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Lecture notes on path-integrals, suitable for an undergraduate course with prerequisites such as: Classical
Mechanics, Electromagnetism and Quantum Mechanics. The aim is to provide the reader, who is familiar with
the major concepts of Solid State Physics, to study these topics couched in the language of path integrals. We

endeavor to keep the formalism to the bare minimum.
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1. Introduction

If you are familiar with some of the major concepts
of Solid State Physics, but want to dive into modern
topics using the language of Quantum Field Theory
these notes are for you. As stated in the subtitle, the
notes are only a toolbox and not a complete set of lecture
notes. Therefore they are actually a sort of manual,
as required for any box containing moderately complex
tools. It is a common phenomenon, that students often
have problems with the mathematical techniques and the
notes are supposed to address this and only this issue.
We have endeavored to keep them as short as possible,
refraining e.g. to include many references, so that the
student may dive into the tricks of the trade without
distraction. As such the notes are like a skeleton onto
which the instructor/student is supposed to attach the
flesh.

The material was used in a one-semester, four hours
per week, undergraduate course in our institute. Prereq-
uisites being mainly Classical, Statistical and Quantum
Mechanics. After digesting the material, you should
be able to read books like [6], [7] etc. Of course all
these books also present the mathematical techniques
we discuss, but the exposition is often incomplete or too
complete.

Our journey starts with Gaussian integrals in sec-
tion since these are essentially the only integrals
we need to set up the path-integrals used below. Sec-
tions and on stochastic processes are not pre-
requisites for the subsequent material, but are included
to highlight the unity of the mathematical structure.
We introduce path-integrals in section |3| generalizing
the Gaussian processes of section from the 3-
dimensional euclidean space to four dimensions. Upon
analytic continuation in the time variable, we obtain
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a relativistically invariant theory in Minkowski-space
in section and show that this theory is identical
to the one obtained using the operator-quantum-field-
theory formalism. This is too good a bonus to leave
out, although our subsequent models are mainly non-
relativistic. This formalism is extended to interacting
theories in section where we also introduce inte-
grals over fermionic variables. Section [4| rewrites quan-
tum mechanical expectation values as path-integrals and
section [5| uses this to express statistical mechanics in
the path-integral formalism. Finally section [6] presents
models for ferro-magnetism and superconductivity with
emphasis on spontaneous symmetry breaking.

The only possibly new result is the behavior of the
order-parameter near criticality within the BCS-model
Eq. (354). I added pointers, indicated as ~+, which should
help you brush up on the physical underpinnings of
the math used. To get a flavor of Feynman’s original
thoughts, you may look at Feynman & Hibbs[I].

2. Gaussian Integrals and Gaussian
Processes

Gaussian integrals are the basic building blocks for the
subsequent material.
2.1. Gaussian integrals in n dimensions

Let us start with the basic 1-dimensional integraﬂ

(oo}
Iy = / dze™"/2 = 1/2—7T.
— 00

For complex a the integral may be defined by analytic
continuation. For this to be possible a needs a positive

(1)

1 In case you forgot, recall Igo =
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real part for the integral to be convergent. Complete the
square in the exponential to get

]0:/00 due—(az?/2+bx) _ /2je+b2/2a 2)
o a

and use the derivative-trick to integrate powers of z

(oo}
IOn(G7b):/ dzgneow/2-bz

—0oo
> o —az?/2—bx

N 2 O™ b2/2a
“Voa 3b”e ' (3)

Here we may set b = 0 after taking derivatives to obtain

Ion(a, 0)
The generalization to n dimensions is straightforward.
x becomes a vector x = [x1,%9,...2,] € R™ and the

exponent az?/2 + bx is replaced by

=1

ij=1

with A a symmetric, positive matrix and b € R™ an
auxiliary vector. It is convenient to introduce the inner
product notation

