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Abstract
In this set of lectures, we will introduce and discuss the properties and utility of the density
matriz - a special quantum mechanical operator whose diagonal elements give the probability dis-
tribution for quantum mechanical microstates. It is a generalizaiton of convention wavefunction
formulation of quantum mechanics, and in equilibrium allows computation of the partition func-
tion and therefore thermodynamics in quantum statistical mechanics. We will also discuss how
thermodynamics (ETH) and in particular entropy — the so-called “entanglement” entropy — arises

in a closed quantum system from entanglement of a subsystem with the rest of the system.

*Electronic address: radzihov@colorado.edu



I. DENSITY MATRIX FUNDAMENTALS IN QUANTUM STATISTICAL ME-
CHANICS

A. General basics

Density matrix p was first introduced by John von Neumann in 1927 and independently
by Lev Landau, and as we will see supercedes conventional wavefunction formulation of
quantum mechanics.

Given a density matrix characterizing a statistical ensemble of a quantum system and

obeying normalizaton conditions,
Trlp] =1, Tr[p?] <1, (1)

the averages of any operator O can be computed according to,

(O) = Tr [Op} . 2)

A density matrix is given by a statistical state of a quantum system. Much as a wave-
function, once prepared in an initial state evolves in time according to the time dependent
Schrodinger equation (or equivalently according to the evolution operator U (t) = e—ift/ h

(1)) = U(t)[1(0))), subject to systems Hamiltonian H, a density matrix evolves according

to the von Neumann equation (also known as the Liouville - von Neumann equation),
ihop = [H, p), (3)

or equivalently, p(t) = U(t)p(0)UT(t) (not to be confused with the Heisenberg equation for
evolution an operator, which has an opposite sign).

The von Neumann entropy
Sov = —Tr[plnp] = —(Inp) = = > A, InA,, (4)

where A, are eigenvalues of p is the quantum mechanical counter-part (generalization) of

the Shannon’s entropy Ss = — >, P,In Py = —(In F,).



B. Equilibrium density matrix

For a system in thermal equilibrium the density matrix is must be stationary and is
thus, according to (3) is taken to be a function of the Hamiltonian, with a form special to

ensembles discussed in Lectures 2-4,

e Microcanonical

R 1
e Canonical
1 N
pe = —e kT (6)
e Grandcanonical
1 N N
oo = e Fo T (7)

Detailed balance of transitions between different states required to attain statistical equi-
librium demands that p is a Hermitian operator.

Focusing on the canonical (equally true for grandcanonical) ensemble, we note that the
unnormalized part of density matrix p¥(3) = e~ #/*s7 gatisfies a useful operator differential
equation,

Dspy = —HpY(B), ®)

that can be verified by formal substitution, utilizing a Taylor series in H representation
of p¥(). One can view this as a time-dependent Schrodinger equation in an imaginary
time, 7 = it (where 7 ranges from 0 to Sh). Equivalently, when expressed in coordinate
representation (see below) one can also view this as an equation in real time for diffusion in

a potential.

II. PURE STATES IN QUANTUM MECHANICS

Recall from standard quantum mechanics, that states ) of an isolated quantum sys-
tem are rays (since normalization creates physical equivalence class) in Hilbert space with
expectation values of physical observables, represented by Hermitian operators O are given
by,

(0) = (¢[O[Y).
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A. Dirac basis-independent representation

It is convenient to introduce a completely equivalent description in terms of the so-called

“pure” density matrix

p=[0){¥l, (9)

in terms of which we have,

(0) = (W|Oly) = Tx[Of], (10)

as given in (2).

One advantage of using p over states |¢) is that the overall unphysical phase disappears,
so in a sense density matrix is more physical.

Using time-dependent Schrodinger equation for [¢(t)) we obtaint the von Neumann

equation for the evolution of (). We can also check that
Tr[p) =1, Tx[p?] =1, (11)

and is a defining property of a pure density matrix state, i.e., a density matrix that corre-
sponds to a single quantum mechanical state |1), which of course can be a superposition of
many other states. This is to be contrasted with the “mixed” density matrix, to be discussed

in next subsection.

B. Basis representation

Just like a state [¢) = > ¢,|n) can be represented in terms of a orthonormal basis as
a state vector {c,}, so can density matrix can be represented as a basis-dependent matrix

Prm, Where

p=3" pamln)iml (12)

with matrix elements by definition given by p,, = (n|p|m) = ¢,c.

In terms of this representation the trace in (10) is easily computed, giving

<O> = Tr[éﬁ] = Z O Prn (13)



The time evolution is given by matrix version of (3) for H,,, and pp,. It is convenient

to choose |n) to be eigenstates of H, such that H|n) = E,|n), which then gives,
Prm (1) = pnm(o)e_i(En_Em)t/h> (14)

consistent with above p,,,, = ¢,c}, representation and showing that diagonal matrix elements
of p are stationary in the Hamiltonian basis and the off-diagonal coherences oscillate at
frequency set by the difference of energy eigenvalues.

