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1 Summary

Dick Feynman told me: “The electron does anything it likes . .. It just goes in any direc-
tion at any speed ... however it likes, and then you add up the amplitude and it gives you
the wave-function.” I said to him: “You’re crazy.” But he wasn’t.

Freeman Dyson

The method of path integrals presents an alternative way to describe quantum-
mechanical and quantum field-theoretical systems. The underlying idea is that a quantum-
mechanical particle may not only take the classical trajectory (which extremizes the ac-
tion) from point ¢, to point g, but also all other possible trajectories, properly weighted
with a complex phase. The quantum-mechanical transition amplitude is then given as
“path integral”, i.e., the coherent superposition of all these phase factors.

After a short reminder on the dynamics of classical and quantum-mechanical parti-
cles given in Chap. [2| in Chap. [3] we will derive the path-integral representation of the
quantum-mechanical transition amplitude. We will then explain the connection between
the transition amplitude and the Green’s function, or propagator, of the Schrodinger
equation. A discussion of external gauge fields, which couple to the quantum-mechanical
particle, will reveal some peculiar aspects of the path integral. In particular, it will be-
come clear that the latter consists mostly of trajectories which resemble Brownian motion
and require a careful treatment when evaluating certain quantities on these trajectories.

In Chap. [4|a few applications will be discussed. We will explicitly compute the propaga-
tor of the free Schrodinger equation, and with this in hand, discuss the famous double-slit
experiment and the resulting interference pattern, which is a result of the wave nature
of the quantum-mechanical particle. In general, the propagator cannot be computed ex-
actly, but in many cases the semiclassical approximation for the propagator has proven
useful, for which an analytic expression can be derived. This expression is exact for poten-
tial energies which are quadratic in the particle coordinate, e.g., the harmonic oscillator,
which is discussed subsequently. The chapter closes with a discussion of the anharmonic
oscillator.

Chapter || gives an introduction to perturbation theory. First, the Born series for
the propagator is presented, followed by a discussion of the scattering matrix and the
Feynman-diagram technique. Finally, the generating functional for n—point correlation
functions is derived, which is the central object in Quantum Field Theory.

In order to proceed to Quantum Field Theory, Chap. [6] gives a brief discussion on how
to make the transition from a classical system of N particles to classical field theory, i.e.,
a system where N — oco. The central object is the Lagrange density or Lagrangian, which



1 Summary

defines any given theory. A variational principle allows to derive the classical equation of
motion for fields.

The Lagrangian is also the central object for Quantum Field Theory in the functional-
integral formulation, as will be explained in Chap. [7] After a brief discussion of non-
interacting Klein—-Gordon theory as the simplest conceivable field theory, the generating
functional for n—point correlation function of this theory is derived in the form of a
functional integral, and then explicitly computed. Finally, A¢? as an example of an
interacting field theory is presented and it is explained how to apply perturbation theory
to compute the generating functional. The final Chapter [§ gives a brief discussion how the
partition function of Statistical Field Theory can be formulated in terms of a functional
integral.



2 Dynamics of Particles

2.1 Dynamics of classical particles

2.1.1 Hamilton’s principle

From Classical Mechanics we know that, in classical physics, the dynamics of a particle
can be described using Hamilton’s action principle,

6Slgt)] =0, (2.1)
where

Sla)] = /ttb dt L(, ¢ t) (2.2)

a

is the action along the trajectory of a particle, which is traversed during the time interval
[ta,ts], and L(q, ¢, t) represents the Lagrange function of the system. Here ¢'denotes the
vector of the (generalized) coordinates of the particle and ¢'is the corresponding velocity
vector.

Hamilton’s principle tells us that the actually traversed trajectory corresponds to
an extremum of the action . In order to determine the latter, one compares the
action for a competing set of trajectories in coordinate space, cf. Fig.[2.1] The competing
set consists of all trajectories with fixed initial and final coordinates ¢(t,) = ¢,
q(ty) = @. The classical trajectory is the one which makes the action stationary
(extremizes the action).

According to the laws of variational calculus, Eq. leads to the Euler—Lagrange
equations ' .

o dOL@EY LY
dt  0¢; oq;
which are completely equivalent to Newton’s equations of motion. If the initial conditions

G=qts), G=qts),

are known, one can determine the position ¢(¢,) and the velocity cf(tb) of the particle at
any later time ¢, by solving the Euler-Lagrange equations. This uniqely determines the
trajectory ¢(t) which the particle takes and for which one computes the action ({2.2]).

i=x,y, 2, (2.3)

2.1.2 Modified Hamilton’s principle

The modified Hamilton’s principle is a formulation which constitutes an alternative
to Hamilton’s principle,

0 = a5[g(t), 1)) = 6 / “at [p-i- H@) (2.4)



2 Dynamics of Particles

Figure 2.1: Competing set of trajectories in the projection of coordinate space onto the
(4", ¢¥) plane.

Here one replaces the Lagrange function in Eq. (2.2)) by its Legendre transform,

L(G@qt) =7 -¢— H(Gpt), (2.5)

with the Hamilton function H (g, p,t). In contrast to Hamilton’s principle one now
considers a competing set of trajectories in phase space, cf. Fig. 2.2l Note that the
coordinates of the initial and final point are fixed, ¢(t,) = Gu, ¢(ts) = G, but the values
plta), p(ty) of the momentum can vary freely.

The classical trajectory is that which fulfills the canonical equations
C_oH(@p) . OH@AY)

% apZ ) pi = a—ql ) 1= €y, z, (26>

which are completely equivalent to the Euler-Lagrange equations ([2.3]).

2.2 Dynamics of quantum-mechanical particles

According to Heisenberg’s uncertainty principle, in quantum mechanics one cannot si-
multaneously determine position and velocity (or momentum) of a particle. The central
quantity is now the quantum-mechanical overlap

<q_;)7tb|q_;17ta> 5 (27)

which corresponds to the amplitude for a transition from state |q,,t,) at time ¢, to a
state |qp, tp) at time ¢,. The modulus square of the transition amplitude,

(@, tb]Gas ta) | (2.8)



2.2 Dynamics of quantum-mechanical particles

Figure 2.2: Competing set of trajectories in the projection of phase space onto the three-
dimensional (¢*, ¢, p*) subspace.

determines the probability for such a transition. In other words, it is the probability to
find the particle at time ¢, at position ¢, if it was located at position ¢, at time %,.

We now want to write the amplitude in a somewhat different form. The time-
evolution operator is

O(t,t) = T exp {—ﬁ /t at’ Fi(t )} | (2.9)

Let the Schrodinger state |1(t)) s at time to be identical with the corresponding Heisenberg
state )y,
[ (to))s = [¥)m

Using the time-evolution operator (2.9)) the time evolution of this state reads

[0()s = Ut to) [ (to))s = U(t, to) [}

The corresponding wave function follows by projection onto a coordinate-space state,

(G, t) = (@ t)s = (@ Ut to) V) = (@ t)n

where we introduced the time-dependent coordinate-space state

17, t) = Ulto, 1) 1) , (2.10)
noting that U Tt ty) = U (to,t). With this we can now write the amplitude (2.7) as follows:
<q_;)a Z€b|q_‘aa ta) = <q_2>’ Z9v]L<th tb) U(t(h ) |J€L> = <q_;7’ Z?(tlh tO) U(t07 ) IQa>

= (@0t 1) 12,) | @.11)



2 Dynamics of Particles

where we used the convolution property
Uty to) Ulto, ta) = Ulty, ta) (2.12)

of the time-evolution operator. Equation (2.11)) is the starting point for deriving the so-
called path-integral formula of the quantum-mechanical transition amplitude (2.7)), as
will be explained in the next chapter.



3 Path Integrals

3.1 Path integrals in phase space

We decompose the time interval [¢,, ] into N pieces of equal length 7, t, —t, = N 7, so
that
th=to+n7, n=0,...,.N, to=t,, tn=1.

Using the convolution property (2.12) we write

N
Uty ta) = Ulty, tn—1) Ulty—1,tn—2) -+ Ulta, t) Ut ta) = [[Utni tur) ;- (3.1)

n=1

so that Eq. (2.11)) assumes the form

N
<(j;37tb|(j;1a a = HU bny b 1 > (32)

We now insert to the left of each time-evolution operator a complete set of coordinate-
space eigenstates and to the right a complete set of momentum eigenstates. In order
to distinguish the individual sets, we label them with an index corresponding to the
respective time step t,,

1= [@q1a) @ 1= [CRIENE L n=1 N (3.3)

Then it follows from Eq. (3.2)) that

N
(G, to|Gar ta) = /[Hd3 &’p, ] (@l an) (an| Uty ty-1) [Dn) (Pv|dv-1) (3.4)
n=1

X AGn—1| U(tn—1,tn—2) [Pn—1) On-1|dn—2) - (G| U(tr,ta) [P1) (B11d0) -

For N — oo the time intervals 7 become infinitesimally small, 7 — 0, so that one can
approximate the integral in the exponent of the time-evolution operator according to the
mean-value theorem of integral calculus,

tn
/ At F(#) = 7 H (o1 + A7)+ O(2), A€ (0,1].
tn—1
In this limit, one can also expand the exponential to leading order in 7

. tn . . R
Ultn,tn1) =T exp [—%/ dt’ H(t’)} =1- % H(t, 1+ A7) +0(7%) . (3.5)
tn—1
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The time-ordering operator plays no role if we terminate the expansion of the exponential
function after the linear term in 7. The matrix elements of the time-evolution operator
appearing in Eq. (3.4) then assume the following form:

1T

(@l U(ts tn1) [Bn) = (GalBa) — - (Gl H (ty1 + A7) |7) +O(r) . (3.6)

Usually the Hamilton operator is a function of the momentum and the position operator,

1) -

The matrix element of the Hamilton operator between momentum and coordinate-space
eigenstates is then simply the expectation value of the Hamilton operator,

'"@p

H(t)=H({,

(G H (tay + A7) [Ba) = H(Gs P tuer + A7) (G5) - (3.7)

Putting all this together we obtain for Eq. (3.6)

IR - T o
(ol Ultstam) [ = [1—gmqn,pn,tn_ﬁmww) (d5n)

~ o (- ) @i 33)

where we reversed the expansion of the exponential function in the last step and abbre-
viated

Hn = H(Cj)naﬁnatn—l + >\7_) .

Note that the exponent in Eq. (3.8]) is just a function and no longer operator-valued.
As is known from the lectures on Quantum Mechanics, the quantum-mechanical overlap
of momentum and coordinate-space eigenstates are plane waves,

1 7
(ol = exp (— i -ﬁm) | (3.9)
v/ 27rh3 h

If we insert Egs. (3.8)) and (3.9) into Eq. (3.4), we obtain with

(@bldv) = 6" (G — d)
the expression

d*, d°p, i
— t _:z ta = n n (3) o v = __)_ o B H
(G, to|das ta) /}_[1 (21h)? (@ — qn) exp{h[(qN Gn_1) - Pn — T Hy

(@~ Gvea) P =7 Hyea o 4 (G- @) B - T

N

T d&*p, i~ (GG
— dBag, TT Z In "Il sl 1
/g q g (27Th)3 exXp [ﬁ ;T( - p )] ) (3 O)



3.2 Path integrals in coordinate space

where we have set ¢y = ¢, and ¢y = ¢,. In the limit N — oo, 7 — 0 we have

S b G- d7 _ -
Y or— / e, =1, Z=7, (3.11)
t T dt
so that
q(ty)= i [P .
(@ ty] G ta) — / Dqu eXp{;_L/ dt [ﬁ-i— H(q,p,t)}} - (3.12)
ta

Here we introduced the symbolic notation

Equation is the so-called path-integral or functional-integral representation
of the quantum-mechanical transition amplitude. It states that every possible trajectory
(¢(t),p(t)) in phase space, which leads from position ¢, = ¢(t,) to position ¢ = ¢(t;)
for arbitrary values of the momenta p, = p(t,) and p, = p(ty), is weighted with a phase

factor .
v [ S -
eXp{i—i/ dt [p-q—H(q,p,t)]} , (3.14)
ta

and then one sums (integrates) over all trajectories. This situation corresponds to that
which we already encountered in the discussion of the modified Hamilton’s principle
in Sec. According to Eq. (2.4), the classical trajectory corresponds to that for
which the argument of the phase factor becomes stationary (or is extremized).
However, in quantum mechanics also all other possible trajectories are allowed.

=2

d3“

(3.13)

3.2 Path integrals in coordinate space

If the Hamilton operator is a quadratic function of the momentum operator,

=32
3 p 2,

the (infinitely many) momentum integrations in Eq. (3.12)) can be performed exactly, since
they are just (shifted) Gaussian integrals. In order to see this, we consider Eq. (3.10|) and
insert Eq. (3.15)

-9
Hy = H(@os Pos ot + A7) = 25 4+ V(@ tuor + A7)
Completing the square leads to
P2 G4, 1 Go— Gt M (G — Gnr )
n— 4n-1 — n — 4n—-1 n — Yn—1
Lno A ey = — g, —m ) - () 3.16
e R
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If we substitute the integration variable

- s - CTn - Jn—l
pn pn = pn —m T )

we realize that all momentum integrals decouple and, since they are Gaussian integrals,
can be immediately computed with the help of the well-known formula

/ dze " = \/f, a>0, (3.17)
o a

d3p’ iT 2 > dp iT s m
/ (27h)? eXp( T 2m> { /_ . 2rh eXp( omh )1 omith (3.18)

Here a remark is in order. Because of the factor ¢ in the exponent this is actually not
a true Gaussian integral in the sense of Eq. . However, with the help of Euler’s
formula, some results from integral tables [3], as well as cos § =sin§ =1/ /2 we obtain
the same result as in Eq. :

/ dze ™ = / dz cos(az?) — @/ dz sin(ax?)
= \/%(1—i)=\/§<cos%—zsm \/> —im/A 1/ .(3.19)
With the remaining term from completing the square, cf. Eq. (3.16), we obtain for Eq.
(3.10))
N-1
T, t Haata = d3 Hn
(. tola ta) V 27rz7'h / 1_[1 ¢
2
exp{ ZT [— (—nl) —V(@n,tn-1 +AT) } . (3.20)
In the limit N — oo, 7 — 0 this becomes with the help of Eq. (3.11))

o o = 1 o m -, o
(@ to|Gar ta) — N/( Dq eXp{;L/ dt [5612 - V(q,t)”
ta Ja ta

q(ty)=aqp ; ty .
= N/ Dq exp { / dt L(q",qﬂt)}
ta

N/ta i Dq exp{%S[q(t)]} , (3.21)

resulting in

X

St

where we used the Lagrange function

N m - =
LG.d,t) = 5 q> = VI(qt) (3.22)

10



3.2 Path integrals in coordinate space

and the definition (2.2)) of the action. The normalization constant

3N
) m
N = lim :
N — oo 2miTh
7 —0

is in principle not well defined, but this does matter since we can always renormalize
the transition amplitude by multiplying with a constant phase factor. Equation
is the path-integral representation of the quantum-mechanical transition amplitude
in coordinate space. It tells us that we must weigh every trajectory ¢{(t) with the
phase factor ¢**l@l/" and then sum (integrate) over all possible trajectories in coordinate
space. The situation is illustrated in Fig.[3.1] All possible trajectories connecting the fixed
initial point ¢, at time ¢, with the fixed final point ¢, at time ¢, are allowed. According to
Hamilton’s principle , the classical trajectory corresponds to that which makes the
action stationary (or extremizes it). However, quantum mechanically also all other
possible trajectories are allowed.

t

ty

Figure 3.1: Visualization of the path integral in the space-time diagram.

Of central importance in weighing the individual trajectories is the question how large
the action on a given trajectory is compared to Planck’s quantum of action A. In the
limit & — 0 the ratio S[q(t)]/h becomes arbitrarily large. The phase factors on trajec-
tories away from the classical trajectory, where S[q(t)] becomes stationary (and usually
assumes a minimum), can thus assume arbitrary (complex) values (of modulus one). The
contributions of these trajectories in the path integral mutually cancel. In contrast,
in the vicinity of the classical trajectory the phase factors all assume similar values due to
the stationarity of the action. Thus, only contributions from trajectories near the classical
one “survive”’. Therefore, the limit A~ — 0 corresponds to the classical limit.

11



3 Path Integrals

3.3 Transition amplitude and Green’s function

Let us consider the free time-dependent Schrodinger equation,

0 . .
0— (@ﬁa - Ho) B@1) (3.23)
where
o= A 3.24
HO f— —% q ( * )

is the free Hamilton operator. This is a homogeneous wave equation, which can be
solved by Fourier decomposition,

1 e
= G / dw Ak (w, k) e @tkD (3.25)

If we insert this into the Schrodinger equation ([3.23]), we obtain

0= ! /ddeE hw — PR U(w, k) e~i(wt=k-0)
(2m)* 2m ’ '

Since plane waves constitute a complete and orthogonal function system, this can only
vanish if the term in parentheses vanishes, i.e., if the dispersion relation

h2k 2
2m

hw(k) = (3.26)

holds. We take this into account in the Fourier decomposition (3.25) by making the
Ansatz

D(w, k) = §(k) §(w — w(k)) (3.27)

for the Fourier coefficients. We obtain

VT8 = s [ A dTOE) e - w@) e FT = [ @RI e eBrED

(2m)* (2m)
. (3.28)
The coefficients (k) can be determined from the initial conditions,
WT0) = oy [ ATDE T (3:29)
) (27_‘_)4 ) *

i.e., after Fourier transformation

/ P PTP(7,0) =

12



3.3 Transition amplitude and Green’s function

or

D(F) = 2 / dgeFT(3.0) | (3.30)
If we insert this into Eq. (3.28]), we obtain
1 - e
V(7 t) = 2 / d*k / AP e~ Wk (=) ), (7, ) (3.31)
T
We define the function
1 N
G(q,t;7,0) = / APk e~ RIHkGT) (3.32)
(27)°

Then, Eq. (3.31]) can be written as

w@nyz/ﬁ%%x@aﬁm¢@un. (3.33)

The physical interpretation of this equation is that the initial condition (7, 0) is “prop-
agated” to the time ¢ and position ¢ via the function G(q,¢;7,0). One should note that
one has to integrate over all 7 at initial time ¢ = 0. A graphical visualization is shown in

Fig. B2

~ = r
¥ q
Figure 3.2: Propagation of the initial condition (7"

.0) at time ¢ = 0 and all positions 7
with the help of the propagator G(¢, ;7,0

).

This is very similar to the discussion of wave propagation in Classical Electrodynamics.
For this reason, G(q, t; 7, 0) is also called propagator. This function is actually a Green’s
function, because if we act with the free Schrodinger operator

9 .
h— —H
Mg — o

13



3 Path Integrals
onto the result (3.33)), we obtain
il g (1) —/d3f’ ind g G(q,t; 7, 0) ¥ (7, 0)
ot 0 - ot 0 q,u;T, ) .

Since ¥(q,t) is supposed to be a solution of the free Schrédinger equation ([3.23)) for all
times ¢ > 0, the right-hand side has to vanish. This is fulfilled if

0 N
(ma - Ho) G(7.:,0) = 6() 8T — 7). (3:34)
since then 3
(zha —HO) (g, t) =0(t)Y(q,0) =0 Vi>0.
Equation ([3.34)) is just the defining equation for the Green’s function of the Schrodinger
equation.

In Eq. (3.33)) we can relabel coordinates and times,

(@ t) = / G Gl to: s ) V(o ta) (3.35)

We now show that the transition amplitude is identical to the Green’s function
of the Schrodinger equation. To this end, we relate the wave function at position
¢, and time ¢, to the wave function at position Ort ¢, and time ¢, by inserting a complete
set of states,

1= / B3 1o ) (G el (3.36)

to obtain

¢(%>tb) - <%7tb|¢>H = /dg(ja <%7tb|%ata> <(7aata|¢>H = /dgia <%atb|qaata>¢(iaata) .

(3.37)
The comparison with Eq. (3.35]) yields
G(%7tb;§a7ta) = <Cj;)7tb|q_;b7ta> ) qed (338)

The transition amplitude is thus nothing but the propagator or the Green’s function
of the Schrédinger equation. In Sec. 4.1 we will also prove this by an explicit calculation
for the free case, V(q,t) = 0.

3.4 Gauge fields

Let us consider a particle in an electromagnetic field. As is well-known from the lectures
on Classical Electrodynamics, the electric and magnetic fields can be written as

(7.t) = —V(q.t) — DA 1), (3.39)
(q.t) =V x A(G.t), (3.40)

tUl el

14



3.4 Gauge fields

where (1) is the so-called “scalar” potential and A(q,t) is the vector potential. A
non-vanishing scalar potential is in principle already included in our previous discussion,
as in this case the potential energy is simply

V(q.t) = aqe(q.t), (3.41)

where q is the electric charge of the particle. However, a non-vanishing vector potential
A requires changes to the previous discussion. As is well-known from the lectures on
Classical Mechanics, in this case the Hamilton function reads

H@50 =5 [F-ad@n] + V. (3.2

How does this change the path-integral representation (3.20]) of the transition amplitude?
As one can readily convince oneself, the discussion is unaffected until Eq. (3.10). The

modifications occur when integrating out the momenta. Completing the square, cf. Eq.
(3.16)), now reads

2m T

1 — T 2 (Tn_in — T T - T dn — Qn-1
- 5 n mtn] - |:n_ A natn}_ A mtn

Qm[p q A(Gn ) - P — Q A(Gn, tn) | — 4 A(Gns ) .