(] Alx)+ () (5)

| —

Q) =

The minimum of Q(x) is at & = —A~1b. We thus have

QW) = Q@)+ y—zAlz-7), (6
with
Q) = —5(b A7 |b). 7

After shifting x—Z — x, we have to compute the integral
oo n
/ Dae ™ ? 2iimi IiAijmj, Dz =d"z, (8)
—o0

which is invariant under unitary transformations U
or orthogonal transformations for real matrices. We
therefore change to a new basis {z} — {z = Uz},
which diagonalises the matrix A. A being diagonal,
the integral [ D™z becomes a product of n integrals
~ fdzie_zizdi = /27/a;, where a; is an eigenvalue of
1A. This yields

oo
/ Dze~3(1412) = H(27T/ai)1/2

= (2m)"2(det A)7V/2. (9)

Here we wrote the product of the eigenvalues as a
determinant. Since the determinant is invariant under
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orthogonal transformations, the result holds true in the
original basis {z}.
Thus we obtain

/°° Die— 4@l Ale)=(blz)

= (27)"/%(det A) "2z ®1ATD)  (10)

It will be convenient to include the determinant in the
exponential as

(det A)~1/2 = ¢=1/2Indet A

Using the identityﬂ Indet A = T'r1ln A, where the trace
operation instructs us to sum over the diagonal elements,
we get

oo
/ Dae— 4@l Aln)~(b]x)
—oo

_ (27T)n/2€%[(b\A*1|b)—T’rlnA]. (11)

Using
J

we conveniently compute integrals with a polynomial
P(z) in the integrand as

/DxP(x)e_Q(I) = /Da:P [;b] e~ Q@

0
= el —Q(z)
P L%} /Dme

= (2m)"/?(det A)"Y/2P
X(Q)EWM““» (13)

For example
oo
/ Do 34k
— 00

= (27)"2(det A)"V2A7 N, [h—o=0  (14)
and
[ Dawwje3@lAle)
(2m)"/2(det A)—1/2
0]

== aibj(A_lbz) |b:(): A‘;Zl - A;]I (].5)

(ziz;) =

2 This is easy to verify in a base, where A is diagonal. Functions
with matrix entries, such as log A, exp A, are defined by their power
series expansions and we gloss over questions of convergence.
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Exercise 2.1

Show that all Gaussian means with even powers of
(1,29,...,x,), m = 1,2,3..., can be expressed in
terms of one mean (z,z;) only.

2.2. Gaussian processes

A deterministic process X may be the evolution of a
dynamical system described by Newton’s laws like the
trajectory of a point particle X = z(t), i.e. at each time
the particle has a precise position.

In a stochastic processE| q we would allow the position
of the particle to be random, i.e. at each time we have
g = f(X,t), where X is a stochastic variable chosen
from some probability density P(z). There are now many
possible trajectories for the particle and we can compute
a mean over all of them as

() = / f(,t)P(x)de. (16)

We will study systems described by a variable ¢(t), or
many variables g;(t), with P(z) a Gaussian distribution.

If the process is Gaussian, we may define it either by
its probability distribution, as any stochastic process, or
by its two correlation functions: the one-point function

(q(t)) =0, (17)
set to zero for simplicityﬂ and the two-point function
(a(t1)q(t2)) = g(ta,t2). (18)

Here g(t1,t2) may be regarded as an infinite, positively
defined matrix, since ¢; and ¢ty may assume any real
valuesﬂ Yet if we want this process to represent a
physically realizable one, such as a one-dimensional
random walk, the time variables have to satisfy the
following obvious ordering

t1 < t. (19)

For a Gaussian process all other N-point functions
can be expressed in terms of the one- and two-point
functions.

Supposing the process to be time-translationally
invariant, the two-point function satisfies

g(ti,t2) = g(ta —t1). (20)

We now verify that the probability distribution is given
in terms of the two-point function as:

Plq(t)] = %6_% fq(t2)971(tz—tl)q(tl)dtldtz. (21)

3 See [3], I11.4 for a detailed definition.

4 Otherwise just consider the process ¢ — (g(t)).

5 We use the letter g, since this function will become a Green
function.
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Here g=!l(t1,ts) is the inverse of the matrix g(t1,t2),
defined as

/ dtg(tr,t)g~ (L, ta) = / dtg™ (t1,1)g(t,t2) = 6(t1—ta).

(22)
The factor Z is responsible for the correct normalization
of Plq(t)):

/ DQPq()

t
(23)

The distribution P[q(t)] is a functional, since it depends
on the function ¢(¢). In order to perform explicit compu-
tations, like the normalization factor Z, we will discretize
the continuous time variable in the next section. This
will turn the functional into a function of many variables.