The property (11) is just a reflection of the normalization of |¢)) that pure p is describing.
We also note that a pure density matrix, p in (9) can be viewed, somewhat perversely in the
basis of [¢) itself. It is then a matrix of all zeros (corresponding to all other states transverse
to [¢) and 1 as pyy = (¥|plyv) = 1. From this extremely degenerate, rank 1 matrix many of
the above expressions e.g., (11) become obvious.

We next consider a generalization of conventional quantum mechanics to that describing
a statistical ensemble of quantum states. Such system is described by a “mixed” density

matrix, to be discussed in next subsection.

III. MIXED STATES IN QUANTUM MECHANICS

We now generalize above analysis to “mixed” density matrix that describes a statistical
ensemble of pure quantum states, that cannot be represented as any state ). As such,
mixed density matrix is not equivalent to conventional states of a single quantum mechanical

system.

A. General

Thus we consider a “mixed” density matrix, defined as an ensemble of pure density

matrix with probability p;,

ﬁzzpi‘¢i><¢i|a (15)



with normalization ), p; = 1, in terms of which we have,
<O> = ZP1<¢Z|O‘¢Z> = Tr[éﬁ]a (16)

where there is both a quantum mechanical and statistical averages.
We can also check that
Trlp] = 1, Tr[p"] <1, (17)

with the second equation being the litmus test for a density matrix describing a mixed state.

It can be traced to the fact that p? < 1.

B. Thermal equilibrium

A

In thermal equilibrium p(H) take on the form (5)-(7) in the first section, above, with
specific form depending on the ensemble. All other properties of mixed density matrix goes

through. As an example we focus on the canonical ensemble.

1. Hamiltonian eigenstates representaton

As discussed above p is a Hermitian operator, generically represented by a corresponding
matrix p,,, = (n|p|m). In the special basis of the Hamiltonian eigenstates, the density matrix

simplifies significantly,
1
p= S BT o

taking a diagonal form,
D, = le*En/kBT Drm = lefEn/kBTd — pud
n Z ) nm Z nm nYnm,

that is quite convenient for many equilibrium computations and makes the quantum statis-

tical mechanics closer to the classical one.



2. Position representaton

Another useful and important basis is the position/coordinate basis, |x) that are eigen-
states z|z) = z|x) of the position operator z, with eigenvalue x. The canonical ensemble

unnormalized density matrix in this representation is given by,

pi(z,a's B) = (ale |2’y = Y (a|n)(nle”?m) (m|2"), (18)

nm

= S (@) (@), (19)

expressed purely in terms of the Hamiltonian eigenfunctions and eigenvalues. We note the
close relation of p“(x,2’; ) to the evolution operator in quantum mechanics U(z,z';t),
identifying the former as the evolution operator in imaginary time ¢ = —i7 = —i$h (note
the units are indeed that of time), converting (i.e., analytically continuing) U (t)=e
to p*(B) = e~ 17/, with p(8) = U(—iBh).

Recalling an operator differential equation satisfied by equilibrium (canonical) density

—iHt/h

matrix, Eq.(8), in coordinate representation it takes the form,

85pu(l’,l’/,ﬁ) = _H(ﬁv x>pu<x7‘rlvﬂ)7 (20)

where p = —ihd,, i.e., giving the coordinate representation Schrodinger equaiton in imagi-
nary time.
Thinking about the fundamental definition of p* in (6), (7) or equivalently the evolution

equation (20), we also note that p“(x,2’, 7) satisfies an important “propagator” property,

(2, To; T + To) = /dﬂhpu(?%xl;7'2)Pu($1>$0;7'1)> (21)

in analogy with a quantum mechanical propagator.

The corresponding expectation value of an operator O is given in coordinate space

(0) = /dxdx'O(x,:p’)p(x',x), (22)

an extension of the general result (13) to coordinate representation.



3. Path-integral representation

As discussed in earlier lectures, Hamiltonian approach to computation of thermodynamic
averages for quantum systems requires (in comparison to classical statistical mechanics) an
additional step of a diagonalization of the Hamiltonian to obtain FE,. We mention here
for completeness that an alternative approach invented by Richard Feynman|[14, 15], allows
one to bipass the diagonalization step, but at the cost of working with a path-integral over
(imaginary) time-dependent microscopic degrees of freedom {g,(7)}, with an exponential
of the corresponding Euclidean classical action (obtained from standard action by replacing
t=—i7), Sg[{q.(7)}] = foﬁh drL[{¢,(7)}] as the counter-part of the Boltzmann weight, with
L[{g.(7)}] the classical Lagrangian. This is not surprizing, given the connection we have
already seen in Eq.(20). Namely, for a quantum system the coordinate-space density matrix

can be written as partition function can be written as a path-integral[15],

P,y B) = / (dar(r)JeSEEEW, (23)

z(0)=z,xz(Bh)=z'

and the associated partition function is the trace,

7 — Z e~ Sellan(MN/h, (24)
{Qn('r)}
~ [ dup(z.:5), (25)
_ / dx / [d(7)]e SO/, (26)
—0o0 z(0)=z,z(Bh)=x

where the imaginary time ranges over a finite interval, 0 < 7 < h, with periodic boundary
conditions x(0) = z(5h).

