao—moag)
2 2 2
8&(7) 0a*(T)
! 7) or n(7) or

*

+iHy <a(7)+”(27), “(r) + 1 T), >—1HW< (r )—77(7_),04*(7)—77*(7—),7'>]}7 (I11.149)

2 2 2

One can recognize that the integrals over boundary quantum fields ng and 7; automatically give

the Wigner function and the Weyl symbol of the operator ) so that the expression above becomes

_ /D?]D?]*DOZDQ*W(O(O, as) exp{/o dr [7)* (7_) 66;5—7_) _ ,,7(7-) 8016*7(-7_)

+iHyy <a(7’) + 77(27—),04*(7') + 77*;7')’7> —iHyy <a(7’) — 17(27—),a*(7') — n*(T)ﬂ')] }Qw(a(t),a*(t),t%

(I11.150)

Before deriving TWA from this expression let us give a few comments on details of the derivation
of Eq. (OIT49), which is quite subtle.
First we analyze all the terms appearing in the path integral, which do not involve Hamiltonian:

M-1

S1 = afpae/2+ afgono/2+ D [efi(agits — api) — af;(aws — apio1)]
=1

+ a}o(afl — Ozf()) — aZM(osz — Osz_l) - Oézoabo + OéjcM(OébM - an). (111.151)

The first sum in the continuum limit becomes an integral:

M-1

Z afz+1 O‘fz) Qi — Qi1 _>/ dT( f(T) aag;T) — ay(7) aab(T)) ) (II1.152)

or
=1

which under the substitutions oy — a+1/2, o, = o —n/2 and after integrating by parts becomes:

[ ar (0282 -2+ at0n(o) - . (IL.153)

In the continuum limit the first and the second terms after the sum in (IIIR) clearly go to zero

and the last two read:

* * 1 * * *
ajar(onnr = agar) = oggano = —laol® = no|*/4+ 5 (agmo + mga0) — " (B)n(t) = [n(t)]*/2. (TI1.154)
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Combining Eqs. (ITT51) - (OTI54) we derive:

t - % . 9
81 = /0 dr (n*(f)azgi ) iy 2 >)_ MO L Lo i), (L1

This immediately leads to the correct Hamiltonian independent part in Eq. (ITT49). The part
involving the Hamiltonian in that equation is very straightforward, essentially this is just the
difference of Hamiltonians evaluated on forward and backward trajectory. A more subtle result
is the emergence of the Weyl ordering. Formally it appears because the fields o and a* appear
at slightly different times. As we will see below quantum field n plays the role of the derivative
with respect to the classical field . Thus the normal ordered Hamiltonian is actually evaluated
at Bopp operators giving the Weyl symbol Hyy.

In the leading order in quantum fluctuations we expand the integrand in Eq. (OTI63) up to the
linear terms in 1. Then the functional integral over 7(t) enforces the §-function Gross-Pitaevskii

constraint on the classical field «(t):

00 = aHW(ggf;g*(t)’t) = {a(t), Hy(alt),a*(t), )}, (I1L.156)

and we recover TWA (III107).
Next let us move to discussion of non-equal time correlation functions. The simplest one will

be
(@¥(t1)a(t2))- (I11.157)

First we assume t; < t3. We proceed in the same way as in the equal-time case by writing this
expression in the path integral form inserting forward and backward coherent states. The only new

ingredient is an extra term we encounter on the forward path

aH(t) = a*(t) + n(t) (I11.158)

Note that in the path integral n* couples to da = «(t + At) — a(t). This implies that

2 06

() _ & 9 ia+atrsa—at)ln — L 9 ila(ti+at+sa—alty)ln®
2 2 00« ’

where we understand the partial derivative as infinitesimal response to the jump in « at the moment
t1. Thus we recover that in order to measure the non-equal time correlation functions we simply

need to make the substitution

(111.159)
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In the same way we can see that
ih 0
2 da*(t)

a(t) = a(t) + (I11.160)

This is nothing but the Bopp representation of the creation and annihilation operators. As we al-
ready know for equal time correlation functions they automatically generate the Weyl symbol of the
observable. But for non-equal time correlation function the Bopp operators give very nice interpre-
tation of the response which occurs at a later time. It is remarkable that like the Wigner function
and the Weyl symbol the Bopp operators automatically appear in the path integral formalism.
For the opposite ordering t; > to we hit earlier time on the backward contour so the same
analysis as above holds except that we change ay — a;. But this results in change in sign in 7 and
thus in change in sign in derivatives. So we immediately recover the left Bopp representation with

the same interpretation for non-equal time correlation functions

L= . A=y
at(t) = o (t) + Z:Laj(ﬂ a(t) = a(t) — 2271(%3(25)

(I11.161)
While as we discussed earlier for equal time correlation functions both representations are equivalent
and give the Weyl symbol, for non-equal time correlation functions there is an important difference.
Namely the correct representation is dictated by causality so that we always evaluate the response
to a jump, which occurred at an earlier time.

Interpretation of Bopp operators as a response to quantum jumps is particularly simple within
TWA. Then the time evolution is essentially classical before and after the jump. Thus the response

of a Weyl symbol Qy(t2) to say a jump in o at moment ¢; is literary a difference of 2y evaluated

on two trajectories with and without jump divided over this jump:

892((1(752), Oé*(tg), tg) o Q(Ozl(tg), O/*(tz), tg) — Q(Oz(tg), Oz*(tg), tg)
da(tr) B da ’

where o(t2) is the classical trajectory corresponding to an infinitesimal jump in «(t1): «at;) =
a(t1) + da and a(ty) is the same trajectory without this jump. From the Bopp representation it is
clear that for fully symmetric operators (equal or non-equal time) the quantum jump contributions
drop and we can evaluate them by substituting operators a by phase space variables c. Conversely
for commutators the only surviving contribution is the one containing at least one quantum jump.

While we focused our discussion on two-point correlation functions, derivation of the Bopp
representation was completely general and extends to arbitrary number of creation and annihilation

operators e.g. to three-point functions like

(@l (t)a(ta)a(ts)) (I11.162)
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Note, however, there is an important subtlety when we have three or more times involved. Namely
not all correlation functions have causal representation. In particular, if o < t¢1,¢3 there is no
casual representation of the three-point function above. This implies that these functions are not
physical and can not appear in any response. In functions, which have casual representation later
times should always occur closer to the middle.

Another advantage in the path formulation of the evolution is that it allows us to go beyond
the TWA and represent quantum corrections to dynamics as stochastic quantum jumps. We will
be quite sketchy here, further details of derivation can be found in (A. Polkovnikov, Phase space
representation of quantum dynamics, Annals of Phys. 325, 1790 (2010)). In our previous discussion

leading to TWA we neglected third order terms in quantum fluctuations coming from the difference

iHyw <a(7‘) + 1) ey 4 WT),T) —iHy <a(7‘) UG WT),T)

2 2 2 2
in Eq. (ITT63). To stay more focused consider the Hubbard model where (up to unimportant
quadratic in « and o* terms
* U 4
Hy (o, %) = Z§|0‘j| :
J

Thus the difference above becomes

5> (ﬁ(ﬂ‘??f;%((j)) v nj<7>aff§§)> 20 S )Py (7)o () + 7 (7)o ()
j i ! j

So the exact path integral representation of the evolution gevine by Eq. ITT63 becomes

Qt) = /DnDn*DaDa*W(ao,ag) exp{/O dTZ [77;(7') (8048]'7(—7') + Z%Zfé:;)

J

o03(r) oM, N] L UL * *
~in) (S5 - 5 )]+z4rnjm\?(nj(f)aj(f)+njmaj(ﬂ)}ﬂw(aj(t),aj<t>,t>,

(I11.163)
Before we were ignoring these cubic in 7 terms so that functional integration over the quantum field
n(7) becomes trivial essentially enforcing the constraint of the classical Gross-Pitaevski equations
of motion for the classical field . This was the TWA. With the cubic term we can no longer

evaluate this path integral. Let us treat this cubic term perturbatively by expanding the exponent:

. t * * t
s B P00 1 i ST e ) Plar)a (7) + o () (7))
0

2
- / /0 P (o )]y (2 Py () () 1 (e ()

(I11.164)
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Now let us recall that when we discussed non-equal time correlation functions we realized that

77;(7'> = _i&.j(ﬂv 77;(7) = i&‘j’?(T)

with the interpretation of derivatives as a response. Thus the expression for the expectation value

including the first quantum correction reads:

(G, o 1)) ~ / / daodaiWo(ao, o)

U * & —c.c a(t), a*
(1—14 /0 dTZ[aj(T) 50, (M)at (1t (1) ..DQW( (t), " (t),t). (IIL165)

J

The interpretation of this expression is very straightforward. The first quantum correction to TWA
represents a third order response of our observable to an infinitesimal jump in the classical field
during the evolution a(7) — a(7) + do, a*(7) — a*(7) 4+ da*. This jump can occur at any time
during the evolution and at any space location and we need to sum over these jumps. Further
corrections appear as multiple quantum jumps. It is clear that each quantum correction carries
extra factor of 1/N? (A? in the coordinate momentum representation) thus we have a well defined
expansion parameter.

It is interesting to note that this nonlinear response can be expressed through stochastic quan-

tum jumps with non-positive probability distribution:
(Qa,at, 1)) ~ / / davgdatWo(ag, af)

=i 3O [ agag (a;mp(g].,g;>_aj<7n>p*<gj,g;>> O (/(8), 0™ (1), 1)

Saj(tn)=€; VAT

(I11.166)
Here we discretized time and introduced stochastic variable {;. At time 7, we randomly choose &;
according to the (quasi)probability distribution F'(£, %st) and shift the classical fields a;: and o by
the amounts da; = ¢ /At and da; = fj*\?’/E (e.g. 049 = oj + dayj). This procedure is very similar
to the mapping of ordinary Fokker-Planck equation describing diffusion to the Langevin dynamics
with two important differences: (i) In the Langevin dynamics the jumps are proportional to VAT
while here to {/A(7). (ii) In Langevin dynamics the function F can be chosen as a Gaussian with
the second moment given by the diffusion constant. Here the (quasi)probability distribution can
not be chosen as a positive function. Indeed in order for Eq. (III6H) to be equivalent to (ITT63)
we need to ensure that the first two moments of &; and §; vanish and the third moment gives

non-vanishing contribution

//dﬁjdﬁjf EEF(E.€) =2 (I11.167)
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One can see this equivalence by expanding 2y in terms of da (for simplicity we suppress spatial

indexes):
o 9w
/ * _ * *
Qw (/' (t),a”(t),t) = Qw(a(t),a™(t),t) + P oo + oo o
2 <85a05a Ot Bsarasar 00t 2 55ad0a 000 )

1/ _ 4 PU o Oy 2 FUw o .3

L gy W W
T3 (a(aa)35“ T e a0 O + G55, 007) 00+ 5N (0a7) ) +

(111.168)

Now if we use that da = £/A7 and integrate over £ we see that the first two terms in the expansion
vanish because F’ is chosen such that £ has vanishing first and second moments and the requirement
(OIT67) gives non-zero third order response, which is precisely equivalent to Eq. (II164). All
higher order derivative terms clearly vanish in the limit A7 — 0. Let us give an example of such

a function, which all the requirements:
* * —|€:12
F(&,6) =& (1G> —2) el (I11.169)

Thus we get equivalent representation of the quantum corrections either in the form of the nonlinear
response or in the form of stochastic quantum jumps. Note that because these jumps have non-
positive probability distribution full simulation of stochastic dynamics results in a severe sign
problem. However, if one is interested in leading order quantum corrections one needs to take into
account only a few jumps and the sign problem is not very severe. But at the moment there are

no known optimization schemes to simulate the dynamics even with few jumps.

1. Exercises

1. Repeat derivation of Eq. (IIT49). Complete missing calculations.

I. Ergodicity in the semiclassical limit. Berry’s conjecture

The phase space formalism allows us to immediately draw conclusions about the ergodicity in
quantum systems as they approach classical limit. Let us take e.g. the exact von Neumann’s
equation in the coherent state picture (Eq. (ITT08)). For systems with two-body interactions the
classical limit is formally taken by rescaling a; — VN aj, the interaction coupling U — U/N and
taking the limit N — oo. Under this transformation the Weyl symbol of the Hamiltonian (IIIT38)

has a well defined classical limit (the overall prefactor IV in the classical Hamiltonian precisely plays
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the role of the inverse Planck’s constant). In the coordinate-momentum representation the classical
limit is taken in a standard fashion by sending A — 0 keeping all couplings in the Hamiltonian
fixed. In this limit the truncated Wigner approximation (Liouvillian dynamics) is guaranteed to
work at least for the times less than t*(N). Where ¢t*(IN) diverges as N — oo. The reason for
this statement is that the difference between the Liouvillian time evolution and the exact von
Neumann’s dynamics is contained in the last term in Eq. (IIIT08) is suppressed by a larger factor
1/N (h? in the coordinate-momentum basis). So this term can play a significant role at most at
long times. At the moment there are no analytic estimates of the time ¢*(N) or even its scaling
with NV except for specific cases, where it is shown that it diverges as a power law of N. But clearly
divergence of t*(IN) is required by the very existence of the classical limit.

On the other hand if the corresponding classical system is ergodic there is a finite (IV,h-
independent) relaxation time 7 after which the system approaches the mcirocanonical ensemble.
Thus in the regime 7 < t*(N) it is essentially guaranteed that the Wigner function for any generic
initial condition will approach the microcanonical distribution, which width is dictated by initial

fluctuations of the total energy:
W(a*, a,t) = pme(a™, a). (I11.170)

The initial conditions can be fairly arbitrary with the exception of e.g. the ground state, where in
the limit N — oo the system is completely localized in the phase space. As soon as there are some
fluctuations present in the initial condition this statement should work.

The statement that the Wigner function should relax to the microcanonical distribution is very
similar to the Berry’s conjecture (M. Berry, 1977). This conjecture states that if we take the Wigner
function of the microcanonical ensemble, which defined as an ensemble with the microcanonical
width vanishing in the limit 2 — 0 but still containing exponentially many energy levels, then we

will get the usual Boltzmann’s distribution. Or equivalently

0@~ G+ /)] = 5 [ e T (7)) (i)
where the over line implies the averaging over the microcanonical ensemble. This conjecture does
not say anything about dynamics and approaching this ensemble, but it establishes how one can
recover classical statistical mechanical limit from the quantum microcanonical ensemble. This con-
jecture thus does not require ergodicity of the system. Because as we know the Wigner function
plays the role of the (quasi)probability distribution for any observable this conjecture immediately
implies that in the classical limit & — 0 one recovers classical statistical mechanics for all observ-

ables. By showing that the Wigner function of a Harmonic oscillator in the classical limit becomes
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the Boltzmann’s distribution and using the equivalence of statistical ensemble we basically proved
this conjecture for any harmonic system, like coupled oscillators. However, there is no general

proof of this conjecture for interacting systems.

IV. QUANTUM ERGODICITY IN MANY-PARTICLE SYSTEMS.

A. Eigenstate thermalization hypothesis (ETH)

As we discussed earlier in simple single-particle systems quantum ergodicity is reflected in the
complex structure of the Hamiltonian. In particular, in the fact that the spectrum of the Hamil-
tonian is essentially described by random matrices. This should also imply that the eigenstates of
the quantum chaotic systems should look like the eigenstates of a random matrix, i.e. they should
essentially look like random vectors in the Hilbert space. Of course, because these eigenstates
correspond to well defined energy this statement has to be refined. E.g. low energy states can not
contain many high momentum plane waves. So we would rather expect that these eigenstates are
random superpositions of plane waves taken from a narrow energy shell. For non-interacting par-
ticles this statement is precisely equivalent to the Berry’s conjecture. This motivates us to suggest
that similar situation should persist in many-particle ergodic systems, i.e. we might expect that
the energy spectrum of such systems can be well represented by an appropriate random matrix
ensemble and the corresponding eigenstates are random superpositions of simple states (like plane
waves) taken from the energy shell. There is no proof for this statement but there is a lot of
numerical evidence that this is true. Let us demonstrate this point using a particular Hamiltonian
representing spin one half chain with an open boundary conditions (A. Gubin and L. Santos, Am.
J. Phys. 80, 246 (2012)) described by the Hamiltonian:

L—1

JIxx JZZ
Hxxz = —5 (ofofi +olol )+ == E o707 1, (IV.1)
=1

where &; are the Pauli matrices describing spin one half degree of freedom on the site . It is known
that this so called XXZ chain is integrable, i.e. it is not ergodic, though the exact structure of
eigenstates is quite complex. Following the work by A. Gubin and L. Santos let us introduce a

single impurity into the chain by adding a local magnetic field in the z-direction
Hj = eoj. (IV.2)

Note that there is no summation over the sites in this term. In the case, when impurity is placed

at the age j = 1 or j = L this term effectively corresponds to changing boundary conditions
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and does not break integrability of the system. While if the impurity is placed somewhere away
from the edge of the system it makes it non-integrable, i.e. ergodic. Note that the Hamiltonian
H = Hxxz + H; conserves the total magnetization along the z-direction, so the Hilbert space

effectively splits into separate sectors with fixed S,. In Fig. [ we show the results of numerical

1.0
P

0.8

0.6
0.4
0.2

FIG. 12 Distribution of the levels spacings for the spin chain Hamiltonian H = Hxxz + H; (see text for
details). The total magnetization is fixed at S* = 1/2 Zj 0% =5 and the couplings are Jxx = 1, Jzz = 0.5,
and € = 0.5. Left panel describes the integrable case with the impurity on site j = 1 and the right panel
corresponds to the non-integrable case with the impurity in the middle. Red and black lines are the Wigner-
Dyson and the Poisson distributions respectively. The figure is taken from A. Gubin and L. Santos, Am. J.
Phys. 80, 246 (2012)

simulations of the level spacing statistics for the two situations where the impurity is at the edge
(left panel) and in the middle of the chain (right panel). The first (integrable) situation is perfectly
described by the Poisson distribution in agreement with the Berry-Tabor conjecture. The second
non-integrable case is conversely in the perfect agreement withe the Wigner-Dyson statistics for
the orthogonal ensemble. It is interesting that a single impurity seems to be sufficient to make the
whole system completely chaotic.

While there is no general proof that many-body ergodic systems are always described by the
random matrix ensembles there are no known counterexamples. Therefore we will use the conjec-
ture that the eigenstates of an ergodic Hamiltonian are essentially random vectors in the Hibert
space subject to the macroscopic constraints (like fixed energy, momentum, magnetization or any
other conserved quantity) as a starting point for our discussion and see how far we can go. Let

us first check how this assumption works for a gas of weakly interacting particles. Namely, let us
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assume that the eigenfunctions of the gas are given by random superpositions of the plane waves:

|thn) = Z Oy pa,...pn |PL, P2, - - - DN) (IV.3)

P1,p2,---PN

where the coefficients «,,, ., are properly normalized random amplitudes (real or complex de-
pending on whether the Hamiltonian respects time reversal symmetry):

—y 1
|01 p2epn [* ™ N (IV.4)

where N is the (exponentially big) Hibert space size; {p;} are the set of single-particle momenta

satifying the energy constraint:

pz'

J

= F,. V.5

Z 2m " ( )
J

It is easy to check that in the limit of large number of particles this wavefunction yields the

Gibbs distribution. Indeed the probability of say particle number one to have momentum p; is

2
p
P = 3 lopamnls L+ B X ) wv.6)
P2,;P3,---Pn

Averaging this ditribution over random apmlitudes ay, .} we find that

% P
sz < S R En> , (IV.7)

where C' is the normalization constant and d(x) stands for the discrete delta-function of x. This
expression is nothing as the averaging over the microcanonical ensemble. From the basic statistical
ensemble we know that the microcanonical distribution in the limit N > 1 results in the Maxwell-
Boltzmann distribution of the individual particles. So we have proven that on average the random
eigenstates on average correctly reproduce equilibrium density matrix.