1 GG’ m (GG
= 5 _'n_ A_)nat_n - = - - 5 = -

Qm{ 7 Al J—m T ] 2 T )

—q A(G, 1) - I (3.43)

where, for the sake of brevity, we have denoted ¢,, = t,,_; +A7. The momentum integration
can now be performed as before, but the substitution of the integration variable reads

— —) — - I Jn_in—
pn—)prlbzpn_qA(QMtn)_mfl .

Finally, instead of Eq. (3.20]) we arrive at

3~
<Qb7tb|Qaa a \/ 27TZTh /H d

2 — —
[ n — Qn—l > T o T qn — qn-1
X exp { 7 ZT [2 ( - > V(Gnstn) + 9 A(Gny tn) ] } . (3.44)

n=1

In the limit N — oo, 7 — 0, the continuous version of this equation reads

. . q(ts)=ap . i [t m -, . . -
(@ to|Gas ta) —>N/ Dq eXp{;L/ dt [5q - V(qt) +qA(q,t)-q]} :
q‘(ta):qa ta
(3.45)

15



3 Path Integrals

Indeed, the argument under the integral in the exponent is the Lagrange function of a
charged particle in the presence of electromagnetic fields, well-known from the lectures
on Classical Mechanics,

SN m -, o o 5
L(q,q,t) = 5612 —V(3.t) +qA(qt)- 7. (3.46)

Everything seems to be as expected, however, there is a mistake hiding in the discretized
version of the path integral. This goes back to an ambiguity in evaluating the
expectation value (3.6). The attentive reader will have noticed that this expectation value
arose from inserting complete sets of position and momentum states between the
various factors of U(t,,t,—1) in Eq. (3.2)), leading to Eq. . However, before inserting
the momentum states, we could have evaluated the expectation value

<Jn‘ U(trw tnfl) ‘Cj’n71>

This would have lead to an ambiguity as to whether replace the position operator c?
contained in H(p, q,t) with the eigenvalue ¢, or ¢,_;. Instead of Eq. 1' we could have
taken the “democratic” version

— = — — — ZT — i» :» 1 —

(@l Ul ta1) 1Ga-1) = (@ala-1) = - (@l H (5600 ) Ta1) +O(7%)

. — | = . E — S5 o 7 AR T — 2

- <qn|qn—1> 2% <Qn| |:H <p7 Qnatn) + H <p7 Qn—17tn>i| |Qn—1> + O<7— ) ) (347>

i.e., where the arithmetic mean of H evaluated at ¢, and at ¢,_1 is used. We could have
re-exponentiated this “average” version of H and only then inserted the complete set of
momentum states. In Eq. (3.10) we would then have to make the replacement

— — s 1 — - — - - -
Hn = H(pna qn, tn) — 5 [H(pna dn, tn) + H(pn» qn—1, tn)] . (348)
As we will see in the following, this does not affect the previous discussion with only a
scalar potential V(q,t), but it does make a difference when a vector potential A(q,t) is
included.

The question is, which one of the prescriptions of including a vector potential is correct,
the discretized version (3.44)), or the one where A(q,,%,) is replaced by the arithmetic

mean 3 [ff(cj’n,fn) +z‘f(§n_1,fn)] (and possibly V(qn, ) by 3 [V (G, tn) + V(Ga-1,1)])?
This can be decided by checking whether the transition amplitude, which is identical
to the propagator, leads to the correct Schrodinger equation of a charged particle in an
electromagnetic field. Our starting point is Eq. , where we only take an infinitesimal

step 7 in time, i.e.,

w@¢+ﬂ=@w+ﬂwH=/Hw@¢+ﬂ@w@ﬂwgz/wai+ﬂ@ww@w,
(3.49)
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3.4 Gauge fields

where we have denoted ¢, =7, t, =t + 7, ¢, = v, ty =t for the sake of convenience. The
propagator (3.44)) for an infinitesimal time step reads

3
m

2miTh

 exp (ﬁ{% (F20) - v@n v+

(T, t+ Ty, t) =

[\t

A+ Ag.n] - y}) ,
(3.50)

where ¢t = t + A1, A € [0,1]. There is no longer an integration over any intermediate
positions, since N = 1 and the product over integrations d®g, in Eq. is empty.
Moreover, there is just a single term in the sum over n in the exponent. For the moment,
we have considered the “democratic” version of the Hamilton function, which leads

to the arithmetic means 3 [V(Z,1) + V(¥,%)] and 3 [%T(:ﬁ, D+ A7, f)} . Afterwards we will

investigate what happens when using the original version ([3.44)), i.e., when only V(Z,t)
and A(Z,t) appear in Eq. |D instead of the arithmetic means. We now insert Eq.

1) into Eq. 1) substitute the integration variable é’ = ¢y — ¥, and Taylor-expand
all quantities which depend on ¢ = ¥+ £ to second order in £ around the position ¥ (why

up to second order is sufficient will be explained below). The result is

/ 35 M
V(X t+T) 27mTh /dﬁexp( 5)

xexp{—ﬁT V(Z,t) + = § VV (& f)+ Zézﬁgaa V(Z, 1)+ O(&)

7,7=1
X exp {—ﬂ . [/T(:Z",f) + 15 VA(Z, f)] + 0(53)}

}

St

lw B +E V(@ angma Omtb(T,1) + O(E%) (3.51)

nml

In the next step, we also expand all exponential functions involving V' and A to second
order in £. We then encounter (complex) Gaussian integrals of the type

3
- m - 2miht
/d3§ exp (%52) = — (3.52)
3
5 im 2mihT tht .
Jagagem (g€ ) =on/Tm BT - 12,3 (3:53)

Integrals over odd powers of & vanish by symmetry. We now see why an expansion up to
second order in 5 was sufficient: each power of & under the d3£ integral results in a factor
of /7 after integration. In the limit 7 — 0, only terms which are ~ 73/2, and thus cancel
the 77%/2 in the prefactor, lead to a non-vanishing result. Higher powers of & produce
additional factors of /7, which then vanish when 7 — 0.
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3 Path Integrals

Since there is a prefactor 7 in the terms involving the potential V', we actually do not
need to keep any but the leading term in the Taylor expansion of V: all (non-vanishing)
higher-order terms lead to factors which are at least ~ 72, and thus vanish in the limit
7 — 0. This also explains why it does not matter whether we take V (¢, t,) in Eq. (| -
or the arithmetic mean £ [V (¢, €) 4+ V(gn-1,%,)]. Collecting all relevant terms, we obtain

. 3 .
G(Tt+T) = l1 - iﬂ/(:a a} ’/zgm /d?’f exp <ﬂ52)

{1——25“ Z%@A WZ@& (7,0)44(F 3}

’l]1 i,j=1

3
X | (Z,1) + ananw(:a t) +% Y &m0t (7, t)]

__ Z n=1 _ \ n,nizl .
=|1- —TV(f, f)] \/ Srirh /d3§ exp (ﬁﬁ)
X { Z §i&nAi(T, )0, (7 Z &5 [0;A:(2, 1) (7, t)
i,n=1 z] 1
i,7=1 n,m=1

Applying the Gaussian integrals (3.52)), (3.53)), we then obtain

vt = 1= v (@ + T a@n - Fu@o + 35 [9- A@o] v

@q T3 thr
- PR AR DU + () |
= U(@,1) = 7V (F D(E, ) + % AZ,1) - V(T ) + ;'—m VA7) v

ZqT

vhr . )
5 A2(Z, D)y(, 1)+ 5 A1) + O (3.55)

where we kept all terms linear in 7. We can now reorder the terms and employ

g PO D) — 0T D

7—0 T ot

to obtain in the limit 7 — 0

_ {L [ﬁ— q Az, t)r FV(Z 1) b (T, 1) | (3.56)
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3.5 Midpoint rule, Ito integral, Brownian motion, and gauge transformations

This is the correct result for the Schrodinger equation of a particle in an electromagnetic
field, since the Hamilton operator is

.\ 1 74 5 2 5
fi= - [p _q A(;r:,t)} LV(@) (3.57)

which is the quantum-mechanical analogue of the classical Hamilton function (3.42]).
Finally, we can answer the question what would have happened if had not used the

arithmetic mean 1 [/T(f, )+ A7, f)}, but simply A(Z,7). Then there would be no need

to Taylor-expand %/T(y_’,ﬂ and the term %E ﬁA(f,f) in Eq. would be absent.
Tracing this all the way to the final result ‘@, the term ~ V - A(Z,t) would be absent.
This would have prevented us from combining the terms to the correct Hamilton operator
(3.57)), i.e., we would not have obtained the correct Schrodinger equation. Therefore,
taking the arithmetic mean of the vector potential in Eq. is not a matter of choice: it
is the only choice that reproduces the correct Schrodinger equation. In consequence, the
“democratic” version of the Hamilton function is in general the safe, and therefore
better, choice. It is just a coincidence that this choice does not matter if A(,¢) = 0 and
only the scalar potential V' (q,t) # 0.

3.5 Midpoint rule, lto integral, Brownian motion, and
gauge transformations

n) g(in—lyfn)} we could

1)/2, since its Taylor ex-

In the last section, instead of the arithmetic mean % [[f(cf t,
have also taken the vector potential at the midpoint (g, + ¢,—
pansion around ¢, reads

1 §n+in— n = T Jn""i’n— — = 1
A(Tﬂtn)=A<qn,tn>+(Tl—qn)-qu<qn, )+ 0 (G~ G)?)

P 7y =Gl o

= A(Gn. tn) — T Vo A(@n tn) + O (G0 — Gu-1)?) (3.58)

and is thus to first order in ¢, — ¢,,_; identical with the Taylor expansion of the arithmetic
mean around ¢,

1 NN — AN — N — 1 = N =d —
Y [A<Qnatn) + A(Qn—latn) = A(antn) + 3z (Qn—l - Qn) ' qu(Qm ) + @ (( - Qn 1) ) .

2 2
(3.59)
Since we only needed the first-order term in the calculation of the previous section, the
“midpoint rule”, i.e., replacing E(Jn,fn) by g(%,t}) in Eq. (3.44)), would have
also given the correct Schrodinger equation.
This observation can be put into a more general context. Let ¢(g) be an analytic
function (which thus has a Taylor expansion) and let ¢(t) be a particular trajectory in

one-dimensional coordinate space with ¢ € [a, b]. Consider the time interval [a, b] of length
b — a and divide this into N pieces of length 7 = (b — a)/N. This gives the partition of
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3 Path Integrals

the time interval into a set of discrete times t, = a +nr, n = 0,1,..., N, with t5 = «a,
ty = b. The positions of the particle at the times ¢, are

t=q(tn), w=0¢0)=00, aw=aeb)=a. (3.60)
Now consider the identity (the “telescope sum”)

P(w) = (ga) = D [e(@ni1) — @(an)] - (3.61)

=z

3
I
o

We expand both ¢(g,) and ¢(g,+1) into Taylor series around a particular point
Un = G + M1 —qn) , A€ [0,1], (3.62)

in the interval [¢,, ¢n+1]. These Taylor expansions read up to second order in (g, 1 — ¢,)*:

©(gn) = ¢ (un) + (g0 — wn) ' (un) + %(qn — un)*¢" (un) + O (g — n)’)
= ¢(tn) = Mgnt1 — Qn)gol(un) + %(qn+1 - Qn)zgpu(un) + 0O ((qn+1 - Qn)g) )
P(Gnr1) = P(un) + (Gnr1 — un) @' (un) + %(Qn-l—l - un)QSD”(un) + O ((Qn—H - un)g)

= o)+ (1= Nir — 608 ) + T g — 0% )

+ O ((gns1 — an)?) - (3.63)
Thus, Eq. (3.61]) becomes

o(a) — ¢(qa)

_ {(qn+1 — )¢ (up) + (% - A) (Gn1 = @n)*@" (tn) + O ((gny1 — qn)s)}

Yy )+ (5 ) s 00 o) 4 0 (Mﬂ -

T

(3.64)

In the limit N — oo, 7 — 0, we can convert the sum into an integral and obtain after
some reordering of terms the astonishing result

o b b 2 32
/ dngg_(;) :/ dtd_(idsg_gl) = o(q) — ¢(qa) — (%—)\)/ dt% d(;z(Zq) +0(dg®) .
. (3.65)

Why is this astonishing? From the “normal” rules of integral calculus we would have
expected that the value of the integral on the left-hand side is the first term, ¢©(q,) — ©(qa)-
The second term is “anomalous” in the sense that it can only appear if dg? is of order dt
(or dg ~ \/E), because then the integrand is finite and not infinitesimally small. Or in
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3.5 Midpoint rule, Ito integral, Brownian motion, and gauge transformations

other words, if dq is of order dt (such that the velocity ¢ = dg/dt is finite), the second
term is infinitesimally small and can be simply neglected (such as all other higher-order
terms).

Are there physical situations, where the change in position dg is of order v/d¢ instead
of dt? In fact, this is the case in diffusion processes such as Brownian motion.
Here, the velocity of the particles is dg/dt ~ 1/ Vdt — 00, because the particle motion
is discontinuous when it scatters off other particles. It was precisely in this context that
K. Ito encountered an integral of the type (3.69). In his case, A = 0 and the “diffusion
constant” is the coefficient 1/2 in front of the second term in Eq. (3.65). That is why we
would like to call the integral the generalized Ito integral.

How is this of relevance for our discussion of gauge fields in the previous section? There
we indeed found that the result of the Gaussian integration was that the “displacement”
dg = &€ ~ JT = Vdt | So the trajectories entering the path integral are actually of
the same type that particles take in Brownian motion! But irrespective of whether the
trajectories are smooth, such that ¢ < oo, or discontinuous like Brownian motion, such
that dg?/dt is finite, there is actually one case where the anomalous term in Eq.
does not appear: if we apply the midpoint rule, i.e., A = 1/2 in the Taylor expansion
of ¢(q). This further elucidates the importance of the midpoint rule in the calculation of
path integrals.

Finally, let us discuss the importance of our findings for gauge transformations of
the vector potential,

A(@,1) — A'(G1) = A1) + VoM@ 1) (3.66)
where A(q,t) is a scalar function. This adds a term
iq (. = o iq @ g o
— dtq- V,AG 1) = — / dq- V,A(q,1) (3.67)
h ta h Ga

to the exponent in the propagator (3.45)). This is the three-dimensional generalization of
the Ito integral (3.65)). Applying the midpoint rule (A = 1/2), there is no term ~ A, A(q, 1),

iq @ - . iq ~ .
7 [ A0 VMA@ t) = 2 (M@ t) — M )] (3.68)
da
and the gauge-transformed propagator reads
1N s — Z — — — Z —
G'(Gbs t; Qs ta) = exp lﬁq Ay, tb)] G (Gbs tv; Gas o) €XP {_Eq A(Ga, ta)] : (3.69)

This corresponds to an (unobservable) change of the phase of the wave function,

V@ts) = [ P66 Gt ta) V(@)
i .
oo [0
3 - - - (L N o
X /d Ga G(Qbatb; Qaata) exXp [_%A(Qaata)] €xXp |:E A(Qaata):| 'lvb(qaata)

— oxp {% A, tb)l Do ts) - (3.70)
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4 Applications

In this chapter, we study various applications of path integrals. For a particle obeying
the non-interaction Schrodinger equation, the propagator can be exactly computed. The
simplest application of path integrals is scattering of particles through a double slit. The
path integral (in a very simple approximation) provides an easy way to understand the
emerging interference pattern. We then discuss the semi-classical approximation, which
is based on a Taylor expansion of the potential energy up to second order in derivatives.
For the harmonic oscillator, this approximation becomes exact. As a non-trivial example,
we finally discuss the anharmonic oscillator.

4.1 Propagator of free Schrodinger equation

In this section, we calculate the transition amplitude for the free Schrédinger equation
from the path-integral formulation. Since the kinetic energy is in principle a quadratic
function of the coordinates, cf. Eq. , the path integral is of Gaussian type and can
therefore be exactly evaluated. The starting point is Eq. , where we set V(q,t) = 0,

<%7tb|(7a7ta>:\/27mT /[H d3qm] exp [% Z(q — G- 1)2] ~ (4.1)

We integrate successively over the coordinates ¢,. The coordinate ¢ appears in two terms
in the sum in the exponent, such that the ¢; integral is

[ e {5 (@ - @+ @ - @) | - (42)

We rewrite the exponent in the form

!
+
=
S~—
+
[\
]
(3]

(BH— 3+ (@ — @) = G+at—24 (@

— — 2
= 2(q— —Q(CD—FQO) +4s +qq

2
=12 L. 72
= 2q +§ (2 — @),
where we defined
=/ __ = (TQ + q_‘;)
G =41 — 5
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4 Applications

If we substitute this variable in the ¢ integral in Eq. (4.2)), we can immediately evaluate
this integral (it is again of Gaussian type),

/d3 7 exp{;g‘ [(&— @) + (@ —qm}
- gty @ -] [ 0w oo (57 0)

3
im o miTh
= exp {— (G — qO)Q] . (4.3)

2h(27) m
We observe that the result from the Gaussian integration combines with three of the 3NV
roots in the prefactors of the path integral in Eq. (4.1)) to give
3
m  miTh 1

= ) 4.4
2mith m \/§3 (4:4)

Simultaneously, the time interval 7 in the exponential function was replaced by 27.
We now integrate over ¢», which also occurs in two terms in the exponent,

Jemen{ gt @@t g @-a ) (45)

A similar manipulation of the exponent as in the previous case yields

(B—@) '+ (Gp—0) = G+ -2 (B+=q)+>q
2 2 2 2
_ 3. 2 L ? 2ﬂ+1ﬂ2+ﬂ2+1ﬂ2
- 5 q2 3 q3 2610 3 q3 2610 g3 2q0
= 2Q2 +3(Q3 @),

where we defined

\)

1
—»/:—»__ — _—»
4> = Q2 3<Q3+QQO>~

Inserting this into Eq. (4.5) we obtain
mmo |, 1.,
/d3Q2 exp {2h [(Qi% - CI2)2 + 5 (@ — %)2} }
m N 3 -1 Jim _,,
= — — d
exp {%(37) (¢35 — o) } / @y exp (M )

3
im L L9 4mith
p— -_— . 4-

oXp [271(37‘) (G5 = @) } 3m (4.6)

The result from the Gaussian integration combines with three of the prefactors from Eq.

1} and with the factor 1/ \/53 from Eq. 1) to give

\/ m  Amithl 1
2mith 3m 2 /3%
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4.1 Propagator of free Schrodinger equation

We now continue to integrate over the variables ¢,,,. When integrating over the variable
¢; the time interval j7 in the denominator of the exponent increases by 7, i.e., it becomes
(7 +1)7. Simultaneously, three of the 3N prefactors in Eq. (4.1)) partially cancel with the
result of the ¢; integration, and we obtain a factor 1/ \/jT If we continue to do this
until j = N — 1, we obtain with ¢y = ¢, ¢y = @, and N7 = t;, — t, the final result

3 .
m rm

omih(ty, —ta) 7 [m (@ — %)2] : (4.7)

We now show that this expression is identical with the propagator of the Schrodin-
ger equation. To this end we just need to realize that also the integral in that equation is
a (shifted) Gaussian integral (at least after analytic continuation into the complex plane,
in order to guarantee convergence). With the dispersion relation (3.26]) we obtain

<q_;77 tb|q_:1a ta> =

L B 1 3 iht -, L

G(q,t;7,0) = (2w)3/dkexp{ Sy k<+ik-( )}
B 1 3 tht 9
~ (g /dkeXp{ %[k _(q F)} 2ht(q F)}
B 1 2mm ’ @ (G- ﬁ)Q
— e Vo TPlon T

3 .

_ [ ime
=~ Vomm P [2ht (4 F)] ' (48)

With the obvious replacements ¢ — ¢, 7 — ¢, and t — t, — t, this is identical with Eq.

, q.e.d.

In order to understand the effect of the propagator (4.8)), we consider a particle which
is localized at the origin, 7 = 0, at ¢t = 0. The corresponding wave function is a delta
function,

(7, 0) = 8°(r) . (4.9)
According to Eq. (3.33)) the wave function at a later time ¢ > 0 is then

rm

3
(T, 1) /d rG(q,7,0) 07(r) = G(¢.40,0) = 4[5 exp (%t ) , (410)

where we have used Eq. . Apparently, for this initial condition the wave function
only depends on the distance ¢ = |g] from the origin (the location of the particle at
t =0), ¥(q,t) = ¥(q,t), it is a spherical wave. In addition, the particular initial
condition ensures that wave function and propagator are identical. We decompose the
wave function into its real and imaginary part,

U(g,t) = —% %3 (1+1) [cos (”;g) +isin (”2%2)} (4.11)

L m 3 COS mg’ sin mg’ + 1 |cos mg + sin mg’
= - — — sl .
V2 2rht 2ht 2ht 2ht 2ht
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4 Applications

Re [(m '

LA

Im [(m /2n)3’2/2 ]
— =1
— =3

0 \

0 5 10
q[i/m]

Figure 4.1: Real and imaginary part of the wave function (4.11) (in units of
[m?/(2m)]?/2/+/2) for times t = 1 (black), 2 (red), 3 (blue) (in units of 1/(hm))

as a function of spatial distance ¢ (in units of 1/m) from the origin.