This thereby reduces quantum statistical mechanics of a point (0d) particle described
by ¢ = z, (i.e., zero-dimensional “field”) to a classical statistical mechanics of a fluctuating
closed “curve” - “polymer string”, described by a 1d closed curve ¢(7) with the effective

classical Hamiltonian given by

PHeulq(T)] = Sela(7)l/h-



In passing we note that this nicely extends to quantum field theory of a d-dimensional system
with field operators gzg(x) to a d + 1-dimensional path-integral formulation over commuting
field degrees of freedom, ¢(x,7), whose description can be viewed as an effective classical
statistical field theory over fields ¢(x, 7).

We also note that in the limit of high temperature (much higher than any natural
frequencies of the system), ¢(7) are 7 independent and the Euclidean action reduces to
3 foﬂh drLlq(T)] — BH(q), and the partition function reduces to the classical one.

We note that the above path-integral representation of d-dimensional quantum statistical
mechanics in terms of (d+ 1)-dimensional classical statistical mechanics is a direct imaginary
time analog of Feynman’s representation of the Schrodinger quantum mechanics, |¢(t)) =
U(t)[)(0)) written in terms of the evolution operator U(t) = e~/ in terms of the path-
integral in real time[l14], where in coordinate representation it is given by, U(z,2’;T) =

S0y ) [ ()] SO,

IV. DENSITY MATRIX EXAMPLES

We will now present a few sample density matrices in various representations and exam-
ine their properties.

Given a state [¢)) we can always construct a pure density matrix as described above.
A mixed density matrix depends on the statistical ensemble characterized by probability
distribution {p;} can also be constructed for any specific situation. In equilibrium the density
matrix is completely determined by the Hamiltonian of the system, given by Eqs.5,6,7, with

the corresponding F, T', i, depending on the ensemble of choice.

A. Spin-1/2 states

e Pure state |+, n) of spin 1/2 polarized along n = (sin @ cos ¢, sin 6 sin ¢, cos 0):

Such state can be written in the | 1),| |) basis, the eigenstates of S,, |+, 7) =

cos e79/2| 1) + sin £e'?/2| |).



The corresponding pure density matrix is given by

PP = ) (] = cos® T 1)1 +sin® 0] 4) (4| +cos o sin S| 1)L | + cos sin 2| 1)(1 |,
(27)

that has matrix elements given by

20 0 0 ,—id
pure.d cos” § cos 5 sin e (28)
i cos & sin Zet® sin? ¢
2 S5 2
In the |[4+,7n), |-, n) basis its matrix elements are given by,
R 10
pure,i
po,a’ - . (29)
00

In the case of photons such pure state describes perfectly polarized light. This density
matrix can be straightforwardly demonstrated to satisfy normalization, Tr[p] = 1,
purity condition Tr[p?] = 1, and gives h/2 for the expectation values of 7 - S. For
0=m/2,¢ =0, we find 0 for S, and h/2 for S,.

For latter choice of quantization axis, § = 7/2,¢ = 0, it is an eigenstate of 5’1, and

reduces to,

Apure,X __

(10) + 1)) (O] + (1), (30)

(10O + [1) {01 + 10) (L] + [1){1]) - (31)

N — DN —

with the matrix representation given by
PA = 5 ) (32)

and we used another common notaton of |0), |1) basis (used in quantum information),

isomorphic to up/down spin basis.

e Mixed state at infinite temperature:
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If instead we consider an ensemble state that is an equal statistical mixture of all
quantization axes, n uniformly distributed over 47 steradians (for photons we would
call this “unpolarized” light from eg., an incandescent light bulb), the density matrix
is given by,

/2 0

p?ﬁ(’ed - ) (3?))
0 1/2

pure,i

b8, ¢) over non a surface of

which can be straighforwardly obtained by averaging p
Stokes sphere. The diagonal elements correspond to equal probabilities for the spin up
and spin down states. We note that all off-diagonal quantum mechanical coherences

average out.

It can be seen that this mixed state satisfies Tr[p2, 4] = 1/2 < 1, and

-

(S) = Tx[pS] = 0.

This incoherent state with all spin components vanishing is clearly very different from
the above pure state for § = 7/2, for which although (S.) = 0, there is perfect

polarization along z.

Comparing this mixed density matrix to the canonical density matrix at g = 0, we
see that this mixed state corresponds to an infinite temperature state, for which in

equilibrium all states are equally likely, with this case pup/down = 1/2.

We note that it is impossible to describe this (and any other) mixed state in terms of
any state [¢)). Do not confuse a mixed state (where there is an incoherent statistical
ensemble of many quantum mechanical systems), with a pure density matrix of a state

that is a superposition of many pure states!

Pure N-spin 1/2 states:

We can also consider N-spin states. For example

— unentangled - product states: An illustrative simple examples of product 2-spin
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states are given below,

) = [ DI, (34)
V) = D= =D+ 1)U =14). (35)

DN | —

While (34) looks simpler in the S, basis than (35), this is just a choice of the

basis. In the S’x basis the reverse is true.

