G25.2651: Statistical Mechanics

Notes for Lecture 12

I. DERIVATION OF THE DISCRETIZED PATH INTEGRAL

We begin our discussion of the Feynman path integral with the canonical ensemble. The expressions for the partition
function and expectation value of an observable A are, respectively

Q(N,V,T) = Tr(e” M)
(A) = %Tr(AeiﬁH)

It is clear that we need to be able to evaluate traces of the type appearing in these expressions. We have already
derived expressions for these in the basis of eigenvectors of H. However, since the trace is basis independent, let
us explore carrying out these traces in the coordinate basis. We will begin with the partition function and treat
expectation values later.

Consider the ensemble of a one-particle system. The partition function evaluated as a trace in the coordinate basis
is

Q(B) = [ da(ale ™ ja

We see that the trace involves the diagonal density matrix element (z|e~#|z). Let us solve the more general problem
of any density matrix element (z|e=#|z’).
If the Hamiltonian takes the form
P2
H=—+UX)=K+U
2m

then we cannot evaluate the operator exp(—(GH) explicitly because the operators for kinetic (T') and potential energies
(U) do not commute with each other, being, respectively, functions of momentum and position, i.e.,

[K,U] # 0

In this instance, we will make use of the Trotter theorem, which states that given two operators A and B, such that
[A, B] # 0, then for any number A,

AMATE) — im

P
[GAB/2P8)\A/P€>\B/2P}
P—co

Thus, for the Boltzmann operator,

P
e—BE+U) — lim {efﬁU/2PefﬁK/PefﬁU/2P}
P—oo

and the partition function becomes

P
Q(B) = lim [ dx{z| [e*ﬁU/QPe*ﬁK/PefﬁU/zp} 12)

P—oo

Define the operator in brackets to be :

O = e—BU/2Pe—ﬁK/Pe—BU/2P

Then,

Q(B) = F}iirlw/dx<x|QP|x)



In between each of the P factors of §2, the coordinate space identity operator

I= /d:c|3:><a:|

is inserted. Since there are P factors, there will be P — 1 such insertions. the integration variables will be labeled
Tg,...,xp. Thus, the expression for the matrix element becomes

(z|Qz") =/dsz"'d$P<$|Q|$2><fC2|Q|$3><$3|"'|$P><$P|Q|$'>
P

_ /d:,;2 S | R (o e
i=1
The next step clearly involves evaluating the matrix elementx
2
<$i|Q|$i+1> — <$i|6_ﬁU(X)/2P6_ﬁP /2mP6_ﬁU(X)/2P|$i+1>

Note that in the above expression, the operators involving the potential U(X) act on their eigenvectors and can thus
be replaced by the corresponding eigenvalues:

(il i) = e HUEIHUED 2 =P P g )

In order to evaluate the remaining matrix element, we introduce the momentum space identity operator

I= / dp|p) p|
Letting K = P?/2m, the matrix remaining matrix element becomes
(wile P ais1) = [ dptaslp)ple 2P i)
— [ st plaisaye 72

Using the fact that

1 .
T _ elpz/h
(zlp) Wore
it follows that
1 : 2
1,—BK/P|,.. - = d ip(xi—xiy1)/h ,—Bp°/2mP
(e Pl ) = o1 [ ape ‘

The remaining integral over p can be performed by completing the square, leading to the result

1/2
oK Pl ) = m_P> (_m_P o ,z)
x;le X = ex T e
(e o) = (52 ) o (~ gzt = o)
Collecting the pieces together, and introducing the P — oo limit, we have for the density matrix

(zle PH|2"y = lim _mb P/Q/d:c <+-drp exp
P=oo \ 27 BR> ?

P

mP B
_ ; <W(5Ei+1 — )’ + ﬁ(U(Ii) + U(xiﬂ)))]

T1=z,xpt+1=2'

The partition function is obtained by setting x = 2/, which is equivalent to setting x1 = xp41 and integrating over z,
or equivalently z1. Thus, the expression for Q(3) becomes

P\ P2 P
Q(ﬁ) = I}gnw (%Tm—ﬂhz> /dwl ---dxp exp [—ﬁ; (%mw%(xiﬂ — xi)Q + %U(mz))]

Tp41=T1



where we have introduced a “frequency”

VP
=
When expressed in this way, the partition function, for a finite value of P, is isomorphic to a classical configuration

integral for a P-particle system, that is a cyclic chain of particles, with harmonic nearest neighbor interactions and
interacting with an ezternal potential U(z)/P. That is, the partition function becomes

wp

Q(B) ~ /dfﬂl .. .dxpe*ﬁUeff(Il-,---,ibp)

where

P
1 1
Uegt(21,...,2pP) = Z [gmwfa(fl?iﬂ — ;)% + ﬁU(Iz‘)
=1

Thus, for finite (if large) P the partition function in the discretized path integral representation can be treated as any
ordinary classical configuration integral. Consider the integrand of Q(() in the limit that all P points on the cyclic
chain are at the same location . Then the harmonic nearest neighbor coupling (which is due to the quantum kinetic

energy) vanishes and (1/P) Zf:l U(z;) — U(z), and the integrand becomes

o—BU()
which is just the true classical canonical position space distribution function. Therefore, the greater the spatial spread
in the cyclic chain, the more “quantum” the system is, since this indicates a greater contribution from the quantum
kinetic energy. The spatially localized it is, the more the system behaves like a classical system.