Real and imaginary part are shown in Fig. for a few exemplary values of ¢ as function
of g. One observes that the oscillation frequency increases with increasing distance ¢ from
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4.1 Propagator of free Schrodinger equation

the origin and decreases with increasing time t. The amplitude decreases ~ t=3/2,
The probability density
m \3
7,t)° = (—) 4.12
@O = (5or- (412)

to locate a particle somewhere in space is constant. At first sight, this is a surprising
result, but it can be explained by the fact that the particle was exactly localized at
t = 0. According to Heisenberg’s uncertainty relation its momentum is then completely
undetermined, i.e., all momenta p occur with the same probability. This also applies to
arbitrarily large values of p, which instantaneously transport the particle from ¢ = 0 to
a spatial point which can be arbitrarily far away from the origin. (Causality problems
are of no concern in a non-relativistic treatment.) On the other hand, the probability
density decreases at each point in space with time as ¢73. At first sight, this seems
to contradict the normalization of the wave function. However, we have not yet properly
normalized the latter. The wave function is normalized to one after an integration over

the whole space,
3
g |v(q,t 2:V<—m ) :
[ eawaor -v (5

Therefore, the correctly normalized wave function still needs to be multiplied with a factor

1 (2rht)’
V\m '
Then, the wave function is normalized to one, and the probability density no longer decays
with time.
To have an exactly localized particle (which can then in principle have an arbitrarily

large momentum) is, of course, hardly a realistic situation. Therefore, we consider the
initial condition
. 1 72
»(r,0) = sexp|—= ], (4.13)
2mo 20
i.e., a Gaussian wave packet of width o. For ¢ — 0 the wave packet becomes the delta

function (4.9). Since the Fourier transform of a Gauss function is again a Gauss func-

tion, we can again have in principle arbitrarily large momenta p' = hE, but they become
exponentially less probable with increasing p,

O(k,0) = 2 / A3 e R (7, 0)

1 / P2

= d*7 ex (—— — ik - 77)
V2ro3 P 20

1 . 1 N2
= N exp (—% k2> /d3F exp {—% (F+z’ak> }
_ 0 72\ )
= 2 exp <—§k: ) = 27 exp (—ﬁp ) ) (4.14)
According to Eq. (3.33) the wave function at a time ¢ > 0 is

3 . ) )
m m 1 Mo m
—»t — 2 d3_’ _ 1 _ 22 - _‘. = .
V@) =\ Gt P <2ht 1 ) / hexp { 2% < it )T nt 7}

(4.15)
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Completing the square yields
1 1 Mo\ L, tm o
—_— R — 7"‘ —_—— . ’r‘
20 ht nt 1
. . 2 . 2
_ 1 | _ tmo o imo - _\T mo 9
20 ht ht —imo a ht —imo ¢
_ (om0 s
20 ht 2ht ht —imo
where we have employed the substitution
mmo

F4+—y.
ht—zmaq

-/

The Gaussian integral over 7/ has the value
2mhto ’
V At —imo

3

Inserting this into Eq. (4.15)) gives

W(g. 1) m 1 m mo N\ 9
= —_— X _— U p—
¢ 2mi At —imo© | 2ht \ht—imo ') ?
3
m 1 m 9
= _— _—— . 4.16
omi ht —imo ¥ {2(7115 —imo) 1 1 (4.16)

In the limit ¢ — 0 we again obtain the result . The decomposition into real and
imaginary part is again possible, but yields a rather unwieldy expression. We therefore
just show the result in Fig. One observes very clearly how the initial Gaussian wave
packet (dashed line in the plot for the real part) “dissolves” on account of the momentum
uncertainty.

The probability density is

2

llp(q_)a t)|2 = (27]_ (ﬁt)Q n (mo’)2> exp <—m q2) . (417)

It is not yet correctly normalized, since

1
/ BT, )P = —— .

4o

The correctly (to unity) normalized probability density is shown in Fig. Also here
one observes a “dissolving” of the wave function as time evolves.
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4.1 Propagator of free Schrodinger equation

ReW [(m°/2m)” 12"
\\\\ — t=1
\ — =2
- — t=3| 4
O s ————__
|
0 5 10
q [1/m]
Im¥ [(m°721)” 12"
— t=1
— =2
— =3
O
0 e

19 5 10

q[i/m]

Figure 4.2: Real and imaginary part of the wave function (in units of
[m?/(2m)]?/2/+/2) for times ¢t = 1 (black), 2 (red), 3 (blue) (in units of 1/(hm))
as a function of spatial distance ¢ (in units of 1/m) from the origin. The initial
width of the wave packet is o = 1 (in units of 1/m?).
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1I‘PI2 [(m’/2m)’]

N I

_-
= = =

-

-
W

q [1/m]

Figure 4.3: Probability density (in units of [m?/(27)]?) for times ¢ = 1 (black), 2 (red),
3 (blue) (in units of 1/(Am)) as a function of spatial distance ¢ (in units of

1/m) from the origin. The initial width of the wave function is ¢ = 1 (in units
of 1/m?).

4.2 The double-slit experiment

The path-integral representation of the transition amplitude or propagator is a very nat-
ural and intuitive way to understand the interference pattern observed in the famous
double-slit experiment. We first observe the following important convolution property
of the transition amplitude,

(@bl ) = / B (G, 1ol ) (@, 0l 1) (4.18)

which simply follows from inserting a complete set of states (3.36). In terms of the
propagator, this reads

G s ta) = / 0BG Gl b 0,8 GLT, 15 o) (4.19)

Here, t is an arbitrary intermediate time in the interval [¢,,t;]. The situation is envisaged
in Fig. [4.4. One should note that one has to integrate over all possible positions ¢ at the
intermediate time ¢, since the particle is can take any possible trajectory from its initial
position ¢, at time t, to its final position ¢, at time t;.

The proof of the convolution property in terms of the path-integral representation of
the transition amplitude is trivial. We start from Eq. and select an intermediate
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4.2 The double-slit experiment

—_
— —> q

Figure 4.4: Visualization of the convolution property of the propagator in the space-time
diagram.

spatial integral, say d*¢j, pertaining to the intermediate time t; € [t,, ). We pull this
particular spatial integration out of the product in Eq. (3.20)) and factorize the remaining
terms,

(G ol o) = / &3,

——3(N=j) . N1 P m (G — 2
N 3G, d m(4m = Gm=1) "y (z
ok Vv / H dqmexp{hz T [2 ( . > V(@ tm-1 + AT)

m=j+1 m=j5+1
[ m i i < m (G, — G, 2
« d*q, Z Sl (i R ok S IR V6 Ty tno1 + A
2miTh /E lep{h;TIQ( T ) (q 1+ AT)

In the limit N — oo, 7 — 0, this becomes

}
|

<q_;)7tb|q_)a7ta> = /dg(jj <q_;)7tb|q_)]7t]> <(Tj7tj|q_)a7ta> . (421)

Relabelling §; — ¢, t; — t, this is identical with Eq. (4.18)).

Finally, we can prove by a direct calculation that also the free propagator (4.7)) fulfills
the convolution property (4.18). We start from the right-hand side of this equation and
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insert Eq. ,
/
m s m 2
Y B L P — — (g —
/ N omint, — 1) P [2h(tb —5 (&= ]
o m 3 o m G- q )2
2mih(t — t,) P 2h(t — t,) ¢~ a

- [2wih\/(tbnjt)(t—ta)] exp [% (tbq_ft +t%2ta>]
x/d3cfexp{2him(tb_ta> ){(72_2@ a(t ta>+q*a(tb—t)]} . (4.22)

(ty —t)(t —t, ty — tq

J <(ﬁ77 tb|(f, t> <(T7 th:z, ta>

Completing the square in the exponent,

. S 2 S -, 2
t—1, oty — 1 t—1, oty — 1
Cf_qb( )+ @t =01 [l )+ Gults — 1) | (4.93)
tb - ta tb - Zfa
and performing a substitution of the integration variable
h(t —t, Ta(ty — t
J—>J’=J—qb( )+ ally >, (4.24)

ty — tq

which has a Jacobi determinant of modulus unity, we can evaluate the (complex) Gauss
integral over d3¢” with the help of Eq. (3.19)),

/ B (G o1, 1) (@11, ta)

3 3
B m 2mih(ty, — t)(t —t,)
2miha/(ty — t)(t — t,) (tb ta)
' 7 t—t, ty —t 2G, - Gt
wexpl M| G LB 2Ga - G
2 [ty —t ty — tq —ta ty—ta) ty—tq
3
m
-~ .. . ~ = t _»a;ta, Y 42
omih(t, —t,) P [2h ty — t ] (@ 1] ) (4.25)

as it should be.

Armed with the convolution property, we now discuss what happens in the double-slit
experiment. The situation is depicted in Fig. A source at (q,,t,) emits particles.
We assume that they all have the same velocity. Then, at time ¢ (which is supposed to
be the one appearing in Eq. ) the particles hit the double slit. Finally, they reach
the screen at time t,. If we assume that the particles travel in z direction, both slits are
supposed to have the same area AF = AxAy. Furthermore, the thickness of the blind is
Az, such that the slits form a volume AV = AFAz. The particles cannot pass the blind,
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4.2 The double-slit experiment

t,da

tq,

t,qp

Figure 4.5: The double-slit experiment.

if they do not hit one of the two slits, either the one at ¢4 or the one at ¢gg. Therefore,
the volume integral in Eq. (4.19)) reduces to

GGt Torta) = AV [G (G 1y G0, ) GTar s Gor ta) + GG s T2 1) G 1 Qo )] -
(4.26)
Here we have assumed that the product G(, ty; Ga,t) G(Ga,t; Gu, ta) does not change ap-
preciably over the volume AV of the slit at ¢4, such that one can pull this factor out of
the integral over d3¢, and similarly for the contribution of the slit at ¢z to the integral.
The quantum-mechanical probability for a particle emitted at the source at space-time
point (G, t,) to reach a point ¢, at the screen at time ¢, is then

P((jbatb; Ja;ta) = |G(%7tb; (Ta’ta)‘Q (427>
= sz {‘G(q_;)a tba (Z‘b t) G(Q)Aa ta q_'av ta))‘2 + |G((ﬁ7> tb; JB) t) G((TB, t; (jaa ta)’2
+ 2Re [G(q_;)u tb) (jAa t) G(q_:% ta Jaa ta) G*(q_;h tb7 (TBa t) G*(q_)B7 tv q;l) ta)]} .

The last term is not positive semi-definite. It is the origin of the well-known quantum-
mechanical interference effects, which lead to a diffraction pattern with maxima (con-
structive interference) and minima (destructive interference) on the screen.

Using the expression (4.7)) of the free propagator, we can evaluate Eq. explicitly,

Pty s 1) = 2AV?2mS
4v; U3 Gay la) = )5ty — 0Pt — 1,)°

mo._ 2+ ds =20, , 4a+qs— 24,
X{1+COS{_(QA_qB)'(QA 06 — 20 , Ga+ 5 q)”.(“&

2h ty — ¢ t—1,

Further simplification is possible by assuming that the source is located in the origin of
the coordinate system, g, = 0, that the particles are emitted at ¢, = 0, and that the two

slits have the same distance from the origin, |g4| = |gp|. Then,
2AV?mS m
P(q,t;0,0) = 1 — (¢4 — qB) - @ . 4.29
(Gb, t; 0, 0) Grh)o(t — 1 { + cos [h(tb -y (@4 — ) Qb}} (4.29)
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Introducing the quantities defined in Fig. 4.6, we now have |g4—¢5| = a and 2 = g, sin § =
[tan f = dtan «. From this we compute

— — — m .
(@a — qB) - @& = agy cos <§ —6) = aqysinf = adtan « .

Furthermore, if v is the velocity of the particles, the distance from the double slit to

7
X
a 1“4
\% d

Figure 4.6: Geometry of the double-slit experiment.

the screen travelled by the particles is v(t, — t). If the screen is very far from the double
slit, one can neglect the difference between the distance travelled from the slit at ¢4 and
that travelled from the slit of 5. The average distance is then v(t, —t) ~ d/ cos . The
argument of the cosine in Eq. becomes

m

Rt =1

mu k
1A —qB) - @y = ———adtana ~ —adsina = kasin a

qa — ) - Gy oty —1) gt mao,

where we used that the momentum p = mv = hk, where k = 27/ is the wave number
associated with the de Broglie wave length \ of the particle. With 1 + cos(2¢p) = cos? ¢,
the final result for the interference pattern is then

P(Gy, t;0,0) ~ cos® (ga sin a> , (4.30)
which is shown in Fig. 4.7, Equation (4.30) is the standard result and is valid also for
diffraction of light (massless photons) at the double slit. If we also consider the diffraction
across the single slits, there is an additional modulation factor. For light waves, the result
is

. 2 E .
) sin (/\A:Csma) (4.31)

(%Ax sin a) 2
where Az is the width of the slit in the direction of ¢4 — ¢5. However, for massive particles
the result is more complicated and involves the so-called Fresnel integrals.

P(Gy, ;0,0) ~ cos® <§a sin v
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4.3 Semiclassical approximation

LAY L

X

Figure 4.7: Diffraction pattern in the double-slit experiment, according to Eq. (4.30])
(blue), the modulation factor alone (black), and the result (4.31]) including
the modulation factor (red).

4.3 Semiclassical approximation

For an arbitrary potential V(q,t) the path integral can in general no longer be
explicitly computed. An exception are potentials which are quadratic in ¢, since then
path integral over ¢ is again a Gaussian integral (or more precisely, infinitely many of
them). However, one can always apply the so-called semiclassical approximation,
i.e., one expands the action S[q(¢)] up to quadratic order in ¢(t) around the classical
trajectory ¢u(t). This then leads to exactly solvable path integrals. We will make this
observation more precise in the following.

The classical trajectory gq(t) is given by the solution of the Euler-Lagrange equations
(2.3) and the corresponding action is

ty .
S = Slaa(0)] = [ dt idnsdont).
123
We introduce the variation around the classical trajectory via

m(t) = qt) — qa(t) - (4.32)

Obviously,
7(t,) =7(ty) =0,

since for all trajectories in the path integral the initial point ¢, = ¢{(t,) and the final
point g, = ¢(t,) are identical, i.e., they are not subjected to a variation. We expand the
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Lagrange function up to order O(7°?) around the classical trajectory,

: . oL oL
L(G,4,1) ~ L(Ga, Ga, 1) + <n- = )
. 0Gi | i 0G; | 7z
(3 q=4cl qd=(c1
1 0*L 2 0*L
+ —Z ’I“iT’j— —f—QT’ZTJ— +T,T’]— > s (433)
245 ( 04194} |34, 00:94; |4, 06:94; 7,

where we denoted the components of 7(t) by r;(t), i = x,y,z. In the following we use
the fact that the mixed second derivatives of L vanish for Lagrange functions of the type
(3.22). If we then insert Eq. (4.33]) into the action, we obtain

N oL oL
S _’t = dt L cly 4cly % .i a0
) / o) + 3 ( - )
. 0°L
i Z(nmaaqﬂ“*—‘_zjaa qc1>]
o OL d 0L
— dt Y
Scl"f_/t; zi:rz (an dt aqz>§§1

ty . 1

+/ de {T 7% — =TV (G, t) F} : (4.34)
. 2 2

where we have performed an integration by parts in the term ~ O(7) and used the fact
that the variation of 7(¢) vanishes at ¢, and t,. Furthermore, due to Eq. (3.22)) we have
used

0°L s

8%6% G=q.1 B v

02L V@Y _ V).
00:94j |4 06i04; |-, ’

The last equation represents the (ij) element of the matrix V" of second derivatives of
the potential V' with respect to the coordinates. The second term in Eq. (4.34]) vanishes
on account of the Euler-Lagrange equations ({2.3) and we obtain

123
S[cj’(t)]:Sd—i—/ dt [2 72 %FTV”(@J)F] : (4.35)
ta

When inserting this into the path integral , we can factor out the contribution of
the classical action from the integral, since it does not depend on the integration variables
¢n. Furthermore, we can substitute the latter by the variables 7, on account of Eq. .
This substitution of variables has a Jacobi determinant which is unity, and it immediately
follows that

] 7(tp)=0 i ty m - 1
G byl Gor ) 0 N iSe/0 / DFeXp{ﬁ / dt {5 7 TV (o) FH - (4.36)
7 ta

(ta)=0

36



4.3 Semiclassical approximation

The path integral is again of the type of a(n infinitely dimensional) Gaussian integral and
can be exactly computed. We demonstrate this explicitly for the case of one spatial
dimension. To this end we first write the path integral in Eq. (including the
normalization factor A') in the form of Eq. , i.e., where integrate over N —1 variables

} , (4.37)

[ m Nt P m [r r S |
— v e n - I'n-1 . "2
I(ty,t,) = Sirh /}_[1 dr, exp {h ;7’ [2 (—T ) 5 Vir:

where we abbreviated

V' =V"(qan, tn_1 + A7) .
The exponent in Eq. (4.37) has the following form:

m m
2 lzm (ra = o)+ 35 W 2} = gy (0 Fr T S 2
+ 7"?\7 o = 2PN _aTN_1 Ty TR — 2PN N + )
2h (V”T% + V// 2 V]GTJQV)
= _2Zh (202 = 2r g + 202 4 -+ 2r% .y — 2ryarn 1 + 2% )
o 2h (V// 2 V// 2 V 1TN 1) , (438)

where we have used the fact that r =r, =0, ry = r, = 0. The result can be written as
a product of row vector, matrix, and column vector,

2
T no2| — M Ty =
_ = _ A 4.
227'71 [ = Tum1) m Vo T 2irh (4.59)
where 7= (r1, 1o, 13, ..., n—1)" and
2+Cl _1 0 0
—1 2—|—CQ -1 0
ac| O 7L 2te 10 ! , (4.40)
0 0 -1 2+cy_9 —1
0 0 -1 2+CN—1

with ¢, = =72V /m. Equation (4.37)) thus assumes the compact form

/ N—1= =T
Ity ta 27m7'h /d 7 exp 227’h AT) '

The [(N — 1) x (N — 1)]—Matrix A is symmetric, therefore one can diagonalize it by
means of an orthogonal transformation O, OT = O~! and det O = +1,

D = diag (ay, ag, ..., an_1) = OAOT | (4.41)
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where a,, are the eigenvalues of A. Multiplying from the left with O and from the right
with O yields

O'DO =A,

ie.,

_ N-1z T AT () #
I(ty, ta) = /d Texp ZiThT @) DOT)

B

_ N—-1 m orn 2
= D )
2miTh /d s exp 22’7’55 °
— N-1
= Srirh / H ds, exp ( 5T Z an si) , (4.42)
n=1

where we have substituted variables according to

or, FT=7T07.

s

The corresponding Jacobi determinant is J = det O = +1, so that the integration mea-
sure does not change. The N — 1 Gaussian integrals in Eq. (4.42)) can again be computed

with the formula (3.17)), so that

27TZThN PN
I(ty, ta) = 4/ \/ a2 = | (rdet A)TY?
(st 27mTh H o2mih (7det A)”

where, on account of Eq. and det O = det OT =

(4.43)

+1, we employed the identity

N—-1
detD = [ [ an = det (OAOT) = det O det A det O"

n=1

= det A | (4.44)

We now compute the determinant of the matrix (4.40)) with the help of Laplace’s theorem,

on_1 =T7det A = (2 + CN—1) PN-—2 — PN-3, (4'45>
where

24 ¢ -1 0 0
-1 24 co —1 0 :
0 —1 2+c3 —1 0 0

PN—2=T . . ’

0 0 —1 24cn_3 —1
0 0 —1 2+CN 2
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4.3 Semiclassical approximation

24+c¢ -1 0 0
—1 2+CQ -1 0
0 -1 2+4c -1 0 0
$YN-3 = —T
0 0 —1 2—|—CN_3 0
0 . 0 —1 —1
2+Cl —]_ 0 0
-1 24c -1 0
= 7 0 -1 24c -1 0

From this follows the recursion formula

<,0n+1:(2+0n+1)90n—¢n—1> n:17~"7N_27 (446)

where we set ;1 = 7(2+ ¢1) and po = 7. Using the definition of the ¢,, we can write this
recursion formula as

Pn4+1 — 2 Pn + Pn—1 Cn+1 . Vn//—‘,-l

7_2 = 7_2 9077, = m 9071 . (447)

In the limit 7 — 0 this becomes the differential equation

diﬁgt) _ —V;Et) o(t) (4.48)

In order to solve this equation, we need initial conditions, which read

p(ta) = limpo=lim7T=0,

do(t, - 2 - 2y
plta) _ hmu:hmwzhm(u ) — 1. (449)
dt 7—0 T =0 T 7—0 m

At this point, we can only proceed further if the potential V(q,t) is known. Then, the
differential equation (4.48|) can be explicitly solved until time ¢,. This yields a function

flto,ta) =p(ty) = lim oy= lim ¢y 1= lim (rdetA) , (4.50)
N — oo N — oo N — oo
T—=0 T—0 T—0

which depends on the initial conditions (4.49) at time ¢,. These will be determined for
the example of the one-dimensional harmonic oscillator in the next section.