— entangled:: Tllustrative simple examples of entangled 2-spin states are given below,

1
1) = E(|T>|T>+|i>|i>), (36)
1
|1he) = E(|+>‘_>+l_>‘+>)’ (37)
o) = —= (|10 = [ 11 .. (38)

QI

2

These are entangled 2-spin and N-spin states, with the last one for obvious reasons
sometimes referred to as “ cat” state - superpositon of a “dead” and “alive cat”. On the
next homework, we will work out density matrices for such multi-spin states, utilizing

above construction of a pure density matrix from a state [¢).

B. Free particle

As an example we now consider coordinate-space representaton of the density matrix for
a free particle in d-dimensions, modeled by ]:[0 = p?/2m. Using our discussion of a general

unnormalized p*(x,x’; B) above, for a free particle with momentum eigenstates |k), we find

pu(x,x'; B) = (x|e”Ho|x') (39)
=) G(x)ip(x)e P, (40)
k
m " oy _ L e
= TBFLQ e 2 = Ee T, (41)

where \p = h/v/27mkgT and the prefactor arises from eigenstates’ normalization . We also

note that in the 5 — 0 limit, the density matrix reduces to a d-function pfj(x,x’;0) = §(x—x’)

12



as expected for a fully incoherent state at infinite temperature with vanishing coherences,

i.e., a classical particle.

C. Harmonic oscillator

As another example we consider coordinate-space representaton of the density matrix
for a particle in 1d harmonic potential, modeled by Hyy = p?/2m + %mwzi“Q. As we did for
a free particle, above, p'.(x,2’; B) can be obtained by utilizing eigenstates of a harmonic
oscillator, namely, the Hermite polynomials Hn(gv)e*%“2 and performing a sum in (19).

Alternatively, and simpler, we can use either a solution of the imaginary-time Schrodinger
equation (20), or a path-integral formulation (23). We thereby find a somewhat complicated

(but famous) expression for the unnormalized (no factor of 1/7) density matrix,

1/2
pi(z, 2 B) = (2 hsgkiﬁhw)) e ($+9”,)2tanh(ﬁm/2)+(df—x’)2coth(,Bﬁw/2)]’ (42)
T

where the partition function is directly obtained,

1

2 = BT (44)

consistent with our result from earlier lecture and homework. From this we obtain for

normalized density matrix p = p*/Z,

1/2
prol, 25 ) = (mmanhéﬁhm)) ot (e o)) (4
™

As we will explore on the homework, this density matrix has rich behavior satisfying all the

expected limits.

V. APPROXIMATE METHODS

It is a rare example that an interesting problem in physics is exactly solvable. So most
of the time we must resort to an approximate soluton, that hopefully can be justified in the

limit of interest. Here we will discuss two such methods. I note that presentations below are
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tailored for a special case of classical statistical mechanics or more generally when various
components of the Hamiltonian (e.g., Hy, Hy, and H, Hy, below) commute. We will utilize

these two methods to solve few problems on the homework.

A. Perturbation theory

Often we are faced with solving a problem for a Hamiltonian H = Hy + H;, where the
problem is only exactly solvable for Hy. Namely, in the context of statistical mechanics, we
can compute all the observables and in particular can calculate the partition function Z, =
Tr [e_BHO}. However, we are unable to calculate the partition function Z = Tr [e‘ﬁ(HOJ“Hl)}.
How do we make progress?

Much like in other fields, e.g., quantum mechanics, in the case of a weak perturbation
H, < Hy we can compute Z perturbatively in a conrolled expansion in H;/H,. Namely we
simply Taylor expand in H;, by assumption above, allowing us to calculate exactly term by

term to some order of interest,

1
7 = Tr [e_'B(H(H_Hl)} ~ Tr |:6_ﬂHO (1 — BH, + §B2H12 + .. ):| , (46)

— 7|1 —5<H1>o+%ﬁ2<ﬂf>o+...] , (47)

where all the averages are done with the solvable probability distribution e=#0/Z,. Thus,
every term can in principle be computed to a desired order. Please note that above I assumed
that Hy and perturbation H; commute to be able to separate the exponentials. This is
certainly the case for a classical problem, but can also hold for a special kind of quantum
problems. If not, one needs to go into the interaction representation and do a perturbative
expansion in H;(t) in the interaction picture of imaginary-time evolution operator. I mention

this for completeness but we will not have to do this in the operator language here.

B. Variational theory

Another quite general approximate treatment is the variational theory, where the upper
bound for the free energy, F' is computed using a minimized variational free energy, Fl.,

computed with a trial Hamiltonian, H,. To see how this upper bound is established we
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approximate the partition function,

Z = Tr [e’ﬂH] = PF

— TI- [e_ﬁ(H_Htr)e_ﬁHtr] — <e_ﬁ(H_Htr)>tre_BFtr

Y

Y

Z 6_5<H_Htr>tr€_/8Ftr = 6_5Fvar7 (48)

where the variational free energy
Fvar:Ftr+<H_Htr>tr > F7

provides the upper bound for the actual free energy F' of interest, and H, is the trial
Hamiltonian, with respect to which the above expectation value is computed. In above we
used the convex property of the e function to conclude that (e™*) > e~ as illustrated

in Fig.1

- X

’_Qt:f’lg G\} L‘( Q

e

ot
€<>

xz

FIG. 1: Hlustration of convexity property of e™*.