It remains formally to take the limit that P — oco. There we will see an elegant formulation for the density matrix
and partition function emerges.

II. THE FUNCTIONAL INTEGRAL REPRESENTATION OF THE PATH INTEGRAL
A. The continuous limit

In taking the limit P — oo, it will prove useful to define a parameter

afﬂﬁ
P

so that P — oo implies € — 0. In terms of €, the partition function becomes

B I m \ P/2 i p € L m [ XTig1 — T 2 Ul
Q(ﬁ)_Pegolgﬁo(%rsh) /xl vpexp _ﬁ; 5( € ) +Ulwi)

We can think of the points 1, ..., zp as specific points of a continuous functions z(7), where

TP+1=T1

xp = a(r = (k- 1)e)

such that 2(0) = (7 = Pe) = x(r = Sh):
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Note that

1m<%ﬂ;ﬁ>_m«ﬂmme~na)_@

e—0 e—0 € dr

and that the limit

P 2
. e m [ Tij41 — T4
lim =)0 |2 (I :

is just a Riemann sum representation of the continuous integral

%|/jh dr % (%)2 + U(x(T))]

Finally, the measure

m P/2
pﬁﬁﬁaqo(ggggi) dry---dep

represents an integral overa all values that the function z(7) can take on between 7 = 0 and 7 = (h such that
x(0) = x(Bh). We write this symbolically as Dz(-). Therefore, the P — oo limit of the partition function can be

written as
Q) = / dx /;:j_hi—x Dx(-) exp l—% /055 dr (%ﬁ + U(:C(T)))]

- ]{px(.)exp l—% /Oﬁh ar (54% + U(w(ﬂ))]



The above expression in known as a functional integral. It says that we must integrate over all functions (i.e., all
values that an arbitrary function z(7) may take on) between the values 7 = 0 and 7 = S%. It must really be viewed
as the limit of the discretized integral introduced in the last lecture. The integral is also referred to as a path integral
because it implies an integration over all paths that a particle might take between 7 = 0 and 7 = (A such that
x(0) = (BN, where the paths are paramterized by the variable 7 (which is not time!). The second line in the above
expression, which is equivalent to the first, indicates that the integration is taken over all paths that begin and end
at the same point, plus a final integration over that point.
The above expression makes it clear how to represent a general density matrix element (z|exp(—SH)|z'):

z(Bh)=2'

Bh m .
wle ey = [ T peesy [—% | ar (5x2+U<x<T>>)]

which indicates that we must integrate over all functions x(7) that begin at « at 7 =0 and end at =’ at T = fSh:
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Similarly, diagonal elements of the density matrix, used to compute the partition function, are calculated by
integrating over all periodic paths that satisfy z(0) = z(8h) = z:



FIG. 3.
Note that if we let 8 = it/h, then the density matrix becomes
pla,a'sit/h) = (ale™Ma!) = Uz, a'st)

which are the coordinate space matrix elements of the quantum time evolution operator. If we make a change of
variables 7 = is in the path integral expression for the density matrix, we find that the quantum propagator can also
be expressed as a path integral:

" payexp [5 / s (L) - U(w(s)))}

Such a variable transformation is known as a Wick rotation. This nomenclature comes about by viewing time as a
complex quantity. The propagator involves real time, while the density matrix involves a transformation ¢t = —i3h to
the imaginary time axis. It is because of this that the density matrix is sometimes referred to as an imaginary time
path integral.

Ule,a'st) = (zle /M’y = /

z(0)=z

B. Dominant paths in the propagator and density matrix

Let us first consider the real time quantum propagator. The quantity appearing in the exponential is an integral of
1
iijQ —U(z) = L(x, )

which is known as the Lagrangian in classical mechanics. We can ask, which paths will contribute most to the integral

/Ot ds [%ﬁ(s) - U(:v(s))} = /Ot dsL(xz(s),x(s)) = S[z]



known as the action integral. Since we are integrating over a complex exponential exp(iS/h), which is oscillatory,
those paths away from which small deviations cause no change in S (at least to first order) will give rise to the
dominant contribution. Other paths that cause exp(iS/h) to oscillate rapidly as we change from one path to another
will give rise to phase decoherence and will ultimately cancel when integrated over. Thus, we consider two paths z(s)
and a nearby one constructed from it z(s) 4+ dz(s) and demand that the change in S between these paths be 0

