(G25.2651: Statistical Mechanics
Notes for Lecture 21

I. TIME-DEPENDENT PERTURBATION THEORY
A. The interaction picture

Consider a quantum system described by a time-dependent Hamiltonian of the form
H(t) = Ho + Hy(t)

In the language of perturbation theory, Hy is known as the unperturbed Hamiltonian and describes a system of interest
such as a molecule or a condensed-phase sample such as a pure liquid or solid or a solution. H;(t) is known as the
perturbation, and it often describes an external system, such as a laser field, that will be used to probe the energy
levels and other properties of Hy.

We now seek a solution to the time-dependent Schréodinger equation

H(t)[¥(t)) = (Ho + Ha (1)) [W(2)) = iﬁ%l‘l’(t» (1)

subject to an initial state vector |¥(tp)). In order to solve the equation, we introduce a new state vector |®(t)) related
to [W(t)) by

(1)) = e~ l=)a(t)) (2)

The new state vector |®(t)) is an equally valid representation of the state of the system. In Chapter 10, we introduced
the concept of pictures in quantum mechanics and discussed the difference between the Schrodinger and Heisenberg
pictures. Eqn. (2) represents yet another picture of quantum mechanics, namely the interaction picture. Like the
Schrédinger and Heisenberg pictures, the interaction picture is a perfectly valid way of representing a quantum
mechanical system. The interaction picture can be considered as “intermediate” between the Schroginer picture,
where the state evolves in time and the operators are static, and the Heisenberg picture, where the state vector is
static and the operators evolve. However, as we will see shortly, in the interaction picture, both the state vector and
the operators evolve in time, however, the time-evolution is determined by the perturbation H;(¢). Eqn. (2) specifies
how to transform between the Schrédinger and interaction picture state vectors. The transformation of operators
proceeds in an analogous fashion. If A denotes an operator in the Schrdodinger picture, its representation in the
interaction picture is given by

A[(t) — e’iHo(t—to)/hAe—iHo(t—to)/h (3)
which is equivalent to an equation of motion of the form
dA(t) 1

o = o Ar(t), Hol (4)

Substitution of Eqn. (2) into the time-dependent Schrodinger equation yields

(Ho + Hi (1) = 100~40) M (1)) = Hoe~ ot~/ (1)) 4 e~ Hol=0)/mi1. 2 a1}

Hi (e o0/ (1)) = ettt/ in D (1)

eiHo(t=t0) /g ()= iHo(t=t0) /| (1)) = ih%@(t)) (5)

According to Eqn. (3), the exp[iHo(t — to)/h]H1(¢) exp[—iHo(t — to)/A] is the interaction-picture representation of the
perturbation Hamiltonian, and we will denote this operator as Hy(t). Thus, the time-evolution of the state vector in
the interaction picture is given a Schrodinger equation of the form

Hi(0](1) = ih- (1) ()

The initial condition to Eqn. (6), |®(¢g)) is, according to Eqn. (2), also |¥(tp)). In the next section, we will develop
an iterative solution to Eqn. (6), which will reveal a rich structure of the propagator for time-dependent systems.



B. Iterative solution for the interaction-picture state vector

The solution to Eqn. (6) can be expressed in terms of a unitary propagator Uy(t; o), the interaction-picture prop-
agator, which evolves the initial state |®(¢g)) according to

@) = Ui (t;t0)|®(to)) = Ur(t;t0)[¥(to)) (7)

Substitution of Eqn. (7) into Eqn. (6) yields an evolution equation for the propagator Uy (t;tp):

Hi(0)Us(t;10) = ih-2-Ur(ts o) (8)

The initial condition on Eqn. (8) is Uj(to;to) = I. In developing a solution to Eqn. (8), we assume that H;(t) is a
small perturbation, so that the solution can take the form of a sum of powers of H;(t).

A solution of this form can be generated by recognizing that Eqn. (8) can be solved formally in terms of an integral
equation:

Us(t: to) = Uy (to: to) — / dt' Hy (8) U (s o)

—I——/ dt’ Hy (1)U (t's o) )

It is straightforward to verify this form solution for U;(¢;ty). Computing the time derivative of both sides gives

0 o [
zthI(t;to) zh%g/ dt’ Hi(t\Ur(t'; to)
= H;(t)Ur(t;10) (10)

Thus, Eqn. (9) is a valid expression of the solution. The implicit nature of the integral equation means that an
iterative procedure based on the assumption that Hj(¢) is a small perturbation can be easily developed. We start
with a zeroth-order solution by setting H;(¢) = 0 in Eqn. (9), which gives the trivial result