Let us summarize the results of this section. With Eqgs. (4.36)), (4.43), and (4.50) the

transition amplitude (resp. the propagator) in the semiclassical approximation
reads
) as ba »Uby Gay la) = omih f exXp d . .
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4.4 Propagator of the one-dimensional harmonic
oscillator

The potential of the one-dimensional harmonic oscillator reads

1
Vig) = gmw’q” (4.52)

where w is the eigenfrequency of the oscillator. For this potential the semiclassical approx-
imation discussed in the previous section is exact, because the expansion of the potential
automatically terminates after the second order,

V' =muw? =const., V" =0.

The differential equation (4.48)) is simply the equation of motion of the harmonic oscillator,

dQSO(t) 2
e +w p(t)=0, (4.53)
with the well-known solution
@(t) = A cos(wt) + B sin(wt) . (4.54)

The initial conditions (4.49) yield
o(ty) = A cos(wt,)+ B sin(wt,) =0,

% = —wA sin(wt,) + w B cos(wt,) =1,
from which we can determine the constants A and B:
A = —Btan(wt,),
B - cos(wty) 7
w

so that the solution at time ¢, reads

f(ty,ta) = p(ty) = —B tan(wt,) cos(wty) + B sin(wty)
cos(wty)

= — [sin(wt) — tan(wt,) cos(wty)]

= é [sin(wtp) cos(wt,) — cos(wty) sin(wt,)]
sl ~ )]

In order to determine the propagator we still need to compute the action along the
classical trajectory. This is possible without major difficulties, albeit a bit cumbersome.
First, the classical trajectory is of course a solution of the Euler—Lagrange equation for
the harmonic oscillator,

. (4.55)

_aoL or
dt ¢ g

= mij+mw’q
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4.4 Propagator of the one-dimensional harmonic oscillator

or
G+wiqg=0.
The solution is well known,
qa(t) = C cos(wt) + D sin(wt) . (4.56)
The constants A and B are determined by the given initial and final conditions (which of
course hold also for the classical trajectory)
0o = qa(ts) = C cos(wt,) + D sin(wt,) ,
@ = qa(ty) = C cos(wty) + D sin(wty) .
One can check that this yields
o - sin(wty) — qp sin(wt,)
B sin [w(ty — t4)] ’
D - Cos<wta) — (g cos(wtyp) ‘ (4.57)
sin [w(ty — ta)]
Inserting this into Eq. (4.56) we obtain

qcl(t> _ Ga sin [W(tbsi;l 7[2}](;: Cﬁ? ::;1] [W(t - ta)] ) (458)

The time derivative is
@y cos [w(t —ty)] — qa cos[w(ty, —t)]

fai(t) = 4.59
falt) =« sin [w(ty — 1)) (4.59)
If we insert this into the Lagrange function, we get
. m . m
L(QC]) qcl, t) = E qgl - 5 W2 qgl
mw? s o y
= t—to)] + ¢ ty —t
2sin” [w(t, — t,)] { gy cos” [w(t —ta)] +q; cos” [w(ty —1)]
— 24, qp cos [w(t —t,)] cos [w(ty — t)]
— g} sin? [w(t —t4)] — ¢2 sin® [w(t, — t)]
— 2qa qp sin [w(t — t,)] sin [w(ty, — t)] }
mw? )
= 2w(t —t, 2 2w(ty —t
2sin? [w(ty — ta)] { Gy €0 [2( )| + da cos [2w(ty — 1))
— 2qa qp cos [w(ty +t, — 2t)] } . (4.60)

Inserting this into the action integral, we need to compute the following three integrals:

t ty—ta 1
/ dt cos [2uw(t — ,)] = / 0z cos(2wz) = o sim 2ty — 1))
ta 0

w
ty 0 1
/ dt cos[2w(t, —t)] = — dz cos(2wz) = — sin [2w(ty, — t4)] ,
la ty—ta 2w
17 1 ta—tp 1
/ dt cos [w(ty +t, — 2t)] = ——/ dz cos(wz) = — sin[w(ty, — t,)] -
ta 2 ty—ta w
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Thus, the classical action reads

123
Su = / dt L(ger, det, )
ta

_ mw q +a .
— 2sin® [w(ty — ta)] { 5 Sl [2w(ty — ta)] — 2qa gy sin [w(ty — ta)]}
T 2sin [w(ty — ta)] {(g2 +a) cos [w(ty = ta)] = 24¢aa} - (4.61)

With this and with Eq. (4.55) the propagator of the one-dimensional harmonic
oscillator reads

<q_277 tblq_:M t(z> = G(q_zh tbu (Ta, t(z)

_ mw T (2 + q}) cos|w(ty —ta)] —2qa g
B \/27rih sin [w(ty, — t4)] p{ 2h sin [w(ty, — t,)] } - (4.62)

4.5 The anharmonic oscillator

The potential of the anharmonic oscillator contains an additional quartic term besides
the quadratic term of the harmonic-oscillator potential (4.52]),

Vig) = %mw2 ¢+ i At (4.63)
In order to have potential which is bounded from below at large ¢, we have to choose
A > 0. For small ¢, this potential is very close to that of the harmonic oscillator, but
for large ¢ it increases more rapidly than the latter, i.e., it has “stiffer” walls than the
harmonic oscillator, cf. Fig. [4.8]

The existence of a potential energy implies that the system is conservative, so the total

energy

1 1 1 1
Ezimq'Q—FV(q) :§mq'2+§mw2q2+1)\q4 (4.64)

is conserved and a constant of motion along the classical path. The turning points
+q of the motion are determined by the condition ¢ = 0. Using Eq. (4.64)), we can then
express ¢ as a function of the available energy E of the particle by solving

1 1
E=V(q) = 5 mw? @ + 1 A (4.65)

for g. For a given energy E = const., the turning points can thus be determined from
2
o MW ANE
= — 1+——-1]1. 4.66
q A ( * (mw?)? ( )
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4.5 The anharmonic oscillator

V(g)

— harm. osc.
— anharm. osc.

Figure 4.8: The anharmonic-oscillator potential (red) in comparison to the harmonic-
oscillator potential (black).

In the limit A — 0, this becomes ¢ = 2E/(mw?), which corresponds to the turning points
of the harmonic-oscillator potential. As one can see from Fig. [1.8] 7 is smaller for the
anharmonic-oscillator potential than for the harmonic-oscillator potential: the particle is
“reflected” from the stiffer potential wall of the anharmonic potential at a smaller distance
from the origin. Moreover, the force

mj=F=——-"=-—mwq— ¢’ (4.67)

is at any distance ¢ from the origin larger than that for the harmonic oscillator. Thus,
when the particle hits the potential wall at the turning point of the motion, it will be
accelerated more rapidly towards the origin than in the case of the harmonic oscillator.
The semiclassical approximation discussed in the last section is no longer exact for the
potential , but it is still useful and allows to gain some insights into the problem
that are not possible by, e.g., perturbation theory in the “coupling constant” A, as will
be explored in the next chapter.

In order to proceed, the first task is to determine the action along the classical path.
Equation (4.64)) allows us to express the velocity in terms of the difference of energy and
potential (as for the Kepler problem),

g==+ [E—V(q)]. (4.68)

2
m
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Thus, with u = ¢/q,

E - V(g) = V(@) - Vig) = 5 me’d (1 - ) + TA0* (1 - )
= (1-?) |[gme?d + AG (1+)
:i)\q‘l(l—uQ) (* +u?) (4.69)
where 2
/@QEj—q4=1+2T; >1. (4.70)

Using Eq. (4.68)), the time ¢, — t, that it takes the particle to move from ¢(t,) = g, to
q(ts) = q» > q, is then

t—t—/tbdt—/%@—i,ﬂ_ml/ub du (4.71)
B w N i) VIR td) |

where u,p = qup/q. Now a trajectory starting at u, € [—1,1] and ending at u, € [—1, 1]
can always be decomposed into a linear combination of pieces starting from the origin,
u, = 0, and ending at some point u, € [—1,1]. Therefore, for the sake of simplicity let
us now simply consider such a piece starting at u, = 0 at time ¢, = 0 and ending at
0<u,=v<1at time t, =t > 0 (the case u, < 0 can be treated analogously),

- ‘/2_ml/“ du
N @S =)
[2m 1 1 [ 14 K2 1
=1/ ——-—————=F |arcsin |v , , 4.72
)\ q— /1—|—K/2 ( ( ’02+I€2> /1+/€2> ( )

where F(p,k) is the elliptic integral of the first kind (cf. Eq. (3.152.3) of Ref. [5]). If
v =1, or q, = ¢, the particle has completed one quarter of a period of oscillation, so the
complete period is

fom1 1 T 1 fom1 1 1
T=4)" = F|o —— | =44/ = K( ) 4.73
A GV1+ K2 (2 \/1+/-@2) A G114+ k2 V1 + K2 (4.73)

where K(k) is the complete elliptic integral of the first kind. Two limiting cases are of
interest:

(i) A — 0: in this case,

2mw? 1 A g ( 1 ) T
2
K2 — , L K (———) KO =, (47
@ vite Ve M\gire) TKO=5 01
and 4 i
™ s
r— I 4.75
w2 w ( )

becomes identical to the oscillation period of the harmonic oscillator, as it should
be when A — 0.
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4.5 The anharmonic oscillator

(ii) A — oo: in this case, Egs. (4.66) and (4.70]) yield

. AE
qg —

5 (4.76)

The potential walls narrow so much that the turning points approach the origin as
g~ A"/ Since
1 1 1\1?
K(—)=—|r(=
(2)-as )]

see Eq. (8.129.1) of Ref. [5], we obtain for the period of oscillation

2m [ A\ 1 1\1°

=5 () g 0 (0)
m? \* 1
Aroo (ww) { (4)] 0 (4.77)

The physical interpretation is that in this limit the potential walls become infinitely
narrow so that the period of oscillation vanishes like ~ A~'/4. This behavior is in
agreement, with the decrease of ¢ in this limit.

Solving Eq. for v and computing quv(t) = quy(t) = g(t) in principle gives the
classical trajectory qy(t) = qa(t) of the particle as a function of time. With this in hand,
one computes V" (qu(t)) = mw? + 3\ ¢4 (t) on the classical trajectory and can then (in
principle) also solve Eq. , which determines the prefactor f(t,,t,) of the propagator
(4.51). This is (at least as far as I know) no longer possible in closed analytic form.
However, we can still compute the classical action S, in the exponent of Eq. .

To this end, we write with the help of Egs. , (for the sake of simplicity we

suppress the index “cl” in the following)

s= [Cartian = [ [gni-vie] - [* % 2 -2vi)

[ .

where the + sign is for the case q, < ¢, while the — sign is for the case g, > ¢,. Similarly
as in Eq. we argue that we can write an arbitrary trajectory as a linear superposition
of pieces starting at ¢, = 0 and ending at ¢, € [—¢, ¢] and, for the sake of simplicity, we
focus on the case g, € [0, ] in the following (the case ¢, € [—¢, 0] can be treated similarly).
Using the same variables as before (u = ¢/q, v = uy = ¢,/q, and x* from Eq. and
employing Eqs. (4.63) and (4.69) we obtain

_q_g mA - [* u T ) — (k? — Du? + u?
S—Qy/ 5 /Od [\/(1 ) (K2 + u?) Nl (4.79)

A/

VE -V(g) - E V@)

, (4.78)
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4 Applications

The integrals are again standard elliptic integrals (cf. Eqgs. (3.153.2), (3.154.2), and
(3.155.4) in Ref. [5]). The final result is

k2(25% — 1) , [ 1+ K2 1
—— > F | arcsin | v ,
V1 + K2 vi4+ K2 ) V1 + K2
1+ K2 1
2 .
—2V1+r2(k" —1)FE (arcsm (m/ 2 +/€2> : m)
1 — 2
20(v* + 2k — 1) | ———
+ 2v(v° + 2K ) P

where E(p, k) is the elliptic integral of the second kind. Of particular interest is the case
where the particle completes the way from the origin to the turning point. For this case,
the above expression is taken for v = 1,

e e R T e R

where E(k) is the complete elliptic integral of the second kind.

Finally, we can make the following interesting observation. Irrespective of the length
of the trajectory the particle travels in the potential, according to Eq. (4.72) the time
behaves as

-3
_ T [mA
5_6 2

, (4.80)

om 1
t = ;” “K, | (4.82)

where K7 is some numerical factor resulting from evaluating the elliptic integral. Likewise,
from Eq. (4.80) we see that the classical action behaves as
@ [mA

where K, is again some numerical factor. Eliminating ¢ by using Eq. (4.82)) we see that

2m
S = K K. 4.84
A3 (4.84)
The fact that the action scales ~ 1/X is a typical non-perturbative feature of the
semiclassical approximation, which will not appear, e.g., in a perturbative treatment of
the problem to be discussed in the next chapter.
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5 Perturbation Theory

Using the path-integral formalism, one obtains a physically intuitive interpretation of
scattering processes. Scattering processes are a typically application for perturbation
theory. In the following, we will first explain the concept of this approach.

5.1 The Born series

Consider the exponential function under the path integral in Eq. (3.21]). We can factorize
the part which contains the potential energy,

q(ty)=as i [t m . i [t
G(Qy, ty; Gy ta) :N/ Dq exp <—/ dt—gf2> exp [——/ dt V(q, t)} . (5.1)
(T h ta 2 h ta

(ta)zia

We then multiply the potential energy V(q,t) with a number A > 0. We first consider
the case A < 1, in order to mathematically justify to terminate the expansion of the
exponential in powers of A after a few terms. At the end of the calculation we will set
A = 1. The Taylor expansion of the exponential factor containing the potential energy
reads

i ty \ ~ i A i 123 ~ n
exp [_ﬁ /ta dt V(q,t)} —Zm {_ﬁ /ta dtV(q,t)}

i\ ty )\2 ty , .
=1—-— dtV(q,t) — — dtdt" V(q,t) V(q,t
P avian - g [Caarvao v+
(5.2)
If we insert this into the propagator (5.1]), we obtain the so-called Born series
G (Gor tv: Gar ta) = Go( o to; G ta) + D X" GG 1y Gus ta) (5.3)

n=1
where

q(ty)=ab

i (" om o,
Go( G t; Gar ta) :/ Dq exp <—/ dt — ¢ )
T(ta)=d hJw 2

3 .
m rm N N2
=,/————— e —_ —q, 5.4
\ 2mih(t, —ta) T [Qh(tb —7) (&~ %) } (5.4)
is the free propagator, i.e., the propagator in the non-interacting case V(q,t) = 0,

cf. Eq. (.7).
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5 Perturbation Theory

In the following, we will restrict ourselves to the case of causal propagation, t, > t,.
To this end, we multiply Eq. (5.4) with O(t, — t,),

3 .
= o m rm - 2\2
GolGp ty; Gorte) = (| ———— (G =) Oty —ta) . 5.5
it ita) = [t | G- Ot (69
The term of first order in the Born series reads

L i i m [
G1(Gb, tv; Gu, ta) = —ﬁN/Dq exp <ﬁ/ dt g )/ dtV(q,t), (5.6)
ta ta

or in discretized form

G (qbvtlh%za a
m 3N N im N
- _ 3= o > 2 —
- orhiT Z / H d Qn exXp [2hT ; (Qn anl) V((_]g,tg)
3(N—9) im N )
- d3 d3 n _»n - _»nf
Z / { V 27hit / 1;!_1 qn CXP [27:”_ nzé;l (q q 1) ] }

x V(G te) {\/%mr /Hd G exp [ i(q — G- 1)2”

N
= Z /d @ Go(@, tv; Go te) V(Ges te) Go(qes tes Gas ta)
g:

N~>oo

——/ dt/d TG0ty 0, 0) V(@ 8) Co(d £ Gorta)

T—)O

= [ 4t [ @aGua a0 ViEn Gud ) -7

In the last step we have moved the integration boundaries to 00, since the intervals
(—o0,t,) and (ty,00) do not contribute to integral due to the causality of the free propa-
gator (|5.5)).

How can the result be interpreted? The particle propagates freely from the space-
time point (@,,t,) to the space-time point (¢,t). There it is influenced by the potential
V(q,t). Afterwards it again propagates freely to the space-time point (G, ¢,). The
situation is depicted in Fig. [5.1] Note that one integrates over all times ¢ and positions
q, i.e., the potential can in principle act at any point ¢ in time and at any position ¢ on
the particle, but only once. Before and after that instant in space and time, it propagates
freely.

Quite analogously one derives the second term in the Born series,

N2 oo
— — 1 — — — — —
Go @y to; Qur ta) = (_ﬁ> / dt; dis /d36}1 PG Go(G t; G, t2) V (G2, t2)

[e.9]

X Go(Ga, ta; s t1) V@1, 1) Go(qh, th Qs ta) - (5.8)
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5.1 The Born series

=

Figure 5.1: Graphical interpretation of the first-order term in the Born series.

Note that the factor 1/2 from the expansion of the exponential function cancels against
a factor 2 which results from the fact that there are two possible orderings of the in-
termediate time points in the integral over ¢; and t5: o > t; and t; > t5. Thus one
obtains a contribution from the product V (@, t2) V(qi,t1) for to > t; and another con-
tribution V(gs,t2) V(¢i,t1) when t; > ty. After relabelling the integration variables,
ty <> t1, o <> ¢1 both terms are identical. The second term in the Born series is graphi-
cally illustrated in Fig. Now the potential acts twice on the particle, at the space-time
points (¢1,t1) and (G, t2), in between it propagates freely. Again one has to integrate over
all possible positions of these space-time points. The causality of the free propagator
always ensures that t, <t; <ty <.

We now consider Eq. (3.37)),

¢@@%#%MMH=/@@@@@@HQMWH

=/&@@mgmwgmz/é@a@m@mwgm. (5.9)

In Sec. we used it to prove the equivalence of the transition amplitude and the propa-
gator for the free Schrodinger equation. However, as a matter of fact this equation holds
not only for the free Schrodinger equation but also in the interacting case, since we did
not make any further assumption about the complete set of time-evolved states |q,, t,)
that was inserted between (g, t,| and |1) g. Inserting the Born series for A =1 into
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5 Perturbation Theory

Figure 5.2: Graphical interpretation of the second-order term in the Born series.

this equation, we obtain
W) = [ O Gl i) ¥(Grt)
= /d Ga Go(Go, to; Gar ta) ¥(qa, ta)
- 5 [ ®aGua g V@D [ € Gl bt ot

+ (—ﬁ) /Oodt/d?’CTGo(%,tb;Cﬁ t)V(q,t (—)/ dfl/d3

X GO((I/ tJlutl> V((j‘lutl)/d (Ja GO(q1 lLl Q(L tu>w(qa fa)
_|_

Z/f@%@%%@W@@)
7 R . . o . L
- / at / BGCo(d t; 3,0 V(@ 8) (@ 1) - (5.10)

Here the terms marked in red have been collected into the solution ¢/(¢, t) of the Schrodinger
equation.

5.2 The scattering matrix

Let us now consider a scattering process, where the particles are non-interacting at
t = £+oo. For free particles the wave functions are eigenstates of momentum p and energy
E i.e., plane waves. For the initial state, i.e., the incoming particle the wave function
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5.2 The scattering matrix

is then . .
1

wm(cfa,ta) = —= €XD {__ (Eata - ﬁa : (Ta):| = <(Zzat(z|ﬁa>in ) (511>
Vi 27?713 h

where E, = E(p,) is the energy of the incoming particle. The index “in” indicates that
this is a state of the incoming particle. For the final state, i.e., the outgoing particle the
respective wave function is

) 1 i oL L
Vout (G, ty) = ———5 exp [—— (Epty — b - Qb):| = (G to|Pb) out 5 (5.12)
T

V2rh h
where E, = E(p,) is the energy of the outgoing particle. The index “out” indicates that

this is a state of the outgoing particle.
The last equality in Eqgs. (5.11)), (5.12)) warrants some additional explanation. According

to Eq. (3.9),

1 1
<Ja,b|ﬁa,b> = ——=3 &Xp <_ﬁa,b : (Ta,b) . (513)
V 2#713 h

The analogous relation for the time-evolved position states (2.10]) reads

<(Z1,b7 ta,b|ﬁa,b> - <Ja,b|U(ta,b7t0)|ﬁa,b> - <qa,b

1 A
——Hy(tep —t
+ltas — o)

ﬁa,b>

1 7 S o
- \/ﬁS €xp {_ﬁ [Ea,b(ta,b - tO) - pa,b : Q(z,b}} . (514)

Here we have assumed that the particle is non-interacting in the time interval [to, ¢, ], S0

exp {

that we can take the non-interacting Hamilton operator H, in the time-evolution operator
1’ Since Hj is not explicitly time-dependent, the time integral in the exponent can be

immediately performed and the time-ordering operator is irrelevant. Since Hy = %, we

~ =2
have Hy|pyp) = %\ﬁm) = E.p|Dap), and the exponential can be factored out from the

overlap (G, p|Pap). Setting to = 0 and using Eq. (5.13]) we immediately obtain Egs. (5.11]),
(5.12).