2.3. Discretizing and taking the limit N — oo

To make sense of integrals over in infinite number of
integration variables, we have to discretise our continu-
ous time axis as

t—1

with ¢ = 1,2...,N. Thus ¢ becomes an integer index
and ¢(t) an N-dimensional matrix

g(ti —t2) — g(i,)) = gi—j- (24)

The integral in Eq. is now approximated by an
integral over the IV variables ¢; as

1 N DNo—L(i—i .
/ DQPq(t)] ~ / dqrdea .. dqye™* 22ism 109 7990)
(25)

After effecting the matrix computations, we will take the
continuum limit

N
1:[ dq(t) = DQ = lim_ H dg; (26)

The exponent becomes

1
5 [ ottt — ta(e2)dndee
1 N
= lim o > q()g7 (i —al@).  (27)
ij=1
yielding for Eq.
Sl Y e a0
— 3 . 2 i,Jj=
Plg(t)] = ngn@@lj[dqz e 1 :

(28)
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where Zp is the normalization factor for finite N. Again
it is convenient to introduce the auxiliary vector b
to compute correlation functions as derivatives Bba(i)

applied to

1
BPlg®)] = L dg; —
o) = g 110,
N DA Ol GO DRG0

(29)

The correct 2-point function can be read off Eq. ,
yielding Eq. , albeit for finite N, with

Zn = (2m)NV/2(det g)'/2. (30)
Let us verify in detail, that Egs. e follow from
Eq. , when we take the limit N — oo. Eq. is
trivially true, since Gaussian integrals of odd powers are

zero. Now compute {q(t1)gq(t2)) in two steps.

1. Calculate first the exponent in Eq. (21)), i.e.
[att2)g™ 2~ )ater)dtndea = (alg o)
(31)

directly in the continuum limit. Due to transla-
tional invariance the Fourier-transform (FT)E|

uut 7 _diw
/ dwe ™t G(w), dw =7 (32)

is the road to take.
The exponent is
/q(tg)g_l(tg —t1)q(t1)dt1dts
:/ledwgdwgeﬂ”lt?e*“*’?(tr“)e*“*’“"tl
G(w1)q(w2)q(ws)g ™" (wa)dtydts
= /leciwgcfwg,%ré(wl + wo)d(way — w3)
X G(w1)d(ws)g ™ (w2)

- / dw | §(w) [2 57 (). (33)

G(w) are complex variables satisfying ¢(w) =

G*(—w), since q(t) is real.

6 This is the orthogonal transformation mentioned to get Eq. @)
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g(.) depends only on the difference ¢; — t5. There-
fore g is a function of one variable only. Since § is
a diagonal matrixﬂ we get for its inverse

1

-1
9 (W) = =—.

9(w)
The diagonal matrix g(w) does not couple vari-
ables with different w’s, therefore the G(w) are
independent random variables with probability
distribution given by

(34)

7 law)?
L -1y f dwlifas

Plg(w)] = e (35)

2. Let us compute the correlation function

(a(t2)a(t2)) = / DQ - q(ts) - qlt2)

X le_l/2 f q(t2)g ™ (ta—t1)q(t1)dt1dts

(36)

We discretize as Eq. , but now in Fourier space.
Instead of continuous variables G(w), due to the
discretization we now have discrete variables ¢,
where a is an integer index

Q(w) — (ja; (j(wl) — (jb-
Thus we get
(7(w)q(w")) = (Gadb)
= — lim
N—o00
N N ~x 1~
x {/(ja(jb [ H d(jk] e_l/QZk:—N ququ}
k=—N
- Z ]\llgnoo { H /quQaQbe 124 g gk } ’

(37)

Here we used that the Jacobian ¢ — w equals unity
and replaced the sum Ziv:7 y in the exponent by

the product HsziN.

