Chapter 10

Time Evolution

So far, we have been discussing kinematics—the description of a physical system.
We will have more to say about kinematics this semester and next. But now the
time has come to introduce dynamics—how a physical system evolves in time.

One of the invariances of any isolated physical system is the freedom to
change the origin of time. Let us imagine a small (infinitesimal) change in the
time variable (time “coordinate”):

t —t=t—4t, &t= constant. (10.1)

In going from ¢ to ¢, the origin of time is shifted forward by an amount §¢. Under
such a change in the time parameter, states and operators do not change. How-
ever, we want to introduce new states and new operators which have the same
properties relative to the new time coordinate as the old states and operators
had relative to the old time coordinate t:

t coordinate: X, |), ([, (10.2a)
t coordinate: X, |), (| (10.2b)

The new states and operators have the same inter-relations as the old states
and operators; therefore, the two sets are related by a unitary transformation:

X=U"'xu, vt=uf, H=U'), (|=(|U (10.3)

What can we say about the unitary operator here? If §¢ = 0, the change in the
states and operators is zero, so U = 1. If 6t # 0 but very small, U must differ
infinitesimally from 1. We therefore write

U=1- %& H. (10.4)

We'll see in a moment why it’s convenient to have the —i/hi factor. What are
the properties of the operator H? U must be unitary:

1=UU" = (1 - %&H) (1 + %&‘HT> =1- %6t(H — HY +0(5t2). (10.5)
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Since 4t is infinitesimial, we will omit the term of order 6t2. We must concude
that
H = H' H is Hermitian. (10.6)

This is why the ¢ was put in front of the §t H term.

Therefore, we suspect that H must represent a physical property. We will
see that it corresponds to the energy of the system; we will call H the energy
operator or the Hamiltonian. Certainly, H has the right units to be an energy,
since the units of & are energy times time.

What happens if the time displacement is not infinitesimal? We recognize
that the above form corrsponds to the first two terms in the Taylor series for

U =e tH/R (10.7)

Since this is indeed a unitary operator, this is indeed the correct extrapolation.

A dynamical variable is an operator, characterizing in part a dynamical
system, which changes as time evolves. An example we’ve seen in this course is
the angular momentum J. Let v(¢) be some dynamical variable. What happens
under an infinitesimal change in the time origin, given by Eq. (10.1)?

v(t) = v(t + 6t) = (¥), (10.8)

where T is the new (transformed) variable: by definition, the new variable at
the new time is the old variable at the old time. This is what we mean by
saying that the new operators have the same properties relative to the new time
coordinate as the old operators had relative to the old time coordinate. Simply
changing the name of the coordinate, we have

o(t) = v(t 4 d0t) = v(t) + 5t%v(t) = ov(t) — ov(t), (10.9)

where dv(t) is just the change in the operator at the same value of the time
coordinate,
dv(t) = v(t) —o(t). (10.10)

On the other hand, we can compute dv from the unitary operator U:

T(t) = Ulo(t)U = (1 + %& H) v(t) (1 — %& H)

1
=o(t) + = [v(t) H 6t — H ot v(t)]. (10.11)

i
It is convenient to introduce a new notation, the commutator of two operators:
[A, B] = AB — BA. (10.12)

Then
Sul(t) = —6t%v(t) - —5%[@@),}1], (10.13)
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or d 1

Sometimes we deal with functions which besides depending on dynamical
variables, make explicit reference to the time parameter as well:

F(v(t),1). (10.15)
Under the above unitary transformation,

F=U"'F(t),)U = F(U 'o(t)U,t)
= F((t),1), (10.16)

since the numerical coordinate t is not altered by a unitary transformation, and
algebraic relations are preserved by unitary transformations. But directly,

I i _
U FU = <1+ hétH) F (1 h5tH>
= F(v(t),t) + %[F, H §t]. (10.17)
Then, from the definition of the derivative,
F(ﬁ(t)ut) _F(U(t)vt) F(U(t+5t)7t) _F(U(t)vt)

5 = 5 : (10.18)

we see that
0 1

d
—F(v(t),t) — =F(v(t),t) = = [F(v(t),t), H 10.19
SF(0),1) = £ F(0(t),0) = = [F(o(t),0), H), (10.19)
where the second term appears because under a unitary transformation the
explicit time dependence is not changed. That is, the total derivative acts on
both v(t) and ¢, so the partial derivative removes that part of the total time

derivative that comes from the explicit appearance of ¢ in F'. Thus

d 0 1
—F = _—F+ —[F, H|. 10.20
dt ot + zh[ ] ( )
The commutator induces the time change in the dynamical variables; the partial
derivative takes care of any explicit time dependence. These equations (10.14)
and (10.20) are called the Heisenberg equations of motion.
Now, what about the states? How do state vectors evolve in time? Suppose

we have a state specified by the value of a dynamical variable v(t), v':

W', 1| (10.21)
represents a state in which, at time ¢, v(¢) has the value v':