We now want to determine the quantum-mechanical amplitude for the scattering from
the initial state |p, )i into the final state |py)ous, the so-called scattering matrix,

Sba = out <ﬁb‘ﬁa>in

- / B one (Fol £6) (@ ol

_ / G G ool o) (o £l ) (o Ll i

/ B P (@ 1) Gl b G ta) Vi (o )

/ 0BG (o 1) V(s 1) (5.15)

Here we first inserted two complete sets of time-evolved position states and then used
the equivalence of propagator and transition amplitude, as well as Eq. (5.9) for the time
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5 Perturbation Theory

evolution of the initial wave function ¥i,(q,,t,) to the space-time point (g, tp),

Do ty) = / B Gt Gor o) Vi (G ta) (5.16)

Note that we can now omit the index “in” at ¥(g, %), since the interaction occurring
in the interval [¢,,t,] (which is taken into account in the full propagator G(g, tp; Gu, ta))
changes this wave function in a non-trivial manner. In particular, the initial momentum
Po Will be changed due to the scattering processes occurring in this time interval.

The result is the quantum-mechanical overlap of the solution ¥ (g, t) of the
full scattering problem (with given initial state 1, (qy, o), where the particle has the fixed
momentum p,) with the outgoing state 1ou (G, tp), which is an eigenstate of momentum
with eigenvalue p,. Or in other words, the scattering matrix Sp, measures how much a
plane wave with momentum g, contributes to the final state (g, t,), which has evolved
out of the initial state with fixed momentum p,.

If we insert the Born series for the full propagator, we obtain

Sba = /d3% &G Ve (@, 1) Gol b, t; Gas ta) Yin(Gas ta)

i

; / g, G, dt APGP% (T to) Go(Gos tn; @ 1) V(T 1) Go(To t; Gas ta) Yin(Gas ta)
+ o (5.17)

where we only denoted the zeroth- and first-order terms of the Born series explicitly and
inserted Eq. for the latter.

In Exercise 5 one is supposed to prove that a plane wave which propagates without
interaction from (g, t,) to (G, ty) is still a plane wave,

?

o o, o " L 1 S
/d3Qa GO(Qb; tb; Ga, ta) Z/)in(%w ta) = win<Qb7 tb) = \/_3 €exp |: (Eatb — Da * Qb):| .

2rh h

(5.18)
Therefore, the first term in Eq. (5.17)) is
/dsq_;) dgq_'a ,[l)zut(cﬁhtb) GO(%7tb;(Zutd) win(q_;b7ta) = /dgq_;) wéut(q_ihtb) win(cﬁ?vtb)
1 i
= — [ &3¢ —[(Ey — Eo) ty — (Db — Pa) - G
(%h)?)/ Qb eXp{h [(Ey — Eo) ty — (Db — Pa) Qb]}

i S S

= exp [ﬁ (Ey — E,) tb] SO Py — pl) = 0¥ (p, — 7) (5.19)

since on account of the delta function E, = E(py) = E(p,) = E,.

We now abbreviate all higher-order terms in Eq. with iTy,, where the factor
1 is pure convention and 7T, represents the so-called transition matrix. While the
delta function is the amplitude for the process where no scattering occurs, i.e., where the
initial- and final-state momenta are identical, p, = p,, the term 7T}, is the amplitude for
a process where scattering occurs, i.e., where the final-state momentum differs from that
of the initial state, p, # p,. The scattering matrix reads in compact notation

Spa = 6 (B, — P) + i Tha - (5.20)
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5.3 Feynman diagrams

. _Lecture6
5.3 Feynman diagrams Leceol

There is a simple diagrammatic notation for the Born series (5.3)) of the full propagator,

G(%v tb; (ZM ta) = GO(%) tb; Jaa ta)

i o o
- 3 / At 7 GolG t; 4,1) V(@,1) Go(d, t: s ta) + - (5.21)
cf. Fig. 5.3
G Gy Ly
G tu G() Uy, tb o ta Go ‘c/o/.
. e 4+ e + ...

gt

Figure 5.3: Diagrammatic representation of the Born series in terms of Feynman diagrams.

This notation was invented by R.P. Feynman, therefore these diagrams are called Feyn-
man diagrams. With the help of the so-called Feynman rules for these diagrams, one
can translate them back into mathematical formulas. The Feynman rules in coordi-
nate space are:

(i) A line between two space-time points (¢y,¢;) and (g, t2) symbolizes a free propa-
gator,
Go(@rto; o, t1) = ql’_tl qf/tz

(ii)) A vertex at the space-time point (¢,¢) symbolizes a factor

— V(@ = .
qt
An integration over all possible values (¢, t) is implied.

One can formulate the Feynman rules also in momentum space. To this end, all objects
have to be Fourier-transformed. The Fourier representation of the free propagator reads

ih

Go(2, Ez; 01, Er) = (210)*6(Ey — B0 (7 — ) —————
Ey — 52 +ie

(5.22)

The proof of this equation is subject of Exercise 6(i). As will become clear in that exercise,

the ie in the denominator arises from the © function in Eq. (5.5). Without the © function,
=2
the propagator would have a pole on the real energy axis at Fy = 2%. The ie shifts this

pole into the lower half of the complex-energy plane, Fy = % —ie, cf. Fig. . This should
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5 Perturbation Theory

be familiar from Classical Electrodynamics, where the retarded propagator (or Green’s
function), i.e., the one which leads to causal wave propagation, has poles in the lower half
of the complex-energy (or frequency) plane, while the advanced propagator (or Green’s
function), i.e., the one which leads to anticausal wave propagation, has poles in the upper
half of the complex-energy plane. In general, propagators (or Green’s functions) are only
well-defined once a prescription of how to navigate poles is specified.

E

r
0 2m
-€ X

Figure 5.4: Shifting the pole of the propagator from the real axis into the lower half of
the complex-energy plane leads to the causal propagator (5.5)).

Without knowing the exact form of the potential V({, t) we can only quote the definition
of the Fourier-transformed vertex,

Vi) = [ adqvige e ;50| (5.23)

If we insert this into the Born series (5.21)) and identify the Fourier coefficients on the
left- and right-hand sides of this equation, we obtain the following Feynman rules in
momentum space:

(i) A line symbolizes a factor
ih p,E

_ P e . .
FE o T L€

i.e., essentially the free propagator ([5.22)) in momentum space.

(ii) A vertex symbolizes a factor

i prE; PrE)
“a

At each vertex we have conservation of energy and momentum, i.e., the sum of all
incoming energies and momenta are identical with those of the outgoing energies
and momenta. This means that in the above expression we should use w = Fy — Ej,

P=p2— P

The proof of these rules is subject of Exercise 6(ii).
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5.4 Green’s functions revisited

5.4 Green’s functions revisited

In Sec. we have already explained the relationship between transition amplitude,
propagator, and Green’s function. In this section we want to elaborate on this relationship
from a somewhat different angle.

In principle, the method of Green’s functions is applied to derive a special solution for
an inhomogeneous differential equation. However, the Schrodinger equation is first of
all a homogeneous differential equation. Nevertheless, we can put the term containing
the potential energy to the other side,

2
(55 + 50 B0 ) 60000 = V(@0 0(0) = (0.0 (5.20)
Formally, this looks like a linear partial differential equation with the “inhomogeneous
term” j(q,t). Strictly speaking, this term depends by definition on the solution ¥(q,t) of
the differential equation, so rewriting the Schrodinger equation as in Eq. appears
to not gain anything. Nevertheless, let us ignore this for the moment and proceed to-
wards the solution of the differential equation . The general solution of a linear,
inhomogeneous differential equation is known to be a superposition of the general solu-
tion of the corresponding homogeneous differential equation and a special solution of
the inhomogeneous differential equation. The homogeneous differential equation is
simply the free Schrodinger equation,

o n?
(zha — q) Yo(q,t) =0, (5.25)

and the general solution is a superposition of plane waves,
bo(q; t) /—dgﬁ o (P) i (Bt —p-q) (5.26)
o\4q, (27Th>3 o\P p 3 p-q )

cf. Eq. . In comparison to that equation, we now choose a representation in terms
of momentum p = Ak and energy F = hw instead of wave number k and frequency w.
According to Eq - the energy is given by the non-relativistic energy—momentum
relation, £ = £~ . Furthermore, we absorb the additional factor 1/(27) in Eq. into
the definition of the Fourier coefficients v (p).

As explained in Sec. , the Fourier coefficients on(ﬁ) still need to be adapted to the
initial and boundary conditions. Note that the choice

do(p) = V2rh 595, - ) (5.27)

just yields the incoming plane wave with momentum p, and energy E, = E(p,) in
the discussion of the scattering matrix in Sec. [5.2]

A special solution of the inhomogeneous differential equation can be obtained with
the method of Green’s functions. The Green’s function Gy(q,t;¢”, 1) of the homoge-
neous Schrodinger equation ((5.25)) is defined as the solution of the differential equation

8 hz N ) / - -~
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5 Perturbation Theory

and as such fulfills the inhomogeneous Schrodinger equation ((5.24]) with a (four-dimensio-
nal) delta function as inhomogeneity. A special solution of the inhomogeneous Schro-
dinger equation ([5.24)) is then given by

(@) = / 0t g Go(d 1, ¢) 3(@ 1) (5.20)

since

LN P /dt’d367’ in 2+ A G a0 i@ )
8t 2m q y 875 2m q » Uy ) )
dt' &*q’ s(t — ) 6 (g —¢") i(q", 1)

Jj(@,t), q.ed. (5.30)

I
—

The general solution of the inhomogeneous Schrodinger equation (5.24)) is then

(G, t) = VoG, ts) + Vs, ts)
= ol ty) + / At 7 Go (o, t:,8) V@, 1) (T, ) - (5.31)

Compare this result with Eq. . Suppose that (g, t,) in that equation is a super-
position of plane waves, analogous to the general solution of the homogeneous
Schrodinger equation. Then, according to Eq. (5.18), this superposition will simply
be transported to the space-time point (g, %) via convolution with the free propaga-
tor Go(qb, ty; Gu, ta), but it will stay a superposition of plane waves. Therefore, we can
identify the first term in Eq. wiht the first term ¢o(gh, t,) in Eq. (5.31). But then
also the second term in Eq. has to be identical with the second term in Eq. (5.31]).
This in turn implies that

Go(q, ;7 t") = ihGo(q,t; 0", 1) (5.32)

i.e., up to a factor ih propagator and Green’s function are identical. In fact, we could
have made them exactly identical, had we included a factor 1/(i%) on the right-hand side
of the defining equation (5.28)) for the Green’s function Gj.

5.5 The generating functional for correlation functions

Conider the transition amplitude

@/,T’;Q’,TV:N/DJ exp{%/Tl dr [L(@,;,T)MJ(T)@(T)}} , (5.33)

T

i.e., the well-known transition amplitude (3.21)), but now modified by the presence of an

-

external source J(7), which couples to the position vector ¢(7). Without loss of generality

—

we assume that the source J(7) is different from zero only in a time interval [¢,#'], where
T <tandt <T' ie., [t,t'] C[T,T']. Later we will send T'— —oo and 7" — +o0.
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5.5 The generating functional for correlation functions

We now insert two complete sets of time-evolved position eigenstates on the left-hand

side of Eq. (5.33)),
Q' 11Q,T) = / &g Pq(Q" T'|g' ¢)(d |d, ) (3. ¢10,T) . (5.34)
Here we have omitted the superscript “J” at the first and the third overlap, since the

source .J(t) vanishes in the time intervals [T ¢] and [¢/,T"].
Using the definition of the time-evolved position eigenstates, we have

Q.17 t')y =(Q"|U(T",0)U(0,t)|g") = (Q'|UT",¢)|q) . (5.35)

Let us assume that the Hamilton operator does not explicitly depend on time in the time
interval [, T']. Then the time evolution operator assumes the simple form

U(T' t) = e # 7T
and, after inserting a complete set of eigenfunctions of the Hamilton operator,
- ¥ im)(m|, H|m) = E,,|m) , (5.36)
it follows from Eq. that

<Q/aT/|§,7t/> _ ¥<Q’/|e—£ﬁ(T’—t’) |m><m|qﬂ> _ ¥<Q |m><m|q >€ + Em(T'—t)

%é Sm(Q") ¢ (§7) e~ F BT (5.37)

Completely analogously it follows that

<qit|c§,T>=j¢n@¢:< ek BaltoT) (5.38)

Inserting Eqgs. and ( into Eq. - we obtain
(@', T'10,T,) (5.39)
¥/ QG G En(Q") G (@) (5110, 1) 60 () 67,(Q) er T IHET=0]

Now we “rotate” the time axis by a small angle —9, § > 0, in the complex time plane,

cf. Fig. [5.5l This means that all times in the above formula are multiplied with a phase
factor e, i.e.,

=T — ' —Te ™, T—t— (T —t)e ™.
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5 Perturbation Theory

T t

J#0

Figure 5.5: Rotation of the time axis in the complex time plane. We assumed without
loss of generality that the origin of the real time axis lies in the interval [t,t'].

Then,

, E,, ) 'too B .
*1‘5:7(75’—7”) sm(ST_&Jr _TT/ sing < 0,

(5.40)

Re % E,(t —T') — Re % En(t —T')e
if we additionally assume that F,, > 0V m. Quite analogously it follows that

Re%En(T—t) — Re % En(T—t)e™ = =2 (T~ 1) sing s AT sing < 0. (5.41)

This in turn implies that, in the limit 7" — —oo, 7" — 400, all terms in Eq.
become exponentially damped. The dominant term is the one which is damped to
the least extent, i.e., the one with the smallest argument of the exponential function.
This is the term for m = n = 0, the ground state,

LA (@1 TG, T) = 6o(@Q') 65(@) e hH T / Eq e, 7T 1T t) bt d)
T — —oc0

(5.42)

where we have used

e i go(q) = e FE(F10) = (] e [0) = (71U (+,0)[0) = (7,¢]0) = ¢o(dt) , (543)
and analogously _
Go(q") e ™" = (01q", t') = ¢5(q", 1) - (5.44)

Here we have assumed that H is not explicitly time-dependent. Equation 1) can be
rearranged,

. (Q.11Q. 1)
T~ o0 go(Q) $5(Q) e h T

T —

_ / B7 BT ) (@ 13,1) 0, 1)
_ / Eq EGOIT ) (@6 (¢ [0) = (0:¢]0;1) (5.45)

The bra (0;¢| is the ground or vacuum state at time t' and the ket |0;¢) is the
vacuum state at time ¢t. Therefore, the overlap on the right-hand side is the transition
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5.5 The generating functional for correlation functions

amplitude from the ground state or vacuum at t to the vacuum at ¢, the so-called
vacuum-to-vacuum transition amplitude. Since t' can be chosen arbitrarily large
(as long as ' < T") and t arbitrarily small (as long as T' < t), we can also write Eq. (5.45])
as

(0;400[0; —00)” ~lim (@', T|Q,T)” . (5.46)

T — 400
T — —oo

The denominator on the left-hand side of Eq. (5.45]) was omitted, since it is just a numer-
ical factor. Finally, we employ the path-integral representation (5.33|) of the transition
amplitude on the right-hand side and obtain (after relabelling the integration variable
T — 1)

(0: +00[0; —00)” ~ /DJ exp{%/ at [L(@.q.1 +hf(t).q*(t)}} — 2], (547)
The right-hand side is a functional of the source J(¢). The functional Z[J] is the so-
called generating functional for correlation functions. This entails that one can

-

generate correlation function via functional differentiation of Z[J] with respect to the
source J. This will be explained in more detail in the following.

First, however, we need to remember the definition of a functional and clarify how to
differentiate it. Let us consider the function

f:M — N, MNCR,
r — f(z), zeM, f(xr)eN. (5.48)

We denote the space of infinitely often differentiable functions f on the manifold M C R
as C*°(M). A functional

F:C®M) — R,
f— F[f], (5.49)

maps an element f € C*°(M) to a real number F[f] € R.
The functional derivative of F[f] with respect to the function f (at the value y of
its argument) is defined as

SFU@)] . Fli() + (e —y)] ~ Flf(x)]
of(y) 0 € '
In words, one calculates the functional F' for a function, which is differs from f only by a
delta function at x = y, multiplied by €, and subtracts the functional F[f]. Subsequently
one divides by e and sends € to zero. This definition of the functional derivative is very
similar to the definition of the standard derivative of functions.

To practice functional differentiation, let us consider a few examples:

(i) FIf]1= [, dz f(2).
. OF[f(z)] _ hm1{/_Oodx[f(aj)+e5($—y)]—/Oodxf@j)}

(5.50)

= /_ ded(z—y)=1. (5.51)
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5 Perturbation Theory

(i) F.[f] = ffooo dy G(z,y) f(y). Besides the function f, this functional also depends
on the variable x. Therefore it is a functional of f and a function of z.

OF[f(y)] . Lf [ %0
IEETCHE lli%z{/_oody%w [f<y>+65<y—z>1—/_mdyem,y)f(y)}
— /_ dy G(x,y)d(y — 2) = G(x, 2) . (5.52)

(iii) For the special choice G(az, y) = §(x —y) in the previous example we obtain F,[f] =
[2 dyd(z —y) f(y) = f(x), from which follows

OF:[f(y)] _ /()
0f(2) 0f(2)

A normal function f at the value z of its argument, f(z), can therefore be func-
tionally differentiated with respect to the same function at another value of its
argument, say f(z). The result is a delta function with support at « = z. This
result generalizes the standard formula for the normal derivative of the ith with re-
spect to the jth coordinate, dz;/dx; = ¢,;;. For functions, which can be considered
as “variables with continuous index”, the delta function plays the same role as the
Kronecker delta for variables with discrete index.

Sz —2). (5.53)

Let us now consider

=

;ﬁtl]) = iy - E {/Diexp (i /Oo dt{L(cthh[Jj(t) + €0k 0(t — 1)) qj(t)})

/quxp( [ atfe@ioniman})

{ / dt qu(t) 0(t — tl)] e I o0 UL@EN R T(0) )
_ / Diqulty) ek I HLGED R TO-10)] (5.54)

— / Dien I s dt[L(@cf,t)Jrhf(t)fT(t)l}

From the first to the second equality we have expanded in terms of a Taylor series the
part of the exponential function in the first path integral which is proportional to €. The
term n = 0 of this series cancels the second path integral. In the remaining series the
term of order n is (after division by the factor € in the denominator) proportional to ¢"~1.
Thus, in the limit € — 0 only the n = 1 term of the Taylor series survives.

Quite analogously one shows that

5 Z[J] T @ a0+ T
— Dq qr, (t1) t.) e [ e AL@ED+hT(0)-q0)] 5.55
AV =1 / qqr, (t1) -+ qr, (tn) € ) ( )

where the indices kq,...,k, = x,y, or z.
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5.5 The generating functional for correlation functions

Let us now consider the transition amplitude
(@b, to] G (t5) |Gar ta) , ta<tj<ty, k=x,yorz. (5.56)

We repeat the steps which we have taken in Sec. to derive Eq. (3.12). First we partition
the time interval [t,,?;] in N pieces of length 7 and insert complete sets of time-evolved
position states,

N-1
(G, tol Gr(t5) |qa ta) = /H PG (G, tol g1, tv—1) (-1, 1| G2, tn—2) - -+ (5.57)

n=1

X{Gj+1s G | Qe () 1055 65 1G5 —15 t—1) -+ (G G ta) -
The set
1= [ @556 4,
is the one which consists of eigenstates of the operator ¢ (t;),

Ge(t5) 1G5, t5) = ar(t;) 1G5, t5) - (5.58)

This set will be inserted directly behind the operator ¢(¢;) in Eq. , such that
the operator can be simply replaced by its eigenvalue. This eigenvalue is then just a
numerical factor and can be pulled out of the overlap. The following steps mirror those
of the derivation of Eq. . We obtain the final result

i rt N RN
(@b, o] G (t)) |Gar ta) = /DJDﬁQk(tj) et i APT-HETO] (5.59)

The object on the left-hand side is called one-point correlation function.
In complete analogy one derives for t, < t; <ty <t

i rt SN N
<Cﬁ77 tb| ék2 (t2) qu1 (tl) |(Ta7 ta> = / quﬁqkl (tl) Gks (tQ) enr ft: dt [P q—H(pig1) . (560)

Here we have to note that the operator g, (t2), which belongs to the later point in time
to, is placed to the left of the operator g, (¢1), which belongs to the earlier point in time
t1. The successive insertion of complete sets of time-evolved position states can therefore
be performed without problems. However, this would not work if ¢5 < 7, since then the
set which belongs to the earlier time would be inserted to the left of that belonging to the
later time. This problem does not occur for the following amplitude for t, < t5 < t; < ty,

i t _,.;._ - =
(@os to] Qi (t1) Grs (t2) |Gas ta) = /fopﬁ%(tl)%(tz)ehftfdt[pq HEanl (5.61)

Obviously, the order of the factors g, (t;) and gg,(t2) under the path integral on the
right-hand side plays no role, therefore Egs. and are identical. In order
to summarize the left-hand sides of these equations in a single expression, we use the
time-ordering operator,

A ~ . (jkl (tl) Cjk& (tz) for t; >ty ,
i) ()] = { D0 detle) o a2 e (5.62)
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5 Perturbation Theory

such that we can write Egs. (5.60) and (5.61) in the compact form
(@ ol T [y (t1) Gy (£2)] |Gas ta) = /DiDﬁ%(tl)%(h)egft:dt[w_H(m’t)] . (5.63)

This is the two-point correlation function. This result can be generalized to n points
in time ¢;, 7 =1,...,n,

(@os o] T [, (t1) -+ G ()] |G ta) = /Dﬂfpﬁ%(tl)"'an(tn)eéft:dt[m_mm’m :
(5.64)

This is the n—point correlation function. For Hamilton functions which are quadratic
in the momenta, cf. Eq. (3.15)), one can again explicitly compute the path integral over
the momenta and obtains

(@ to] T (G (1) =+ - Gt (£0)] |G ta) = N / D, (tr) - - - G, () € Jia SHEED (5 65)

If we now send t, — —oo and t, — 400, we can shown in analogy to the derivation of

Eq. (5.46) that

¢ hH_’l_ <(ﬁ)7 tb’ T [qul (t1> e dkn (tn)] ‘q_:u ta> = N/DCTle (t1> c (g, (tn) 6% ffcoo dt L(.4:t)
b — T00
tg = —00

~ {05 400] TGy (1) -+ G, (£)] 10; —00) - (5.66)

If we compare this with Eq. 1} we observe that Z [f] is the generating functional
for n—point correlation functions in the ground state,

—

5z
0Tk, (t1) -+ 0Jk, (Tn)

~ (05 +00| T' (G, (t1) - - G, (a)] |05 —00) (5.67)

-

i.e., via functional differentiation of Z [f] with respect to the source J (which is set to zero
afterwards) we generate the n—point correlation functions.