The use of the variational method is a bit of an art in selecting a convenient H., so

it approximates well the Hamiltonian H of interest. We pick H;, to be characterized by
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adjustable variational parameters to minimize Fi,., as to give a tighter bound on F' of
interest. . If one picks too many variational parameters then the computation is too difficult.
On the other hand, picking to few parameters does not give tight enough bound on F'. The
good news is that the better the choice of Hy., the closer is the approximate solution Fl,, to

the exact free energy F.

VI. THERMODYNAMICS FROM PURE CLOSED QUANTUM SYSTEM

We next turn to a discussion of emergence of thermodynamics and in particular of the

“entanglement entropy” in a closed quantum system.

A. Eigenstate Thermalization Hypothesis (ETH)

Amazingly, microcanonical description is believed to extend to a generic closed quantum
many-body system in a single eigenstate, a postulate known as the Eigenstate Thermaliza-
tion Hypothesis (ETH), put forth in early 90s by Mark Srednicki[8] and independently by
Josh Deutsch[9]. As consequence ETH posits that a quantum mechanical average of an
observable O for a system in a generic quantum many-body state |¥(t)), under unitary
evolution, in a long time limit “relaxes” to equilibrium, described by the microcanonical

ensemble at energy E = (U|H|¥),

1

t
;/0‘ dt/<qj(t/)’0‘qj(t/)>t*>00 = <O>Pequilibrium <49>

and by equivalence of ensembles can also be calculated using canonical /grandcanonical en-
semble. To see this we can express |¥(¢)) in terms of many-body eigenstates |n) and consider

expectation value at time ¢ of a local operator O,

(T O (t)) =Y Opmemcye Fm=Enth, (50)
We note a first crucial property that the off-diagonal n # m terms oscillate with gaps of the
spectrum. In a generic many-body system (in contrast to a special simple, i.e., integrable
single-body problem), the spectrum is complex and incommensurate, and thus in the long

time limit, these off-diagonal terms exhibit fast incommensurate oscillations, dephasing and
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averaging out to zero after some time (set by minimum gaps) in the ¢ — oo limit.
Thus, above expectation value “relaxes” (equilibrates) to a stationary time-independent

state, determined by diagonal components of the density matrix,
1 t
;/ dt’ < ( )!O|‘1’ t—><x> Z Onn|CN|2 Z Ormpi;jgonal (51>
0

At this point one may celebrate having found that long-time averaged expectation value is
determined by a stationary density matrix in the so-called diagonal ensemble.

However, to declare the validity of Eq.49, that would allow one to replace time averages
in a pure state by a thermal equilibrium ensemble average, a serious issue of principle
remains. Namely, the diagonal components of the density matrix |c,|* and therefore the
expectation value of O, >, 1en?*Ony appear to depend on the details of the initial state
|W(0)) through the initial expansion coefficients, ¢,, not just on its average energy density,
£ =F/V = (U|H|¥)/V = kgTn as in an thermal ensemble on the right hand side of (49).
Eigenstate Thermalization Hypothesis (ETH) proposes that for generic state with a finite
excitation energy density (not a ground state) &€ = E/V, diagonal matrix elements of a local
operator are independent of n, depending only on £. Thus O,,, can be taken out of the sum,
which then reduces to 1, with the result reducing to the microcanonical ensemble around the
state n set by E. Namely, in a long time limit the expectation value relaxes to an ensemble
average of O,,, over eigenstates around energy F in a range of fixed energy density £.

It appears somewhat paradoxical that a closed quantum system evolving under purely
unitary, norm-preserving evolution, nevertheless exhibits “relaxation”, with accompanying
growth of sub-system’s entanglement entropy (see below). The resolution of this apparent
“paradox” is that local observables gets “dressed” and thereby spread into operators that are
nonlocal in coordinate and in operator space. Thus, while there is no loss of information
or many-body norm, under growth of entanglement the information delocalizes and thereby
becomes unobservable through local low-order operators measured in typical experiments.
Thus, from the perspective of experimentally accessible local observables, the system relaxes
to equilibrium value of these observables.

There are notable exceptional closed quantum systems (typically in the presence of
local random heterogeneities, i.e., “quenched disorder”), that are not ergodic. They do

not equilibrate and thus violate ETH, exhibiting the so-called “many-body localization”
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(MBL)[11], that is currently vigorously studied[12]. More generally, “integrable” systems
have infinite number of conserved quantities, that (thereby cannot relax) violate ETH, with

MBL being only one example where such integrability is emergent.

B. “Entanglement entropy” in closed quantum systems

We next discuss a concept of entropy in a closed quantum mechanical system in a
(normalized) state |W), characterized by a pure density matrix p = |W)(¥|. It is easy to see
that the von Neumann entropy of the total system vanishes identically and is independent
of time. This underscores the fact that the total system is in a pure state.