Since [77_ ze=" dy = 0 (n = odd) we get a non-
zero result only if G, = G_p or Gp = G_q:

<(jaq~fb> = [(fj—aq~b>]*

1 P
= 7 {/ dd, |qa|261/2|qa|2/ga}
; 1/21Gk 1/ i
Jin T [ virio

x lim
|k|#£a

7 Such as A(i,5) = a(i — j)d; ;-
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Performing the Gaussian integralsﬁ yields
(27T)N /2

<(ja6—b> = ]\;E)noo Zn {[ga]l/zga}
N
* H[Qk]l/Q
k#a
e N
= Jim_ %ga IT @2 39
N k=—N

Here we encounter our
the continuum limit.
. N
im0 [1} -

Yet performing the same computation without the
factors ¢,4_p, we compute Z as

first problem with
The infinite product

Z = lim (2m)V/2(det g)*/? (39)
N—o00

in agreement with Eq. . This factor guarantees
the equality

/ Plg()]DQ = 1 = / Pliw)DG  (40)

with DQ = dqdgs . ...dgy and cancels out in
the correlation function, leaving a finite
result.

We are left only with the factor g, in Eq. and
therefore get

(Gad-a) = Ga (41)
or
(GaG-b) = da,b7a- (42)
The continuum limit results in

(@(w)q(—w")) = 6(w — w')g(w). (43)

Using §(—w) = ¢*(w), since ¢(t) is real, we get its
FT as

(q(t1)q(t2))

B / Dy Dege ™" @101 (4(00q ) 4(wa)

= /leeizwl(tzitl)g(wl) = g(tg — tl).
(44)

8 § = x + 1y is a complex number. The reality of q(¢) implies

Gr = q4*,, so that we do not double the number of degrees of
freedom, even though k runs over positive and negative values.
Since only half of the degrees of freedom of ¢ are independent, we

. ~ 2
integrate as DG(w) = HZil dxydys. .

For a complex wvariable this results in que*dq\ =
fdzefc\w\gfdye*c\yﬁ [\/g]zjwquefcw

fyque_c‘ﬂz = #’f‘quqe_c‘q‘z = c%, qudqe_cl‘I‘Q = 0.
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We realize that the two-point function is the inverse of
the function, which couples the variables in the exponent
of the Gaussian distribution Eq. .

Using Eq. we obtain the n-point functions as

81,1 PN 8bn [6%<b‘g‘b>]
o3 (blglb)

(a(t1)q(t2) - q(tn)) = (45)

Exercise 2.2

Show that all the n-point functions can be expressed in
terms of the one- and two-point functions, if the process
is Gaussian.

Exercise 2.3

Using a dice, propose a protocol to measure the corre-
lation function (q(¢1)q(t2)). What do you expect to get?
Perform a computer experiment to compute this 2-point
function. Can you impose some correlations without
spoiling time-translation invariance?

Exercise 2.4 (The law of Large Numbers)

In an experiment O an event & is given by

PE)=p, P)=1-p=q.
Repeating the experiment n times, the probability of
obtaining £ k times is

assuming the events £ to be independent. Show that

e (k=mp)*/2mpa s,

Y\ k n—k 1
pq ~
k V2mnpg

Verify the weak law of large numbers
k
P{|— —p|<e}—>1lasn— .
n

The strong law of large numbers states that the above
is even true a.e. (a.e.==almost everywhere).

What is the difference between the weak and strong
laws? For a delightful discussion of these non-trivial
issues see [2], pg.18, Example 4.

Exercise 2.5 (The Herschel-Maxwell distribution)
Suppose that a joint probability distribution p(z,y)
satisfies (Herschel 1850)

1 - p(z,y)dzdy = p(x)dzp(y)dy

2 - p(x,y)dzdy = g(r, 0)rdrdd with g(r,0) = g(r).

Show that this distribution is Gaussian.

Exercise 2.6 (Maximum entropy)

Show that the Gaussian distribution has maximum
entropy S = — . p; Inp; for a given mean and variance.

2.4. *The Ornstein-Uhlenbeck process

We define the Ornstein-Uhlenbeck process as a Gaus-
sian process with one-point function (g(¢)) = 0 and two-
point correlation function as

(a(t)g(tz)) = e 7271 = k(r) (46)
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with to —¢; = 7 > 0. 7, = 1/v is a characteristic
relaxation time.

This process was constructed to describe the stochas-
tic behavior of the velocity of particles in Brow-
nian motion. It is stationary, since it depends only on
the time differencd’]

(q(t1)q(t2)) = (q(t1 + 7)q(t2 + 7).