5.6 Addendum: Ehrenfest’s theorem, canonical
commutation relation

The concept of the functional derivative allows us to draw conclusions on how Ehren-
fest’s theorem and the canonical commutation relation appear in the path-integral
formalism. We will restrict our considerations to one spatial dimension, the generalization
to three spatial dimensions is straightforward. We first prove the following

Proposition: Let G[q(s)] be a functional of the function ¢(s). Then

/Dq %((;)] _0. (5.68)
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5.6 Addendum: Ehrenfest’s theorem, canonical commutation relation

Proof: According to the definition (5.50)), we have

[ a5 = [P tiny - (6lats) + s - )] = Gla(s))
= lim1 {/Dq Glg(s) +ed(s —t)] — /Dq G[q(s)]} : (5.69)

e—0 €

where we assumed that we can exchange the order of the path integration and the limit
¢ — 0. In the path integral we integrate over all functions ¢(s), in particular also
over the function ¢(s) + €d(s — t). We may therefore substitute the integration variable,
q'(s) = q(s) + €d(s — t) in the first path integral in Eq. (5.69). The Jacobi determinant
of this substitution is equal to one, Dq = Dq’. Then, the first path integral in Eq.
is exactly equal to the second, and they cancel, even prior to taking the limit ¢ — 0, q.e.d.

Now let F'[q(s)] be a functional of a trajectory ¢(s) of a quantum-mechanical particle in
one dimension, and S[q(s)] the corresponding action. If we use Eq. for the particular
choice Glq(s)] = Flq(s)] exp {£5[q(s)]}, we obtain with the product rule (which is also
valid for functional derivatives)

6F[q(s)] i 55[(1(8)]} ig
0= Dg ———2= + — Flg(s)| ————== ; en la(s)] 5.70
/ Q{ PO [q(s)] 5a() (5.70)
Let us introduce the short-hand notation

(Alg))g = / Dq A(q) enlae) | (5.71)

which has the meaning of an average of the quantity A(q) over the ensemble of quantum-
mechanical trajectories represented by the path integral. Then, Eq. (5.70) assumes the

compact form
dF[q(s)] i d5[q(s)]
G ), =~ (P 550 ) o7

This is also valid for discretized variables, i.e., when the time interval [s,, s;] is discretized,
Sp— Sq = NT, Sq = 50, 5j = S+ 77, j =1,...,N — 1, 5, = sy, and the trajectory ¢(s)

is replaced by a discrete set of variables, ¢, = qo, ¢1,--.,qn = @, wWhere ¢; = ¢(s;), j =
0,...,N. In this case, the functionals F'[¢(s)] and S[g(s)] become ordinary functions
of the variables qg, g1, ..., qn,

Flq(s)] — F(q,q1,---,qn)

Sla(s)] — S(qo.q1, - an) = Y 7 [% <M) - V(qn,sn)] . (5.73)

T

The functional derivative with respect to ¢(¢) simply becomes the partial derivative
with respect to the spatial coordinate ¢, at the particular time slice ¢, corresponding to
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5 Perturbation Theory

the time ¢ in the continuum, i.e., 6/0¢q(t) — 0/0q,. Then, Eq. (5.72)) reads

=2 F(q,. ...
(P ) = (Pl L)

_ Q=g G — ) V(b
- h<F(QO77QN) |:m( - - ) T 8% .

' —2 _ oV (qu,t
i Fl) [ 2 0 WViautd]
S

h T2 86]5

(5.74)
Interesting relations emerge by making various choices of F':
(i) F' = 1. In this case, Eq. (5.74) becomes (omitting overall factors)
-2 _ OV (qe,t
<m dr+1 q21z + q 1> _ < (e, e)> ’ (5.75)
T S 8(]@ S
or, in the continuum limit, where 7 — 0 and ¢, — ¢(t) = g,
. oV (q, t)>

maG)e = — : 5.76
iy =~ (252) (5.70

This is the path-integral version of Ehrenfest’s theorem: on average (symbol-
ized by the angular brackets (-)g) the particle obeys Newton’s equation of motion
(remember that F'= —9V/dq).

(ii) F = qo. In this case, Eq. (5.74])) becomes

_ i Ge—qe-1 Qe — G\ V(g t)
(1)g= 3 < [m (QZ - - CI@> Tqp e . (5.77)

In the limit 7 — 0, the last term can be omitted, while ¢ — ¢(t) and

Qv — Qv N cj(t_) , qe+1 — Qe

- — — (") (5.78)

Here ¢(t*) = lim, 0 (t £ 7). Introducing the momentum p(t) = mg(t), we then
have

(ih)s = (a()p(t™) — p(t")a(t)) - (5.79)
This is the path-integral version of the standard canonical commutation relation

A

ih=dp — pi = 4 p] - (5.80)

One has to note that, in order to translate this relation into the path-integral version,
one has to assume that the operators are time-ordered, i.e., the operator on the
right belongs to a (slightly) earlier time than the one on the left.
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5.6 Addendum: Ehrenfest’s theorem, canonical commutation relation

We close this section with a remark on a related problem. Suppose we would like to
calculate the average of the kinetic energy,

(£),~(z0),

Here we run into the same “time-ordering” problem as before. In fact, the discretized

expressions
2 2
m [ qe— g1 m [ qe+1 — qe
— [ — — | —— 5.82
s s

give the wrong answer. The reason is that the squared displacement on a “Brownian
motion-like” trajectory is (qo — qr_1)? ~ 7, as explained in Sec. Therefore,

_ 2
(Qe Qe—1) ~ (5.83)
T T

which diverges in the limit 7 — 0. The correct way to calculate the kinetic energy is
therefore

<% Qe+1 — qe Qe — Qe—1 >S N <% q-(t+)q(t—)>s = <M>S . (5.84)

T T 2m

Why does this solve the divergence problem of Eq. ? Naively, one would think that
both displacements gpi1 — qo ~ /7 and ¢ — qu_1 ~ /T, so that we get the same 1/7
divergence as before. However, this argument is incorrect, because the displacements on
successive time steps are uncorrelated. In one dimension this means that it is as likely
that the displacement gy, 1 — ¢, of the next time step happens in the same direction as the
one q; — qo—1 of the previous time step, as that it happens in the opposite direction. In
three dimensions, it is even highly unlikely that the displacement ¢, — ¢; happens in
exactly the same direction as that in the previous time step. Only if it did, the product
(qer1 — q¢)(qe — qe—1) displaces the particle by a much larger distance ~ 7 than the 72
behavior expected for “normal” smooth trajectories. If it does not, in one dimension it
is as likely that the displacement ¢,,1 — g reverts the displacement ¢, — ¢, from the
previous time step, and in three dimensions it is very likely that it reverts this displacement
at least to some extent. Therefore (qr 1 —qe)(qe—qe—1) ~ 72, and the kinetic energy
is well-defined.
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6 From Classical Particles to Classical
Fields

In Chap. [2] we have considered the Classical Mechanics of a single particle. By extending
this to a system of N particles, and then sending N — oo, we would like to generalize
classical mechanics to a continuous system, i.e., we aim at deriving continuum me-
chanics in the Lagrange formalism, which is equivalent to the Lagrange formalism for
fields.

6.1 The longitudinally oscillating chain

The most simple N—particle system which allows to make the transition to a continuum
of degrees of freedom is the longitudinally oscillating chain. Consider a chain of N
particles of (identical) mass m aligned along the z—direction, which are connected via
(identical) springs with spring constant k& and perform longitudinal oscillations, i.e.,
oscillations along the extension of the chain, cf. Fig. [6.1] Note that it is not necessary
to assume that all masses and spring constants are equal, but it simplifies the following
calculations.

i—1 a i a i+1 X
m m m
(Pi—l (Pi (pi+1

Figure 6.1: The longitudinally oscillating chain.

In their positions at rest the masses are supposed to be a distance a apart. When
oscillating, the 7th mass will be displaced by a distance ¢; from its position at rest. The
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6 From Classical Particles to Classical Fields

kinetic energy of the system is obviously

1 N
_ 2
T = Zm ;:1 o5 . (6.1)
The potential energy is
N-1
1 2

We convince ourselves that this expression is correct by calculating the force which acts
onto the jth mass,

The first term on the right-hand side corresponds to Hooke’s law for the spring on the
left-hand side of the jth mass. When this spring is extended, i.e., when ¢; — ¢,;_1 > 0,
it will pull the jth mass back in the —x direction. On the other hand, if the spring is
compressed, ¢; — @j_1 < 0, it will push the mass in the +x direction. Therefore, this
term has to have a negative sign. The second term on the right-hand side of Eq.
corresponds to Hooke’s law for the spring on the right-hand side of the jth mass. Here
one argues quite analogously, but since an elongation of this spring pulls the mass in +x
direction and a compression pushes it in —x direction, the sign of the second term is just
the opposite of that of the first. For j = 1 resp. j = N we obtain the force by omitting
the first resp. the last term in Eq. .

With Egs. (6.1)) and (6.2) the Lagrange function of the system reads

LN
L=T-V = 3 [m @&} =k (pis1 — 0i)°]
=1

T . N2

2 — a a

(N o o 2 N-1

.2 i1 — Pi _
- 2 _ L, = L, 6.4
T o2 )] > (6.4)

where we have introduced the mass per unit of length ;1 = m/a, the modulus of
elasticity x = ka, and the Lagrange function per unit of length £;. Furthermore,
we have neglected the kinetic energy of the Nth mass. If N > 1, this is approximation is
well justified, since the motion of a single mass cannot substantially influence the motion
of the whole system.

The displacements ¢; of the masses from their positions at rest represent the degrees
of freedom of the system. The Euler-Lagrange equations for these degrees of freedom
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read
0 — d oL 0L
-~ dtdg; Oy
0 = pg—n (<Pj+12—90j_90j—290j1)
a a
. Pir1 — 2% + i
= M(IO] — K ke a2] -1 . (65)

Let us now consider the limit N — oo and a — 0. Then, the chain of one-dimensional
harmonic oscillators becomes a continuous elastic rod. When all of the (infinitely many)
oscillators are in their rest positions, the length of the rod assumes the value ¢. This
value can change when the oscillators move: the rod can be elongated or compressed in
x direction. The index ¢ specifying the position of a mass assumes continuous values;
we can replace it by the x coordinate,

pi(t) — e(x,1).

The distance a between the masses is replaced by the infinitesimal differential dx, such
that

wir1(t) — p;(t) o(r +dx,t) — p(z,t) _ dp(,t)

lim = lim = ,
a—0 a dz—0 dx ox
() —2¢5() i) (e tdat) —2¢(2,t) + o(z — da, )
lim = lim
a—0 CL2 dz—0 d],‘2
_ Po(,t)
o or?

Note that we now have partial derivatives, due to the dependence of the displacement
field (¢, x) on time and space. Thus, the usual differentiation of ¢; with respect to time
must also be replaced by a partial derivative,
Op(z,t) . *p(,t)
i ot 7 2
The Lagrange function (6.4) becomes

N—-1 ¢
L=1lmY» al; = / dz L, (6.6)
0

=1

where ¢ is the length of the rod (as mentioned above, this is not necessarily constant,
since the oscillations can lead to elongation or compression of the system) and

=5 (%) -5 () o

is the so-called Lagrange density or Lagrangian. The equation of motion (6.5 assumes

the form o o
_, gy U9
0=pu 5z~ P (6.8)
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This equation is of a type well-known from Classical Electrodynamics: it is a wave
equation. Here, however, only a single spatial dimension appears (the one along the rod).
In consequence, Eq. describes the one-dimensional, i.e., longitudinal propagation
of sound waves along the rod. These waves correspond to local maxima (compression of
springs) or minima (elongation of springs) in mass density, which travel along the direction
of the rod. If we divide Eq. by x, we can read off the sound velocity, which is the
analogue of the velocity of light in the wave equation for electromagnetic fields,

s = \/; (6.9)

6.2 Continuum Lagrange mechanics in three space and
one time dimension

The consideration of the previous section can be easily generalized to a three-dimensional
system. Equation then reads

Lz/d?'fc, (6.10)
1%

where V' is the spatial volume of the system under consideration. A closer inspection
of Eq. reveals that the Lagrangian £ is not only a function of dp/0t, but also
depends on the spatial derivatives dp/dz. In general, in three dimensions also partial
derivatives with respect to y and z may appear. Furthermore, the Lagrangian can also
depend on the field ¢ itself and may depend explicitly on time and space (i.e., not only
implicitly through the dependence of ¢ on ¢t and Z). Therefore, in general the Lagrangian
can possess the following dependences:

. (w(f, 0, 80 G iy t) | (6.11)

Note that, in comparison to the Lagrange function L(q, ¢;t), in the Lagrange density
the field ¢ assumes the role of the generalized coordinate ¢, its derivatives %—‘f, ﬁgp the
role of the generalized velocity ¢, and the explicit dependence on time t is extended to
one on time ¢ and spatial position #. The spatial variable has no longer the meaning of a
coordinate (or position) of a particle, it is simply a continuous index, similar to the index
i enumerating the generalized coordinates (if one has a system with more than one such
coordinate, ¢ — {q1, ¢, ...}). In the Lagrange function, ¢, ¢ were independent degrees of
freedom of the system. In the Lagrangian the degrees of freedom are the field ¢ and its
derivatives %—f, ﬁgp. Since these functions can assume distinct and (in principle) mutually
independent values at each point (Z,t) in space-time, this is a system with infinitely
many degrees of freedom.

For continuous systems the Lagrange density or Lagrangian plays the same role as
the Lagrange function for discrete systems. Therefore, it should in principle be possible
to derive the equation of motion (e.g., Eq. for the previous example of the one-
dimensional chain) for the field (¢, ¥) from the Lagrangian itself. This will be elaborated

in the following.
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Using Eq. (6.10]) the action is defined as

Sle(7,1)] = /: dt /V $BiL (gp(f,t),atgp(f,t),W(f,t);f,Q . (6.12)

In principle, the equations of motion should follow from Hamilton’s principle, which

reads with Eq. (6.11))
0 = Slp + dp] — S[¢] (6.13)

= / dt/d3 <p+5w,8tso+5(8tso)ﬁso+5(590);5775) —£<so,6’t<pﬁso;f,tﬂ ,

where we have omitted the arguments (Z,t) of the fields for the sake of brevity. Quite
similar to the trajectory ¢(t¢), which is not varied at the initial and final point in time, the
field p(Z, t) will not be varied at the surface 0V} of the space-time volume V; = V x[t,, t}],

0o(Z,6) |z eov, =0 (6.14)

However, this constraint does not apply to the partial derivatives 0;p, ﬁgp of the field,
similar to the generalized velocity ¢ which must not be held fixed at ¢, and ¢, (or like the
generalized momentum p in the modified Hamilton’s principle, which can vary freely at
t, and t, cf. Sec. .

If we assume infinitesimal variations of the field, |0p(Z,t)] < |p(Z,t)], we can terminate
the Taylor expansion of the first term under the integral in Eq. after the order
O(8¢, 60y, V) and obtain

0_/ dt/di’“

It furthermore holds that

oL oL -
—dp + 0 (Opp) + .

(6.15)

5(3ip) = Du(p +0p) — Do = Db, 3(Vyp) = V(p+dp) — Ve =Vop. (6.16)

The second and third term in Eq. (6.15) can then be written as follows,
oL - 0L

0—/ dt/d‘% % o) 0(Ve)

/ dt/d?”{at[ 58 >54 +V- [a(avf@ w]}. (6.17)

The argument of second integral over the space-time volume V' X [t,, 1] is basically a
four-dimensional divergence

oL - oL B oL
O {—3(3&0) 5@} +V- [W 5@] =0, {3(@@) 6@} : (6.18)

o
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where 0, = ((%ﬁ) is the four-dimensional gradient operator and a sum over p is im-
plied. The second integral can thus be converted with the help of Gauss’ theorem in four
dimensions into an integral over the closed surface 0V} of that space-time volume,

/ dt/d3 { )54 J(Igwdau a((?)ﬁ )590_() (6.19)

since 0y vanishes on 0V}, cf. Eq. . Here doy, is the puth component of the four-
dimensional vector normal on 0Vj}.

Since the variation 0p(Z,t) of the field is arbitrary at each space-time point (Z,t), the
term in brackets in the first integral in Eq. must vanish,

gy O g 0L
ot 9(0rp) (V)

(6.20)

This is the Euler—Lagrange equation for continuous systems, i.e., for the field ¢,
which represents the (infinitely many) degrees of freedom of such a continuous system.
Equation is a classical equation of motion for the field ¢ and as such exclusively
determines the classical field configuration. According to Hamilton’s principle (6.13)),
this configuration extremizes (minimizes) the action. We will see in the next chapter that
in quantum field theory also all other possible field configurations appear and, similar
to the path integral in quantum mechanics of a single particle, contribute with a weight
exp{iS[p(Z,t)]/h}) to physical observables.

We now convince ourselves that Eq. gives the correct equation of motion for the
field ¢ when applying it to the example of the elastic rod. In other words, we calculate
the equation of motion using the Lagrangian and show that in this way we
obtain the equation of motion .

The Lagrangian contains only derivatives of the field, thus 0L£/0p = 0. The

derivative of £ with respect to the partial derivative of the field with respect to time gives

oL 9
900 Mot

and the derivative with respect to the partial derivative of the field with respect to the
spatial coordinate x is

oc Op
9(0,0)  Tox
Since it is a one-dimensional problem, no dependences on, or derivatives with respect to,
y or z appear. Inserting the above into the Euler-Lagrange equation (6.20) we obtain

0 0 8g0 N 0 O 82 82<p

= -_— —_— —,{/ —_—— —_—
ot \M' ar Ox Ox o = "or

which agrees with the previously derived equation of motion .

If we consider a system where not only one, but many fields appear, we enumerate
them with an additional index,

wo(Z,t), a=1,2,... .
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6.2 Continuum Lagrange mechanics in three space and one time dimension

Then each of these fields fulfills an Euler-Lagrange equation of the type (6.20)),

9 (Orpa) d(Ve,) O¢a

a=1,2,.... (6.21)
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7 Path Integrals in Quantum Field
Theory

As we have seen in the previous discussion, the path-integral formalism provides an
alternative approach to solving the Schrodinger equation for the wave function of a
quantum-mechanical particle. However, so far the discussion of path integrals was re-
stricted to the dynamics of a single particle. This is still completely equivalent to solving
a classical wave equation: the Schrodinger equation. Although the wave function result-
ing from the solution of this equation describes the quantum dynamics of a single particle,
it is itself a purely classical object. If we want to describe the quantum mechanics of a
system with (in principle) infinitely many degrees of freedom, such as contained in a
field (as we have seen in the previous chapter), we have to devise a quantum-mechanical
description for such a field. This leads to quantum field theory.