However, imagine splitting this full closed system A+B into subregions A and B and
tracing over degrees of freedom in region B (spanned by basis [¢)g)). Physically this rep-
resents the fact that in practice we only have access to local operators, with support in
some subregion A, and thus it is only the “reduced density matrix” for subsystem A, that is

involved,

pa="Tr[p] =) (Vslplvs), (52)
(2]

Even more explicitly, matrix elements of p4 are given by

Poaoty = (0alpalols) =Y (Wa, vnlpltl, ¥s). (53)

¥B
Generically, this pa will be a mized density matrix, i.e., Tr[p%] < 1. Correspondingly,
we can define the “entanglement entropy”,

SE = —]{IBTI‘ [ﬁA ln,ﬁA] y (54)

that is a quantum-mechanical analog of the thermodynamic entropy, and will generically be
nonzero if p,4 is indeed a mixed state.

As we will work out explicitly on the homework:

e p4 is pure for:

A and B unentangled, i.e., [avp) = |¥a)|tp), i.e., a product state, and Sg = 0.
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e ), is mixed for:

A and B entangled, i.e., |{patp) # |Ya)|tp), i.e., not expressible as a product state,
and S > 0.

The Page Curve

When a black hole releases radiation, the radiation and the black
hole should be quantum mechanically linked. The total amount
of connection is called the entanglement entropy. According

to Stephen Hawking’s original calculations, this quantity keeps
rising until the black hole dies. But if information gets out, the
entanglement entropy should instead follow the Page curve.

Maximum Hawking's
information entropy
content calculation

| l

Black
hole

dies

>
a
o
24
=
~
w
—
z
i
=
w
-
O
72
<
=
=
w

Page time

FIG. 2: Ilustration of a black hole, Hawking calculation and the Page curve. The putative reso-
lution and expected Page form of S(¢) is the entanglement entropy between the evaporating (and
therefore shrinking) black hole and the radiation (that appears thermal, according to Hawking’s
semi-classical calculation

Thus Sg measures the extent of entanglement between regions A and B. For example, for
a fully entangled two-spin singlet state |¥) = =5 [| 1)al 1)s — | )| 7)5], leads to a mixed
pa with the entanglement entropy that is maximum, Sg = kg In 2, quantifying the fact that
in such a state there is no local information about a single spin, only quantum correlations
between the two spins. In contrast, a fully unentangled product state |¥) = | 1) 4| {)5 gives
a pure p4 and has a vanishing entanglement entropy, Sg = 0. For a more general case of an
N spin-chain, starting with an initial state that is unentangled, the initial entropy Sg(t =

0,L4) =0, but will evolve in time in an ergodic ETH system to Sg(t >> tequi, La) = Las,
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that is extensive and given by the thermodynamic entropy. We note that since Sg(L) = 0,

Sg(La) = Sp(L — La), maximized at Ly = L/2.

VII. RELATION TO INFORMATION THEORY

Amazingly, as was first discussed by “the father” of information theory, Claude Shannon
in his landmark 1948 paper, “A Mathematical Theory of Communication”, thermodynamic
entropy as defined by the microcanonical ensemble is intimately related to information con-
tained in e.g., a transmitted signal or text of a book. The profound Shannon’s assertion
is that “information” (Shannon entropy) is the von Neumann entropy of the signal or data,
viewed as stochastic data characterized by probability distribution.

To see this more explicitly, we consider a binary signal of N bits of Os and 1s

...0001101111000110000.. .. (55)

with probability py of a 0 bit and p; = 1 — py of a 1 bit appearing in the signal. We then
would like to define “Information” to be consistent with the colloquial intuition, namely, the
most predictible signal of, e.g., all 1s, p; = 1 carrying no, i.e., zero information (since each
bit is completely predictable to be a 1) and the least predictable signal of random 0s and 1s,
po = p1 = 1/2 giving maximum Information. Following Shannon we then define Information
S (Shannon entropy of the signal) in terms of the number of possible length N bit signals
that can be created subject to the statistics of the signal characterized by py ;. The latter is
nothing but the multiplicity,

N! N!
Q = = , 56
ML (oM (V)] (56)
NN NS
= =2V (57)
(pON)pON<p1 N)plN
= po"N (1 — py) PN, (58)

where in the second line we used Stirling approximation. This then gives Shannon’s infor-

mation per bit, S = N~tog,Q,

S = —pology(po) — (1 — po) logy(1 — po), (59)
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just like the entropy of a Ising magnet at fixed magnetization. In the more general case of
m (rather than just 2) letters a;, with ¢ = 1,...,m and corresponding probability for each

letter p;, Shannon’s information is given by,
S =-— Zpi log, pi- (60)
i=1

This and many other aspects of classical and quantum informations are well discussed by
J. Preskill in his Caltech notes as well as by Ed Witten in his “mini-review of information
theory”, that appeared on the arXiv.

With this lecture discussion, amplified by your detailed homeowork analysis we are now
experts on the role and utility of density matrix in quantum statistical mechanics. In the

next lecture we will turn to some important applications.

Appendix A: Path-integrals formulation in quantum mechanics

Inspired by Dirac’s beautiful on role of the action in quantum mechanics, Richard Feyn-
man developed a path-integral quantization method[14] complementary to the Schrédinger
equation and noncommuting operators Heisenberg formalism.

As a warmup we begin with a phase-space path-integral formulation of a single particle
quantum mechanics. We will then generalize it to a many-body system, simplest formulated

in terms of a coherent states path-integral.