(W' tlo(t) = (Wt (10.22)
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Under the time displacement, the corresponding operator transformation is
v(t) — T(t) = v(t + 6t) = U o(t)U. (10.23)

The corresponding transformation of the states is

(W' t] = (', t|U. (10.24)
This is the state in which 7(¢) has the value v":

(W t[o(t) = W, tlUU o(t)U = @ tlu(t)U =o' (W, t|U

= (vt (10.25)

as we expect. This is just the statement that under a unitary transformation,
the eigenvalues of an operator do not change. Now recognize that (v’,¢| is the
state in which v(¢ + 6t| has the value v' Therefore,

(W', t| = (v, t + dtl; (10.26)

it is the state which has the same properties at the time ¢ + 0t as (v, ¢| did at
time ¢. Then

W' t+ 0t = (W, 1] <1 - %515 H) , (10.27)

where the unitary transformation relates analogous states at different times.

Therefore,

(', t40t] — (V' t]
ot -

ih (' t|H, (10.28)

so in the limit 6t — 0,

L 0 / g
zha@ bt = (v, t|H. (10.29)

To get the corresponding statement for right vectors, we simply take the adjoint:
L 0 / o /
—zh&h) ,t) = H|v', t). (10.30)

This is Schrodinger’s equation, which governs the time evolution of states. (The
partial derivative symbols in Eqgs. (10.29) and (10.30) means only that v’ is not
being changed.)

We know that under unitary transformations, numbers do not change. Con-
sider the matrix element

<U/7t|F(t)|’UN7t> = <U’,t|F(t)|U”,t>
= (V' t + 5t|F(t + 6t)|v" , t + 8t), (10.31)

supposing that F' is not an ezxplicit function of the time. Therefore,

(W P 1) (10.32)
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is independent of the time, or

d
E<v’,t|F(t)|v”,1t> =0. (10.33)

Let’s check this by using the equations of motion,

d ! 1" _ ! 1 1" ! 1 1"
SRR ) = Wt HE@)", 1) + (o P () — ", 1)

1
+ <v',t|%[F(t),H]|v”,t> =0. (10.34)
How does the energy operator depend on time?

dH 9 1
= gt L H] = o, (10.35)

so if H does not explicitly depend on time, which will be true if we’re dealing
with a self-contained or isolated system,

0

H = constant; (10.36)

in the language of classical mechanics, H is a constant of the motion.
How do we translate Schrédinger’s equation to wavefunctions? Let

(1| (10.37)

be a state in which the physical property, i.e., the dynamical variable, A(¢) has
the value @’ (we continue to suppose for simplicity that A completely charac-
terizes the system)

(a',t|A(t) = (d’, t|a’. (10.38)

Let | ) be an arbitrary state. The probability amplitude of finding the system
in the state (a’,t|, that is, of finding A(t) = a’, is the wavefunction

P(a',t) = {d,t] ). (10.39)

Now using Schrodinger’s equation for states,

. 0 / o /
ih=(a 1] ) = (a'|H] ). (10.40)

If, in addition, | ) = |E) is an energy eigenstate,
H|E) = E|E), (10.41)

where F is the numerical value of the energy of that state, Schrédinger’s equation
becomes 9

ih- (' t|E) = E(a',t|E), (10.42)

or
ih%’lﬁf}(al,t) = E’@/JE(G/,t), (1043)
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which is the Schrédinger equation for a wavefunction corresponding to a state
of definite energy. The solution to this equation is immediate:

VYpld t) = e T yp(d,0). (10.44)

A state of definite energy has a wavefunction of constant magnitude, and a
phase which oscillates in time with frequency

W=7, E =hw. (10.45)
Such states are called stationary states, since only the phase varies. The dy-
namical problem for a stationary state is to solve the eigenvalue equation

H|E) = E|E), (10.46)

for the states |E) and the energies F, which is sometimes, rather erroneously,
called the “time-independent Schrédinger equation.”

10.1 Spin-1/2

Suppose we now ask a dynamical question for spin 1/2. An atom with a definite
value of the spin along the z axis, %a;, enters a region of magnetic field B
oriented along the 2’ axis axis (note that we do not call the magnetic field H
to avoid confusion with the Hamiltonian); as usual, the angle between the z
direction and the 2’ direction is called #. After a time ¢, what is the probability
of finding the atom in the same state as originally; and what is the probability
of finding it in the other state?