Next let us ask the question how representative the average is. In order to do this we compute

that statistical fluctuations of the momentum distribution for different random states. l.e. we

compute
P2(p1)_< ) Z Z ‘apl,pg, pNHaplaq27---‘IN|2
P2,---PN q2,..
p? P2 pN 2 qN -,
o =—+—= R e o N B —E,|—(P V.8
8 <2m+2m+ 2m ”) <2m+2m+ “om ”> (Plpy))” (V)

Because the amplitudes are uncorrelated by the assumption of randomness the expression above

reduces to the single sum

2 9 p2 p2 p2 1
P2(p1) — (P(p1)> = > (!a{pj}!‘* —lag? )5 <27}n t o Ty — B ) < e (IV.9)

p2;---PN
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Here we used the assumption that the variance of each random coefficient is of the order of the
mean. This will be the case e.g. if we take a random unit vector in the N dimensional hyper-space
and project it to orthogonal axes. From this simple example (another example is considered in
FEzercises) we see that the assumption about the random nature of eigenstates leads to the Gibbs
distribution of individual degrees of freedom with exponential accuracy (note that N ~ exp[DN],
where D is roughly the available Hilbert space size per degree of freedom). The physical reason
for this result is that the Hilbert space size N is immensely big. Therefore for any random
distribution of coefficients in this space any observable, which can be represented over the sum
over these coefficients, will be essentially non-fluctuating. This property of the random states is
called typicality and it was first noted by von Neumann in 1929.

These arguments can be generalized to arbitrary interacting systems under the statement of
the Eigenstate Thermalization Hypothesis or simply ETH (J. Deutsch, 1991; M. Srednicki, 1994).
This hypothesis postulated that the energy eigenstates of many-particle quantum ergodic systems
are practically indistinguishable from each other within a narrow energy window and that from the

point of view of physical observables each eigenstate is equivalent to the microcanonical ensemble:
<TL|O|>TL ~ Tr[pmicroo]7 (IVlO)

where ppmicro is the microcanonical density matrix centered around the energy F,. The qualitative
justification of this statement is essentially the same as in the simple example considered above:
Figenstates are complex random superpositions of many simple states like plane waves or Fock
states. This hypothesis is consistent with the ideas we discussed before that ergodic quantum
Hamiltonians essentially look like random matrices. As we will be discussing later the ETH is a very
powerful conjecture from which many results of equilibrium and non-equilibrium thermodynamics

can be obtained.

1. ETH and ergodicity. Fluctuation-dissipation relations from ETH.

First let us demonstrate that ETH leads to ergodicity in large systems. Let us consider the
situation where an isolated system was prepared in some non-equilibrium initial state |¢g), e.g.
by changing parameters of the Hamiltonian in time. We will assumed that the system is isolated
and its time evolution is described by some many-body Hamiltonian H with the eigenstates |n),

n=1,2,...N and the corresponding eigen energies E,,. Then the time evolved wave function will



59

be
[$(8) =Y an(®)n) = Y an(0)e " [n). (Iv.11)
Now let us compute an expectation value of some observable O in the long time limit:
WDIO1(E) =D arame’ T n|Olm) =00 Y lan]*Onn, (IV.12)

where Oy, = (n|O|n) and we used that in the long time limit the oscillating terms in the sum

above average to zero. More accurately we proved that
17 )
i 7 [ @OIOW0) = Y lan PO (Iv.13)
oo 0 n

If the assumption of ETH work, i.e. if the matrix elements Oy, are identical between eigenstates
taken from the energy window then owing to Y, |a,|? = 1 the sum above reduces to statistical
average of O taken from the microcanonical ensemble centered around mean energy of the system,

ie.
> len|*Onn = (O)micro (IV.14)

n

Note that these considerations do not rely on the assumption of system being described by a
pure state. Indeed we can think about an ensemble of pure states described by some initial density

matrix
Pmn(t = 0) = a(0)a,, (0). (IV.15)
Then clearly instead of Eq. (IN12) we get

(O®) = prn(0)Onme’Er=Em)t 1 N pnOnn (IV.16)

n
As long as the energy of the system is not too spread (which is always the case due to its additivity
and the central limit theorem) the ETH (O,,, = const(n)) immediately implies equivalence of this
long time average and the micro-canonical ensemble centered around the mean energy. Note that
since probabilities to occupy energy eigenstates p,, are time independent there is no need to specify
at which time they are computed.

We see that the picture of the thermalization in the quantum language seems to be quite
different than the corresponding classical picture. Time evolution in the basis of the (many-particle)

eigenstates is trivial, it is just dephasing. The chaos, ergodicity and thermalization are hidden in
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the nature of these eigenstates and time evolution slowly projects the initial non-equilibrium state
of the system into the statistical mixture of these states. Later we will see that the same process
of thermalization we can still view as a delocalization in the Hilbert space.

Let us now make an important remark distinguishing statements of typicality of random eigen-
states and the ETH. Typicality arguments tell us that if we take a wave function, which is a random
superposition of some basis states satisfying some macroscopic constraints like energy conservation
then from the point of view of local few body observables this wave function will be identical
to a microcanonical ensemble. Essentially typicality is a law of large numbers telling us that all
fluctuations between different wave functions drawn from such a distribution of observables are

suppressed in the size of the Hilbert space. In the top panel of Fig. 3 we illustrate a typical state

FIG. 13 Typical state of the noninteracting Ising model at fixed magnetization (top panel). The same state

after the local quench where spins in the middle region are flipped by an external pulse (bottom panel).

of the Ising model with a fixed magnetization (in fact the typical state will be a random super-
position of such states). For such state local magnetization will be well described by the Gibbs
distribution. Note that this statement does not rely in any way on the ergodicity of the underlying
Hamiltonian. Let us emphasize, however, that if we apply some external perturbation like flipping
spins in a localized region of space, we will create a very atypical state, where the magnetization
in the flipped region will have very different properties than the magnetization in the rest of the
system. If the system is non-ergodic, e.g. it represents non-interacting spins in an external field,
then this state can remain atypical for essentially infinitely long times. In other words if we project
the atypical state after pulse to the eigenstates of the integrable Hamiltonian we will select very
special states, which need not be thermal. On the other hand ETH states that in ergodic systems
all eigenstates of the Hamiltonian are typical. Therefore projecting this non-equilibrium state to
the eigenstates and dephasing restores typicality. In a way all states we create in a lab by apply-
ing various local perturbations to the system are atypical. This is precisely the reason why these

states are non-equilibrium. It is the dephasing or projecting such non-equilibrium states to the
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equlibrium eigenstates of the new Hamiltonian which restores typicality and leads to ergodicity.
ETH is, however, more than the simple statement about the equivalence of the diagonal matrix
elements of local operators to the micro-canonical averages. ETH puts strong restrictions on off-
diagonal matrix elements. Let us consider the expectation value of the variance of the local operator
in some eigenstate |n)
0% = (n|O?n) — (n|On)* = > [Opa? (IV.17)

m#n

If ETH works for arbitrary local observables it should apply to their fluctuations too, which are also
local observables. This means that 602 should be equivalent to the fluctuations of © computed
withing the microcanonical ensemble. For the simple setup of the weakly interacting gas we saw
that the whole distribution function of the momentum of each particle was given by the Maxwell-
Bolztmann form. Thus indeed all the moments of the kinetic energy of finite number of particles
will be identical to the statistical averages. But the sum above contains exponentially many terms,
which implies that the off-diagonal elements |Oy,,|, m # n are exponentially small. One possibility
is that most of the off-diagonal elements are equal to zero and very few are non-zero. But this will
be clearly inconsistent with the assumptions that the eigenstates are random superpositions of the
simple states. So the more natural ansatz is to assume that (M. Srednicki, 1996) the all the matrix

elements are exponentially small and that the following ansatz holds
Opm = (n|O|m) = eis(E)/2fO(E)w)0'nma (IV.18)

where E = (E, + E,,)/2, w = E, — E,, S(E) is the equilibrium entropy of the system, fo(E,w)
is some observable-dependent function, which slowly depends on the average energy E but can
change quite fast with the energy separation w and o, is some random variable with zero mean

and unit variance. Because for any Hermitean operator O,,, = O}, it is clear that the function

n

f(E,w) satisfies the following relation

fO(an):fg(E7 —W). (IVlg)
Such an assumption about the off-diagonal matrix elements are dictated by requirements of finite

fluctuations of the observable. Substituting the expression for the off-diagonal matrix elements

into the expression for fluctuations (IN-I7) and averaging over o2, we find that

50}, = / dw U By + w)e S EH2)| fo (B, + w/2,w)|?

:/ dweﬁw/2|fo(En+w/2,w)]2z/ dweﬁw/Qfo(En,wn?:Q/ cosh(Bw/2) | fo (Ensw) 2,
oo oo 0

(IV.20)
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where we used the assumption that the function fo(E,w) slowly depends on the mean energy E
and that we can expand the entropy to the linear order in w: S(E +w) ~ S(E) + fw. We see that
in order for fluctuations being finite the function fo should decay sufficiently fast with w. We can

extend the calculation above and in similar way compute non-equal time correlation functions

(n|O()0(0)|n)e = (n|O(t)O(0)[n) — (n|On)*

= / dw P12 fo (B + w/2,w)|? ~ / dw e EB2) £ (B, W) 2. (IV.21)

—0o —0o0
We thus see that |fo(F,w)|? is related to the spectral function:

ol Bl =/ [~ St (alOBOW) o) (1 22)
This function, for example, appears in the Kubo response relations. Suppose that the operator O)
is conjugate to some parameter A, i.e. Oy = —0)\H. For example, if X is the magnetic field then
O, is the magnetization, if A is a component of the vector potential then O) is the current and
so on. Then the Kubo relation states that (see e.g. G. D. Mahan, Many-particle physics, third

edition, 2000) the linear response to a time periodic modulation of A at frequency w is described

by the susceptibility y(w):

@) = i /0 "t ([0 (1), 0A(0)])

o0

= 27| fA(E,w)|? sinh(Bw/2) +][ dwq

—00

21 |AA(|E, wi)|? sinh(Bw: /2), (IV.23)

2 _ 2
wi —w

where the dashed integral stands for the principal value and we used the notation fy as a short
hand for the fo,. To derive the result above we used the ansatz for the off-diagonal matrix elements
(NTR) and the identity:
/ dte™" = 76(v) +iP—.
0 14
So we see that the absolute value of function f can be expressed through the imaginary part of

the susceptibility

/yan
205 )2 XA (E,w)
E R A Iv.24
‘f)\( 7("})’ 27TS1Hh(,6u)/2) ( v )
Substituting this into the expression for the fluctuations of Oy (IN-20) we find
1 oo
502 = / dwx (E,w) coth %u (IV.25)
T Jo



63

This relation is nothing but the fluctuation-dissipation theorem, which as we see directly follows
from the ETH.

We saw that the ETH following from the random matrix assumptions about the structure of
the ergodic Hamiltonians essentially amount to the indistinguishability between expectation values
of observables evaluated at different eigenstates with similar energies. The same assumptions lead
to the relaxation of expectation values of physical observables to the appropriate microcanonical
ensemble. We understood this relaxation in the sense that the time average of the expectation
value of an arbitrary observable approaches the so called diagonal ensemble (Eq. (IN-18)), which
in turn is equivalent to the microcanonical assumptions by the ETH. Next we want to understand
how representative this average is, i.e. whether this relaxation is not just the statement about
the average. In order to answer this question let us consider the average distance between the

instantaneous expectation value of the observable and its time average:

0 = ((0@) - <T9>)2, (IV.26)

where as before the over-line denotes the time average. By substituting the expression (IN18) for

the expectation value of O(t) and its time average we find

o’ = Z Pgrmpgponmopqei(E"_Em+E"_EQ)t - annOnanpOpp (Iv.27)

n,m,p,q n,p
Because the levels repel each other and there are no degeneracies the time average in the first term
above is non-zero essentially only if either n = m and p = ¢ or n = ¢ and m = p. In principle,
there are can be accidental degeneracies where F, + E, = E,, + E; with all four indexes being
different, but we will assume that they do not play a role. It is clear that the terms with n = m
and p = g will be exactly canceled by the second term in the expression above so the terms, which

will be left are those where n = ¢ # m = p and thus

o = ZPPHPnP‘OnP‘Q S Ce™® Z |Pnp|2 < Ce_STr(PQ) < Ce™, (IV.28)
n#p n#p

where we used the expression for the off-diagonal matrix elements of O (INI8) and C stand for the
upper bound for the function |fo|?, which is at most extensive in the system size. We thus see that
if our ETH assumptions are correct then the observable O relaxes to the statistical average given by
the diagonal ensemble not only in the sense of time average but that it actually stays exponentially
close to this average at almost all times. We emphasize that this statement does not imply that the
observable O does not fluctuate. For example by O we can understand energy or particle number

fluctuations. We proved that ETH implies that from the point of view of any local observable the
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quantum system behaves ergodically, i.e. differences between taking into statistical properties of
local observables with respect to the true time-dependent density matrix and its time average are
exponentially small. Therefore like in classical ergodic systems we can say that quantum ergodicity
implies relaxation of the isolated system to the microcanonical ensemble.

To demonstrate how ETH works numerically let us show results of the simulations from the
work by M. Rigol et. al. (M. Rigol, V. Dunjko and M. Olshanii, Nature 452, 854 (2008)). They

considered so called hard core-bosons in a two-dimensional lattice with the Hamiltonian

H=-7) (ala; +ala;), (IV.29)
(i)

where (ij) are the links connecting different sites of the lattice (see the top panel Fig. (I4), a;r, a;

are creation and annihilation operators for bosonic particles, which satisfy additional constraint
T T

on each site a;a; + a;a; = 1. This constraint implies that on each site there can be either one
or zero bosons. Physically this constraint can be realized by assuming that particles have very
strong repulsive two-body interactions. It is interesting to point that the hard core constraint
generates anti-commutation relations for bosons belonging the same site. This suggests that these
bosons acquire some fermionic properties. And indeed in one-dimension this is the case. By
performing the Jordan-Wigner transformation one can map exactly the hard core bosons to free
fermions. However, in higher dimensions this is not the case and the bosons are always different
from fermions. In particular, hard core bosons in 2D form non-integrable (ergodic) system. Let us
also point that hard core bosons are exactly equivalent to spin one half particles. By performing

the mapping
o =1- 2azai, o = ag, 0. = a; (IV.30)

it is easy to check that the operators &; are the Pauli matrices in the Fock space with the state with
zero bosons corresponding to a spin pointing along the z-direction (spin up) and the one-boson

state maps to the spin down. Then the hopping term maps to the in-plane spin spin interaction

T T

. . T T Yy Y
a;a; +aja; = 2(of0j +0;0}).

(]

The middle panel of this figure shows results of numerical simulation of the zero momentum
component of the density of hard core bosons along the z-direction as a function of time. For the
initial condition Rigol et. al. used the state where all the bosons (there were five particles overall)
were placed in the blue sector of the lattice, which was initially disconnected from the white sector.

Then at time ¢ = 0 they turned on the tunneling and observed the dynamics. This middle panel

shows the actual numerical data compared to three ensembles: canonical (in which the temperature



65

Initial

— Relaxation

=) dynamics
" | | — Diagonal
x H :
= - = Microcanonical

1.0 “| = Canonical

0'5 X | " | : | L

0 50 100 150 200
tJ

c 20 : I : T : T ;

— |nitial state

— Diagonal/relaxation
dynamics

- = Microcanonical

— Canonical

n(k,)

| X | L 1

k [2r/(L, )]

FIG. 14 Top panel: Geometry describing a two-dimensional lattice gas of hard core bosons. The links
describe the bonds with non-zero tunnel coupling. Initially five bosons were placed in the blue region of
the lattice, disconnected from the white region. Then at time ¢ = 0 the tunnel coupling connecting blue
and white regions was turned on and thermalization dynamics was studied numerically. (Image taken from
M. Rigol, V. Dunjko and M. Olshanii, Nature 452, 854 (2008)). The middle panel shows time evolution of
the zero component of the momentum distribution of the density of hard core bosons along the x-direction
after quenching the link connecting blue and white regions and comparison with diagonal ensemble and
two statistical ensembles (see text for more details). The bottom panel illustrates the whole momentum

distribution for the initial state, diagonal ensemble and two statistical ensembles.
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was chosen to match the mean energy), diagonal or time averaged and microcanonical (consisting
of a single eigenstate of the final Hamiltonian with the energy closest to the mean). As we see
from the figure the diagonal and micro-canonical ensembles give basically identical results and after
initial transient dynamics the true time-dependent expectation value of the observable stays very
closely to these two values. The canonical ensemble is slightly offset, which is not surprising for
small systems. From the ensemble equivalence it is expected that in the thermodynamic limit all
three ensembles will be identical. The bottom panel shows the whole momentum distribution for
the initial time as well as for the diagonal, microcanonical and canonical ensembles. Again we see
that the diagonal ensemble perfectly agrees with the microcanonical ensemble consisting of a single

eigenstate. Canonical ensemble is again slightly off due to the finite size effects.

2. ETH and localization in the Hilbert space.

There is another complimentary view of the ETH, which is much closer to the classical inter-
pretation of ergodicity as effectively the process of delocalization in the phase space. In quantum
systems we usually deal with the Hilbert space instead of phase space and therefore we can think
about the process of delocalization in the Hilbert space. In general in information theory and
in equilibrium statistical physics a good measure of such delocalization is Shanon or statistical

entropy
S=- Z pn log(pn), (IV.31)

where p,, are frequencies (probabilities) to occupy particular microstates, which are the energy
eigenstates . Because in equilibrium statistical mechanics the density matrix is diagonal in the
energy basis the statistical entropy is equal to the von Neumann’s entropy Sy, = —Tr[plog(p)]. It
is clear that the entropy is measure of delocalization: if p, = dnm, i.e. if only one state is occupied
then the entropy is zero and if p, = 1//N, i.e. all states are occupied with the same probability the
entropy is maximum S = log(N'). Because N is typically exponential in the volume of the system
the entropy is a very convenient measure of delocalization because it is extensive. Of course we
also know that the concept of the entropy is the cornerstone of the Statistical physics.