Sz + dx] — S[z] =0
Note that, since z(0) = = and z(t) = 2/, §z(0) = dx(t) = 0, since all paths must begin at z and end at a’. The change
in §'is

t t
0S8 = Sz + 6x] — S[x] = / dsL(z + 6z, 4 + 62) — / dsL(z, 1)
0 0

Expanding the first term to first order in dx, we obtain

¢ . OL_. OL t , t 1oL .. 0L
o5 = [ ds |stody + Goie Ghon] = [ ptoni) = [Las [ Lo T

The term proportional to & can be handled by an integration by parts:

t t t
/ dsa—L,(sz = / dsa—L,i&c = 8—L,5:c —/ dsia—l}&c
o 0% o Ot dt or |, Jo

because §x vanishes at 0 and ¢, the surface term is 0, leaving us with

¢ d oL OL]
5S—/0d8|:—%%+%_517—0

Since the variation itself is arbitrary, the only way the integral can vanish, in general, is if the term in brackets
vanishes:

doL_ oL
dt 9 Oz

This is known as the Euler-Lagrange equation in classical mechanics. For the case that L = mxz/2 — U(x), they give

d . oU
E(mx)—i— e 0
. ou
me= Ox

which is just Newton’s equation of motion, subject to the conditions that x(0) = =, x(¢) = 2’

path and those near it contribute the most to the path integral.

The classical path condition was derived by requiring that §S = 0 to first order. This is known as an action
stationarity principle. However, it turns out that there is also a principle of least action, which states that the
classical path minimizes the action as well. This is an important consideration when deriving the dominant paths for
the density matrix, which takes the form

Thus, the classical

plx,2'; 8) = /:(ﬁh_zl Dx(-) exp [—% /0571 dr (%x(ﬂ + U(CC(T)))‘|

(0)=z

The action appearing in this expression is

Silz] :/Oﬁth (242 + Ua(r) :/OﬁthH(x,dc)

which is known as the Fuclidean action and is just the integral over a path of the total energy or Fuclidean Lagrangian
H(xz,2). Here, we see that a minimum action principle is needed, since the smallest values of Sg will contribute most
to the integral. Again, we require that to first order Sg[x 4+ dx] — Sg[z] = 0. Applying the same logic as before, we
obtain the condition



dom ot _
dr 0% or
0

mi = %U(:zr)

which is just Newton’s equation of motion on the inverted potential surface —U (), subject to the conditions z(0) = z,
x(Bh) = 2. For the partition function Q(f3), the same equation of motion must be solved, but subject to the conditions
that 2(0) = z(8h), i.e., periodic paths.

III. DOING THE PATH INTEGRAL: THE FREE PARTICLE

The density matrix for the free particle

P2

T 2m

H

will be calculated by doing the discrete path integral explicitly and taking the limit P — oo at the end.
The density matrix expression is

/ . mp \ P2
plx,2'; 3) = lim dzo -+ - dxpexp

P—oo \ 270 3h*

mP i(w - )21
-3 i+l — Ti
200" =

T1=z,xpt1=2'
Let us make a change of variables to
Uy = 1

Uy = T, — Ty

o (k=Dapgr + 1
T = %

The inverse of this transformation can be worked out explicitly, giving

1 = Uy
&R k-1 Pkl
T = I—1 uy P U1l
=1
The Jacobian of the transformation is simply
1 -1/2 0 0
0 1 -2/3 0
J=det | O 0 1 -3/4 --- =1

0 0 0 1

Let us see what the effect of this transformation is for the case P = 3. For P = 3, one must evaluate

(1 = 2)% + (22 — 23)" + (w3 — 2)” = (¢ — 22)" + (22 — 23)° + (w3 — 2")?

According to the inverse formula,

1 = Uy

t i le g 2
o = U —U —T -
2T Ty 3

_ sz
xg—U3+3x —|—3x

Thus, the sum of squares becomes



3 1
(2= 22)* + (w2 = w5)* + (w3 = 2)* = 25 + Jui + (v —2')?

2 3 1
Sty gl

From this simple exmple, the general formula can be deduced:

P P 1

D @i —w)? =) - 1“% +ple - a')?

i=1 k=2
Thus, substituting this transformation into the integral gives

1/2 P 1/2 P
P myp P m
z,x's ) = L) (mL) /du ---dupexp |— —_u?| ex { ——(x -7 2}
ol ) (277552 ]};[2 271 B dieeRr kzzz 252"+ | P | " )
where
m Lm
PR

and the overall prefactor has been written as

( mP >P/2_< m )1/2ﬁ(mkp>l/2
27 Bh° -\ 27BR? i \2m3h?
Now each of the integrals over the u variables can be integrated over independently, yielding the final result
m 1/2 m
v, 7' 8) = —— e ——x—x’z]
ploa's) = (520z)  op |5 (o=
In order to make connection with classical statistical mechanics, we note that the prefactor is just 1/, where A
L (2N
N m -\ 2mm

is the kinetic prefactor that showed up also in the classical free particle case. In terms of A, the free particle density
matrix can be written as

1 r(m—2')2 /A2
pla,2’s ) = se (o=

Thus, we see that A represents the spatial width of a free particle at finite temperature, and is called the “thermal de
Broglie wavelength.”