Write the probability distribution Pg2,q1] to observe
g at instant ¢; and at instant ¢ as Plgs,q1] =
Plq(t1),q(t2). It is convenient to condition this distri-
bution on ¢;, decomposing it as

Plga, 1] = Tr[g2| 1] Plga]. (47)

Here Pq1] is the probability to observe q at time t; and
T-(g2|q1) is the transition probability to observe gs at
instant to given q1 at instant t; with 7 = to —t; > 0.
Note that T;(g2|q1) does not depend on the two times,
but only on the time difference 7.

The Gaussian distribution P[gs,q;], which depends
only on two indices [t1,ta] — [4, j], is of the form

1 2

-3 AL g
P[Q%Qﬂ ~e ? i,j=1 i LJQJ.

To obtain the matrix A, we insert Eq. into Eq.
to get

R(T) = Ay = Ay (48)
In the limit ¢t — ¢; we have x(0) = 1, implying
() = AR = (lg3) = 4% =1,
ie
A1_11 = Az_zl =1 (49)

The matrix A~! is therefore

A= (i ’;) (50)

with the inverse

A= 1 —1/432 (—1/1 1ﬁ> ’ (51)

Requiring the correct normalization

/P[QQ;(h]dCIld% =1 (52)

we get

1

Plgs, 1] = = e le2qlAlg2qr) 53
a0l = 5 e (53)

9 Tt is the only Gaussian, stationary, markovian process (Doob’s
Theorem). For markovian see Eq. 1)
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To compute Plq1] and T;[g2|q1], note that we may
factor the exponential in Eq. as follows

2. 2
93 —2r4291+9] _ (aa—rqy)?

e~ slaalAla2,a) _ T T BaRT 0 = o7 2akD) e*%tﬁ?
allowing us to identify
Plal = o= 4, [danPla) =1 (50
V271
and
Tleln) = e EEH . (55)
27 (1 — K2)

You may verify that

/TT[Q2|Q1]dQ2 =1, /TT[Q2\Q1]P[Q1]CZQ1 = Plga]. (56)

Since all other correlation functions can be reconstructed
from P[q1] and T;[g2|q1], the Ornstein-Uhlenbeck pro-
cess is Markovian. For example, taking t3 > to > tq,

P[Q3,Q27Q1] :P[Q3|QQ,Q1]P[Q27Q1}
= Tr(q3lq2] Ty [g2]q1) Plai]

with 7 = 735 — 7. Here we used the fact that the
transition probability depends only on one previous
time-variable, i.e. P[q3|q2,q1] = Plgs|gz].

We now model the velocity distribution of Brownian
particles at temperature 7" introducing the velocity V (t)

of a particle as
m
q(t) =4/ m‘“ﬂ (57)

Noticing that Plgldg = P[V]dV, this results in the
correct Maxwell-Boltzmann distribution at the initial
time t = 4

mv2

M BT with / dViP[Vi] =1. (58)

27T]<}BT

P[] =

The transition probability becomes

m o G-
T;[Va|Vh] = ket (59)

The correlation functions are

kT

(V(t2)V(t)) = 76_”“2_“)7 (V(®)) =0.  (60)

Exercise 2.7

Generate an Ornstein-Uhlenbeck process and measure
the 2-point function using a random-number generator.
Use the Yule-Walker equations. You need only two
equations.
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Exercise 2.8
Convince yourself,
T, [V2| V5] satisfies

that the transition probability

lim T, Vo[ Va] = 8(Vs — V4). (61)
T
Exercise 2.9
Show that the transition probability P(V, 1) = T, [V |Vo]
satisfies the Fokker-Planck equation
oP OVP  kgT 0*P
el 2
a7 {3V+m8V2} (62)

Exercise 2.10
Using the transition probability T, [V |Vo] compute the
one and two-point correlation functions for a fixed initial
velocity Vp, i.e.

PVi] =46(Vi = Vo).

Since the initial distribution is not Gaussian with mean
zero, the correlation functions are only stationary for
t>1/7.

Exercise 2.11

Use Eq. to show that

2kB

(V(t+At) - V()2 —

Conclude that V() is not differentiable.

YAt as At — 0.