One can expect that the entropy can also serve a measure of delocalization in the dynamical
processes. it is clear that for isolated systems the von Neumann’s entropy does not change for
any dynamical processes even in ergodic systems. Thus we see that it is not a good measure for

ergodicity. However, the entropy of the diagonal ensemble or the diagonal entropy (Eq. (IN-3T)) is.
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This entropy basically measures delocalization of the system in the eigenstates of the Hamiltonian,

higher entropy implies that more states are occupied.
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FIG. 15 Probability distribution of occupying the eigenstates of the Hamiltonian describing one-dimensional
fermions with second nearest neighbor interactions breaking integrability (see text for details). The left panel
corresponds to a weak interaction, which is very close to the integrable case. The right panel corresponds to
the quench to the non-integrable case. It is clear that the probability distribution near the integrable case
is very sparse with only few states occupied. While in the ergodic case essentially all eigenstates within any
narrow energy window are occupied with similar probabilities. The plot is taken from Ref. C. Neuenhahn

and F. Marquardt, Phys. Rev. E 85, 060101(R) (2012).

Before discussing the expectations for the behavior of the entropy in ergodic and non-ergodic
regimes let us look into numerical results for a specific systems obtained by C. Neuenhahn and F.
Marquardt (Phys. Rev. E, 85, 060101(R) (2012).) The system they analyzed were one dimensional

spinless fermions with second nearest neighbor interactions:

H=—t Z(C}Cj.ﬁ,_l + C;Jrle) + V(nz — 1/2)(7’LZ‘+2 — 1/2), (IVSQ)
J

where n; = c;rci si the density operator. Second nearest interaction is required to break integrability
in this model, i.e. to induce ergodicity. They start from a Fock state with the mean energy
& = (Yo|H|v), where the initial wave function is a Slater determinant of different momentum
states then switch on the interaction V' and project the initial state to the eigenstates of the
interacting Hamiltonian. Then they analyze (the square root of) the probability to occupy these
eigenstates. The results of the numerical simulations are shown in Fig. (I3). The left panel shows

the distribution for quench to a small value of V' where the system is nearly integrable and the right
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panel shows the large amplitude quench. It is visually clear that in the former (nearly integrable
case) the system is strongly localized, i.e. the distribution function is highly inhomogeneous with
only few states occupied. On the contrary in the ergodic nonintegrable case corresponding to large
value of V' the distribution function is much more homogeneous with the states within any narrow
energy window being occupied with roughly the same probability.

These numerical results are actually quite consistent with ETH and allow us to understand
quantum ergodicity from yet another angle. The state created by the quench of a local perturbation
does not distinguish nearby energy eigenstates because they are very similar to each other (this
is the essence of ETH). For example, if we consider a small perturbation €V, where € is a small
number characterizing the amplitude of the perturbation, then the corrections to the eigenstates

of the Hamiltonian can be computed using the perturbation theory:

(n|V|m)

i) =In) +¢ 3
m#n

Thus the transition probability from the state |n) of an old Hamiltonian to some other state |m)

m)+ ... (IV.33)

of the new Hamiltonian is approximately given by

L llVImE o slfv(Bw)P
(En, — En)? w? ’

where we used Eq. (INI8) for the representation of the off-diagonal matrix elements and substituted

Pnm =~ € ’<n‘a ‘mH (IV.34)

the square of the fluctuating variable o, by its square. Since the overlap of two states is always
bounded by unity we see that the function fi (F,w) should vanish at least linearly with w. Therefore
the expression for the transition probability is free of divergences in the limit w — 0. Then from
ETH we see that the transition probability should be a smooth function of |m) possibly multiplied

by some positive random fluctuating variable encoded in o2,

. It is easy to see that the similar
situation persists in higher order perturbation theory. Essentially because all excitations are created
by a local operator we can not distinguish nearby eigenstates and thus can not selectively occupy
them. We thus come to an interesting conclusion that while ETH tells us that a single eigenstate
is sufficient to define the microcanonical ensemble, we can never selectively excite the system in a
single eigenstate but rather we always excite (exponentially) many of them.

These considerations immediately suggest that the entropy of the system should coincide with
the thermodynamic entropy. Indeed by writing p, = p(E, )0y, where p(E) is the smooth part of

the probability distribution and o, are fluctuating component with the mean equal to unity we

find

Z p(Ep)on log(p Z pnlog(oy) = Z p(Ey) log(p(Ey)) + O(1). (IV.35)
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The latter follows from the fact that >, p, = 1 and log(oy,) is always of the order of unity unless we
are dealing with pathological distributions. The first term in this sum is the von Neumann’s entropy
of the smooth ensemble, which is always extensive because the probability is distributed over
exponentially many states. Conversely in integrable non-ergodic setups the probability distribution
is localized in very few states and we expect that the corresponding entropy will be significantly
less than the equilibrium thermodynamic value. This was indeed confirmed in several numerical
simulations (see e.g. L. F. Santos, A. Polkovnikov, M. Rigol, Phys. Rev. Lett. 107, 040601
(2011)). Thus we see that ETH allows one to understand quantum ergodicity as delocalization in
the Hilbert space, which is much closer to the classical picture where ergodicity is understood as
delocalization in phase space. We will return to this issue one more time when we discuss ergodicity

in disordered interacting systems in the context of many-body localization.

3. ETH and quantum information

ETH also allows us to make important conclusions for information theory. The standard measure

of information suggested by C. Shannon in 1948 is precisely given by the entropy

I'=— an IOg(pn)7 (IV?’G)

where p, are the relative frequencies of the outcomes of different events like particular letters
appearing in words. Normally in information theory one uses log base two but we will ignore this
subtlety. In quantum systems one usually extends the Shannon’s definition to quantum information

using the von Neumann’s entropy
I = —Tr[plog(p)]. (IV.37)

In the basis where the density matrix is diagonal clearly the quantum information reduces to the
classical definition. Information theory is a very active field of research in the context of quantum
computing, quantum cryptography, information and black holes, informational thermodynamics
ete.

In these notes we will emphasize only one aspect related to the quantum ergodicity and ETH.
Let us assume that the system is in the pure state so that the quantum entropy is zero. Now suppose
we want to perform a series of measurements on the system to find out that this entropy is indeed
zero. For simplicity we assume that we deal with projective measurements. Such measurements

project the system to the measurement basis. From mathematical point of view this is equivalent
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to the quench to a measurement Hamiltonian and relaxation to the diagonal ensemble. Thus if
we want to measure the spin orientation along a particular axis, say z we apply a strong local

magnetic field h, along the z-axis, such that the Hamiltonian becomes
H — H — h,07, (IV.38)

where j is the location of the measured spin and h, is large compared to all other energy scales in
the problem. Then the eigen-basis of this Hamiltonian factorizes into a direct product of the spin j
pointing to the up and the rest of the system and the direct product of the spin j pointing down and
the rest of the system with the energy separation to the first approximation 2h,. Then very quickly
the spin j dephases so that the density matrix becomes diagonal with the entries proportional to
the probabilities of occupying the spin up and spin down states, which are conserved in time.
Because the measurement is done with the local operator according to ETH it projects the original
state to all the states within the energy uncertainty with roughly the same probability. For local
measurements the energy uncertainty is non-extensive because it corresponds to a quench by a
local operator. However, the number of states within non-extensive energy shell is exponential.
So we see that a single act of measurement, even if we measure orientation of a single spin in
the whole Universe, immediately induces extensive entropy into the system and thus loss of the
quantum information. Thus in ergodic systems pure states and quantum information associated
with them are extremely fragile. If one builds any kind of quantum information device, it has to

be non-ergodic.

4. ETH and the Many-Body Localization

So far we discussed that quantum ergodicity can be understood as de-localization in the energy
eigen basis. There is a strong numerical evidence that in disordered systems ergodicity is also
directly related to the localization in real space in many-particle systems, or so called many-body
localization (D. Basko, I. Aleiner, B. Altshuller, 2007). Before doing this let us briefly review single
particle localization following ideas by Edwards and Thouless (1972) formulated later as a scaling
theory of localization by the “gang of four” (E. Abrahams, P. W. Anderson, D. C. Licciardello,
and T. V. Ramakrishnan, 1979).

Let us consider a single particle in a weakly disordered system. In other words we assume that
disorder leads to isolated scattering events, which classically will correspond to a diffusive motion.

Let us now take the volume of linear size L and analyze qualitatively conductivity through this
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system, i.e. response of a particle to an infinitesimal linear potential. To do this we will look into
two energy scales. The first is the so called Thouless energy, which counts the energy uncertainty
due to finite time of a particle traversing traversing the boundary. In diffusive, unlike ballistic

systems, this time scales quadratically with the linear size:

L2
where D is the diffusion constant. Thus the energy uncertainty of any wave-packet is
h hD
Er=—=—. V.40
T ™ L2 ( )

This energy is precisely the Thouless energy. The other energy scale is the energy spacing between

single particle states:
(IV.41)

where w(F) is the single-particle density of states per unit volume. Comparing these two scales we
see that in dimensions above two d > 2 the Thouless energy scales down to zero slower with the
system size implying that as L increases more and more levels appear within the single-particle
energy shell. In turn this justifies the classical analysis and thus we expect that above two dimen-
sions wave packets centered around high energy (classical) states propagate diffusively through
the system, thus they are delocalized. This argument of course does not imply that all states are
delocalized. We can always have bound localized states in the system. Conversely in dimensions
below two the Thouless energy goes to zero faster than level spacing. Thus even if at short dis-
tances the system looks like diffusive once we reach long distances energy quantization becomes
crucial. The argument by the “gang of four” elegantly formulated in terms of renormalization
group transformation essentially states that diffusive transport pessist in the system as long as the
number of levels within the Thouless energy remains greater than one. If the Thouless energy flows
to zero faster than level spacing then eventually this condition gets violated and then the system

crossovers to the localized regime, where the localization length is given by
Br(€) = AB(). (1V.42)

In two dimensions the two energies scale in the same way so the argument is more subtle. Essentially
the result is that in two dimensions all states remain localized but the localization length can be
exponentially large in the dimensionless parameter hDw(FE).

For a long time it was believed that the phenomenon of localization only applies only applies

to zero temperature non-interacting systems. The argument essentially follows from the schematic
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FIG. 16 A figure illustrating the hopping conductiivty at finite temperature for fermions coupled to phonons.
Even if the ground state of fermions is localized at finite temperatures there is always a nonzero probability
of finding another localized state at slightly higher energy and move the Fermion there by absorbing a

phonon.

figure MB. Assume that at zero temperature all single-particle states are localized (to be specific
we assume that we are dealing with fermions). At zero temperature all states below the Fermi
energy will be occupied and all states above Fermi energy will be empty. As soon as temperature
becomes finite there is a non-vanishing probability within the Fermi-Golden rule for a fermion to
absorb energy from the phonon bath and jump to another site. The smaller the temperature the
smaller the chance since particles have to go to longer distances to find an empty state with nearly
the same energy. But as soon as the temperature is finite we will always get finite conductivity
(which is called hopping conductivity in this case). This argument has one implicit assumtion that
the Fermi-Golden rule can be applied. In the case of phonons this is justified because there are no
coherent revivals and collapses since e.g. the emitted phonon simply disappears to the continuum.

For a long time it was assumed that this situation is generic for any type of interactions, e.g.
particle-particle interactions will also immediately allow for transport at any finite temperature.
However B. Altshuller (1997) presented arguments, later refined by D. Basko, I. Aleiner and B.
Altshuller (2005) that this is not always the case. Essentially they argued that with local interac-
tions it is not sufficient to move one particle (this will cost too much energy), one also needs to
rearrange nearby particles, which is only possible in higher order perturbation theory. But as one
goes to higher orders in interaction strength the transition probabilities are getting more and more
suppressed. Using self consistent approximations they argued that this perturbation theory has
finite radius of convergence (in interaction coupling) and thus finite threshold for delocalization.
Moreovere they argued that this threshold is extensive in volume and therefore finite temperature
is not going to lead to immediare delocalization (see Fig. 7). These ideas were tested numerically
numerically by several groups, in particular by A. Pal, V. Oganesyan, D. Huse in 2007. They

considered a familiar to us one-dimensional spin one-half chain, which can be mapped to hard core
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(Basko, Aleiner, BA (2006))
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FIG. 17 Schematic phase diagram for the many-body localization proposed by D. Basko, I. Aleiner and B.
ALtshuller (2005). The plot is taken from B. Altshuller talk at KITP, UCSB (2012).

bosons, with an extra disordered magnetic field
L
H=> hjsi + J551, (IV.43)
j=1
where h; are uniformly and independently distributed random variables in the interval [—h, h].
This model does not have any known local integrals of motion other than energy for any h > 0. A.
Pal and collaborators focused on the infinite temperature state where all spin configurations are

equally probable. What they found numerically was consistent with the scenario of many-body

localization. Fig. (I8) shows numerically obtained phase diagram for this Hamiltonian, which
T=0c

ergodic phase localized phase

h
—) ~35
(5).

eritical point

| =

FIG. 18 Numerically obtained infinite temperature phase diagram for the disordered spin chain (see
Eq. (INZ3).) As the disorder increases the system becomes localized even at infinite temperature. Fig.

taken from A. Pal’s, PhD Thesis, Princeton (2012).

shows transition from delocalized to localized phase at infinite temperature as disorder increases.
These results were obtained by exact diagonalization in small systems and therefore they do not

prove existence of the transition in the thermodynamic limit but they show very strong indications.
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The authors determined this transition by several means. The first is they looked into mean square

difference of the local magnetization between adjacent eigenstates (Fig. (Id).) The results of this

-0.5 T T T T T
B N D D D
128 Lz L2 L ¥
p.N
-1+ E_\_i\ﬁ\i\: 4
-1.5r b

In [Imia(n) - mi(x(n+1)|]

FIG. 19 Mean absolute value of the difference of the local magnetization between adjacent eigenstates as a
function of the system size in the log scale. At strong disorder the difference stays finite even if the system
size increases implying that nearby eigenstates correspond to very different spin configurations. At small
disorder this difference, on the other hand, exponentially goes to zero indicating that nearby eigenstates are
nearly identical from the point of view of local observables. This regime is fully consistent with ETH. Fig.

taken from A. Pal’s, PhD Thesis, Princeton (2012).

numerical analysis supports existence of the transition between ergodic and non-ergodic phases. At
strong disorder the magnetization difference remains finite even if the system size increases. This
means that nearby energy eigenstates come from completely different spin configurations. This
clearly violates the assumptions of quantum ergodicity and ETH. In the week disorder regime, on
the other hand, this difference goes down exponentially with the system size. This means that
nearby eigenstates from the point of view of local observables (a particular local observable) look
indistinguishable. This is in turn precisely the statement of quantum ergodicity. Note that the
transition happens at infinite temperature and that there are no obvious integrals of motion in
the system. Based on our earlier discussion we can anticipate that in the former (non-ergodic)

case the statistics of energy levels will be Poissonian and in the latter (ergodic) case it will be
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Wigner-Dyson. And this is indeed what was observed (Fig. 20). This Figure shows the measure of

Many-body level statistics
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FIG. 20 Mean ratio of adjacent energy gaps r([l"] (see text for details). This ration shows a clear crossover

between the two values expected for the Poisson statistics 0.39 at strong disorder and the Wigner-Dyson

statistics at weak disorder 0.53. Fig. taken from A. Pal’s, PhD Thesis, Princeton (2012).

the level statistics (Poisson or Wigner-Dyson) encoded in a single number defined as

Inll’l(En — Enfl, En+1 — En)
max(E, — En_1,Eny1 — Ep)’

pln) —

(IV.44)

["]> —

and averaged over n. This number can be computed both for the Poisson statistics (ro') =
2In(2) — 1 =~ 0.39 and the Wigner-Dyson statistics <r£"]) = 0.53. From the figure it is clear
that as the system goes from ergodic to non-ergodic phase this number changes from the value
consistent with the random matrix statistics to the Poisson statistics. So we see that even at
infinite temperature and despite lack of existence of any obvious integrals of motion other than the
energy disordered systems can undergo phase transitions between ergodic and non-ergodic phases
in perfect agreement with general definitions of quantum ergodicity based on the random matrix
theory and ETH.

It is interesting that in this case the transition from ergodic to non-ergodic phase, which as
we discussed can be described as the localization transition in the energy space also coincided

with localization in real space (or equivalently phase space). Fig. (E0) illustrates memory of the

magnetization about the initial state in the long time limit. Specifically the authors start from the
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FIG. 21 Fraction of initial magnetization in the long time limit for the state prepared with initial long wave
modulation of the magnetization along the z axis. In the ergodic phase the memory rapidly disappears with
the system size, while in the non-ergodic phase the memory remains finite. Fig. taken from A. Pal’s, PhD

Thesis, Princeton (2012).

initial density matrix

1+ eM
po = — expleMy] ~ A

where

M, = g s?ezm]/L
J

and € is a small number. I.e. they start with a density matrix corresponding to a weak long-
wavelength modulation of the magnetization along the z-axis. Then initially the mean magnetiza-

tion is
(My(t = 0)) = TrlpoMi] = Z n|M?|n). (IV.45)

In the infinite time limit the system relaxes to the diagonal ensemble (this statement is unrelated

to the ergodicity) so the magnetization relaxes to

(M1 (1)) = 3 [l My ) P BBt Zrnuwn (IV.46)

m,n
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Thus a good measure of the memory plotted in Fig. 1 is the following function

(| M |n) |2

F =1 .
(n|MF|n)

(Iv.47)

In the localized regime this function is close to unity while in the delocalized regime this function
becomes exponentially small. This example highlights that at least in disordered systems quantum
ergodicity, which is understood as delocalization in energy space of the Hamiltonian, also coincides

with delocalization of the system in real space (or more generally phase space).

B. Exercises

1. Consider a gas of weakly spin one half particles in the external magnetic field with the

Hamiltonian

H = ho? + Hingt, IV.48
J
J

where H;,; includes weak spin-spin interactions. Let us assume that the energy eigenstates

are random superpositions of spins pointing in arbitrary direction:

n) = D Qspssylsi)]s2) - Isn), (IV.49)

81,82,...SN
where s; =1, | and ay,;} are random amplitudes taken from a uniform distribution as long as
the spin states satisfy the constraint —h ) ;5i = En. Show that under this assumption the

probability distribution for a single spin is exponentially in IV close to the Gibbs distribution.

2. Consider a square two dimensional lattice N x N with incommensurate hoppings along the

x and y directions such that the single particle Hamiltonian is

1

H = b Z [JI(az,jai-FLj + aLl,jai,j) + Jy(aj,jai7j+1 + aj’,jﬂai,j)} (IV.50)
2

Here i,j = 1,... N are the coordinates of the sites of the lattice along x and y directions
respectively. You can consider either open or periodic boundary conditions. You can choose

e.g. Jy=1and J, = V2 or something like that.

e Choosing N sufficiently large analyze statistics of energy levels. You may split the
entire energy spectrum into blocks of energy AFE, find average level spacing within

each block and normalize level spacings to this average value.
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e Now consider disordered array (still single particle), where on each link J, and J, are
drawn from some distribution, e.g. drawn with a uniform probability in the interval
[J —dJ,J 4+ §J] where 6J < J. Instead of this disorder you can consider all J to be
the same but some random bonds missing. If too many bonds are removed the system
should be split into isolated clusters. Now analyze statistics again. Is it Wigner Dyason

or Poissonian? Can you explain your answer.

e Now assume that you have two particles in the system with or without disorder. You
can consider hard-core bosons. Find the energy spectrum in this system and analyze
the statistics of the energy levels. If you consider periodic boundary conditions without
disorder it is important to work in the sector of fixed (e.g. zero) center of mass lattice

momentum since this is an additional conserved quantity.