U (tst0) = 1 (11)
This solution is now fed back into the right side of Eqn. (9) to develop a first-order solution:

R
UWD(tt0) =T — % dt' Hp(t /)U§O) (t';to)

—I——/ dt' Hy(t (12)

The first order solution is fed back into the right side of Eqn. (9) to develop a second-order solution:

. t
U@ (1) = T — %/ dt’ Hi(t U (s 1)

to

:I—%/t0 dt’ Hp(t ()/dt/ dt” Hy(t')H;(t") (13)

and so forth, such that the kth-order solution is always generated from the (k — 1)st-order solution according to the
recursion formula:

- t
UP (t;te) =1 — %/ dt’ Hy (1)U (¢ to) (14)

to

Thus, the third-order solution is given by



U (¢ 1) —I——/ dt’ Hi(t ()/dt/t dt” Hr(t)Hr(t")
_ <%) /to dt' /to dat’ /to dt"" Hp(¢)VH(¢"YH(t") (15)

The exact solution is then just a sum of the solutions obtained at each order:

o0 t(k 1)

Up(t;to) = Z (—) / dt/ dat’ - / dt"® Hy(tYH(t") - Hy(t*) (16)

=0

Having seen how to generate a solution for the propagator in the interaction picture to arbitrarily high orders in
the perturbation, the time evolution of the state vector |®(¢)) in the interaction picture can be determined from

@) = U (t; t0)|®(to)) (17)

and from this expression, the time evolution of the original state vector |¥(¢)) in the Schrodinger picture can be
determined

(W(t)) = e~ Holt=to)/7 g (1))
e,iHo(tfto)/hUI(t;t0)|q>(t0)>
— et Ot IR (1 £0)[W(t0))
= U(t;t0)[¥(t0)) -

where we have used the fact that |®(tg)) = |¥ (o)) and, in the last line, the full propagator in the Schrodinger picture
is identified as

Ult; tg) = e~ Hot=to)/hyy (3. 1) (19)

From Eqn. (19), the structure of the full propagator for the time-dependent system reveals itself. Let us use Eqn.
(19) to generate the first few lowest order terms in the propagator. Substituting Eqn. (11) into Eqn. (19) yields the
lowest order contribution to U (t;to):

UO (t;19) = e~ Holt=t0)/h — 1]y (£: 1) (20)

Thus, at zeroth order, Eqn. (20) implies that the system is to be propagated using the unperturbed propagator
Uo(t; to) as if the perturbation did not exist. At first order, we obtain

. t
U (#: t) = e~ iHolt—to)/h _ %e—ng(t—tg)/h/ dt’ Hy ()
. t
_ o~ iHo(t—to) /A _ %efiHo(tfto)/h/ /e~ THo (¥ ~t0)[RE (47) = iHo(t ~to) /h

R
_ o iHo(t—to) [ _ 1/ dt! e~ iHoW—) B () =iHo(t'~to) /1

to

— Uo(t:to) — / dt’ Up(t; £ VE (YU (¢ o) (21)

where, in the second line, the definition of Hj(t) in terms of the original perturbation Hamiltonian H;(¢) has been
used. What Eqn. (21) says is that at first order, the propagator is composed of two terms. The first term is simply the
unperturbed propagation from ¢ to t. In the second term, the system undergoes unperturbed propagation from tq to
t" and at ¢/, the perturbation H;(¢') is allowed to act. From ¢’ to ¢, the system undergoes unperturbed propagation.
Finally, we need to integrate over all possible intermediate times t’.

In a similar manner, it can be shown that up to second order, the full propagator is given by

.ot
U(Q)(t;to):Uo(t;to)—% / d Uy(t; ') H () Uo(t's to)
to

N2 pt t'
+ <%> / dt / dt” Up(t;t')Ha (¢')Up (s ") Hi (") Uo (¢"; to) (22)
to to



Thus, at second order, the new term involves unperturbed propagation from ¢y to t”, action of Hy(¢”) at t”, unper-
turbed propagation from t” to t’, action of Hy (¢') at ¢’ and, finally, unperturbed propagation from ¢’ to ¢. Again, the
intermediate times ¢ and ¢ must be integrated over. The picture on the left side of the equation indicates that the
perturbation causes the system to undergo some undetermined dynamical process between ¢ty and ¢. The terms on
the right show how that process is broken down in terms of the action of the perturbation H; at specific intermediate
times. At the kth order, the perturbation Hamiltonian H; acts on the system at k specific instances in time. Because
of the limits of integration, these time instances are ordered chronologically.