In principle, there are two different approaches to reach this goal. The first one is
similar to the “second-quantization” approach known from the discussion of the harmonic
oscillator in the introductory Quantum Mechanics lecture. There one introduces operators
which allow to create and annihilate excitation quanta. The “second-quantization”, or
canonical quantization approach for quantum field theory extends this idea to a system
of infinitely many degrees of freedom, which can be created or annihilated. Typically one
formulates this in momentum space and introduces creation and annihilation operators
for particles with a definite momentum, on-shell energy, as well other quantum numbers
(e.g. spin, flavor, color, etc.). Since the momenta run over an uncountable infinite set of
values, one deals with a system of infinitely many degrees of freedom.

The second approach is based on the path-integral formalism extended to fields, then
sometimes also called functional-integral formalism. In the following, we will given
an introduction to the latter. As an example, we consider the simplest possibility: a real
scalar field.

7.1 The classical non-interacting Klein—Gordon field

The first attempt to establish a relativistic theory for the electron was made by Oskar
Klein and Walter Gordon. It was bound to fail, since Klein and Gordon assumed the
electron to be described by a real scalar field ¢. As we know today, such a field
describes bosons with spin zero, while the electron is a fermion with spin 1/2. The
correct relativistic theory for the electron was found by Paul Adrien Maurice Dirac, but
will not be subject of this lecture course.

The Lagrangian of Klein—Gordon theory has a striking similarity to that of the
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7 Path Integrals in Quantum Field Theory

elastic rod, cf. Eq. (6.7)),

11 [09)? - me\?2 o
['_5[0_2(5) (V6)- (Vo) - (h>¢]- (7.1)
The difference is that the velocity of light ¢ appears instead of the sound velocity .
Does this mean that waves of the Klein—Gordon field travel with light velocity? No, since
there is also a so-called mass term ~ (mc/h)%¢?, which is absent in Eq. (6.7). As we
will see below, points of constant phase travel with the phase velocity vphase(p) = Ej/p,
while the group velocity is

dE;  pc®

Ugroup<p) = d_p = Eﬁ s

(7.2)
where Ez = ¢y/p? + (mc)? is the relativistic energy of a particle with momentum p. The
group velocity of the Klein—Gordon field is then simply the velocity of a particle with
energy Ey and momentum p.

What is the classical equation of motion of the Klein—Gordon field? In order to deter-

mine this, we employ Eq. (6.20). From Eq. (7.1)) we obtain

oL 1 0¢ oL - oL mey 2
000 Eot  awe) 0 a6 () o (7:3)
so that the equation of motion, the so-called Klein—Gordon equation, reads
1 02 me\ 2 me\ 2
{—Qw—A (h>}¢ {D+(h)]¢_o, (7.4)

where A = V-V is the Laplace operator and where we defined the d’Alembert or wave

operator
1 02
O=—-—-A. 7.5
c? Ot? (7.5)
Like the Schrodinger equation (3.23]), the Klein—-Gordon equation ((7.4)) is a linear, homo-
geneous differential equation and the solution can be written as a superposition of plane

waves. Thus, we make an Ansatz similar to Eq. (3.25)),

¢(f,t)_/(22Eﬂ—;? (B, ) e~ H(E7D) (7.6)

Inserting this Ansatz into Eq. (7.4)), we obtain
1 02 meN2]
0= [‘% -+ (%) ] (@)
dE d3p - 1 02 me 2
— E NN -  (Et—p-T)
[ o [ -2+ (5) ]

dE d3p E? p2 4+ m2c? i .
IR R v e

(27T ) . ( ) B2
— —<hlc>2/(?fi) ( ﬁ) [ —c? (ﬁ2+m202)] 67%(@75.5)' (7'7)
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7.1 The classical non-interacting Klein—Gordon field

Obviously, this is fulfilled if the energy fulfills the relativistic energy-momentum

relation
E= :|:Eﬁ s Eﬁ = C\/ﬁ2 + (mc)2 . (78)

The fact that there are also solutions of negative energy is not a mathematical curiosity, it
bears physical significance and is a hallmark of a relativistic theory. While positive-energy
solutions describe particles, negative-energy solutions correspond to antiparticles. As
we did for the Schrodinger equation in Eq. , we can incorporate the dispersion
relation into the Ansatz by taking the Fourier coefficients as

&(E,p) = 2wh6(E — Ep) af + 2nhd(E + Ep) a3 | (7.9)

such that the general solution of the Klein-Gordon equation ([7.4)) becomes

5 d*p 5z = ot (Bpt+P-&
¢<x’t):/(27rh)3 [a*e (=P )+ ag entFttP ]} : (7.10)

Changing the integration variable p — —p’in the last term yields

& I
¢(f,t>—/(2wh) [ag b0 = ehtr 7] (7.11)

Finally, we need to incorporate the fact that ¢(Z,t) is real-valued, which gives the condi-

tion
dgﬁ +\* g * .
* (2 _ # (Ept—p-T) — L(E 5t—p-T)
¢ (x’t)_/(%rh)?’ [(aﬁ> e\ EPt TP 4 <a7ﬁ> e n\p T

The plane waves constitute a complete and orthogonal set of functions. Therefore, the

Fourier coefficients in Eqgs. (7.11)) and ((7.12) have to match,

(a;)* =a_;, (a:ﬁ>* =a; . (7.13)

Therefore ap and a; are not independent. It suffices to use af = ay and one can write

Eq. ( in the ﬁnal form

] = o, t).  (7.12)

N d3ﬁ S % Y(E-t—p-%
o(Z,t) = /(27T—h)3 [aﬁe n (Bpt—p'3) —i—aﬁeh( PP (7.14)
This is actually the starting point for the second-quantization procedure: one promotes
the Fourler coefficients aj, a; to annihilation and creation operators az, a ; for particles

with momentum 7. This also makes the field operator-valued, ¢(%,t) — ( ,t). We will
not follow this approach further in this lecture series.

Let us also discuss phase and group velocity. For the sake of simplicity we consider
a plane wave travelling in x direction, e~ # (Bpt= ~2) where = (p,0,0)”. The space-time
points where the phase of the exponential function stays constant are given by Ezt —px =
const.. If we are sitting on a maximum of the wave at x =t = 0, i.e., where E5 —px = 0,
this maximum will move with phase velocity vphase(p) = 2/t = E;/p to the right. While
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7 Path Integrals in Quantum Field Theory

this velocity is larger than the velocity of light, it is not the velocity of a Klein-Gordon
particle. The latter is determined from the group velocity of a wave packet. Consider
a wave packet, which is a superposition of plane waves,

oz, t) = /2 o(p) e n(Fat=ro) 4 ¢ (7.15)

Furthermore, take the momentum spectrum (E(p) to be sharply peaked around a certain
momentum py. In this case, we may linearize Ej around po,

Ez = Epy + (p = po)Vgroup(P0) + O((p — p0)?) (7.16)

where the group velocity was introduced in Eq. (7.2)). Inserting this into Eq. (7.15]) we
obtain

¢($’ t) et e—%(EpOt—p()l’) / 2d-_pr &(p) 6%(p_p0)[x_vgroup(p0)t] _|_ c.c. . (717)
T

The integral is the envelope of the wave packet. It only depends on the combination
& — Vgroup(Po)t, which means that the peak of the envelope moves with velocity vgroup (Do),
which is slower than the velocity of light.

For later use, we compute the canonically conjugate field
oL _ 109(Z,1)

o] ¢ ot (7.18)

(%, t) =

This field plays a role analogous to the canonical momentum p = JL/0q in classical
mechanics. We will also need the Hamilton density, which is the Legendre transform
of the Lagrangian with respect to d,¢/c,

10¢

(o1, V;7,6) = T2 = £(9,0:6, V3 7,1)

L [m — (Vo) - (Vo) - (%6)2¢2]

I=0¢¢p/c

=

1 - = me\ 2
. [H2 (Vo) - (Vo) + (7> ﬂ _ (7.19)
This is the analogue of the Legendre transform (2.5 in Classical Mechanics.

7.2 The generating functional for correlation functions of
the Klein—Gordon field

In this section we derive the quantum field-theoretical analogue of the quantum-mechanical
vacuum-to-vacuum transition amplitude, or the generating functional for correlation func-
tions, cf. Eq. . We will do this at hand of the example of the non-interacting Klein—
Gordon field. For the sake of convenience, in this section we will use natural units,
h=c=1.

In fact, there are only a few obvious changes to be made in comparison to the quantum-
mechanical case:
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7.2 The generating functional for correlation functions of the Klein—Gordon field

(i) coordinates ¢(t) become fields ¢(Z,1).

(ii) momenta p(t) become canonically conjugate fields II(Z,t) = 0L£/0[0,¢(t, T)|, cf.
Eq. (7-15).

(iii) position states |q) become field states [¢(7)). These are eigenstates of the (time-
independent) Schrédinger—picture field operator ¢(Z) at some arbitrary point
in time, say ¢t = 0,

&(7) |6(2)) = o(Z) [6(2)) - (7.20)

Like the position states |7), these states are complete,
1= [ T[ 0@ lot@) (@) (7.21)

Here, the integration measure [[.d¢(Z) is a symbolic notation. The meaning is
the following. We first discretize space as shown in Fig. [7.Il Then we obtain a
set of discrete points {1, s, ..., Z,, ...}, which is countable and, in a finite volume
V < o0, also finite. Eventually we may take the continuum limit by sending the
grid spacing to zero, and finally we may also send the volume V' — oco. However,
as long as we stay with a countable, finite set of points, the integration measure is
well-defined: we have to integrate at each discrete point &, in space over all values
of the field ¢, = ¢(Z,). This gives the integration measure in the completeness
relation ((7.21)). (For the sake of notational convenience, we omitted the index r.)
For the sake of simplicity and convenience, we use the symbol [[.d¢(Z) also in
the continuum limit, i.e., when the grid spacing is sent to zero and, eventually, the
spatial volume V' — oc.

Figure 7.1: Discretization of the spatial volume.

The field states are also orthonormal,

(0a(D)] (7)) = H 0(¢a(T) — 00(Z)) = 6 [0 — D] - (7.22)

The delta function with argument in brackets is a functional delta function, i.e.,
the functions ¢,(Z) and ¢,(Z) must be identical at all points Z.
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7 Path Integrals in Quantum Field Theory

(iv) momentum states |j) become canonically conjugate-field states |II(Z)), which are
eigenstates of the Schrodinger—picture field operator 11(Z) at time ¢t = 0,

I(2) [11(2)) = 1(2) [11(2)) - (7.23)
Also these states are complete,
7)(I(F)] | (7.24)
and orthonormal,
(I, (%) |, (& H 5(11 (7)) = 0 [, —1I,) . (7.25)

The factor 27 in the denominator of the integration measure in Eq. (7.24]) is purely
conventional.

(v) The generalization of the quantum-mechanical overlap (3.9) is
(o(T)|TL(Z)) H exp [id*ZTI(Z)p(F)] = exp {z / d%?H(f)qb(:i‘)] : (7.26)
We now evolve the Schrodinger—picture state |¢(Z)) from time ¢ = 0 to some later time t.

In analogy to Eq. we obtain
U0, 1) [¢(2)) = |6(Z), 1) = [¢(Z, 1)) . (7.27)

As was the case for the time-evolved position states |g,t), also these time-evolved states
are complete,

1= 0(0,4)0(t;,0) = U(0,1;) / T 6529 6@ (052 U113, 0
_ / TT 465(®) 0(0,£5) 16;(@)65(@)| U 55, 0)

= [T a0(@)16x(@). 6 05(2) tr—/Hd@wj )07, 45)] - (7.29)

We now consider the quantum field-theoretical transition amplitude

(05(Z), t4]0i(D), i) = (D5(T, 15)|0s(T, 1)) (7.29)

and again partition the time interval [t;,t¢] into N pieces of equal length 7. We then
insert N — 1 complete sets (7.28) of field states, one each for the times t; = t; + j7,
j=1,...,N—1,

(65(Z,t))]64(E 1) / HHd% (65(F, )l 1(F b))
<¢N—1(5L“atN—1)|¢N—2(17»tN—2)>"'( O1(7, 1) |¢i(Z, 1:)) (7.30)
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7.2 The generating functional for correlation functions of the Klein—Gordon field

Now we consider the factor

(Dj+1(Z,t41)]05(T,t5)) = <¢j+1(f)|(:](tj+1, 0) U(0, ;) |¢;())
= (i1 (D) U(tjs1, ;) |0;(2)) - (7.31)
Here,
O(tin t;) = T exp | —i / T EG| =T exp | i / e / deﬁ(f,t)] (7.32)
t t; 1%

is the time-evolution operator for the quantum field-theoretical system, cf. Eq. for
the quantum-mechanical analogue, with the Hamilton—density operator ’}:[(:Z’, t). The
latter operator depends on field operators and canonically conjugate field operators (and
potentially also explicitly on space and time),

H(Zt) = H(p(Z), 11(T), V(T); T, 1) . (7.33)

In order to get rid of the dependence on operator-valued quantities, it is convenient to also
insert complete sets ([7.24)) of canonically conjugate field states. Analogous steps which
have lead to Eq. (3.10]) then yield

i e AL (E
1}1 Hd@(m)] [HH 275 )

z Jj=

(65(%,17)|0:(E, 1)) = /

_
8l

S [ r @@ 0@ S
xexp{z;T/vdx[Hm : H(0,(2) 1,(2), 96,2 ,m”.
(7.34)

We now denote ¢;(Z) = ¢(Z,t;), I1;(Z) = II(Z,t;). In the limit N — oo, 7 — 0 we then
obtain the final result

(0r (T, tp)]0s(Z, 1:)) (7.35)
/m #) DI(T, 1) exp{/ dt/di’” (7,1) Oip(7, 1) — H(qﬁ,ﬂ,%;f,t)]}.

For the Klein-Gordon field, we have I = 9L£/0(0y¢) = 0;¢. The Hamilton density for
the Klein—Gordon field was already calculated in Eq. (7.19)). In natural units,

H(6.11,96) = 5 [+ (V) (Vo) + m?¢?] (7.36)
Therefore,
0, — H = —% (T — 9,0)° + % [(atqj)? — (V) - (V) — m2¢2] = —% (T — 8,9)° + L
(7.37)
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7 Path Integrals in Quantum Field Theory

The functional integral over the canonically conjugate fields in Eq. (7.35)) is now simply a
shifted Gaussian integral and can be immediately performed. The result is a normalization
constant, such that Eq. (7.35]) reads

st =& [ Do e i [Car [ @icoo0.Fozn)| . @3

The very same considerations which have lead to Eq. (5.47) now allow to derive the
generating functional for n—point correlation functions for the Klein-Gordon field,

/ Do(T,1) exp {z /_ Z dt / 437 [c(qs, 0,6,V T, 1) + J(Z,1)$(Z, t)]}

~ {0; 4+00[0; —o0)” . (7.39)

7.3 The generating functional of the non-interacting
Klein—Gordon field

For the non-interacting Klein-Gordon field, the Lagrangian in the exponent in Eq. ([7.39))
is just that of Eq. (7.1). Apparently, this is quadratic in the field, so Eq. (7.39) is in

essence a shifted Gaussian integral, which can be computed exactly. This calculation will
be elaborated on in this section.

We first insert Eq. (7.1]) into Eq. (7.39)),

7= [ Do ( / it [ @z { 06)" — (F9) - (V6) — m*?] + J¢}) |
(7.40)
and integrate the partial derivatives by parts,

/Z dt/d3f [(at¢ ~ (Vo) / dt/d3$¢5¢ + surface terms .

The surface terms vanish if we assume that the field vanishes at infinity. This then yields

:/m) exp{—i/d4X qu(mm?)qb—w]} : (7.41)

where we have abbreviated the integration measure d*X = dtd*Z. As already mentioned,
this is a shifted Gaussian integral and has an analytic solution in closed form.

There is a very useful generalization of Eq. for the case of shifted Gaussian
integrals. Let A be a symmetric, positive definite, non-singular (N x N) matrix and let

T, b be N dimensional vectors. Then
1 .
/ dV7 exp (—§FTA 7+ be) = (2m)N/%(detA) V% exp (2 bTA~ 1b> : (7.42)

Here we have used a compact notation, i.e., 77 A7 = ZZV,I r; Ayjr; and bTF = ZN b;T;.
We now apply Eq. - ) to Eq. - We have to note that we should first discretize
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7.3 The generating functional of the non-interacting Klein—Gordon field

space-time to obtain a finite, countable set of space-time points X;, i = 1,..., N, The
integration variables ¢; = ¢(X;) at these space-time points then correspond to the compo-
nents of the vector 7in Eq. (7.42)). At the end of the calculation we perform the continuum
limit by sending the grid spacing (in space and time) to zero and the space-time volume
to infinity.

Another point that one has to note is that the argument of the exponential function in
Eq. is purely imaginary. Although we know that Gaussian integrals also converge
for complex-valued integrands, it is not immediately obvious that we can identify a matrix
A with the properties necessary to apply Eq. (7.42). This problem will be solved by
analytically continuing the real-valued time variable ¢ to imaginary time.

We first insert a spurious four-dimensional delta function

SN(X —Y)=6(t, —t,) 00 (7 — %)

into the integrand in the argument of the exponential function in Eq. (7.41)),
Zo[J] = / Dé(X) exp {—% / d*X d'Y ¢(X) (O, +m?) s(X - Y)¢(Y)

+ i / d*X J(X)gb(X)} (7.43)

/ Dp(X) exp B / d*X d*Y ¢(X)AX,Y)p(Y) +i / d*x J(X)gb(X)} ;
with
AX,Y)=—i (0, +m?) (X -Y). (7.44)

Now we introduce the imaginary time variable 7, by analytic continuation of the
real-valued time ¢,
t — —ir, it — 7. (7.45)

It is advantageous to collect this imaginary time variable together with the spatial position
vector 7 into a four-dimensional vector

X=(X,)=(r,7). (7.46)
The infinitesimal space-time volume element becomes
id*X =idtd®7 — drd*7=d'X, (7.47)

from which follows -
d*xXdy — —d*'Xd'v. (7.48)

The four-dimensional gradient operator with respect to the coordinates X . reads

(8%) _ <§ 6) . (7.49)

The analytic continuation of the d’Alembert operator is therefore

02 o —

Do= g~ A — —35— A, =-T,. (7.50)
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7 Path Integrals in Quantum Field Theory

The analytic continuation of the delta function in time is

' [ Ko k(.- d(—tko) itp—it,
—25(tx—ty) — _Z/%e ko(tu—ty) _ /Te (—iko) (itz—ity)
d .
% e” =) = §(r, — 1) (7.51)

Here we have also analytically continued the energy variable kg,
ko — ik, —Zko — K. (752)

Note that the analytic continuation of the energy requires the opposite sign as that of the
time, cf. Eq. (7.45). From Eq. (7.51]) now follows

— WX -Y) — WX -Y). (7.53)

Now we can also analytically continue the matrix ((7.44]). With Eqs. (7.50)) and (7.51)) this
reads

I _ L K oo o
AX,Y) — AX,Y) = (=00, +m?) 6D (X — V) = / Gy T (R ).
T
(7.54)
Here we have introduced the four-dimensional momentum vector
(Ku) = (k. k), (7.55)

with the energy variable s from Eq. (7.52), the short notation K2 = K - K = x2 + k2,
and the scalar product

K-X=xkrp+k-T, (7.56)
and used the Fourier representation of the four-dimensional delta function
o PE gixoy ded®k e
SO(X — 7 = / A ikgey) / —in(remry) i E(E—1) < 57
Since k € R, we have K? = + k2 2 0 and the Fourier transform of the matrix
A(X,Y) is positive definite, A( ) = K +m? > 0 (for m > 0). Therefore A(X,Y)
is also positive definite. Furthermore, A( Y) is symmetric, A(X,Y) = A(Y, X), as

one immediately observes from Eq. (| - substltute K, — —K,). Finally, A(X Y) s

non-singular (at least in discretized space-time, where §*(X —Y) — a 45X y» with the

grid spacing a and the four-dimensional Kronecker delta). Therefore, all requirements are
fulfilled to apply Eq. (7.42)). With the identification

and using Egs. and ( - Eq. ( - ) becomes
ZlJ) = /D¢ exp { /d4X d*Y ¢(X) A(X,Y

s
=
_|_
—
e
1
Pl
>
s
B!