V. QUANTUM ERGODICITY AND EMERGENT THERMODYNAMIC RELATIONS

We now turn our attention to deriving macroscopic thermodynamic relations from microscopic
dynamics. We will be using essentially only two assumptions: (i) systems relax to the diagonal
ensemble and (ii) all many-body eigenstates with close energies are identical from the point of view
of local observables. The first assumption agrees with our discussion that in ergodic systems the
density matrix approaches the diagonal form in a sense that for all local observables the difference
between diagonal ensemble expectation value and true expectation value becomes exponentially
small at long times (see Eq. (IN28)). The second assumption is the essence of the ETH. As we will
see next using just these two assumptions alone is sufficient to recover most of the thermodynamic
relations. Very often instead of these two assumptions it will be enough to start from the Gibbs
distribution. Recall that the latter automatically follows from (i) and (ii) if we are dealing with
subsystems of a larger, ergodic system. Indeed in this case from equivalence of a single eigenstate
of the whole system to a microcanonical ensemble we immediately conclude that small subsystems

must be described by the Gibbs distribution.

A. Entropy and the fundamental thermodynamic relation
Let us start our discussion from the fundamental thermodynamic relation:

dE = TdS — Fad, (V.1)
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where A is a macroscopic parameter like volume, magnetic or electric field and F) is the conjugate
generalized force like pressure magnetization or polarization. We first assume that the initial

density matrix is described by the Gibbs distribution

1
BER(N) V.2

Next we assume that there is some dynamical process resulting in infinitesimal energy change in
the system and possibly infinitesimal change in the parameter X\. The system can be either open or
closed during this process. After this process we let the system to relax to the diagonal ensemble,
i.e. reach new equilibrium state. Then the infinitesimal energy change is given by
dE =d <Z ,o,mEn()\)> => [En(/\)dpm + pm‘ii’"”dA]
n

n

OFE
= Endppn + | dX = Endppn — F\dA. :
3= Bupu + 3| 3= Eudpun — Bl (V3

Here we used the fact that energy levels are only sensitive to the external parameter A and do not
depend on the details of the process (e.g. slow vs. fast, isolated vs. open etc.). Thus the last term
in the first line can be written as the full derivative at a constant entropy, which is by definition
is the (minus) generalized force: F)\ = —0\F|s. Next let us compute the entropy change in the

system, i.e. entropy difference between the final and the initial equilibrium states:

dS = —d [Z Pnn IOg(pnn)] = - Z dpnn IOg(pgm) - Z dpnn (V4)

Note that the last term drops due to the conservation of probability. In the first term we use the

explicit form of the Gibbs distribution (M2) and get
dS =B En(Ndpmn (V.5)

Comparing the two expressions for the energy and the entropy change (M3), (H) we immediately
recover the fundamental thermodynamic relation (M1). Note that this derivation did not rely
explicitly on ETH and thus are valid whether the system is ergodic or not. As we discussed
above this is because the Gibbs ensemble implies equilibrium state whether we are dealing with
a system of non-interacting spins or the complex many-particle systems. But what if the system
is not described by the Gibbs ensemble? In this case ergodicity is crucial. Instead of repeating
the derivation above for an arbitrary ensemble let us look carefully into the entropy of the relaxed

system following some dynamical process

S<E) = - Z Pnn log<p’rm) (V6)
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Let us define some continuous function of energy p(E) such that p(E,) = pny. This function can
be e.g. simple interpolating function. Then the sum above can be formally written as the integral

over energy

S(E) = - / AEp(B)Q(E) log(p(E)), (vV.7)

where

QE) =Y §(E - E,)

n

is the many-particle density of states (we can also assume that it is continuous between energy levels
by taking an appropriate interpolation procedure). Now let us note that the product p(E)Q(E) =
W (E) is the probability distribution function for the energy. Indeed expectation value of any

function of energy is
FE) = punf (Bn) = / AEQ(E)p(E) f(E) = / IEW (E) f(E). (V.8)

It is also obvious from the definition that

/dEW(E) = ann =1,

i.e. this probability distribution is properly normalized. Representing p(E) as W(E)/Q(FE) in
Eq. (M) for the entropy we find that

S(E) = / dEW (E)Sp(E) — / dEW (E)log(W (E)) (V.9)

The first term is simply the average of the microcanonical entropy S,,(E) = log(Q(E)) over the
true energy distribution. As long as the latter is peaked around the mean value, i.e. as long as the
fluctuations of the energy are subextensive, this term simply reduces to the standard thermody-
namic entropy, which is extensive in the system size. The second term is more subtle. To analyze

it let us split the energy distribution into the product of the smooth and the fluctuating parts:
W(E) = W(E)o(E),

where W(E) is e.g. an averaged distribution over a non-extensive energy window containing
exponentially many energy levels and o(FE) is the fluctuating variable with unit mean. Then the

expression for the entropy can be further rewritten as
S(E)= / dEW (E)o(E)Sm(E) — / dEW (E)o(E)log(W (E)) — / dEW (E)o(E)log(o(E))

~ / AEW (E)Sy(E) — / dEW (E) log(W (E)) — / dEW (E)o(E)log(o(E)) (V.10)
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We used the fact that if the integrand is o(F) times arbitrary smooth function than o(E) can be
substituted by mean, which is unity. Here the first two terms define the smooth contribution to

the entropy:

Sem = / dEW (E)[Sm(E) — log(W (E))] (V.11)
and the last term is the fluctuating contribution

S fluct = — / dEW (E)o(E)log(a(E)). (V.12)

Unless the smooth part of the energy distribution in energy exponentially wide, which is impossible
unless the mean energy is also exponentially large, the second term in the expression for Sy, is
non-extensive, so the smooth entropy in the thermodynamic limit approaches the average micro-
canonical entropy. To be more specific let us recall that according to the central limit theorem
total energy, which is always approximately equal to sum of energies of subsystems, should have the
Gaussian distribution. This is true whether we are talking about ergodic or non-ergodic systems
as long as we deal with local interactions. Thus writing

W(E) = — exp [JE—E)T ,

V2rdE 20E2

and expanding the microcanonical entropy S,,(E) near the mean energy E

. D108 o (BB
5, () = Sul(E)+ BE = B) + 352 (E = BF - = Su(B) + (8~ B) = )+
where 0E? = —03E are the energy fluctuations in the canonical ensemble, we find
_ 16E? — 1 _ 1 [SE? §E
where

S.(E) = log (\/%MJCQ(E)) (V.14)

is the entropy of the canonical ensemble (up to corrections, which vanish in the thermodynamic
limit). The remaining correction to the entropy is usually non-extensive. It is easy to see that it
is always non-positive. This correction is zero precisely when the width of the energy distribution
coincides with the width of the canonical ensemble 6 E = § E.. This is expected since at given mean
energy canonical distribution maximizes the entropy of the system.

Now let us look into the fluctuating part of the entropy

S / AEW (E)log(o(E)). (V.15)
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If the distribution of o(FE) is bounded and independent of the system size then clearly the integral
above converges to a non-extensive number. This simply follows from the normalization of the
probability distribution W (E). This is precisely the situation arising in ergodic systems. Indeed
as we argued in the previous section ETH implies that all eigenstates with nearby energies are
similar to each other so in any dynamical process mediated by local interactions the states are
occupied with similar probabilities. The precise distribution of o(F) is not known at the moment,
most likely it is a Gaussian centered around unity. In any case independent of the details of o(F)
we recover that the entropy of the system is always given by the smooth part of the entropy up
to non-extensive corrections. The situation changes dramatically for non-ergodic systems. As we
discussed if the system is excited by some dynamical process the energy occupation is very sparse
such that only exponentially small subset of eigenstates is occupied. We will discuss this point in
more detail later, when we analyze integrable (non-ergodic) systems. This means that the function
o(FE) consists essentially of exponentially (in the system size) sparse and exponentially large peaks.
Then the fluctuating entropy can become extensive giving negative extensive correction to the total
entropy. In this case clearly the total entropy is not described by any thermodynamic ensemble.
The fact that for ergodic systems S(E) =~ Sgn(E) =~ S.(E) immediately implies that the
fundamental relation applies for any dynamical process even if the assumptions about the Gibbs
distribution are not valid. One can also check this explicitly. In fact we have proven a more general
statement that in ergodic systems the von Neumann’s entropy of the relaxed density matrix (we
can term it as the diagonal entropy since this is the entropy of the diagonal density matrix) is

equivalent (up to non-extensive corrections) to the canonical entropy.

B. Doubly stochastic evolution in closed systems. Fluctuation relations.

We now proceed with a more detailed analysis of consequences of ETH to dynamics in closed
systems. Le. in this section we will assume that the system is initially prepared in some initial
stationary state, i.e. on a diagonal ensemble with respect to the initial Hamiltonian. Then this
system is taken off equilibrium by some dynamical process, like an external pulse, which can be
either fast or slow. Then the system is allowed to relax to the new diagonal ensemble in the sense
we discussed before. This whole process can be described by some unitary evolution of the density

matrix

p(t) = U'poU, (V.16)
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where pg is the initial density matrix and
U =T, exp [—1/ dt'H (¢ } He PH (i) A (V.17)
0

is the evolution operator. The time ordering symbol implies that earlier times appear on the right.
In our analysis the precise form of the evolution operator will not be important. As we discussed
after dynamical process the system relaxes to the diagonal ensemble so that expectation values
of all observables are determined in the diagonal basis of the new Hamiltonian H (A1), i.e. the
Hamiltonian after the evolution. We denote the eigenstates of this Hamiltonian as |ny). The initial
density matrix by the assumption is diagonal in the eigenbasis of the old Hamiltonian H (\g): |mo).
Then from Eq. (V18) we find

prn(t) = > (na[UT mo) o (ol U ) Z (Ul P (V.18)

m

where we used that for unitary matrices Uy = (n|Ut|m) = (m|U|n)* = U,,. Note that indexes n
and m correspond to eigenstates of different Hamiltonians: initial (m) and final (n). Physically the
squares of the matrix elements |Up,,|? are the transition rates, i.e. probabilities of the transition
from the eigenstate |m) of the initial Hamiltonian to the eigenstate |n) of the final Hamiltonian as

a result of the dynamical process. Thus we can introduce the new notation

We use the terminology transition rate to reserve transition probability for the product of the
transition rate and the probability to occupy the state |m). Using these notations we can rewrite

Eq. (VIR) in the form of the many-body master equation

The transition rates are very familiar to us since we are routinely computing them e.g. within the
Fermi-Golden rule calculations. Here we are not making any assumptions about the validity of the
perturbation theory. Thus these rates p,,_., are some complicated functions, which depend on the
details of the system and the dynamical process. These rates, however, satisfy two very important
property. The first one is the conservation of probability

> pmon = _ (U m)(m[Uln) = (m|UU|m) = 1. (V.21)

n

Indeed from this equation we see that
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It is clear that conservation of probability is fundamental property of any evolution whether it is
unitary or not, so the property (V-21) must be always satisfied. The second important property of
the transition rates is
Y Pmn = Y (|UTm)(m|U|n) = (n|UTU|n) = 1 (V.23)
m m
This property of the transition rates is much less intuitive. It tells that for the unitary evolution
the sum of the transition rates to any state is the same. Clearly this property is violated for
spontaneous emission, which is not a unitary process. Indeed for a two-level system the rate to go
from the higher energy state to the lower energy state is generally nonzero if spontaneous emission
is allowed, while the opposite rate is zero. On the other hand for stimulated processes, which can
be described by unitary dynamics of a two-level system in an external electro-magnetic field the
emission and absorption probabilities are the same. In mathematics the matrices satisfying the

condition

are called doubly stochastic. Thus for unitary process the transition rate matrix is doubly stochas-

tic. Note that product of two doubly stochastic matrices 7" and R is again doubly stochastic,
e.g.
Y (TR)mn =Y TngRgn =Y Tng=1. (V.25)
n n,q q
This immediately implies that unitary dynamics is sufficient but not necessary condition for double-
stochasticity of the transition rates. E.g. we can add arbitrary projection operators (perform
projective measurements) to the dynamics, which break unitarity. The transition rate matrix will
remain doubly-stochastic. The simplest non-unitary process can be described by some unitary
dynamical process then waiting for a random time (which is equivalent to the time averaging of
the density matrix) and then another dynamical process.
We can rewrite the master equation (M20) in a more convenient form
Prn(t) = P + > (PmsnPrm — ProsmPron) = Pon + > P (P — Poon) (V.26)
m m
The first equality simply follows from the conservation of probability and has a standard form for
any type of master or kinetic equations that the change in the probability of occupying state n

increases due to transitions from other states m to n and decreases due to transitions from the
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state n to other states m. The second equality is less intuitive and it relies on the doubly-stochastic
nature of the transition rates.

The master equation describes evolution of the density matrix between two stationary states as
a result of some dynamical process (pulse). A natural question to ask is what will happen if we
repeatedly drive the system allowing it relax between the pulses. This will be an analogue of the
quasi-static process with the important difference that we do not need to assume that the system
is coupled to some external heat reservoir. The first question to understand is existence of the
stationary distribution under this evolution, i.e. the distribution which does not change under the
doubly stochastic evolution, i.e.

Pnn = Pnn + me—m (pnn - pmm) (V27)

m

Looking carefully into this equation we see that there is indeed an attractor, which is constant
probability distribution p,, = const, which is simply the infinite temperature state. This result
means, for example, that if we start from a 3-level isolated system with 1/3 occupation probability
for each level then this distribution can not be changed by applying an arbitrary external pulse
or sequence of pulses. Let us also note that the infinite temperature state is also the maximum
entropy state. Next let us show that this uniform distribution is an attractor (and generically the
only attractor) for the doubly-stochastic dynamics. In order to prove this let us introduce the
distance between the uniform distribution p$°, = 1/N, where A is the Hilbert space size, and the
current distribution p,, and show that this distance can not increase. It is convenient to define
the distance between the two distributions using the language of the information theory, known as

the Kullback - Leibler (KL) divergence (also known as the relative entropy):
Pn
D(pllg) =Y pnlog (q) : (V.28)

The KL divergence is non-negative (D(p||g) > 0) and it is equal to zero only if ¢, = p,. This

statement is know as the Gibbs inequality. To prove this statement we can extremize the function

D(pllg) + 2D (g —1) (V.29)

with respect to g,, where we introduced the Lagrange multiplier A to enforce the probability
conservation. Then we find

- z—” T A=0, (V.30)

which immediately implies that g, = p,. The fact that this is the minimum, not the maximum,

trivially follows from e.g. observing the second derivatives of Eq. (8-29) are non-negative.
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Let us now prove that the KL divergence between the distribution p, 2. Note that for the
infinite temperature distribution this KL divergence or the relative entropy is also the entropy

difference between that of the infinite temperature state and of the distribution p,. Indeed

D(pl[p>) Z pnlog(pnN) = log(N) — S(p) (V.31)

So the statement that the distance between p and p° decreases is simply equivalent to the second
law of thermodynamics for an isolated system stating that as a result of arbitrary dynamical
processes its entropy should either increase or stay constant. To proof of the entropy increase relies
on the Jensen’s inequality that for any convex function ¢(x) such that

d*¢(x)

dxz?

>0 (V.32)

we have

¢ (Zm%) < pad(xn), (V.33)

where p; are arbitrary non-negative numbers satisfying > p, = 1. Basically the Jensen’s in-
equality states that for arbitrary probability distribution the function of the mean is less than the
mean of the function. Let us sketch the proof of the Jensen’s inequality. First assume that the
probability distribution pg,; has only two entries p; and pg = 1 — p;. Then Jensen’s inequality
can be trivially seen from plottong the convex function and observing that it is always below the
straight line connecting the points x; and x. For higher number of entries we can easily extend

this proof

Pn
- Pl

¢ p1$1+(1—p1)zlfn Tn | <p1é(z1) + (1 —p1)o

n>2 p1 n>2

< pro(en) + (1= p) () + (1= pr=pa)d | 3 gt | <o (V34)

1 nzgl—pl—pz

Now let us apply this inequality to the function ¢(x) = xlog(z), which is clearly convex, using
Ty = pO and Py = Pm_sn for fixed n. Note we need double-stochasticity to satisfy Y omDPm = 1.

Then from the Jensen’s inequality we find

pn10g(pn) meﬁnpm log (ZM—mPl) < Pmosnpdy log(pd,) (V.35)

2 To shorten notations we denote p, = pnn
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Summing this relation over n we find that
—S(p) = paloglpn) <> phlog(ph,) = =S(p°) = Sip) > S(p"), (V.36)

which is exactly the statement that under the doubly-stochastic evolution the entropy can not
decrease. This means that the stationary flat distribution corresponding to the maximum entropy
is the attractor of such evolution. Moreover it is the only attractor unless transition rates pm—n
to certain states are identically equal to zero due to e.g. symmetry reasons. Note that in this
proof we never relied on ergodicity or ETH, the entropy increase is a general property of any
double-stochastic evolution.

From this result we immediately recover the famous Boltzmann’s H-theorem for weakly inter-
acting particles. Indeed assume that between collisions the particles are allowed to relax to the
diagonal ensemble of the noninteracting Hamiltonian:

2
p.

J

In this ensemble the eigenstates factorize |1 >= I1; ]1/1](-”)> and hence the entropy is the sum
of entropies of individual particles (this is true whether particles are fermions, bosons or distin-
guishable classical particles). Then if we turn on interactions for a period of time and then let the
particles to relax again in the non-interacting basis as we just proved the entropy increases. But
these assumptions about relaxation (loss of phase memory) are precisely the assumptions of the
kinetic theory within which H-theorem is proven. So we proved the H-theorem even without need
to write down explicit kinetic equations. I.e. we proved it for any type of interactions as long as
collisions between particles are uncorrelated.

Now let us exploit another property of the unitary evolution: the existence of the time reversal

transformation. Recall that for time independent Hamiltonians from the Schrodinger equation
ihd|) = H1p) (V.38)

it follows that ¢ — —t is equivalent to |¢) — [¢*) and H — H*. We are considering in general a
time dependent process, where H(t) changes according to some protocol in the interval ¢ € [0, ¢o].
Then by the time reversal Hamiltonian we will understand Hp(t) = H*(typ —t). It is then clear
that the complex conjugate of the wave function evolves under the time reversal Hamiltonian H.

In particular, this implies that

(n(to)|Um(0))* = (m(0)|U|n(to)), (V.39)



88

where U is the evolution operator with the time-reversal Hamiltonian H. The arguments ¢ and 0
in the basis vectors imply that they are taken with respect to the initial and final Hamiltonians.
Note that if in each moment of time the Hamiltonian H (¢) respects time-reversal symmetry then
one can formally change the time propagation direction ¢ — —t without changing the transition
probability (this amount to the reverse process to occur in the interval [—tp,0] with the forward
moving time. Also in this case time reversal of the Hamiltonian is simply time reversal of the
quench protocol H(t) = H(tg —t). From the equation above we find a very important property of

the transition probabilities

where tilde implies the transition probability for the time-reversal process (as before we imply
that indexes m and n correspond to the initial and final Hamiltonians). In particular, for systems
with the time reversal symmetry and the time symmetric protocols: H(t) = H(ty — t) we have
Pm—sn = Pnom- Lhis equality also holds for the transition probabilities computed within the
first order of the time-dependent perturbation theory (e.g. within the Fermi-Golden rule) even if
the protocol is not symmetric. Mathematically the result (MA20) states that the transpose of the
doubly stochastic matrix is also a doubly stochastic matrix. Thus the transpose of the transition
rate matrix can be viewed as the rate matrix of some other process, which for unitary evolution is

the time reversal process.