The specific ordering of the instances in time when H; acts on the unperturbed system raises an important point.
At each order the expansion for Uj(t;¢9), the order in which the operators H(t'), H;(¢"), etc. are multiplied is
important. The reason for this is that the operator H(t) does not commute with itself at different instances in time

[Hi(t), Hi(t')] # 0 (23)

Thus, in order to remove any possible ambiguity when specifying the order in which operators are to be applied in a
time series, we introduce the time-ordering operator, T'. The purpose of T' is to take a product string of time-dependent
operators A(t1)B(t2)C(t3) - - - D(t,) which act at different instances in time t1, t2,...,t, and order the operators in the
product such that they act chronologically in time from the earliest time to the latest time. For example, the action
of T on two operators A(t1) and B(tq) is

T (A(t1)B(ty)) = {g%igg ii 2 i; (24)

Let us now apply the time-ordering operator to the second-order term. First write the double integral as a sum of
two terms generated simply interchanging the names of the dummy variables ¢’ and t":

t t 1 t t t "’
/ dr’ / dt" Hi(t)H;(t") = = [ / dt’ / dt’” Hy(tYH(t") + / dt” / dt’ Hl(t”)HI(t’)] (25)
to to 2 to to to to

The same region can be covered by choosing ¢’ € [to,t] and " € [t/,t]. With this choice, Eqn. (25) becomes

t t 1 t t t t
/ dt’/ dt" Hi(t"H;(t") = 3 V dt’/ dt” Hl(t')HI(t”)—i—/ dt’/ dt" Hr(t")Hy(t") (26)
to to to to to t/

In the first term on the right side of Eqn. (26), t” < ¢’ and H;(t") acts first, followed by H;(¢'). In the second term,
t' <t and H;(t') acts first followed by H;(¢"). The two terms can, thus, be combined with both ¢’ and ¢ lying in
the interval [to, ] if the time-ordering operator is applied:

t t’ 1 rt t
/ dr / " Hy (O H () = / v / At T (H (8 H (1)) (27)
to to 2 to to

The same analysis can be applied to each order in Eqn. (16), recognizing that the number of possible time orderings
of a product of k operators is k!. Thus, Eqn. (16) can be rewritten in terms of the time-ordering operator as

[e’e) . k t t t
Urtstn) =3 (0 (£) & [t [ e [ and (e e Hiw) (28)

k=0

The sum in Eqn. (28) resembles the power-series expansion of an exponential, and, indeed, we can write the sum
symbolically as

Ur(t;to) =T [exp (—% /t: dt’ H,(t’))] (29)

which is known as a time-ordered exponential. Eqn. (29) is really a symbolic representation of Eqn. (28), in which
it is understood that the time-ordering operator acts to order the operators in each term of the expansion of the
exponential.

Given the formalism of time-dependent perturbation theory, we now seek to answer the following question: If the
system is initially in an eigenstate of Hy with energy F;, what is the probability as a function of time ¢ that the



system will undergo a transition to a new eigenstate of Hy with energy F;? From the statement of the question, it is
clear that the initial state vector |¥(¢g)) is simply the eigenstate of Hy with energy E;

[W(to)) = [Ei) (30)

The amplitude as a function of time that the system will undergo a transition to the eigenstate |Ey) is obtained by
propagating this initial state out to time ¢ with the propagator U(¢;to) and then taking the overlap of the resultant
state with the eigenstate |Ef):

Ayi(t) = (Ef|U(t; t0)| Ei) (31)
and the probability is just the square magnitude of this complex amplitude:
2
Pri(t) = [(E¢|U(t; to) | Es)| (32)
Consider, first, the amplitude at zeroth order in perturbation theory. At this order, U(¢;t9) = Up(¢;t0), and the
amplitude is simply
0 —i _
ARE) = (Byle et )
e B0 By | By (33)

which clearly vanishes if F; # Ey. Thus, at zeroth order, the only possibility is the trivial one in which no transition
occurs.
The lowest nontrivial order is first order, where the transition amplitude is given by

AR (1) = (B lUD (t;10) | Es)

. t
= —5 | dt' (Bf|Uo(t: ) Ha(¢)Uo(t's0)  E:)

to
. t
— _% / dt <Ef|efng(t7t')/hH1 (t/)e—iHo(tlftD)/h|Ei>
to
)

t
- [ a e B =t /=it ~t0)/h (B ], ()| ;)
to

. t
- —%e‘iEft/heiEm/h/ dt’ " Es =B/ | H, ()| ;) (34)
to

Define a transition frequency wy; by

wy; = % (35)
Then, taking the absolute square of the last line of Eqn. (34), we obtain the probability at first-order
t 2
PO = 53| [ ar e g )m) (36)
0

At first order, the probability depends on the matrix element of the perturbation between the initial and final
eigenstates. Thus far, the formalism we have derived is valid for any perturbation Hamiltonian H;(¢). If we consider
the use of an external perturbation to probe the eigenvalue spectrum of Hy, then the specific type of probe determines
the form of Hy(t), as we saw in the first section and will explore in the next subsection.