2.5. *Brownian motion X(t)

Imagine a bunch of identical and independent particles,
initially at X = 0 with the equilibrium velocity distri-
bution given by the Ornstein-Uhlenbeck process Eq.
. Now define the Brownian process by

X(t) = /Ot V(t"dt'. (63)

This equation is understood as an instruction to com-
pute averages (-), since we have not defined V (¢) by itself.

As the sum of Gaussian processes X (t) is also Gaus-
sianm The mean vanishes, since

(X (1)) = / (V(E)dt' =0 (64)

and the correlation function is

(X)X (1)) :/Oldt’/ozdt’%v(t’)

We get from Eq. for to >t

kBT /t1 dat’ /t2 At =1t ="

10 Consider two independent Gaussian processes. The probability
for the sum Y = X1 + Xa is P(Y) = [ [ Py(X1)Pa(X2)6(X1 +

Xo—Y)dX1dXo = fPl (X1)P2(Y — X1)dX1. This convolution of
two Gaussians is again Gaussian.

V(t")).  (65)

(X (t1) X (L
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To compute the above integral I(¢), compute first the
integral
t t
t) :/ dtl/ dtge= 1t —t2]
0 0

t t1
:/ dtl/ dtgeiv(tlitz)
/ dtg/ dt1€+’y t1—t2)

yt+e 7 —1).
7( )

Now use I (t) to compute I(t) for 0 <1 <ty as

t1 to
IQ / dt// dt// 7'y|t —t’ ‘
to
:/ dt’(/ dt"Jr/ dt//)e—y\tl,tul
0 0 t1
t1 ta ’ "
:Il(t1)+/ dtl/ dt//e"/(t —t")
0 t1

1
=ILi(t1)+ 7(€7t1 —1)(e™ 7t — e 2)

= %(2%1 —14e M peT2 _ 6_7(t2_t1)).

We obtain the correlation function for 0 < ¢; < t9 as

T
X(t1)X (t2)) = 2 t1—1+6_7t1+6_7t2_6_7(752—751 )
(X(t1) 5 |27

(66)
Now this Gaussian process is fully specified, since we
know the first two correlation functions. But notice that

X (t) is neither stationary nor markovian! Yet for large
times

t1 > 1)y, ta—t1 > 1/ (67)

this process reduces to the markovian Wiener proces{"|
with

W)W () = 22T = 28T it ta) (68)
my my
and
(W2(t)) = 2%tf2Dt (69)

Here D with dimension [%Z] is the diffusion coefficient
(Einstein 1905)
kgT

p=""" (70)

11 The sample paths of this process, as of the Ornstein-Uhlenbeck
process, are very rough: they are continuous, but nowhere ( almost
never) differentiable. In fact from Eq. we get (W (t+ At) —
W (t)2) = %At, so that the increments AW over a time-

interval At behave as AW ~ +/At. Thus % ~ At~1/2 which
diverges as At — 0.
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This equation says: to reach thermal equilibrium, there
has to be a balance between fluctuations kg7 and
dissipation m~y, i.e. kT ~ m~.

Inspired by Einstein’s paper on Brownian motion, J.B.
Perrin measured (X?2(¢)) to obtain D and therefore the
value of the Boltzmann constant

myD
kp = %
For v Einstein used Stoke’s formula v = 67wna for a

molecule with radius @ immersed in a stationary medium
with viscosity n. From the perfect gas law pV = RT =
NakpT, we know R = Nukp, yielding a value for
Avogadro’s number N4

RT

= B (71)

A
This equation has been verified by PerrinE For the
measurement of N4 he received the Nobel price in 1926.
His work provided the nail in the coffin enclosing the
deniers of the existence of atoms: Boltzmann was finally
vindicated.