1. Jarzynski and Crooks relations.

The microscopic detailed balance (M-40) leads to very powerful fluctuation theorems. As earlier
we first consider initial Gibbs distribution and then show how one can generalize the results to
arbitrary initial states using the assumptions of ETH. The fluctuation theorems deal with the
probability of doing work during some dynamical process during which the system can be considered
isolated. By definition in this case the work is equal to the total energy change during this process

so the probability of doing work W is

PW)=Y" zfme‘ﬁEm“”pm%a<En<Af> = En() = W)

_ ?&’? 2 z(lme’3En<kf>+ﬁwﬁn%m6<Em<Ai> - B+ W) = 280V B, (Va1

n,m
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Using that by definition Z(\) = exp[—BF()), where F()) is the Free energy of the system we

rewrite the result above in the form known as the Crooks relation (G. Crooks, 1998):
P(W)e W = P(—W)e PAF, (V.42)

where AF = F(Ay) — F();) is the equilibrium free energy difference between the final and initial
Hamiltonians. Clearly for the cyclic processes Ay = \; we have AF = 0 and the Crooks relation
has a particularly simple form. In words, the Crooks relations states that the probability of doing
a work W during some dynamical process is related to the probability of doing the negative of the
same work (starting from the Gibbs distribution with the same temperature) in the time reversal
process times the factor exp[fW — BAF]. Integrating the Crooks relation we find the Jarzynski
relation or the Jarzynski equality (C. Jarzynski, 1997):

(exp[—fW]) = exp[-BAF]. (V.43)

This simple relation is one of few known non-equilibrium relations. It states that the expectation
value of exponent of the product of the negative work multiplied and the inverse temperature
gives essentially an exponential of the free energy difference. l.e. the Jarzynski relation connects
the dynamical quantity, work, which depends on the details of the protocol and the equilibrium
quantity, which is the free energy. In particular, this relation can be used to measure free energy
differences in small systems by measuring the work. In large systems the Jarzynski relation is
typically not very useful because the function exp[—pW] will be dominated by very rare events
where the work is small.

Now let us derive similar relations without making assumptions about the Gibbs distribution.
Specifically we analyze the work rate, R(w), which is defined as the probability of doing the work
W starting from a given energy eigenstate |m). By definition the latter is given by
R(Em,W) =Y pmnd(En—Em-W) = / A, (En)Pm—nd(En—Em—W) = ProsnQ, (Em+W),

n#Em
(V.44)

where Py, is the mean transition rate between the energy levels. According to ETH in ergodic
systems the transition rates between nearby levels are very similar to each other and thus p,, ., is
a typical microscopic transition rate. Now let us analyze the work rate for the time reversal process

where we start at energy F,, + W and do the negative work —W. Using similar considerations we

find

R(Em +W,-W) = En—an(Em) = Pm—sn$(Em) (V.45)
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Comparing these two relations we find that

R(Ery, W), (Er) = R(Ery + W, =W)Q, (B + W)

= R(Ep, W)eQuEm) =S EntW) — R(E, + W, —-W). (V.46)

If we apply this relation to an infinitesimal process where W is small and Ay — \; = A\ is also

small then we can expand the entropy difference in the expression above and find

R(Ep, W) exp[—BFA\AN — W] = R(E,, + W, -W) (V.47)
Integrating both parts with respect to W and using that R(E, W) only weakly depends on E we
find

(exp[—pW]) ~ exp[—BAF], (V.48)
where we used that
AF = —SAT — F,\ A\ (V.49)

so that at constant temperature AF = —F)\A\. Essentially we got the Jarzynski relation dropping
the assumption about the Gibbs distribution. Instead we had to rely on the ETH assumptions that
the transition rates to all the levels within a narrow energy shell are very close to each other. Also
now this relation only holds approximately for processes where work and changes in the coupling
constant are small. Nevertheless, as we will see in the next section, this relation is very powerful
allowing us to find fundamental drift diffusion relations (Einstein relations) for driven isolated

systems.

C. Energy drift and diffusion in driven systems. Fokker-Planck equation and Einstein relations.

Fluctuation theorems outlined in the previous section can be used to understand energy flow in
a system subject to an external noise, i.e. to external uncorrelated (in time) external drive. This
setup is very analogous to the heating in a microwave oven. The heating there occurs not due
to the coupling to external heat reservoir (like in conventional oven) but rather due to applying
time-dependent electro-magnetic field. Even though this field is periodic in time, typical relaxation
time in the systems is much faster than the pulse frequency so our assumption about uncorrelated
perturbations is valid there. We will assume that this process is quasi-static, i.e. the system relaxes

to the diagonal ensemble between the pulses and that the energy change (i.e. work on the system)
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within each pulse is small (see Fig. B2). Thus we are effectively consider a quasi-static process,
where at each moment of time the system is described by a local equilibrium (diagonal ensemble),
which does not have to be canonical. We can anticipate that the heating of the system should be
described by the drift-diffusion equation, where the drift corresponds to the average energy flow
and the diffusion to the energy spread. In general drift and diffusion are uncorrelated, but as we

will see the fluctuation theorems put strong constraints between the two.

>\A

B

v

t

FIG. 22 Schematic representation of a continuous process as a series of jumps following relaxation. This
approximation can be rigorously justified within the (adiabatic) time-dependent perturbation theory if the
relaxation time (to the diagonal ensemble) in the system is short compared to the characteristic time scale

associated with change in A

1. Derivation of the Fokker-Planck equation.

Now let us use the the fluctuation theorems to derive the evolution of the energy distribution
in a closed system, which undergoes the quasi-static process. To simplify the derivation we will
assume that the process is cyclic. For the non-cyclic process one simply needs to split the energy
change into the adiabatic deterministic part, which reflects the possible shift of energy levels with
A and the heating, which will be described by the same equation as in the cyclic process. For this

purpose we rewrite the master equation

pr(t+6t) = Pmsnpm(t) (V.50)
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as an equation for the energy distribution. For small enough §t the transition rates p,,—,, should
scale as dt. We will implicitly use the fact that the probabilities to occupy energy states p,
are the smooth functions of n. Multiplying both sides of the equation by Q(FE) and using that
on(E)Q(E) = P(E) we find

P(E,t + 6t) = /dWR(E —W,W)P(E — W,t) (V.51)

where W = E,, — E,, is the work and R(E — W, W) = p;,,Q2(Ey,) is the transition rate introduced
earlier. Because by the assumptions of the quasi-static process the work at each step is small
W o 0t we can utilize the fact that P(E) and R(E, W) are very slow functions of W and perform

the Taylor expansion:
W2
P(E-W,t) ~ P(E)—W@EP(E)+78%EP(E)+. oy, RIE-W, W)~ R(E)-WOgR(E,W)+...
Then we find
O P(E,t) = —(0W)OpP(F) — P(E)Og(dW)

+ %<5W2>8%3 pP(E) 4+ 0pP(E)0p(W?) + %P(E)aEE<5W2> +.0., (V.52)

where we use (W) instead of (W) to emphasize that the average work is small, proportional to

0t. And finally let us note that
(OW?) = (SW?), + (6W)?

Because (§W) oc 6t the last term is of the order of 6t? and can be skipped. Introducing the standard

notations

AE) =W gy~ , (V.53)

which play the role of the energy drift and diffusion we rewrite the equation for P in the following

form
O P(E) = —0r [A(E)P(E)] + %31251; [B(E)P(E)]. (V.54)

This equation is precisely the Fokker-Planck equation for the energy distribution. In general
the drift and diffusion coefficients are independent functions of energy, but as we will see next,

fluctuation relations put strong constraints on these coefficients.
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2. Einstein relations between drift and diffusion.

Let us first present a very simple derivation of the drift-diffusion relations, which is very similar
to the standard derivation of the Finstein’s relations for diffusion in space. The Fokker-Planck
equation (M54) should give the same stationary solution as the original master equation. In the
previous section we showed that the attractor of the master equation for the unitary dynamics is
the uniform distribution. This means that the locally-uniform distribution should be also a fixed
point of the Fokker-Planck equation. But p, = const implies P(E) = CQ(FE). Substituting this
distribution into Eq. (V54) we find

0 = —O[A(E)Q(E)] + %Q%E[B(E)Q(E)] ~ AE)QE) + %8E[B(E)Q(E)] — const.  (V.55)

It is clear that the constant term must be zero because if we go to the energies where there are
no states Q(F) — 0, e.g. approach the ground state energy, we do not expect A(E) and B(E) to

exponentially blow up. Therefore we see that the following relation should hold

A(E) = gB(E) + 05B(E) (V.56)

In large systems, where the energy is extensive the second term is clearly suppressed and therefore

we get
B(E) (V.57)

This result actually states that the unitarity of the evolution and ergodicity put very strong con-
straint on energy drift and diffusion and that for any quasi-static process energy drift (heating
rate) is uniquely related to the energy diffusion. This result also represents the differential form of
the second law of thermodynamics in the Thompson form. Because B is non-negative by definition
it guarantees that the average work for a small cyclic process is non-negative provided that the
temperature is positive. In the derivation of this relation we made some implicit assumptions.
In particular, we assumed that even if py, is constant locally in energy then the corresponding
Fokker-Planck equation should be stationary. This is only the case if the work has a narrow dis-
tribution, i.e. we do not allow rare processes which significantly change the energy of the system.
Next we will give a more formal derivation of this relation using the fluctuation theorems and see
more rigorous conditions for the validity of Eq. (M58).

Now let us give a more formal microscopic derivation of this result using Eq. (M-28). Again for

simplicity we assume that we are dealing with the cyclic process so that AF = 0. Also to simplify
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the derivation we will assume that the process is symmetric in time so that R(E, W) = R(E,W).
This assumption can be relaxed. Expanding slow functions of work up to the second order in W

we find

2
R(Ey,, W) exp [—m/v - 18/Bw2} ~ R(Ep,-W) + WOgR(En, —W) + WT8EER(EW —W)

20F
(V.58)

Integrating both parts of this equation over the work W and again using that (W) o §t we find

10 1
<exp |:_ﬁW - 26§W2:| > ~1—0p(W)+ §8EE<W2>C (V.59)

Now let us take the logarithm of this equation neglecting all the terms proportional to 6t like

(W)2 and (0g(W))? and denoting as before A(E) = (W) and B(E) = (W?).. Then we find

2 108 1

It is easy to check that we recover the relation M58. But now we know the requirements for this
relation to hold. The first requirement that the work is indeed small in a sense that expansion of
the entropy into the Taylor series is justified

9p

S5

< (W) & Ar < TCy, (V.61)

where 7 is the relaxation time in the system, which defines the minimum value of §t in our quasi-
static approach. In other words the energy added to the system during the relaxation time should
be small compared to T'Cy,. For continuous processes where A oc dt this requirement is always
satisfied. But we can also consider discrete processes and still be OK. Note that the specific heat
Cy = T?0rE is extensive so the “small” work condition can be satisfied for global processes where
the energy change is extensive. The second more subtle condition is that the third cumulant in

the expansion of the LHS of Eq. (M119) must be small, which brings are to the requirement that
BEW3) . < BW) & (W3, < THW). (V.62)

This requirement physically means that not only we have a small average work, but also this work
is done by small increments. For example for a spin one half particle flipping one spin with a
small probability guarantees a small work, but the third cumulant of work is not small unless the
temperature is large compared to the level splitting. So typically the last requirement implies that

we work in a suitable high-temperature limit.
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3. Application: heating of a particle in a fluctuating chaotic 2D cavity

Let us apply the formalism above to a very simple problem of a classical particle moving
in a chaotic cavity with fluctuating boundaries (C. Jarzynski, 1993). The setup is presented

in Fig. N-C3 The assumption that the cavity is chaotic implies that there are no correlations

between consequent collisions. Alternatively we can assume that we move the boundary inducing
an energy change then wait until the system relaxes to the stationary (diagonal) distribution and
then continue. We also assume for simplicity that we preserve the volume (area) of the cavity so
that the density of states does not change in time and we should not worry about adiabatic terms.

First we compute the energy drift and diffusion rates microscopically. Denote the velocity
of the particle as ¥ and velocity of the wall as 17/ 2. Because we deal with volume preserving
perturbations ‘7/ 2 averaged either over time or over the area of the cavity is zero. Then as we
know from elementary mechanics as a result of the collision with the wall the component of the

velocity of the particle changes according to
ToT-V (V.63)

This means that the energy change of the particle per collision is

—»_‘72 2 B ‘72 V2
m<v2)—m02:mt7v+m2 ::l:va_V—l-m2 ;

(V.64)

where v, is the velocity component orthogonal to the wall and parallel to V with the convention
that the plus sign implies the wall and the particle move towards each other and the minus sign
implies that the particle and the wall move in the same direction. The probability of collision (per
unit area) is proportional to the relative velocity of the particle towards the wall. For the collisions

where the velocity of the particle increases the latter is

ps = %m +V/2)dt, (V.65)



96

where ¢ is the proportionality constant (for many particles it is proportional to the particle’s
density) and we inserted a factor of one half for convenience. On the other hand for collisions,

where the velocity of particles decreases the probability of collision is
p< = %(w —V/2)ét. (V.66)

We will be interested in slow velocity regime of the wall V' < (%), where the process can be thought
of as diffusive, so we will ignore rare situations where v; < V. The average heating rate (energy

drift) is thus

A mV?
2

(p> +p<) +mV (vips —vip<), (V.67)

where the overline implies averaging over v, . Using explicit expressions for ps. and p. we find that

both terms give identical contributions and thus

1 [ 2F 1
A(E) =mV?(v,) = mv22— / d¢sin(¢) —cht = —V2mEV?¢ét. (V.68)
™ Jo T

To compute the fluctuations of energy change we note that

. 2
T+ V 2 2 2v4
SF? = (m ( +2 ) _ mv2> =m0 V2L mV3u, + m (V.69)
Since by assumption v > V we can ignore the last two terms in the equation and find that
22,2 (0 4 ) av2 [ 2E 2 " 03 1 4
B(E) =~ m*V*v{ (p> + p<) = m*V*= | — 2—0& dosin®(¢) = =V 2E3mc5t§ (V.70)
m T 0 T

So we found the following expressions between the drift and the diffusion coeflicients:
4
A(E)=CVE, B(E) = §C’E3/2 (V.71)

Now let us check if these satisfy the Einstein relation (V58). Recall that 8 entering this relation is
simply derivative of the logarithm of the density of states. Since we are dealing with a single particle,

this will be a single particle density of states, which is constant in two dimensions Q(E) = const.

Therefore by definition 5(E) = 0glog(2(E)) = 0. Thus the Einstein relation reads
2A(F) = 0pB(E) (V.72)

It is obvious that the coefficients A(FE) and B(FE) satisfy these relations. So in fact there was no
need of doing these relatively elaborate calculations, it was sufficient to note that A(E) must be
proportional to v/E, which is obvious because the average number of collisions is proportional to

the magnitude of v ;. Then the Einstein relation immediately fixes the energy dependence of B(E).
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With the relation 71 in hand we can rewrite the Fokker-Planck equation describing the heating

process as
OP(B,1) = ~COp(VEP(E, 1)) + > Copp(E*P(B,1)) (V.73)

Upon careful look we see that if we scale t as V/E then the equation above becomes dimensionless.
We can always fix the constant C' at arbitrary number by redefining the time units. It is convenient

to choose C = 6.

1 1
P(E,t) = ——f(VE/t) = —— V.74
(B.t)= 5= FVE/) = S (0 (V.74
This form of P is dictated by the normalization condition
- / P(E,)dE — / dVE) F(VE/t) = / deF(©). (V.75)
0 0 0
Substituting this ansatz into the Fokker-Planck equation above we find
1 L, 3 2 Ly, 1
— — ] == + — + — V.76
wee! ol = avme! tEe! T e ! (v.76)

or equivalently

Eff+Ef +f=0 (V.77)

It is easy to check that this equation is solved by

f(§) = §exp[—¢]. (V.78)

So we see that the energy distribution asymptotically acquires the universal form

VE

t

1
P(E,t) = 5 exp

> (V.79)

This is clearly not the Gibbs distribution, but it shares some of its properties. In particular, it
decays with energy faster than any power law so that all the energy moments are well defined.
This distribution is definitely wider than the Gibbs distribution so it can be interesting to compare

the widths of the two. Computing the first and second moments of the energy we find

(E) :/oo dE EP(E,t) = t* /OO de €3 exp[—€] = 612, (E?) =t /OO de €5 exp[—&] = 120t
’ " ’ (V.80)

Therefore

SE = \/(E?) — (E)2 = V841> = \/Z<E> ~ 1.53VE (V.81)
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On the other hand for the Gibbs ensemble we have
0FE = (E), (V.82)

which follows from dE = T?Cy, Cy = 1 and T = (E). So we see that the distribution we are
getting is approximately a factor 1.5 wider than the Gibbs distribution. If we now assume that
we are dealing with a non-interacting gas of many-particles (such that time scales for heating are
faster than time scales for re-equilibration of the gas) then the total energy distribution will become
Gaussian due to the central limit theorem but the width will remain a factor of 1.5 bigger than
the equilibrium Gibbs width. Since we generated a non-equilibrium distribution, it should also
have lower entropy than the equivalent Gibbs one. For one particle in two-dimensions (with the
constant density of states)
0o 0o
S(t) = —/0 dEP(E)log(P(E)) = log(2t?) +/0 de€? exp[—€] = log(2e%t?)

= log <2§2<E>> ~ 1 +10g[0.906(F)]. (V.83)

While for the exponential Gibbs distribution the entropy is

T upE i E e (LB 21110
Sep = /0 4P 1g<<E> ) 1 + log|(E)] (V.84)

So we see that the non-equilibrium heating results in the entropy smaller by —1log[0.906] ~ 0.1
than in the equilibrium case. For many particles this gives an extensive entropy gain equal to
0.1N. This entropy gain can be used, e.g. to build more efficient heat engines and even to beat
the fundamental Carnot bound in some cases. Indeed this fundamental bounds are related to to
the requirement that the entropy increase in the work body of the engine results in minimal losses
of energy to the bath, which is TAS. Smaller entropy increase results in lower bound for energy
losses and thus can be used, at least in principle, to construct more efficient non-ergodic engines.