_ N(detA) 2 exp l2 / BX AV J(X) A7, V) J(Y)} | (7.59)
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7.3 The generating functional of the non-interacting Klein—Gordon field

We now determine A~1(X,Y). With Eq. it holds that
SN(X 7)) = / AV A(X, V) A"N(Y, 2)
_ /&Yhﬁﬁmﬁ&WX—ﬂA*Wj)
= (-0, +m*) A (X,2), (7.60)

i.e., A7Y(X,Z) is the Green’s function of the non-interacting Klein-Gordon equation
(in imaginary time)! -
The Fourier transform of A™'(X, Z) reads
o TARAQ px o~ os
ANX,Z)= | ——— e Y ATHK,Q) 7. 7.61
%2~ [ Gt (K.Q)e (7.61)
Note that we employed the Fourier transformation with respect to the second argument

with the opposite sign in the argument of the exponential function. This is pure conven-
tion; also the usual choice of sign works, but would lead to respective changes of signs in

the following. If we insert Eq. (7.61)) into Eq. (7.60) we obtain

IKA'Q _igx =2 N F-1/7 A\ 07 d'Q  _iox-z
—iK-X (7 A YK iQ-Z :/ —iQ-(X=2) 62
/ (27)8 € (K7 +m7) A7 (K, Q)e (2ﬂ)4€ (7.62)
This equation is fulfilled if
o _
ATHE, Q) = (2n) 6W(K - Q) ok (7.63)

If we insert this into Eq. (7.61]) we obtain

S 5 K e 1
-1 _ ~iR(X-2)

Now we can revert the analytic continuation. With Eqs. (7.45)) and ((7.52)), the abbrevia-
tion d*K = dkod®k, as well as K? = k% + k? — —k2 + k? we obtain

_ A4 1
A—l(ny) N A_I(X, Y) — —’L/ 6—1(—zko)(zt¢—zty)—zk:~(a:—y) -
(2m)* —k2 + k24 m?
4 -
— / L
(2m)* K — B2
= (AX-Y). (7.65)
Using Eqgs. (7.44) and (7.65)), the thus defined A~(X,Y") fulfills
/ AYAX, YA (Y, Z) =
d*K . . 1
— [ty (@, +m?) sD(X — v / BEiko(ty—ta) +E-G-2)
d*K - 1
= (Dx + m2) / ) e lko(te—tz)+k-(F—2)] o = _§@ (X - 2), (7.66)
k
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i.e., it has the opposite sign compared to the corresponding relation ([7.60)) in imaginary
time.

The generating functional ([7.59)) reads with Eq. ((7.65))

{

Z[J] = N"(detA)? exp {—5 / X AY J(X)AX -Y)J(Y)]| , (7.67)

where we again Eq. (7.48) and absorbed factors of 7 in the normalization constant (there-
fore now denoted with A).

We had seen that A™1(X,Y) =i A(X —Y) is the Green’s function of the non-interacting
Klein—Gordon equation. The Fourier transform

<o 1
k

of the Green’s function A(X —Y') has poles on the real ky axis at

ko= +\ k2 +m2=+FE;. (7.69)

As usual for any Green’s function, one needs to give a prescription how to circumvent
these poles in the complex kg plane, cf. the discussion of the causal propagator (5.22)).
We choose the so-called Feynman prescription:

< - 1

The poles will then be shifted into the complex kg plane, such that integrals along the
real ky axis are well-defined. The poles are now at

=Ei-inp = kozzl:,/Eg—in::tEE:Fi%E:I:EE:FM, (7.71)
P
cf. Fig. [7.2]

We had clarified in Sec. that Green’s function are (up to constant factors) identical
with propagators. Thus,

4 -
Ap(X —Y) = / B ottty L

. (7.72)
(2m)4 k3 — E]% +1in

is called the Feynman propagator for the non-interacting Klein-Gordon field.
We now compute correlation functions from the generating functional (|7.67)). First we
choose the normalization constant N’ such that

Z[0] =1, (7.73)

ie.,

Z[J] = exp {—% / X dY J(X)Ap(X - Y)J(Y)| . (7.74)
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Figure 7.2: Feynman prescription for the shift of the poles into the complex ky plane.

On the other hand, from Eq. (7.39) follows that

Z[J] ~ (0; +00[0; —00)” .

(7.75)
We now show that the choice implies that
Z[J] = (0; +00[0; —o0)” . (7.76)
First, because of Eq. we obviously have
Z[J] = N (0; +00|0; —00)” | (7.77)

with a yet to be determined normalization constant N. In absence of external sources,
J(X) = 0, this equation reads

Z[0] = N (0; +00|0; —00) . (7.78)

But without external sources and without interactions nothing happens and the incoming
vacuum is identical with the outgoing vacuum,

|0; —00) = [0; +00) = |0) = (0; +00|0; —o0) = (0|0) =1, (7.79)

ie.,

Z[0] = N .

(7.80)
But we had agreed upon that Z[0] = 1, cf. Eq. (7.73), therefore N' = 1. This proves Eq.
T70). e
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7 Path Integrals in Quantum Field Theory

According to Eq. (5.67)) the one-point correlation function

R . 0Z[J] ) i a7 g4 _
0’ +00 ¢ X 07_00 — — — e (i/2) [AAU AWV J(U) AR(U-V) J(V)
B R 1091 MR Y09
N A T T A Ch) _
_ z{ 2/d UAY S5 AU = V) I)
l Arr 14 3J(V)
—= d A —V)—|Z
2/d UV IW) AU = V) §755| 2] -~
- {—%/&VAF(X V) J(V) - %/d“U J(U) AF(U—X)l Z[J]
J=0
- / AV Ap(X — V) J(V) Z1]
J=0
= 0. (7.81)
Here we have made use of the four-dimensional generalization of Eq. (5.53)),
6J(U)
— L =sWU-X .82

and we employed the symmetry of the Feynman propagator, Ap(X —Y) = Ap(Y — X).
The two-point correlation function reads according to Eq. ((5.67))

(0: 00| T [9(X) 9(Y) | [0: —00) = (~i)? Mi()z—f[;f](if) J=0
) 2 4
- i (=) /d VARY = V)J(V) Z[J] L

= (—i)g{AF(Y - X) - z’/d4V Ap(Y = V) J(V) /d4U Ap(X —U) J(U)} Z1J]

J=0

= @'AF(X—Y) = Y e o X , (783)

where from the first to the second and from the second to the third line we made use of the
intermediate result in the next-to-last line in Eq. (7.81]). We also repeatedly employed the
symmetry of the Feynman propagator. Apparently, the two-point correlation function
is identical with the Green’s function of the non-interacting Klein—-Gordon equation,
and (up to a factor of 7) also identical with the Feynman propagator!

7.4 Interacting field theory: \¢* theory in perturbation
theory

We now add a local four-point interaction to the Lagrangian of the Klein-Gordon
field, Eq. (7.1)), i.e., a term which is proportional to the fourth power of the field

88
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87 1)
L = £0+£int7
Lo = 5[0 - (F9) (F0) - m?e?] |
A
Lin — 4 (7.84)

Here, X is the coupling constant which determines the strength with which the field
¢ interacts with itself. The 4! in the denominator is purely conventional and simplifies
the following expressions. Note that this theory looks rather similar to the anharmonic
oscillator discussed in Sec. .5l

How does the generating functional for n—point correlation functions look like? Per

definition, cf. Eq. (7.39), we would immediately write

Z[J] :N/ng exp {z’S[d)] —|—2’/d4X J(X)d)(X)} ) (7.85)
with the classical action
Sle] = /d4X£ . (7.86)
J(X) is the source term and the normalization constant A is chosen such that
Zoj=1, (7.87)
ie.,
Nt = / D¢ exp {iS[¢]} . (7.88)

Using the classical action of the non-interacting Klein—-Gordon field

Solo] = / d*X Ly , (7.89)

we can factorize the part of the action which contains the interaction term in the
generating functional ([7.85)),

ZIJ =N / D¢ exp {z / d'x £int(¢)} exp {z’Sg[gb] +i / d*X J(X)¢(X)} . (7.90)

The first exponential function has the Taylor—series expansion

[ g4 RSN 4 oA 4y 14 "
exp {@/d Xﬁint(gzﬁ)} _nzzoa [/d Xﬁint(gb)} _nzzom {—a/d X ¢ (X)} :
(7.91)
where we have used Eq. ([7.84)). If we insert this into Eq. (7.90) we obtain

_ = (_i)\)n / 4 4 " iSo[@]+i [ d*X J(X)p(X)

Z[J] = N/ng ,; @y d*X o4 (X)| e (7.92)

. (—iA)" iSo[@]+i [ d*
B NZW/ A0 X, [ Do) - (X, ) S X000
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7 Path Integrals in Quantum Field Theory

It seems that we are now stuck with an unmanageably complicated expression. However,
because of the source term in the exponent, each factor ¢(X;) in front ot the exponential
function can be replaced by a functional derivative with respect to J(X;),

H(X;) eioldl i J At X J(X)p(X)

L0 iSolglti faiX J(X)o(X)
- iSo[¢]+i . 7.93
i 5J(X,) € (7.93)

If we use this in Eq. (7.92)) and pull the functional derivatives with respect to the sources
out of the functional integral over the fields ¢, we obtain

Z[J] = NZ (Zid)" /d4X1...d4Xn

(4h)rn!
1 s 1! 1 s
Lo .. D ¢iS0ld]+i [ d4X I(X)6(X)
: [z 5J(X1)} [z 37(X,) } / pe

B , " A 1 o ! 1 iSo[¢]+i [ d*X J(X)(X)
= Nzn;{ 4!/dX [z 5J(X)] } N /nge

=0

N exp [z’/d4X Lint G %)} ZolJ], (7.94)

where N = N'N” where we wrote the Taylor—series again as an exponential function, and
where we introduced the generating functional for the non-interacting Klein—Gordon
field,

ZolJ] = N / D¢ exp {z’So[gb] + i / d*X J(X)gb(X)} , N = / D¢ exp {iSo[d]} |

(7.95)
which is normalized to one in the absence of sources. The latter we had already calculated

in Eq. ,
Zo[J] = exp {—% / d*X dYY J(X)Ap(X —Y) J(Y)} : (7.96)

with the Feynman propagator (7.72]) for the non-interacting Klein-Gordon field. The
normalization constant A ensures that Z[0] = 1, i.e.,

Nt = exp {i/dLlX Eint G %)} %l J=0

Equation with Eq. suggest a calculation method for the generating func-
tional, which we had already encountered in other form in Chap. [5f we can expand the
exponential in terms of a Taylor series and compute the individual terms in this series
explicitly, at least up to some given order. Formally, this is equivalent to an expansion
in powers of the coupling constant )\, i.e., to perturbation theory. Of course, we
have to terminate the calculation of the series after a finite number of terms. However,
if A < 1 one may hope that the terms of higher order become successively smaller than
those of lower order and the perturbation series in A converges.

(7.97)
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7.4 Interacting field theory: \¢* theory in perturbation theory

In the following we want to perform an exemplary calculation of the perturbation series
in A up to first order in A\. The Taylor series of the exponential function in Eq. ((7.94))
reads up to this order

exp {z/d‘*x Line G %)] —1- Zﬁ/cﬁx E %X)FJFO(A?) . (7.98)

Inserting this into Eq. and acting with it on Zy[J], the zeroth-order term in A, the
1, just reproduces the generating functional Z,[J] of the non-interacting theory. To first
order in A we now have to compute the fourth functional derivative of Z,[.J] with respect
to the source term J(X). We have

| ) 1 9

i 5J(X) ZlJ] = 7 370 eXp[ 2/d4Yd4ZJ(Y)AF( Z) (Z)}

:[_

where we used the symmetry of the Feynman propagator, Ap(X —Y) = Ap(Y — X),
and renamed the integration variable in the second term, Y — Z. The second functional
derivative is

B %TW ! wf ){—/d“ZAF(X—Z) J(Z)Zo[JJ}

{_% d4ZAF(X Z) J(Z) |:—/d4UAF(X - U) J(U)} } ZolJ]
[@

/d4YJ YAR(Y — X)] ZolJ]

l\')l»—t

/d4Z Ap(X —2)J

d*Z Ap(X — 2) J(Z) Zo[J] (7.99)

Il
|
\ DO | =

i Ar(0) + / d*Z AU AR(X - 2)Ap(X = U) J(2) J(U)] ZolJ] . (7.100)
The third functional derivative is then

Fo7t) 2
0 { { Ar(0)+ [ 424 Ar(X - 2) Ar(X - 1) J(2) J(U)} Zom}

% 3.J(X)
= % U d*U Ap(0) Ap(X —U) J(U) + /d4Z Ap(X — Z) Ap(0) J(Z)} ZolJ)
+ [z Ar(0) + /d4Z d*UAR(X — Z)Ap(X —U) J(Z) J(U)}
{ / d*V Ap(X - V) J(V)} ZolJ]
= { 3@AF(0)/d4ZAF(X— 7Z)J(Z) (7.101)

- / dZ AU AV Ap(X — Z) Ap(X —U) Ap(X = V) J(Z) J(U) J(V)] ZolJ]
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7 Path Integrals in Quantum Field Theory

where we renamed several integration variables in order to collect the terms in a suitable
manner. Finally, we also compute the fourth functional derivative,

k] 5
57X { [—3¢AF(0) /d4Z Ap(X —2)J(Z)
— / d*Z AU AV Ap(X — Z2)Ap(X —U)Ap(X = V) J(Z) J(U) J(V)} ZO[J]}
[—3¢ [AF(0)]* =3 / d*Z AU Ap(X — Z) Ap(X = U) Ap(0) J(Z) J(U)] Zo|J]
+ [—BiAF(O) /d4Z Ap(X —2)J(Z)
- / d*Z U AV Ap(X — Z) Ap(X = U) Ap(X = V) J(Z) J(U) J(V)]
< {_ / ATV Ap(X — W) J(W)] ZolJ]
= {— 3[AF(0)) + 64 Ax(0) /d4Z U Ap(X — Z)Ap(X = U) J(Z) J(U)
+/d4Zd4U AWV AW AR(X — 2)Ap(X —U)Ap(X = V) Ap(X —= W)
x J(Z) J(U) J(V) J(W) }ZO[J] . (7.102)
With the help of the following Feynman rules in space-time,

iAp(X —Y) = Y X : (7.103)

iAp(0) = Q , (7.104)

i) / Ix = o« X . (7.105)
i / X J(X) = ®— , (7.106)

the space-time integral of Eq. (7.102)), multiplied with —i\/4!, can be written in terms of
Feynman diagrams in the following way:

) . 5 4 Z u
/dX{—4—>!\ EW} }ZO[J]:% (3@@ +6§XOQ§ + :>< )ZO[J].

(7.107)

92



8 Path Integrals in Statistical Field
Theory

In the final chapter of this lecture series, we would like to give an outlook to the application
of path integrals in Statistical Field Theory. Statistical Field Theory is the generalization
of Statistical Mechanics of particles to that of fields, just like Quantum Field Theory is
the generalization of Quantum Mechanics of particles to that of fields. The central object
of Statistical Mechanics, as well as Statistical Field Theory, is the partition function,
from which one can derive all thermodynamical properties of the system. We explain in
this chapter how the partition function can be expressed in terms of a functional integral.
In Statistical Mechanics, the partition function of the so-called canonical ensemble,
i.e., an ensemble of N particles in a given volume V', which is immersed in a heat bath that
allows energy exchange with the system and keeps the system at a constant temperature
T, is given by
Z=Tre M, (8.1)
Here, H is the Hamilton operator of the system and 8 = 1/(kgT), where kg is Boltzmann’s
constant. The trace runs over a complete set of states of the system. For instance, if we

choose the set of eigenstates ¢o(Z) of the Schrédinger—picture field operator ¢(Z), cf. Eq.
(7.20),

Z="Tre P = / 11 d60(@) (b0l e |o) . (8.2)
Fev
Note that the spatial coordinates of the fields must lie inside the volume V' of the system.

The matrix elements in the trace remind of the quantum field-theoretical transition
amplitude

(65(F, t)]i(F, 1)) = (64| Uty 0)T(0,1:) [63) = (5 Uty t:) | i) = (g] e s~

cf. Eq. (7.30)), with the following obvious replacements:

bi)
(8.3)

(i) ¢; = ¢ = ¢o, initial and final state in the transition amplitude are identical,

(i) ty —t; — —if, the real time interval [t;,t;| for the quantum-mechanical time
evolution is replaced by an interval [0, 5] in imaginary time.

Because of the second point one also speaks of Statistical Field Theory in imaginary-
time formalism. (There is also a version of Statistical Field Theory in the so-called
real-time formalism, which is out of the scope of the present lecture.)

Point (ii) can be also be formulated as
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8 Path Integrals in Statistical Field Theory

(i) U (tr.t;) = e~tH(ti—t) __y o—BH , the quantum-mechanical time-evolution operator
is replaced by the so-called Gibbs operator of the canonical ensemble.

Just as demonstrated in Sec.[7.2] the matrix element (8.3)) can be written in the form of
a functional integral. We repeat the respective derivation, but immediately for the matrix
element in Eq. (8.2)). First we partition the interval [0, 3] into N pieces of length 7,

B=Nr1,

where we have in mind that, at the end of the calculation, we will perform the limit
N — oo, 7 — 0, with N7 = 8 = const. The Gibbs operator can then be written as

follows,
N

e = oHTN = He_ﬁh : (8.4)

J=1

We insert this expression into the transition amplitude in Eq. (8.2) and insert in front

of each factor e=7 a complete set of eigenfunctions of the field operator, Eq. ||
and behind each factor a complete set of eigenfunctions of the canonically conjugate field

operator, Eq. (7.24),
A~ N A
(@0l €™ | o) = (¢l [ [ e Ib0)
j=1

= [ TLIT ™ 282 (ol M) Tyl 1) (2 e Ty -

- 2T
j=12eV

(o) (61| e [Ty ) (T [go) . (8.5)

Here we have enumerated the various complete sets of eigenfunctions with an index j, in
order to mutually distinguish them. We now use

(i) for the first factor under the integral the orthonormality (7.22)) of the eigenstates
’¢j >’
(Polon) = d[po — on] (8.6)

(ii) for the factors (IL;|¢;_1) Eq. (7.26)), i.e.,

(L [6;1) — exp [—z' /V EF ()01 (7)) | (8.7)

(ili) for the factors (¢,| e A II1;) the following consideration: in the limit 7 — 0 we may
terminate the Taylor—series expansion of the exponential function after the term
linear in the (infinitesimally) small quantity 7,

(] e 17 1L;) = (@] 1 — H7[1L;) + O(7?) . (8.8)
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The Hamilton operator H can be written as a spatial integral over the Hamilton
density,

H= / BEH . (8.9)
1%

According to Eq. # is a function of the field (/5 and 11 (as well as gradients
of quS; an explicit space and time dependence can be excluded for a system in global
thermodynamical equilibrium). Between eigenstates (¢;| and |II;) we can replace
the field operators by their respective eigenvalues, i.e.,

@) = [ @03 (06,1 S
= [ oo Vo)) = Ho) . (310
where
H, = /Vd3:m<¢j,nj,%j) (8.11)
is the value of the Hamilton operator for the field eigenvalues ¢;, II,. If we insert

Eq. (8.10) into Eq. (8.8) and reverse the expansion of the exponential function, we
obtain

(5] e ITIT) = e~ (gy]TI,)
e { [ 2 [i0(@6,@) — 710y, F0)] | | (812

where we have used Eq. (8.7)).

Now we insert Egs. , (8.7), and (8.12)) into Eq. (8.5)) and obtain

(ol e~ |3o) :/HHMM%—@V]

- 2
Jj=12eV

xexp{;T /V A’z {mk(f)(b’“(f) _f’“(f) —H(gbk,nk,%k)n . (8.13)

In the limit N — oo, 7 — 0 the sum over k£ in the exponent becomes an integral over the
variable 7. The finite difference of the fields becomes

L OlE) — () _ 05T

7—0 T or

With the definitions

j=l1zeV Jj=1ZeV
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we obtain from Eq. (8.13)) in the limit N — oo, 7 — 0,

i o(Z,8)=¢0(%) .
(60l €7 |g0) / DII(F, /  DoE)
=¢o (&

xwp{/dd/d3{ 8%57) H@JLﬁw}}.wim

Here we have indicated at the boundaries of the functional integral over the fields ¢(Z, 7)
that both the “initial state” at 7 = 0 as well as, due to the functional delta function
d[po — ¢n|, the “final state” at 7 = (3 are given by the field eigenvalue ¢o(Z).

If we insert Eq. into Eq. we also integrate over all possible field eigenvalues
¢o(Z). The only restriction of the functional integral over the fields ¢ is then that one
has to integrate over all fields ¢(Z, 7) which are periodic in the interval [0, 5]. Thus, the
canonical partition function has the following representation as a functiona linte-
gral,

= qN T, T T, T
z /DH(:U7 ) /periodic DQS(:E’ )
g - - . 8¢(fa 7—) = :| }
exX T S.I’ r,7T)l —— — . .
x p{Ad‘Ad [H(,) T (o1, ) (8.16)

Here we have also introduced a normalization constant R, which accounts for the fact
that the partition function must be a dimensionless number. This normalization is
necessary because the fields [I(#, 7) and ¢(Z, 7) in the integration measure are usually not
dimensionless.

For Hamilton densities which are quadratic in II, the functional integration over this
field is again a shifted Gaussian integral and can be immediately performed. The result
will then again be a functional integral over ¢ only, with the Lagrangian appearing in
the argument in the exponent. For non-interacting field theories, the Lagrangian is a
quadratic function of ¢, i.e., the functional integral is again a Gaussian integral and can
be explicitly computed. And here is where the fun starts: in contrast to Quantum Field
Theory, where many prefactors could be neglected in the generating functional for n—point
correlation functions, since the latter was normalized to one in the absence of sources,
the partition function (8.16)), which at first glance looks very similar to the generating
functional in the absence of sources, is not one, but a number which determines the
thermodynamics of the system. All factors resulting from the evaluation of the Gaussian
integrals have to be carefully kept in order to obtain the correct result. But this is subject
of a dedicated course on Statistical Field Theory and will not be elaborated further here.
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