C. Fermi’s Golden Rule

In the first section, we saw how to formulate the Hamiltonian of a material system coupled to an external electro-
magnetic field. Moreover, we obtained solutions for the electromagnetic field in the absence of sources or physical
boundaries, namely, solutions of the free-field wave equations. In this chapter, we will focus primarily on weak fields.
We will also focus on a class of experiments in which the wavelength of electromagnetic radiation is taken to be long



compared to the size of the sample under investigation. In this case, the spatial dependence of the electromagnetic
field can also be neglected, since cos(k-r—wt+¢g) = Reexp(ik-r—iwt+¢o), and exp(ik-r) ~ 1 in the long-wavelength
limit. In this case, it is sufficient to consider H; () to be of the general form

Hy(t) = —VF(w)e™ ™! (37)

where V is a Hermitian operator. (Although we could use sin and cos to express the perturbation, the form in Eqn.
(37) is a particularly convenient one, and since we will be seeking probabilities of transitions, the results we obtain
will be real in the end.)

Again, the question we seek to answer is given this form for the perturbation, what is the probability that the
material system will be excited from an initial eigenstate |E;) with energy E; to a final state |Ey) with energy Ey?
However, since the perturbation is periodic in time, what we really seek to know is if the perturbation is applied over
a long time interval, what is the probability per unit time or rate at which transitions will occur. Thus, in order to
make the calculation somewhat easier, let us consider a time interval T' and choose to = —7/2 and ¢ = T/2. At first

order, the transition rate R(l)(T) is just the total probability P;j)(T) divided by the interval length T":

fi
P(l)(T) 1 T/2 2
RO(T) = L2 = —_|F(w)]? / elwrimtae (B4 |VIE)| 38
5i (T) T Tz @)l s [(E¢[VIE)| (38)
For finite T', the integral can be carried out explicitly yielding
T/2 . o

/ st gy = Snlwr —w)T/2 (39)

—T/2 (wri —w)/2

Thus, the transition rate can be expressed as

o sin®(wyp; — w)T/2
[(wri —w)T/2]?

In the limit of T very large, this expression becomes highly peaked only if wy; = w. Otherwise, as T — oo, the
expression vanishes. The condition wy; = w is equivalent to the condition Ey = E; 4+ hw, which is a statement of
energy conservation. Since Aw is the energy quantum of the electromagnetic field, the transition can only occur if the
energy of the field is exactly “tuned” for the the transition, and this “tuning” depends on the frequency of the field.
In this way, the frequency of the field can be used as a probe of the allowed transitions, which then serves to probe
the eigenvalue structure of Hy.

Now, let us consider the T' — oo more carefully. We shall denote the rate in this limit simply as Ry;. In this limit,
the integral becomes

RE)(T) = S TIF@)PIESVIED) (40)

fi

T/2 ) 0o
lim e Hwri—Wt gy / eHwri—wit gy

T—oo ) _1/2 —o0
=21 (wys —w)
=2mhé(Ef — E; — hw) (41)

Therefore, the expression for the rate in this limit can be written as

PQ)(T) 1 T/2 2
. p— 1 fzi: 1 i(Wfi—w)t 2 ) 2
Rpsw) = Jim 22—t | [ L Cr ] IFR ES VD)
1 T/2 T/2 ,
= lim — / e~ Hwpi—w)t 1y / eilwri—w)t gy |F(w)|2|<Ef|V|EZ>| (42)
T—oco Th T2 —1)2

where we have dropped the “(1)” superscript (it is understood that the result is derived from first-order perturbation
theory), and indicate explicitly the dependence on the frequency w. When one the first integral is replaced by the
0-function, the remaining integral becomes simply 7', which cancels the T" in the denominator. Thus, the expression
for the rate is finally

Ryi(w) = 2%IF(w)I2 (EfIVIE)|” 6(E) — Ei — hw) (43)



which is known as Fermi’s Golden Rule. It states that, to first-order in perturbation theory, the transition rate
depends only the square of the matrix element of the operator V between initial and final states and includes, via
the d-function, an energy-conservation condition. We will make use of the Fermi Golden Rule expression to analyze
the application of an external monochromatic field to an ensemble of systems in order to derive expressions for the
observed frequency spectra.