It is interesting that the same setup describes the energy distribution in a Lorentz gas (L.
D’Alessio and P. Krapivsky, 2011). This gas is defined as a system of noninteracting light particles
colliding with a dense gas of heavy particles moving with some average velocity V. If the ratio
of the masses is very large than there is no effect of the collision on heavy particles so the latter
serve precisely the role of moving boundaries. So the resulting kinetic equation for light particles
is exactly equivalent to the Fokker-Planck equation we discussed above. Let us point that the
ensemble of heavy particles can be viewed as an infinite temperature heat bath. Indeed the average

energy of heavy particles M (V?)/2, which defines temperature, diverges in the limit M — oo at



99

fixed (V2). Thus we see from this simple example that external quasi-static driving of an isolated
system is equivalent to the coupling to the infinite temperature bath. In the next section we will

see that this statement is actually very general.

4. Exercises

1. Consider a setup of Sec. N3 but in d-dimensions. Repeat the microscopic derivation of the
drift and diffusion coefficients A(E) and B(E) in the slow limit for the wall and make sure
that they satisfy the Einstein equation with the appropriate density of states. Show that in
the large d limit (d > 1) the term g B/2 in the Einstein relation becomes negligible. Using
a similar scaling ansatz solve the Fokker-Planck equation and show that at large dimensions
d > 1 it looks Gaussian but still with non-equilibrium width. Dimensionality here plays
the role of the phase space dimensions so large dimensionality is similar to having many
particles. Find the entropy of the resulting distribution (remember to take into account the
correct density of states) and compare it with the equilibrium entropy at the same mean

energy.

D. Doubly stochastic evolution in open systems. Drift-diffusion and Onsager relations.

So far we focused our attention to isolated systems subject to time-dependent external per-
turbations. Next we move to open systems. To describe those we do not need to develop a new
framework. We will represent an open system as a system A coupled to another system B (see

Fig. M1). If the system B is much bigger than the system A then it is usually thought of as a heat

AB/\

FIG. 23 Schematic representation of an open system as a system A weakly coupled to another system B.

bath. For our purposes this assumption is too restrictive, e.g. systems A and B can be comparable.
But we will assume that the system B is ergodic in a sense that it satisfies the assumptions of ETH.

One can extend our considerations to the situations where the system A is coupled to more than
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one system, e.g. two heat reservoirs at different temperatures or the system A is externally driven
in addition to the coupling to B. The analysis of such situations will be very similar but will be
beyond the scope of these notes. The Hamiltonian describing the total system can be schematically

written as
H=Hs+ Hp+ Hap, (V.85)

where H,4 is the Hamiltonian, which includes only degrees of freedom of the system A, likewise
Hp includes only the degrees if freedom of the system B, and H 4p describes the coupling between
then two systems. Initially systems A and B are not in equilibrium with each other. We will
assume that the process of equilibration is quasi-static in the same way as depicted in Fig. P2,
where the coupling Hap is turned on for a short time then turned off. In between the systems
A and B equilibrate within themselves, i.e. relax to the diagonal ensemble, and then the process
is repeated. Of course in reality this turning on and turning off is not needed and one can use
instead a continuous derivation. The only requirement we need is that the relaxation time within
the systems A and B is much faster than the characteristic time scale of relaxation between the
systems A and B. As we discussed the relaxation to the diagonal ensemble is a simple dephasing
and thus it does not rely on ergodicity. So the system A can be very simple like a single degree of

freedom.

1. Microscopic detailed balance for open systems.

Dynamics as a whole is unitary thus we can use the machinery developed in the previous section.
Quasi-static assumption means that at each moment of time the density matrix is approximately
diagonal in the basis of decoupled Hamiltonian Hs + Hpg. We will also assume for simplicity that
the Hamiltonian obeys the time-reversal symmetry. From these assumptions we can conclude that

the microscopic transition rates

Pm—nm/—n’ = Pn—smmn/—m/> (V86)

where m and n denote the eigenstates of H4 and m’ and n’ denote the eigenstates of Hg. There is
no tilde in this relation because of the time-reversal symmetry. Because the system is not externally
driven the total energy in the system is conserved implying that the rates p,, ., m/—n/ are non zero
only if B — EA = EB, — EB = W. Because we are interested in properties of the system A we

need to define the transition rates within the system A, i.e. sum over all final states in the system
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B. Then we find

pf/"_)n = me%n,m’—)n’(S(Eg — EEL/ + W) = Z_)m_)nﬂn’—)n’QB(EB - W)’ (V87)

n
where Pp,—yn m/—n’ 1S the typical transition matrix element and we used ETH assumptions about
the system B stating that all eigenstates of B are very similar to each other; Ep = Eﬁ,. Similarly

we find that

pg—)m = ﬁm—m,m’—m’QB(EB) (V.SS)

From the expressions above we see that the probabilities of the transition within the system A are

no longer symmetric. Instead they satisfy the new detailed balance relations

Ponm _ Qp(Ep—W)
Pim Qp(Ep) '

W =E, — Ep,, (V.89)

If the energy difference W is small compared to TC"]? , which is always the case if the system B is
big then we can expand the density of states in the expression above and find the standard, usually

assumed, detailed balance relation

pA
T = exp[—BpW]. (V.90)

It is interesting that in this derivation we did not use any other assumptions than that the process
is quasi-static and that the system B is ergodic i.e. that it satisfies the ETH.
This detailed balance relation for open systems clearly breaks double-stochasticity of the tran-

sition rates. Indeed while
vai%n = me—m,m’—m' =1 (V.91)
n n,n
by the probability conservation
prn—)n = Z Pm—n,m/—n’ 7& 1. (V92)
m m,n’

Another interesting point we can make is that in the limit S5 — oo we recover doubly stochastic
relations for the transition rates in the system A obtained before for the unitary evolution. So
we come to an important conclusion that for quasi-static processes driving with an external field
is similar (and in many cases is equivalent) to the coupling to the infinite temperature reservoir.
In other words coupling to an infinite temperature system effectively leads to a unitary dynamics,

which can be described by some (possibly random) external force actings on the system. It is easy
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to check that the detailed balance V90 leads to the Gibbs distribution to be an attractor of the

dynamics. Indeed writing the master equation
A
n(t+6t) = me%pm anﬁme B (EE=E) o (1) (V.93)

and requiring that py, (¢t + dt) = pi,(t) leads to the stationary solution:

1
Pn = Ee*ﬁE’f. (V.94)

Using the Jensen’s inequality and using the relative entropy between the current and the Gibbs
distribution as a distance between the two distributions (like in the previous section) one can show

that this stationary distribution is indeed an attractor for the dynamics (see exercises).

2. Fluctuation theorems and Einstein relations for open systems. Onsager relations.

We will now repeat the same program as we did for isolated systems using new detailed balance
relations (Md0). Now we assume that the system A is also ergodic, i.e. also satisfies the ETH.
Then microscopic transition rates are not accessible. Instead as before we consider rates for energy
change. In this case energy formally changes not due to work but due to heat but as we know
already there is no difference, because from the point of view of thermodynamics work is equivalent
to the heat coming from the infinite temperature heat bath. So to avoid switching notations we
will still use the letter W to denote the energy change in the system A. Because of the assumed
ergodicity of the system A the ratio of rates for energy change W and the reverse energy change

are related by the ratio of the initial density of states in the system A so we have
Re(W)e™Ba=B8)W ~ Ry (—W). (V.95)

Here we linearized the entropy of the system A assuming that W is small. Integrating this equation
over W and ignoring sub-extensive terms proportional to derivatives with respect to the energy we

find an analogue of the Jarzynski relation for open systems
(e=(Ba=BB)Wy —q (V.96)

In principle interaction between systems A and B can also result in changing some macroscopic
parameter affecting A, e.g. as the system A heats up its magnetization also changes. Then instead

of one in the RHS of this relation one should use exp[—B4AF], where AF is the free energy
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difference and (34 is the initial temperature in the system A. Expanding Eq. (V93) in powers of

W we find Einstein relations for drift and diffusion coefficients:
2A(EA) ~ (ﬁA — ,BB)B(EA) + 8EAB(EA) = AﬁB(EA) + 8EAB(EA). (V.97)

If the temperatures S84 and Sp are close to each other and the systems A and B are separated in

space by distance Ax so that
Ba—Bp~=VBAx

then the relation above reduces to the standard Einstein relation between energy drift and diffusion
with A/(VBAz) playing the role of heat (thermal) conductivity.

Let us now consider a slightly more complicated setup where we have two (or in general more)
conserved quantities. For example the energy and the magnetization or the energy and the number
of particles. The setup will be the same as before: we have two coupled systems A and B, which
weakly interact and can exchange energy and the second conserved quantity (for concreteness we
assume this is the particle number) N. We will assume that the energies F4 and Ep as well as
number of particles N4 and Npg are extensive and that we can ignore sub-extensive corrections like
Og,B. The microstates of the systems A and B are now characterized by the values E4, Ny and
Ep, Ng. Using the same arguments as before we find that the ratio of the transition rates where
the energy W and the number of particles N flows from B to A is equal to the ratio of the final

densities of states:

R(VV,N) ER(EA,NA,EB,NB —>EA+W,NA+N,EB—W,NB—N)

Qa(Ea+W,Ngy+ N)Qp(Ep —W,Ng — N)
Q4(E4,Na)Qp(EBR, NB)

= R(-W,—N) ~ R(—W,—N)exp[ASW + AAN],
(V.98)

where A = B4 — B, AN = Mg — Ap and Ay = 0S4/ONs = —Papa, where py is the chemi-
cal potential (which is defined as the generalized force with respect to the number of particles).

Integrating this relation over W and N we find that
(exp[-ABW — AAN]) = 1. (V.99)
There is another independent relation which can be obtained by integrating

R(W,N)exp|—ApW] = R(—W,—N) exp|—AAN], (V.100)
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which is
(exp[—ABW]) = (exp[—AIN]) (V.101)

Expanding both relations to the second order in cumulants we find

—AB(W) — AX(N) + A§2<W2)c - A2)\2(N2>c + ABANWN). =0 (V.102)
—AB(W) + AXN(N) + A§2<W2>C — A;Z(NQ)C =0 (V.103)

Adding and subtracting these relations from each other we can rewrite them in the following matrix
form (P. Gaspard and D. Andrieux, 2011).
(W) 1 (W?)e (WN)e |\ [ AB

= V.104
Ny ) 2\ Ny (N3 )\ Aax A

These equations are nothing but the celebrated Onsager relations. The left hand side represents
the energy and particle relaxation rates (recall that W and N as well as all the cumulants are
proportional to dt. The right hand side represents the symmetric fluctuation matrix multiplied by
the differences in conjugates to the energy and the number of particles (5 and \). Note that these
relations are non-perturbative in these differences the only real requirements are that the third
cumulants of W and N are small. In many situations this requirement though is equivalent to the
small differences A and AX. These Onsager relations predict the symmetry of kinetic coefficients
strongly constraining the relaxation process. They also allow one to constrain fluctuations and

cross-correlations in the two currents.

3. Exercises

1. Using the Jensen’s inequality and the Kullback-Libler divergence as a distance between the
two distributions prove that the Gibbs distribution is an attractor of the dynamics of the

master equation with the transition rates satisfying the detailed balance M-90.

2. Consider two coupled black-bodies at different temperatures separated by a two-dimensional
membrane in the zy-plane transparent to the radiation. The Hamiltonian of the system can

be written as

H=Hj s+ Hp+ Hap, (V.105)
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where

Hy=Y" hc[ﬁ\a%aaaa, Hp=>_ hc\E\b£’abE7a, (V.106)

ko ko
are the Hamiltonians representing photons in the two systems A and B. Here o = 1,2 is
the polarization index, k is the three-dimensional wave vector and at,a and bf,b are the
photon creation and annihilation operators in the cavities A and B respectively. Consider
free boundary conditions (meaning that there are no reflected photons from the membrane).
The interaction between systems A and B can be described by the following conversion

operator:
Hup = hcz //d;v dy(ag(x,y,())ba(x, y,0) + h.c.) (V.107)

This operator simply relabels A photons to the B photon once it crosses the membrane.
Using the Fermi Golden rule (or otherwise) calculate the transition rate for the process of
transferring photons from the system A to B and back, i.e. the rate per unit time at which
photons with momentum k& cross the membrane in both directions. Show that the transition

rate from A to B is given by

2.2
— 1,08 +1) = 2% th 2\ (1 + n")5(hek — hek!), (V.108)

p(n,(:) , n,(ff) — n,(ca)

where L? is the area of the membrane. Using that each such transition results in energy
transfer fick from A to B and —hck for the opposite transition p(n,(f) , n,(;f) — néa) +1, ngf) -1)
find the average energy transfer rate per unit time and its fluctuations A and B. You might

express your results as integrals. Check whether the relation
2A = ABB (V.109)

holds for this system and in which regime. Explain your results.

RELAXATION IN INTEGRABLE AND NEARLY INTEGRABLE SYSTEMS.

PRETHERMALIZATION. KINETIC EQUATIONS.

Until now we focused our main attention to ergodic systems satisfying ETH. But we might

wonder what happens if the systems are not-ergodic, for example if the systems are integrable.

Truly integrable systems are very rare in nature so this question might sound like an academic.

However, the reality is much more subtle. Very often we deal with systems, which are nearly
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integrable. For example, phonons or photons in a media to the first approximation behave as
non-interacting particles and interactions between them or between them and other degrees of
freedom are typically very small, especially in the long wave length limit. The same is true about
any other situations where we can define particles of quasi-particles: ideal gases, Fermi liquids,
superconductors, spin wave excitations and others. In these situations systems are integrable to
the first approximation. These systems are quite simple in a sense that they can be described by
a gas of weakly interacting bosonic or fermionic excitations. There are more subtle examples of
non-linear nearly integrable systems (quantum or classical) with solitonic-like excitations, which
are stable complex non-linear objects. And finally there is another class of non-ergodic systems,
typically disordered, where particles is localized in space and the relaxational dynamics is glassy,
i.e. exponentially slow. We discussed an example of such non-ergodic system, when we considered
many-body localization. A natural question to ask how these systems relax (if they relax at al)
and what happens with dynamics in these systems if we weakly break integrability. Both topics

are currently a subject of an active research, but a few things are already understood.

A. Relaxation in integrable systems. The Generalized Gibbs Ensemble (GGE).

Let us recall first what happens in equilibrium systems, where we have more than one conserved
quantity. It is in fact very common when we deal with two conserved quantities: the energy and
the number of particles. It is also quite common that we deal with systems with conserved mag-
netization, center of mass momentum, angular momentum, volume and a few more. Such systems
are generically still ergodic because the number of conservation laws is still small compared to
the total number of degrees of freedom but the additional conserved quantities provide additional
constraints. It is very important that we always deal with additive conserved quantities. This
follows from the basic assumption of the statistical mechanics about the statistical independence
of subsystems. The statistical independence implies that the density matrix in equilibrium ap-
proximately factorizes into the density matrix of the subsystems. This implies that the logarithm
of density matrix can be only a function of the additive conserved quantities. Precisely for this
reason it is the energy, not the energy squared, which enters the Gibbs distribution. In 1957 Jaynes
formulated a general maximal entropy principle for systems with arbitrary number of conserved
quantities. His motivation was coming from the information theory. Namely he postulated that the

equilibrium statistical ensemble should maximize the von Neumann’s (Shannon) entropy subject
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to all constraints (integrals of motion), i.e.

1
anE = 7 XP

-> Aafgl)] Orm» (VL1)

)

where Ié” are the eigenvalues of the conserved integrals of motion (because they all commute with
the Hamiltonian and each other they can be diagonalized simultaneously). It is very important
that these integrals of motion are either local in space or can be represented as sums of operators,
which are local in space. Indeed only then the exponential form of the density matrix can be
justified and the different parts of the system are statistically independent.

While this general Generalized Gibbs Ensemble (GGE) form was proposed more than fifty years
ago, there were practically no implications of this conjecture to statistical physics for a very long
time. The main reason for this was that integrable systems are usually fine tuned and give only
approximate description to real systems. Any infinitesimal generic interaction or the coupling to an
environment immediately breaks the integrability and destroys all the integrals of motion except
the energy and perhaps few more like the magnetization, or the number of particles. However,
recently there have been several experimental advances, which forced us to revisit these issues.
First there were realized isolated quantum, mostly one-dimensional, systems, which like the FPU
problem do not thermalize on experimental time scales. These systems include cold atoms and
ions (T. Kinoshita et. al. 2006), driven exciton-polariton systems (J. Kasprzak et. al. 2006),
nuclear spins in various insulators and semiconductors (L. Childress et. al. 2006). In parallel
advances in ultra-fast optics allowed experimentalists to access dynamics in ordinary materials at
ultra-short time scales. During so short times weakly interacting systems behave approximately
as non-interacting and first relax to a non-thermal state, which then slowly relaxes to the true
equilibrium. Such two stage relaxation process was termed as prethermalization (J. Berges et. al.
2004).

Let us start from a very simple example of a classical particle in a regular cavity (see Fig. 24)
From the figure it is clear that unless we fine tune the trajectory so that it precisely hits the corner
the particle will eventually uniformly fill the coordinate space so if we let the particle bounce many
times we will loose any information about its position. At the same time the absolute value of the
momenta or kinetic energies along the x and y directions will be conserved. So in the long time

limit the probability distribution for this particle will relax to

P(2,Y, Py Py t) =100 0(Ipa| — [P2DS(Ipy| — [P)]) ~ 6(p5/2m — EQ)S(ps/2m — EJ),  (V12)

where p? and pg are the initial values of the momenta along the z and y directions (Eg,y =
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-2

Px

FIG. 24 Example of a motion of a classical particle in an integrable, rectangular, cavity

(pg’y)2 /2m) and the long time limit is understood as before. This example illustrates the main idea
of the relaxation in integrable systems to the constraint equilibrium. Because we are dealing with
a single particle even in a chaotic regime instead of the relaxation to the Gibbs ensemble we expect
the relaxation to the microcanonical ensemble. Similarly in the integrable case the distribution
(MI3) can be viewed as the Generalized Microcanonical Ensemble. The expression (VIH) is valid
if we start from a particle with fixed momenta. However, if we start from an ensemble of particles
the relaxation becomes more subtle. In particular, the correlations (|p;||py|) are also preserved in
time. Thus if the system is prepared in a correlated state, say p) = pg these correlations will be
also preserved in time. Thus for the relaxation into a generalized Gibbs (or other) ensemble it is
necessary to make sure that the integrals of motion are uncorrelated. Typically this issue becomes
unimportant if we are dealing with local integrals of motion or their sums. Then the correlations
between these integrals decay in space and thus they become effectively statistically independent.

These ideas were extended to multi-particle systems (M. Rigol et. al. 2007) who postulated
that any generic integrable system will relax to the GGE ensemble suggested by Jaynes (MI),

where the Lagrange multipliers are determined by the initial conditions
Tr(pols) = (Ia)cor = Tr[p““F1,) (VL.3)

There is no general proof of this conjecture, but there are rigorous proofs for specific models. These
proofs are quite involved so instead we will discuss a relatively simple but yet nontrivial example
of a system of one dimensional hard core bosons (equivalent to the one dimensional XY chain in

a transverse field) and show the comparison of the anticipated results with numerical simulations.
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Our discussion will closely follow the work by M. Rigol at. al. (Phys. Rev. Lett. 98, 050405
(2007)).