1. phase-space path-integral

A central object in formulation of quantum mechanics is the unitary time evolution

operator U(t) that relates a state |1)(t)) at time ¢ to the [1(0)) at time 0,

[ (1)) = U(6)[4(0)).
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Given that [1(t)) satisfies the Schrodinger’s equation, the formal solution is given by U (t) =

_i . .
e~ w1 In a 1d coordinate representation, we have

(arlo®) = [ deoGe OOl ol (), (A1
Y(zn,t) = /_00 dzoU(x N, 205 )1 (20,0), (A2)

where we defined 2y = oy, x; = 29, t =ty = Ne, tp = 0. Our goal then is to find an explicit
expression for the evolution operator, equivalent to a solution of the Schrodinger’s.
To this end we employ the so-called Trotter decomposition of the evolution operator

U(ty) in terms of the infinitesimal evolution over time t/N = e:

Olty) — e it — (e—;ﬁfv)N = U(Q0(0).. U(e). (A3)
i (A4)

In coordinate representation, we have

(A5)

(A6)

(A7)

(A8)

(A9)

Uwn, o tn) = (an|U(€U(e). .. U(e)lao),

N-1p poo

- 1] / dﬂ?n] (enU(@)ena)(@nalU()en—s) - (@asa[U(E)zn) . (21]U (€)]o),
n=1 o0
N-1p poo N-1 ¢ oo

= / Ay (x,|U (€ |:17n_1)} = H {/ dz,(x |e HE AV Dz, 1) |,
n=1 o0 n=1 —00
N-1[ oo

= / dzx., xn]e i m |x _q)e” WV (- 1)} :
n=1 o
N-1lr noo

= / dxndpn .Tn|€ i dm |p ><pn|$n—1>e_hV(mn 1):| )
n=1 o0
N-1p poo v ,

_ / A2ndPr & [pn(@n—an 1)/~ 22~V (an1)] €

) o 27h ’

—_

Dx(t)Dp( )e £S[z(t)p (lt)]7

I
~

(t)=m¢ .
= / Da(t)ers O],
z(0)=z;

where we took the continuum limit e — 0, defined a functional integral [ Duz(t)...
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Hi::ll [ f_oooo dzy, /#} ..., and the phase-space and coordinate actions are given by

Slett).p(0)] = [ dilpi — 2~ V(o) (A12)

Sla(t)] = /0 dt[%my’cQ—V(x)] (A13)

In going from phase-space to coordinate space path-integral, (A11), we performed the Gaus-
sian integrals over the momenta p,, = p(t,). The a graphical visualization of the path-integral

is given in Fig.3.

Sum’ over aM \wlumdéa‘l‘e X, ) X PR i‘G/
D oV e qﬂ dm*nmole }mff’Ls.:

- 3 Sum Ve T QM, r;q_/fﬂ‘_s K/,% lwu%,} Q‘K
X2 UyrTrr e A

FIG. 3: A graphical illustration of a coordinate path integral for an evolution operator in one
dimension.

The advantage of the path integral formulation is that it allows us to work with commut-
ing functions rather than noncommuting operators. It also very powerful for semi-classical
analysis with classical & — 0 limit emerges as its saddle point that extremizes the action. As
discussed in great detail in Feynman and Hibbs[14] and references therein, most problems
in quantum mechanics and field theory can be reproduced using this approach, often much
more efficiently. However, some problmes are much more amenable to treatment through
the operator formalism (e.g., spin quantization).

For a vanishing potential, the path integral becomes Gaussian and the evolution operator

is easily computed[14] by a number of methods (for example via a direct Gaussian integration
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of (A9), a saddle-point solution, exact in this case, or by a solution of the Schrédinger’s

equation), giving

12 .
Uo(zy, wi5t) = (27:?}%) er 3 (@r—wi)?/t

This is why Gaussian integrals play such a crucial role in theoretical physics.
We now turn to a seemingly distinct problem of a quantum partition function for this

system given by a trace of the density matrix p(5) = e~BH

Z = Tre P8 :/ dx0<$0\e_6ﬁ\xo> :/ Dx(T)e_%SE[g”(T)], (A14)
- 2(0)=2(Bh)

[e.9]

where

Bh
Spla(r)] = /0 dr[%m:tz—l—V(x)],

obtained by repeating Trotter decomposition of the previous analysis, but here applying it to
imaginary time 0 < 7 = it < fh, with the maximum imaginary time given by 7 = Sh. The
saddle-point Euler-Lagrange equation for Sg corresponds to a particle moving in an inverted
potential —V'(x). We note that this Euclidean action can also be obtained directly from the
real action (A13) by replacement it = 7 with compact imaginary time ShA. Immediately, we
can also obtain an analog of the Schrodinger’s equation in imaginary time, satisfied by the

density matrix

We note that correlation functions computed with a path integral automatically give

time-ordered ones (operators are arranged in later ones appearing to the left),

Tr [T (x(1) ... x(1)p(B))] = /D:E(T)l‘(Tl) . .x(Tn)e_%SE[x(T)] (A15)

as it is only these time-ordered operators are arranged in the necessary order to apply the
Trotter decomposition to a correlation function.