We want to compute the probability amplitude
(07,02, 0), (10.47)

the transition amplitude between the initial state |o,,0) and the final state
|o”,t). The latter is the state in which o,(¢) has the value ¢7/. The probability

V4
amplitude satisfies

ih%(ag,ﬂo;,m = (o7 t|H|o’,0), (10.48)
where 5
H=—-p-B= —7§UZ/B. (10.49)
One way of proceeding is to insert a complete set of o, states at time ¢:
(o2 t|H|oL,0) = > (o, t|H|oY t){o? t|0),0), (10.50)

so if we write

Vo (0, 1) = (07, [0, 0), (10.51)
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we have the matrix equation

L, 0 h
Zh&’(/]a-/z = —’}/iBUz/wo-;, (1052)

where, as seen in Eq. (8.32),

cosf sinfe
72 = (sin 0e'® —cosf > ' (10.53)

Thus, we obtain the matrix version of Schrodinger’s equation

0, 1
1&1/}0’2 = _wo'zwcr;y W = 5")/3 (1054)
Written in terms of components, this reads
0 (Y(+)) _ cosf sinfe Y [ (+)
zg (U’(‘)) - (Sin96i¢ —cosf (=) )’ (10.55)
or the homogeneous system of equations,
z'%w(—i—) = —w (cos O (+) + sinfe "P1p(-)), (10.56a)
i%w(—) = —w (sin Heww(—i—) — cos 9¢(—)) . (10.56b)

The way to solve this matrix equation is to note that 1, must be a linear
combination of the eigenfunctions ¢4 ,/, Eqgs. (8.45) and (8.52),

Vow = (C;Sn %geei;% ’ ) , (10.57a)
R I
which satisfy the eigenvalue equations
O gz = Fthgor. (10.58)
Thus we write, in terms of time-dependent coefficients,
ot () = @y ()42 + o (DY, (10.59)
and the Schriodinger equation (10.54) becomes
P ot = i (0 + i 0 (s
= —wlor ()4 —a-()Y-o]. (10.60)
Now since 4./, ¥_,» are independent, indeed orthogonal, we must have
d d

ianr(t) = —way(t), iaa_(t) = wa_(t), (10.61)
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which have the solutions
ay(t) =e“ta, (0), a_(t)=e “'a_(0). (10.62)
We determine the constants oy (0) from
o1 (0) = a4 (0)s2r +a_ (0)¢p_or. (10.63)

If the initial state is “spin up,” o/, = +1, this reads

1 cos e~i¢/2 — sin Ze—1¢/2
_ 27 27
(0) =0 (Shnen ) oo (TE00"7). s
or

6 NN
1 = [a4(0)cos 5~ a- (0) sin 5le , (10.65a)

0 01 +igs2
0 = |a4(0)sin 3 + a_(0) cos 3¢ , (10.65b)

The last equation implies
0 .0
a4 (0) = Beos 2 a_(0) = —fFsin 2 (10.66)
and then the first equation here implies
1=0e/2  [g=¢?2 (10.67)
Thus the wavefunction is
iwt 0 is)2 —iwt o O ig)2
Py, (t) = e cos 3¢ Yy —e "hsin ¢ Yy (10.68)
What did we do here? We wrote, inserting a complete set of 2z’ states,

wtf; (U,/zlvt) = <U,/zlvt|0;70> = Z<U,/zlvt|0;/’lvt><a,/zl’/7t|0,/zvo>

o

111

= %”/ (0;/7 0) <0;/’Iv t|0;7 O>7 (10'69)

where we have noted that

(a tlolll t) = (o, 0]c],0). (10.70)

z' z'

The last transformation function in Eq. (10.69) has a simple time dependence,
since it satisfies

0
ih§<0g//,t|0;,0> = —hw(ol/ tlo. oL, 0) = —hwol/(al)] t|o”., 0), (10.71)
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which integrates to

(ol tlol,0) = el 0], 0) = aym(t). (10.72)

a’» a’>
Thus, for example,

Pyz(t) = Yy (42| + 2) + Y_we =2 + 2)
— w+zleiwt¢+z,(+)* 4 w_z,e—iwtw_z,(_i_)*

9 . 0 .
oS §ez¢/2e’”tw+z/ — sin §e’¢/26_1“t¢_z/, (10.73)

which coincides with Eq. (10.68).

Our original question was to compute the probability of the spin remaining in
its original orientation. For example, what is p(+z,t; +2,0)? The corresponding
amplitude is

<+Zv tl + 2, 0> = ¢+Z(+= t)
0 . 0 .
cos §ez¢/2em¢+z’(+) — sin 56“15/267“”5’(/1_,2/ (+)

0 0
cos? 56“‘” + sin? 567“‘”, (10.74)

where the last, evidently, reduces to 1 at ¢ = 0. Therefore the probability is
Pz, t+2,0) = [s(+, 1)

0 0 0 0
= cos? 3 +sin? = + 2cos? 3 sin? 3 cos 2wt

2
0 01— cos 2wt
= 1—4cos? 581112 5%
= 1 — sin? sin® wt. (10.75)

We check this by computing the probability for the spin to flip:
p(=2,t42,0) = [y(=, 1)

0 0 ., . 0 0 _

= |cos 5 sin iewe“’t — cos 5 sin 56”’@’“"%2

6 6
= cos? 3 sin? 5(2 — 2cos2wt) = sin? fsin®wt, (10.76)

which agrees with Eq. (10.75).