1. One-dimensional hard-core bosons and the Jordan-Wigner transformation.

Most known integrable systems in dimensions higher than one are non-interacting. E.g. free
quasi-particles in metals or free phonons in solids or liquids. In one dimension there are many non-
trivial integrable models with nontrivial properties. We will consider one of the simplest integrable
interacting models representing a one dimensional gas of hard core bosons. They can be described

by the following lattice Hamiltonian

H=—JY (blbje1+hc)—pd_ blb;, (V1.4)
J J

where b} and b; are the creation and annihilation operators of Hard-core bosons, .J is the hopping
and p is the chemical potential, which in equilibrium sets the number of bosons. They commute

as long as the sites ¢ and j are different from each other:
[bi, b;] = [b], bj] = bl b1) = 0 if i £ j (VL5)
and they anti-commute on the same site
bibi +bibl =1, b2 =0, (b))>=0 (VL6)

It is easy to check that these anticommutation relations are equivalent to the constraint that no
more than one particle can be on a given site. As we discussed earlier in two and more dimensions
this hard-core constraint is equivalent to the interactions between the particles leading to the
ergodic Hamiltonian. However, in one dimension this is not the case and one can map this problem
to the free fermions. Because of this mapping the hard core Boson gas is a relatively simple
integrable system, but still its dynamics is very nontrivial. Before proceeding to the mapping to
free fermions let us show that hard-core bosons (in any dimension) are equivalent to spin one half

degrees of freedom. To see this we use the following identification

1—o?
bl = —2 (VL7)

or equivalently

of = b+ b, 0¥ =i(b;—bl), ol =2blb; — 1 (VL8)



110

It is clear that by construction different Pauli matrices commute on different sites as the should

and that they satisfy conventional commutation relations on the same site. E.g.
Y _cpfe o p Ty cooptn 1) — 42
oio] =i(b;b; — b;b;) = i(2b;b; — 1) = io}. (VL.9)

Substituting this representation of the Bosons into the Hamiltonian (MI4) we find (up to unim-

portant additive constants)

iJZ|:O' +zo (0711 — ]+1)+h0}7g20;

"
= =27 (0j074 +0jo),y) = 5D of. (VL10)
J J

This Hamiltonian is known as an isotropic XY model. There is a simple generalization of this
Hamiltonian to the anisotropic XY-model, which preserves the integrability

1+’7 :E x z
Hxy =—J——) ofo}  — Za ol —h> o} (VL11)
- .

It is easy to check that the anisotropic term leads to the superconducting type terms bTbT i1 T h.c.
in the language of the original hard-core bosons. For the anisotropy v = 1 this model is known in
literature as the quantum Ising model in the transverse field. It was first introduced and extensively
discussed by Schultz and Mattis and Lieb in 1964 (Rev. Mod. Phys. 36, 856 (1964)).

Now let us discuss the mapping of this model to free fermions using the Jordan-Wigner trans-
formation. This mapping will allow us to understand the structure of the spectrum, eigenstates
and the integrals of motion in this system. In parallel the Jordan-Wigner transformation is very
instructive because it shows how one can represent anti-commuting fermionic operators through
ordinary numbers and 2 x 2 Pauli matrices. The anti-commutation relation of the hard-core bosons
on the same site suggest that the fermionic representation should be very similar to bosonic, i.e.

on each site we should have

fi~or, fl~af (VL12)

7

However, this representation satisfies bosonic, not fermionic commutation relations on each site.
So we need to correct this representation. The way to convert the commutation to the anticom-
mutation relations is to effectively introduce the 7 phase shift on each site whenever we add or
remove the boson from the site on the left of site j. Indeed when we compute the commutator of
e,g, sz and b; with say 7 < j the term b;rbj creates an extra particle on the left of the site j. If

we simultaneously change the sign of b; then the bosonic commutation relations will automatically
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become fermionic. Technically this is achieved via inserting the string of o, operators so the correct
fermionic representation is
= [Lolor, 1t =T110l0) (VL13)
J<t 7<t
Let us check that this representation indeed leads to the correct anticommutation relations between
fermions. We will do this only for the neighboring sites (see the homework for a more general proof).

First let us compute using that (¢%)? =1
fifix1 + fixrfi =0, 0071 + afai_ai__s_l =0, (VI.14)
where we used that 0~ 0% + %0~ = 0. Similarly f f+1 + f+1fT = 0. And finally

f fiv1 + fz+1f =000} +0; O-+O-H-l =0. (VI.15)

The inverse transformation reads
=TI -0+, ot =i[[@flf -V — £, of =2f]fi - 1. (VL16)
J<i j<i

Using this fermionic representation the Hamiltonian (VIT) becomes
Hyy =117 Z 5+ ED@FE = D1 + £
- J— Z — I =D + L) — 2k Z 15
= _JZ it + fladi) = T Y (fifn + fij}) —2hY " flf. (VL17)
J J

Thus the XY - spin chain is equivalent to a one-dimensional BCS superconductor of spinless
fermions (so called p-wave superconductor). For the isotropic model v = 0 corresponding to the
original hard-core bosons the anomalous term vanishes and the model becomes equivalent to the
one-dimensional free electron gas. This Hamiltonian can be always diagonalized via the Bogoliubov
transformation (see exercises) so that one can find its energy spectrum and eigenstates as a function
of the external parameters J, v, h

It is clear that the Hamiltonian (MIT7) has as many local conserved quantities as the number
of degrees of freedom. In particular, occupation numbers of Bogoliubov quasiparticles for each
momentum mode are conserved. For the isotropic model v = 0, which we consider hereafter,
the Bogoliubov quasi-particles are simply f - fermions. There is one subtlety with locality of

momentum states because in principle they are defined as the Fourier transform over the whole
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system. However, this is not a real issue because we can always construct a localized in space wave
packet using the linear combination of the momentum modes. Also the occupation operators can

be written in the following form
1 —2mig
nk:f;ifk: zszfwe 2mik, (VI.18)
(]

where k is quantized in units of 27/L. Because the correlation functions between f; and fii;
always decay in space the momentum occupation number effectively represents the sum of local
operators and in this sense it is local. From this fermionic operators one can construct local bosonic

integrals of motion. The first integral would be simply the total number of particles:

=S flA=>flf =" blb; (VL.19)
k J J

The next integral will contain the energy

I =2 Z 1—cos(k)) filfu = D> Q@F1fi = flfiva — Fla f7)
J
=Y [2b}bj — bl(2blb; — 1)bj41 — (2b1b; — 1)bjb}+1} = (2050, + blbj 1 + b1, b)), (VI20)
J J
which is clearly a linear combination of the energy and number of particles. The first nontrivial

integral of motion will be

I3 = 22 (1 — cos( fkfk = Z(S—4cos(k) +Cos(2k))f,ifk =—-0 +2I +Zf;fj+2 +f;+2fj

k J
— 42+ [b}(%}bj — 1)(2b1 4 bjr — Dby + (2610 — 1)(261, bjr — 1)bj.+2b]}
J
=~ + 20— 3 (B2 by1 = Dbja + bl o (2], bjn — 1] (VI21)
J
Using explicit calculation (see exercises) one can check that I3 commutes with the Hamiltonian.
In a similar fashion one can construct other integrals of motion, which will be less and less local,
i.e. will have larger and larger support in terms of the bosonic operators b; and b;r.

Having established the structure of the integrals of motion we can now conjecture that if the

system is prepared in some non-equilibrium state it will relax to the generalized Gibbs ensemble

Z)\ I ] - &P [ Z/\knk] (V1.22)

It is clear that if the sum is restricted to the finite number of integrals of motion then the density

PGGE = — exp

matrix approximately factorizes into a product of density matrices of different subsystems. Indeed
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up to the boundary terms, which involve integrals of motion inter-collating between the subsystems
it is just a product of local density matrices. As we mentioned earlier the Lagrange multipliers
can be found from the initial conditions fixing the integrals of motion. In Fig. MT"A™ we show the
results of numerical simulations (M. Rigol et. al. (2007)) of the expansion of the hard core Bose

gas from a smaller to a larger box (see the caption for details). The two plots show the relaxation
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FIG. 25 Results of numerical simulations of the expansion of the hard core Bose gas of N = 30 particles
from a box of the width L = 150 to a larger box of the size L = 600. The top panel shows the time
evolution of the zero momentum boson occupation number. The bottom plot shows the whole momentum
distribution after the relaxation. The results show that the relaxed system is practically indistinguishable
from the GGE. The plots are taken from Ref. M. Rigol, V. Dunjko, V. Yurovsky, and M. Olshanii, Phys.
Rev. Lett. 98, 050405 (2007).

of the zero momentum component of the Bose gas (top) and the full momentum distribution

after the relaxation (bottom). The relaxed system is practically indistinguishable from the GGE,



114

however there are significant deviations from the predictions of the equilibrium grand canonical
Gibbs ensemble.

The issue of importance of locality of the integrals of motion was recently analyzed by M. Fagotti
and F. Essler for a quench in the transverse field Ising model, described by the Hamiltonian (VIT7)
with v = 1 and J = 1. The integrals in this model have a very similar structure to those in the
hard-core bosons. Namely one can always organize them in such a way that I, is a sum of products
involving up to n adjacent spin operators. What they rigorously showed is that after a quench the

reduced density matrix of a subsystem, which is defined as

pa=3(nlpln), (V1.23)

neB
where A is the subsystem of size L', B is the rest of the system of size L — L’ and |n) is a complete
basis of the system B, approaches the GGE reduced density matrix in the limit L — oo and
arbitrary fixed L'. In other words they showed that the subsystem exactly relaxes to the GGE
and all observables, both equal time and non-equal time, are exactly described by the GGE in the
long time limit. Moreover they showed that only the integrals of motion with n < L’ i.e. the
integrals which can fit into the subsystem, are important. Fig. demonstrates how the norm-
distance between the time averaged and GGE density matrix changes with the number of integrals
of motion included into GGE. It is clear that once n becomes bigger than the subsystem size the
distance rapidly goes to zero implying that the integrals of motion with n > L’ are not important.
The Generalized Gibbs Ensemble provides a nice theoretical framework for understanding the
relaxation in integrable systems. However it is still quite ambiguous from the experimental point
of view. The main reason for this ambiguity is the large (extensive) number of the conserved
quantities, which one needs to fix in order to specify the relaxed state. This number grows linearly
with the system size, which is much less than the exponentially growing size of the Hilbert space.
Yet this situation is not satisfactory from the point of view of experiments. Most of these integrals
are complicated correlation functions, which are hard to measure. One also can not use them
as fitting parameters because of their extensive number. So much more work is still needed to
understand whether there is a general structure of achievable GGEs and whether they can be

described by a non-extensive number of fitting parameters.
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FIG. 26 Norm-distance between the long time limit of the reduced density matrix of a subsystem of size L'

of an infinite transverse field Ising chain after a quench and the reduced density matrix of the GGE ensemble

as a function of the number of integrals included into GGE. Different curves correspond to different systems

sizes. It is clear that only the integrals with n < L’ strongly affect this distance. The integrals with n > L',

i.e. the integrals, which “do not fit” into the subsystem are not important. The plot is taken from Ref. M.

Fagotti and F. Essler, Phys. Rev. B, 87, 245107 (2013)

2. Exercises.

1. Prove that the Jordan-Wigner transformation leads to the correct fermionic anti-

commutation relations.

2. Rewrite the Hamiltonian (VIT7 )in the momentum space. Diagonalize it using the Bogoli-

ubov transformation: f

UgQ + Vpal .

f Choose coefficients u; and vg such that the

Hamiltonian reads Hxy = ), ekaLak. What is the spectrum of this Hamiltonian?

3. Check that the integral of motion (VI2T) indeed commutes with the Hamiltonian.

B. Relaxation in weakly nonintegrable systems. Prethermalization. Quantum kinetic equations.

Let us now assume that the system is nearly integrable, i.e. its Hamiltonian can be written as

H = Hy + Hiyg,

(VI.24)
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where Hj is an integrable Hamiltonian and H;,; breaks the integrability. This setup is very familiar
to us when we consider e.g. weakly interacting quasi-particles, where Hy is a noninteracting (in-
tegrable) Hamiltonian, which can be written as Hy = ), ekczck and H,,; represents interactions
between these quasi-particles. In dimensions higher than two this is a standard setup since all
integrable theories are non-interacting. In one dimension the structure of Hy can be more com-
plicated as we discussed above. Note that splitting of the Hamiltonian between Hy and Hj,; is
not unique in general. In equilibrium there is a well defined procedure of finding Hy using the
renormalization group formalism, which tells us about the structure of low energy excitations. For
example, in metals the low energy Hamiltonian can represent a Fermi liquid with dressed quasi-
particles, a super-conductor, where elementary excitations are the Bogoliubov quasi-particles or
gas of polarons, where fermions are dressed by lattice vibrations. There is no known procedure
how to find the best general Hy away from equilibrium it amounts into optimal splitting of the
interaction terms into the integrable part (which can be absorbed into Hy) and the remaining part
. But if the perturbation Hjy is very small then this issue is not really important. Let us point
that the same setup can be used to describe a system of weakly coupled grains of some kind. The
GGE ensemble will correspond to each grain having its own temperature (the Lagrange multiplier
to an approximately conserved local energy). The interaction Hiy in this case will represent weak
coupling between grains. If the relaxation time with each grain is fast then the setup is precisely
the same as we consider here.

If Hiyt is small then at short times after say a sudden quench the system “does not know” that
it is non-integrable and the effect of Hiy on dynamics is small. So one can anticipate that the
system relaxes to the corresponding GGE ensemble. At longer times Hi,y can lead to significant
effects (small perturbation acting for a long time can lead to a large effect), for example it can force
the system to relax to the true thermal equilibrium. This relaxation can be thought of as a slowly
evolving GGE, thus the dynamics can be written in terms of the slow evolution of the approximately
conserved quantities. Such two stage relaxation scenario was termed as prethermalization in the
context of Cosmology (Berges, 2004). This scenario suggests that weakly non-integrable systems
have a two stage relaxation process, where first they reach some non-thermal distribution where
they spend a significant amount of time and then they ultimately relax to the true thermal state.
The two stage relaxation process was found in a series of recent analytical and numerical works
(see e.g. M. Moeckel, S. Kehrein, Phys. Rev. Lett. 100, 175702 (2008); M. Eckstein, M. Kollar,
P. Werner, Phys. Rev. B 81, 115131 (2010)).

Separation of time scales of relaxation to the GGE (governed by Hy) and to the true equilibrium
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governed by Hiy; can serve as the basis of deriving the kinetic equations (M. Stark and M. Kollar,

2013). Namely, let us try to solve the von Neumann’s equation for the density matrix perturbatively
i0ip = —[p, H] = —[p, Ho] — [p, Hint] (VL.25)

with the initial condition that at t = 0 the density matrix is described by some GGE. It is convenient

to go to the interaction picture:
pl(t) = e_iHOtpeiHOta Hint(t) = eiHOt-FIinte‘_iHOt‘

Clearly this transformation does not affect the initial density matrix p;(0) = p(0) because all the
integrals of motion appearing in the GGE commute with Hy. Then the equation of motion for the

density matrix becomes
10pr = —[p], Him(t)]. (VI.26)

Next we will solve this equation using the time dependent perturbation theory and use it for finding
the kinetic equations for the conserved quantities I;. Because in the interaction picture I (t) are

time independent
I;(t) = etHot e~ tHot — [ (V1.27)
the equations of motion for their expectation value are
de(Ik) = di(Tr[Iepr(t)]) = Trllkdipr(t)). (V1.28)
In the leading order of the perturbation theory
dip") = ilpo, Hine(1)]. (V1.29)
Substituting this into the equation above we find
di(Ii) =~ iTr[Ix(poHint (t) — Hint(t)po)] = i([Hint(t), Ix])o = 0, (VI.30)

where we used the fact that for any operator O the expectation value of its commutator with I

with respect to any GGE ensemble is zero:
([0, Ix])o = Zp ( n|O|n) 1" — I]g”)<n|0|n)) =0
Thus we need to go to the next order in perturbation theory

dy{I) ~ iTr (Ik (), Hint(t)D , (VL31)
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where

t t
PP () =i /0 dt'[po, Hint ()] = i /0 dr{po, Hing (t — 7)] (V1.32)

Combining these two expressions we find

(I ~ — /0 (. Hong (£ — )], Hn ()]0 (VL.33)

Now we can use that within the GGE ensemble (which is translationally invariant in time) cor-
relation functions depend only on time differences and use the time scale separation to send the
integration limit to infinity. The latter is indeed justified if the correlation functions of Hiyt com-
puted within the GGE ensemble decay much faster than the time scales required for changing the
expectation values of the integrals of motion, which in turn define the GGE. This time scale sepa-
ration is indeed justified if Hiy is small. So finally we get our desired quantum kinetic equations

for the integrals of motion

dt<Ik> ~ — /(;OO dt<[[lk7Hint(0)];Hint(t)DU (VI34)

These are the nonlinear differential equations because the expectation value of the commutator
appearing in the RHS can be a complicated function of the integrals of motions. Nevertheless this
equation is much simpler than the original von Neumann’s equation because it deals with a system
of N nonlinear differential equations rather than with the exponentially large differential equation
for the density matrix.

It is instructive to rewrite the kinetic equations using the Lehman’s representation using the

basis of Hy. We will use that

oo .
. i
/ dte“n=em)t — 1§ (e, — €m) + P——, (VL.35)
0 €n — €m
where P stands for the principal value. Assuming for simplicity that the system does not break
time reversal symmetry we see that the principal value term vanishes from the kinetic equations

because it is iamginary. Therefore we find

~ Pmm m

di(li) =210 (P = paest”) (T ) | (] Hine [m) 6 (€], — €5,). (VL.36)

In this form it becomes clear that a thermal distribution where p,, is only a function of energy is a
stationary solution of these kinetic equations, i.e. di(Ix) = 0 for any I. Also if we use the energy
Hj as a conserved quantity it is clear that d;(Hy) = 0 for any GGE distribution. Both properties

are of course expected from general the kinetic theory.
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C. Applications of kinetic equations to weakly interacting particles.

Let us now apply the kinetic equation VI 33 to a common setup dealing with a gas of weakly
interacting particles, bosons or fermions (M. Stark, M. Kollar, 2013). For simplicity we assume
they are spinless. Also to shorten notations we will use the scalar notation for the momentum,
keeping in mind that this is a vector index. Then the Hamiltonian reads

Hy =" excler (VL37)
k
For the integrability breaking term we will take usual (normal ordered) density-density interactions
Hiy = Z V(i,j)cgc}cjci = Z CLCLQthkg,ks,kz;Ckgckz; (VL.38)
ij k1,kz k3, ka

For translationally invariant interactions Vi, r, ks .k, is nonzero only when ki + k3 = k3 + k4 and
it depends only on the transferred momentum ¢ = k1 — k3. But since our formalism applies even
if the translational invariance is broken we will keep the interaction matrix element in the most
general form. The obvious integrals of motion are the momentum occupation numbers ng = czck.