Finally, generalizing this single variable coordinate path-integral to many variables, its
formulation for quantum field theory is straightforward. For example, a quantum partition

function for a phonon field u(r) in a continuum of an isotropic model is given by

7 = / Du(r, 7)e #5rmEn] (A16)
u(r,0)=u(r,8h)
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where

ah
Selu(r,7)] = /0 drd®r Ep(@u)2 + %M(VH)Z

We observe that in a path-integral formulation a d-dimensional quantum field theory
looks like a path integral of an effective “classical” theory in d + 1 dimensions with the extra
imaginary time dimension confined to a slab 0 < 7 < fh.

At zero temperature Sh — oo, leading to a classical like path-integral in all d + 1
dimensions. In contrast, at high temperature, 5o — 0, the field u becomes 7 independent
(otherwise the time-derivatives cost too much action and are suppressed) and the partition

function reduces to that of a d-dimensional classical one
Z — Zy = /Du(r)e5fdd’”§“(vu)2

over time-independent classical phonon field u(r) with a Boltzmann weight controlled by
the elastic energy. This is indeed as expected, as quantum fluctuations are insignificant at

high temperature.

2. coherent states path-integral

From the derivation of the coordinate path-integral above, it is quite clear that other
equivalent representations are possible, determined by the basis set of the resolution of
identity in the Trotter decomposition. One particularly convenient representation is that of

coherent states |z)

2) = e 3l ezatig) :e—;wz\%w (A17)
n=0 :

labelled by a complex number z. From the canonical commutation relation [a,al] = 1 it
is clear that e**' is an operator (analogously to e for x) that shifts a’s eigenvalue of the

vacuum state |0) by z, leading to coherent state’s key property

alz) = z|z).
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These states are overcomplete with nontrivial overlap given by
(z1]22) = ezl ezl o7z
and resolution of identity

1= /@ 2)(#| (A18)

2
where % — dRezdlmz
™ s

Armed with these properties, we derive a very useful coherent-state path-integral. Using
the resolution of identity, (A18), we deduce Trotter decomposition of the density matrix,

(zf\e_ﬂH\zi> = <ZN|6_%H|ZN_1><ZN_1|€_%H|ZN_1> . (zj|e_%H|zj_1> o <Zl|€_%H|ZO>.(A19)

where € = fh/N. The matrix element can be evaluated for ¢ < 1, given by

(il 1) = (5l2) (1 - —M> , (A20)

h (zj]z5-1)
7£(zj\1:1|zj_1) .
= (zjlzj_1)e " EET = (g2 e #HE A (A21)
—_ 67%[Ej(Zj*Zj—l)*ijl(Ej*fjfl)]efiH(EﬁZj*l)' (A22)

where in the last line we simplified expression by taking the Hamiltonian Hla',a] to be
normal-ordered (all a's are to the left of a’s).

Putting this matrix element into the (A23), we find

i T 5 st 707 1. —18p[E(r),2(7)
(zple ™" z) = — e nENEEI = Dz(7)Dz(1)e” n2EETTI (A23)
2 =(8h)=%;

j=1

in the second equality we took the continuum limit N — oo, and the Euclidean action in
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discrete and continuous forms is respectively given by

Sul{Z;,%}] = sz;l [%zj(zj —2j1) — %zj(sz —z) + ;- H(;, zj_l)]
+%zf<zf ) — %zi(il _z), (A24)
SplE(r), 2(7)] = /O R B(E@Tz — 20,7) + %H[z(f), z(T)]}
+%zf<zf — 2(Bh)) — %Zi(zm) —7), (A25)

where the last terms involving Zy, z; are boundary terms that can be important in some
situations but not in the cases that we will consider.

With this single-particle formulation in place, it is straightforward to generalize it to
many variables, and then by extension to a coherent-state path-integral formulation of a

quantum field theory. Applying this to bosonic matter, with identification af, a — 9, and
Z(7), 2(7) = ¥(7,1),9(7, 1)

7 = / DY (7,r)Dy(7, v)e #SErnuEmn] (A26)

where the Euclidean bosonic action is given by

. Bh o o —ﬁ2 2
Selbnn)omn] = [ arat |sn@ow - o) -] ()
Bh . h2v2
= /0 drd®ri(ho, — o )4, (A28)

with periodic boundary conditions on the bosonic field (0, r) = ¥ (fh, r) and its conjugate,
allowing us to integrate by parts to obtain the second form above. The action can also be im-
mediately obtained from the real-time action S, (??7) by replacing it — 7. A huge advantage
of this formulation is that it now allows us to calculation bosonic (time-ordered) correla-
tion functions using simple Gaussian integrals over commuting “classical” d + 1-dimensional
fields, with the only price the extra imaginary time dimension, as compared to the classical

d-dimensional statistical field theory.
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Fourier transforming the coherent bosonic fields,

1 ddk ik-r—iwnT A _ 1 ddk A —ik-r+iwnT
1/}(7',1') = \/ﬁ;/ww(wmk)ek ) w(T,I') - EZ/@Tyﬂp(wmk)e fort )

Wn

we obtain
— dk —
Sullwn k), Y W] = 3 | Ggthl=ihun + e, (A29)
where w,, = é—;r_bn is the bosonic Matsubara frequency.
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