Let us first compute the commutator
[T, Hint] = 2 Z [CLCLZVk’,kz,ks,k4ck30k4 - 022023Vk2,k3,k’,k4ck’cg]7 (VL.39)

k2,k3,ka

where we used the invariance of the interaction matrix element with respect to permutation of k;

with ko and k3 with k4. Next we use that in the interaction representation

Hing(t) = Z eiqu’qQ’%'“th cl Va1 ,42,43,44CasCaa s (VL.40)

1792
q1,92,93,94

where Ey, g.45.00 = €q1 +€go — €q3 — €q4- We can now evaluate the time integral entering Eq. (M1-34)

using

o
/ e Fan st — T0(Eqy,q2,g5,94) T 1P ) (VL41)
0

Eq1.q2.3,01
where P stands for the principal value. And finally let us note that any expectation value of
within the generalized Gibbs ensemble of non-interacting particles can be evaluated using the Wick
theorem. One can check that only contractions between k and ¢ indices give nonzero contribution
to the commutator. Because d;ny, is real and all contractions are real the principal value part drops
from the integral and we find

fur A 16T > (T Ty Ty, — Mokt My Ty Tk ) Vit e s e |20 (B ey s ) (VL.42)
ko ,k3,kq
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where 1, = 1 + ny with the plus sign referring to bosons and the minus sign referring to fermions.
The factor of 16 comes from the factor of two in the commutator (MI=39) another factor of two
from two equivalent contributions coming from Eq. (MIZ39) and another factor of four coming from
Wick’s contractions between k and ¢ indexes. Classical kinetic equations are obtained by taking
the limit ny < 1 and effectively replacing 7n; by unity. Solving these kinetic equations can be
tedious but certainly feasible at least numerically for very large systems. Let us check that the
thermal distribution is a fixed point of these kinetic equations. E.g. for fermions the equilibrium

distribution reads

1
" 1+ exp[Blex — )]

o (V1.43)

then

(T Toboy Ty Moy, — Ty Mooy Ty Ty ) = (1 — Mgy — My )by Ty — oty Mgy (1 — Mgy — gy )

= [exp[B(er + €k, — 21)] — exp[B(€ers + €x, — 210)]] nprnkang i, =0, (VI1.44)

where the last equality relies on the total energy conservation. With more efforts one can show

that the equilibrium fixed distribution is the attractor of the kinetic equations.

Vil. PERIODICALLY DRIVEN SYSTEMS.

A. Floquet theory and the Magnus expansion.

Our previous analysis of dynamical processes in various systems was relying on quasi-static ap-
proximation, i.e. the system relaxes or partially relaxes to a steady state (or an approximate steady
state) and then slowly evolves in time. Very often, however, we are dealing with an opposite limit
when the system is driven at scales fast or comparable to internal relaxation time. In these situa-
tions clearly the quasi-static assumptions do not hold. In general behavior of driven systems is not
understood. There is, however, an important exception where both experimental and theoretical
progress was made, namely periodically driven systems. We already discussed examples of periodic
motion using the Kicked rotor, the Fermi Ulam problem and the Kapitza pendulum as primary
examples. What we observed that there are both chaotic regions and the islands of stability. If the
driving frequency becomes very high the chaotic regions shrink. There is an intuitive reason for
this. At high frequencies the system effectively feels the time average potential. In the quantum

language the real transition with energy absorption are suppressed because typically the matrix
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elements connecting low and high energy states are very small. So effectively one can have only
virtual transitions, which lead to the renromalization of the Hamiltonian.

A powerful tool for understanding periodically driven systems is the Floquet theory, which is
analogue of the Bloch theory for particles in periodic potential like a crystal lattice. As before we
will use the language of quantum mechanics to define the Floquet theory and then we will discuss

the classical limit. Consider a Schrodinger equation with some time dependent Hamiltonian.
ihonl) = H)l), (VIL1)

where H(t+ T') = H(t). Its solution can be written as a time ordered exponent

i

t
6(0) = Trexp |~ [ at ()] o), (VIL)
0
where time ordering simply means that the later times appear on the left, i.e.

U(t,0) = T;exp [_; /t dt'H(t’)}

0

— lim exp [—;H(tN)At] exp [—;H(tN_l)At} . exp [—;H(tl)At] exp [—;H(O)At] o),

N—oo

(VIL.3)

where t; = tj/N and At = t/N. Note if we are interested in times, which are multiples of the
period T then the evolution operator repeats itself, i.e. U(n,T) = U(T)"™. The evolution operator
U(T) is a unitary matrix and thus it can be always diagonalized. Because of the unitarity its
eigenvalues p; must satisfy W = uj_l, i.e. pj = exp[i\;] with some real A;. Thus in the diagonal

form the evolution operator over one period reads.
U(T,0) = U(T) = diag |1, e?2, . e | (VIL4)

where M is the Hilbert space size. Formally the numbers \; are defined modulo 27. In this sense
Aj play a role similar to the Bloch momenta. But as we know very often it is convenient to work
in the extended Brillouin zone and define A; in the whole real axis. Next let us formally define the

FLoquet Hamiltonian in this diagonal basis as

. AMh Aok Anh
Hp = diag % % . % (VIL5)
By construction the eigenvalues of the Floquet Hamiltonian (Floquet energies) have the right

units of energy:

Al
e = % (VIL6)



122

Then clearly

U(T) = exp [—;HFT] . (VIL7)

Clearly this relation is independent of the choice of basis. The full evolution operator at arbitrary
point of time can be always decomposed as an evolution to the closest nearest multiple of the

period and the remainder, i.e. if t = nT + 0t, where 0 < 6t < T then

U(t,0)=U(ot,0)U(T)". (VIL8)
Thus an arbitrary solution of the Shcrodinger equation reads

(Y (@)U (6L, 0)U(T)"[tho) (VIL9)

This solution can be always expanded in the basis of U(T") (or equivalently in the basis of the

Floquet Hamiltonian) [u;): [¢o) = >_; ajlu;)
P(t)) = ZU(&, 0) exp {héteﬂ exp {—heft] ajlu;) = Zexp [—heft} ajlu;(0t)),  (VIL.10)
J J
where

[ (5)) = exp [—;eft} U (5, 0)uy). (VIL11)

By construction |u;(0t)) is a periodic function of ¢, i.e. |u;(T")) = |u;(0)). Eq. (MIIID) is the basis
of the Floquet theorem stating that any solution of the evolution operator for a periodically driven
system can be written as a superposition of the periodic in time function multiplied by the phase
factors exp [—%ef t} . This statement is very similar to the Bloch theorem discussing the structure
of eigenstates of the Hamiltonian in a periodic potential.

If we are not interested in fine structure of the wave function, i.e. its precise behavior between
the periods, then the Floquet Hamiltonian gives the complete description of the time evolution of
the system. In this sense the dynamics of the system is described by the quench process, where
the Hamiltonian jumps to the Floquet Hamiltonian. In the same way we expect that in the long
time limit the system will relax the stationary ensemble with respect to Hr. Thus if the FLoquet
Hamiltonian is ergodic we can expect that the system will relax to the Floquet thermal state. Then
we can extend the whole machinery of statistical mechanics and thermodynamics to the Floquet
systems. However, in this reasoning we are hiding an important question under the rug. Namely
we have to establish first that the Floquet Hamiltonian is a physical Hamiltonian, i.e. that it is

local and non-singular. As we will see below this is not always the case.
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Finding the Floquet Hamiltonian is formally equivalent to finding the logarithm of the evolution

Hy = %log [Tt exp (—;_L /O ' H(t)dt)] . (VIL12)

In general there is no solution for this problem if the Hamiltonian is interacting. Indeed this

operator over the period

problem is clearly similar to finding the Free energy as the logarithm of the partition function:
F = —Tlog[Trexp(—(H)]. (VIIL.13)

As we know well this problem can not be solved. Instead one has to rely on various approximation
schemes, in particular, on the perturbative high-temperature expansion. We will try to follow
the same route for finding the Floquet Hamiltonian from Eq. (MIITZ) using the short period
expansion instead of the high temperature expansion (in mathematics this is known to be the

Magnus expansion). Expanding an exponential under the logarithm in Eq. (MIT2) we find

ih i (T f
HF = —log 1— / H(t) / Cltl/ dtQH tl tg)
T h Jo

11 to
+ ﬁ dtl / dtg dtgH(tl)H(tz)H(tg) + ... (VH.14)

The expansion of the exponent inside the logarithm is clearly time ordered. Next let us expand

the logarithm in powers of the period. In the leading order we clearly find

T
HY = % /0 H(t)dt (VIL15)

Thus we find a very intuitive result that in the high frequency limit the Floquet Hamiltonian is

just the time averaged Hamiltonian. In the next order we find

t1
@ ih 1
HF hT/ dtl/ dtQH tl t2 2T h2/ dtl/ dtQH tl tQ)
t1
= dt dts[H (t1), H(t 11.16
2hT/ 1/ 2[H(t1), H(t2)] (VIL16)

Let us now also show explicitly the third order term without derivation

T t1 to
S /0 it /0 dt /0 dts ([H(t1), [H (t2), H (ts)]) + [H(ts), [H(t2), H(t1)])) . (VIL1T)

From these expressions we can see the structure of the terms appearing in the Magnus expansion.
First we observe this is a short period expansion as expected. Each term carries an extra power of

the period (the inverse frequency). Next we observe that for the local Hamiltonians each term in the
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Magnus expansion is also local. This follows from the fact that parts of the Hamiltonian separated
in space commute with each other and do not contribute to the commutator. This situation is
again very similar to the high temperature expansion in thermodynamics, where the expression
for the free energy is written in terms of the cumulants of the interaction, which are local. From
this observation we see that the convergence of the Magnus expansion is determined by the single
particle energy scales. Indeed one can define the Floquet Hamiltonian density Hy/V, which is
volume independent in each order of the Magnus expansion. Therefore only non-extensive energy
scale define the convergence. In particular, we can expect convergence of the Magnus expansion
if we deal with bounded Hamiltonians like spin chains or Hubbard type models. In systems with
unbounded Hamiltonians this expansion can be asymptotic. Let us also point that with each order
of Magnus expansion the Hamiltonian becomes less and less local. The easiest way to see this is
to consider a spin chain with nearest neighbor interactions. Then generically the commutator of

the two such terms will produce a term with three nearest neighbor interactions, e.g.
(01202, , 02y03y] = 2001,02,03y.

If we consider a double commutator of such terms we will generate four spin interactions and so
on. If the series does not converge we generically end up with a highly nonlocal (infinite range)
Hamiltonian. This will happen if the driving period is not small. On the other hand for low
frequency drive we anticipate that the periodicity is not important and the process is effectively
quasi-static. So from our previous analysis we expect an infinite heating of the system. Thus we
can anticipate that infinite heating is equivalent to the divergent Magnus expansion. The Magnus
expansion is well defined classically. Indeed in the limit # — 0 we have [...] — —ih{...} and
the expression for the Floquet Hamiltonian becomes h-independent in each order of the expansion.

E.g. for the first order term we find

=g [ an [ [ (00, () D + (), (), ).
(VIL.18)
Like in statistical mechanics quantum language allows for a very simple derivation of this classical
result. Other derivations available in literature are much more elaborate. And finally let us note
that generically the Floquet Ham
Let us look closer into the setup where the time-dependent Hamiltonian can be written in the

form

H(t) = Hy+ A1)V, (VIL19)
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where \(t) is some periodic function. Then the second term in the Magnus expansion reads

T t1 T
® :2;11[}[0,1/]/0 dt1/0 dtg()\(tl)—A(tg)):.%[HO,V]/O dt [EA(E) — (T — AT — 1))

(VIIL.20)
For symmetric functions A(t) = A(T — t), e.g. A(t) = Ao cos(2nt/T), this integral is clearly zero so
there is no second order contribution. For asymmetric functions this integral can be always made
zero by an appropriate choice of period, i.e. by an appropriate choice of the interval [ty,to + T
defining the Floquet Hamiltonian. This choice is clearly equivalent to the gauge choice since initial
evolution of the wave function to tg can be thought of as the gauge transformation. The third

order of the Magnus expansion has two different contributions:

T t1 to
HY :_61}h2 H, [H, V] /0 dt, /O dts /0 dts(A(t3) + A(h) — 2\(t2))

1 T t1 to

— 6T7h2[v’ [H, V]]/ dtl/ dtg/ dts(2A(t3)A(t1) — A(t1)A(t2) — A(t3)A(t2)). (VIL.21)
0 0 0

The integrals in this expression can be evaluated for any periodic function A(¢). To be specific let

us choose A(t) = cos(27t/T). Then the first integral is equal to 12773 /(27)% and the second one

is —37T3/(27)3 so we find

2 2
Lo VA HL VI = 4 [H[H, V], (ViL.22)

(3) _
Hp™ = 1672h2

In the short period limit the Hés) is a small correction to the time average Hamiltonian. So one
can naively think that in the regime of convergence (or asymptotic convergence) of the Magnus
expansion higher order terms are only small perturbation to the time average Hamiltonian. Thus
their effects are generally small (but can be still interesting if e.g. time averaged Hamiltonian is
non-ergodic and the first subleading correction breaks integrability). However, the situation is much
more interesting. One can get nontrivial high-frequency limit if one scales the amplitude of the
perturbation with frequency, V' ~ 1/T. Then clearly the first term in Eq. () has a well defined high
frequency limit, while the second term vanishes. If V' is noninteracting, e.g. it represents coupling
to an external field, then multiple commutators containing only one H , which can be complicated
and interacting, and arbitrarily many V terms remain local. Thus the Floquet Hamiltonian also
remains local. Another possibility to get a nontrivial Floquet Hamiltonian in the limit 7" — 0 and
V' ~1/T is to have the Magnus expansion truncated. This happens e.g. if H =3, % +U(z;) and
V = V(xj), i.e. if the Hamiltonian is a sum of the quadratic in the momentum kinetic energy and
arbitrary momentum independent potential and the driving term is a function of the coordinates

only. Then the commutator [V, [H, V]| becomes a function of the coordinates only and all higher
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order commutators of the type [V, [V, [H, V]] vanish. Both situations were realized in experiments

and we will discuss them in the next section.

1. Exercises

1. Prove Eq. (MITT7)

B. Applications to the Kapitza pendulum and a lattice system in an oscillating potential.

Let us illustrate two applications of the Magnus expansion. The first one will be the Kapitsa
pendulum, which we discussed earlier in the context of chaos. The other will be a system of
interacting particles (bosons or fermions) in a tight-binding potential (Hubbard model) with applied
high frequency field. Both problems found practical implications and both illustrate how one can
get non-trivial Hamiltonians and associated phases using time-dependent potentials. First let us

start from the Kapitza pendulum (see Fig. @) for the setup. Let us first find the Lagrangian of this

system
mi?  my?
using that x = [sin(f), y = acos(wt) — [ cos(f). Then up to unimportant constants
mi? ., _ _ :
L= 70 — mlaw sin(wt) sin(0)8 + mgl cos(6). (VIIL.24)

The equations of motion for this system read

_doL oL _
dtop 00
+ mlaw sin(wt) cos(0)0 + mgl sin(0) = mi?06 — mlaw? cos(wt) sin(0) + mglsin(f) (VIL25)

mi?06 — mlaw? cos(wt) sin(#) — mlaw sin(wt) cos(0)6

These equations represent a pendulum in a time-dependent external potential

aw?
V(t) = —mlgcos(6) (1 - Cos(wt)> . (VIIL.26)

The Hamiltonian then can be written as

g
2ml?

H+V = — mgl cos(6) 4+ malw? cos(wt) cos(h) (VIL.27)

The periodic potential has the amplitude scaling as a frequency in the limit w — oo if we keep the
product aw cosntant. Thus asymptotically at the high frequency limit we can use only the first
term in Eq. (MIAl):

@ L 299 4 1 2 _ matw? |,
Hyp' =~ d2p2 @ Fw omi2 [cos(0), [p”, cos()]] = 7 oo () (VIL.28)
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So in the limit w > wy = /g/l the Kapitza pendulum can be approximately described by the

stationary effective Hamiltonian

2 2,2

Hp =~ P mgl cos(0) + ma w

53 sin?(6). (VIL.29)

This Hamiltonian explains emergence of the second metastable equilibrium at § = m when

N5

lwo
and explains why the equilibrium at 8 = 0 is further stabilized by the driving. As we dicsussed
earlier because the kinetic energy is quadratic in the momentum, there are no other corrections to
the Floquet Hamiltonian in the high frequency limit (if we keep the product aw constant).

The second example we consider deals with a lattice system of particles described by the
Hubbard model in a time-dependent periodic field. For simplicity we will assume this is a one-
dimensional system, but this is not important in the analysis. Then

H+V=-J Z(a}ajﬂ + a;r-Haj) + Z uingng + Ajcos(wt)n; (VIIL.30)

J ij

Here n; = a;aj is the particle density, J represents the hopping matrix element and A is the
amplitude of the external field (e.g. electric field), which periodically oscillates in time. This
Hamiltonian realizes another situation, where we expect to see a nontrivial high-frequency limit
if we send w — oo simultaneously scaling the electric field A with w. This problem can also be
solved using the Magnus expansion. But it turns out there is a simpler route, where one first can
make a guage transformation in the Hamiltonian, and then apply the Magnus expansion. Recall
that the Heisenberg equations of motion for the creation and annihilation operators are

ZCLJ = [aj, H] = *J(ajJrl + aj,l) + 2 Z Uiin;a; + Aj COS(wt)CLj (VII31)

7

Let us do the following transformation
aj = &je*ij(A/w) sin(wt) (VIL.32)
Then the new equations of motion for a; read:

’LELJ —_J (derle—iA/wsin(wt) + dj+1eiA/wsin(wt)> + 2 ZTLZ&] (VII33)
%

Le. we effectively moved the time dependence from the effective potential to the hopping (such

trick was first suggested by Pierls). So in terms of new fields the Hamiltonian reads

H = _JZ (djaj_"_lefiA/wcos(wt) 4 d;+1djeiA/WCOS(Wt)) + Zu”nzn] (V1134)
J

ij
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This is a time dependent Hamiltonian, however, it can not be represented in the form H +V (t) but
rather H + V(t) 4 VT(t). This introduces additional terms in the Magnus expansion, in particular,
non-vanishing Hl(f). But the general structure of the expansion remains the same. Note that in
principle all observables should be also re-expressed through a; and d;. But at times, which are
multiple of the driving period clearly a; = a; so we do not need to worry about this subtlety if
we are interested in the stroboscopic description of the system and thus can drop the tilde sign.
Because the amplitude in the hopping term is bounded at any value of A and w we can take an
infinite frequency limit and obtain an effective Floquet Hamiltonian

Hp ~ —JJ()(A/W) Z(a}ajﬂ + a}+1aj) + Z Ui T, (VH.35)

J ij
where Jj is the Bessel function. This simple time-average is in fact an infinite resummation of the
original Magnus expansion (see exercises). Note that if we take the limit w — oo at fixed A we will
reproduce the time-average of the original Hamiltonian (MIIZ30) as expected. But if we keep the
ratio A /w fixed we can get a highly nontrivial Hamiltonian with e.g. vanishing or negative hopping
strength. We can thus create Hamiltonians with interesting properties, which are impossible to

achieve in equilibrium

1. Exercises

1. Show that in the high frequency limit the leading terms in the Magnus expansion for the
Hamiltonian (MIT30) one can reproduce Eq. (MII3H). One can match the Taylor series of

the Bessel function with the Magnus expansion term by term.
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