Exercise 2.12
The Ornstein-Uhlenbeck and the Wiener processes are
related as

W(t) =2t V(Int/2y), t > 0. (72)

Verify that /2tV (Int/27) is also Gaussian and show
that Eq. go over into (W(t)) = 0 and Eq. (68).
Exercise 2.13

Show that the Ornstein-Uhlenbeck transition probability
T, in Eq. becomes the Wiener transition probability

1 _(a—ap)? .
WT[QMO} - \/me abr 771_1_I)%WT[Q|(]0] _5((]_(]0))
(73)
when we rescale the variables as follow T, —

B/DTr,q — aq,7 — Br, 3 = 2Da? — 0. Show that it
satisfies the diffusion equation
2
oW, _ Da WT.
or 0g>

(74)

Exercise 2.14
V(t) being the Ornstein-Uhlenbeck process given by

Eq. , use Eq. for X (t), show that

(X(t+s)—X(1)?) = %(6%2 +vs—1), s > 0. (75)

Therefore
(X(t+At) — X()%) ~ DyAt?, At = 0. (76)

From its definition, we expect X (¢) to be differentiable
(almost everywhere). This is born out due to the (At)?

12 For a discussion of this point see ref. [4], pg. 51.
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in Eq. , as opposed to the Wiener process, in which
we have a (At)!. Yet for large t, X (t) goes over into the
non-differentiable Wiener process. Clarify!

Exercise 2.15

For the Langevin approach to Brownian motion see [3],
chapt. VIIL,S.

3. Path Integrals

The integral f DQ in the correlation function Eq.

<«mam»=/DQquanmﬂmun:¢m—m
(77)
with

P[q(t)] _ %6—1/2fdt1<1(t2)971(tz—tl)Q(tl)dtz (78)

is in fact a sum over all trajectories, a path integral. In

Fig. [T} we show two possible paths for a discrete time axis

and discrete ¢(t). The probability distribution P[q(t)] is

a functional, since it dependﬂ on a whole function ¢(t).
We define the Generating Function as

2= 5 [ pQ
w o~ 1/2 [ dtaa(t2)g ™" (ta—t1)a(t1)dtr+ [ dtrj(ta)a(te)
(79)
and using Eq. to integrate over DQ
Z[j] = o1/2 [ di2i(t2)g(t2—t2)i(01)dts (80)

i |/ /]
\f
)
/

e

\\
——
H—
—
T
I
—
S

N w
T
T
I
<<
S
N
—
—
R
—

2 4 6 8 10 12 14 16 18 20

t

Figure 1: The integral DQ is discretized into a sum. Summing
over all paths means adding the contribution of possible lines
with the proper weight. Here we show only two paths for
discretized time ¢t = 0,1,2,...,20 . The dynamical variable ¢ is
also discretized 0 < ¢(¢) < 10.

13 Notice the difference to section where P[g1] there depends
only on the real number q;.
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Here we chose the normalization factor Z such that
Z(j=0)=1.

Use Eq. with b; replaced by j(t), to obtain the
correlation functions a;

() altw)) = 5 o (81)

All correlation functions are actually compositions of the
2-point function g(t) (See exercise [2]1).

3.1. A Gaussian field in one dimension

Consider an Ornstein-Uhlenbeck type process with the
correlation function
Gtotr = gtz — 1) = eIz 0/,

Due to the absolute value in the exponent, the cor-
relation function (g(t2)q(t1)) is defined for any time-
ordering, although only for ¢; < t5 does it describe the
Brownian motion of particles.

Let us compute the matrix-inverse gt;ltl. This will
deliver a convenient operator expression for g~1(t),
easily generalizable to higher dimensions.

dw ,—wwt

The Fourier transform g(t) = [ §2e™"“'g(w) of g(t) is

oo 0
g(w) :/ dteilwtit/‘rﬁ»/ dtefzthrt/‘r
0

— 00

1 1 2 1
- - == (82
—w+1/7 —w-—1/7 Tw?4 772 (82)

Since this is a diagonal matrix, the inverse is

Using 6(¢) = [~ et this results i

—o0 21

gt = g (—j; + r‘2> 5(t). (84)

We check this equation using partial integration with
vanishing boundary terms and respecting the symmetry

14 The definition of the functional derivative of the functional
F[p(z)], generalizing the index ¢ in 9/0b; to a continuous variable,
is

OF[p()] _ | Flo() + cb(z - y)] - Flo@)
Apo(y) €m0 € ’

Op(z) _
op(y) — 0

In particular we have

(z — y), generalizing the discrete

Kronecker d;;.

0 dw ezwt

15 This identity is easily shown using 6(t) = and

taking the derivative d/dt before the limit € | 0.

— 0o 27 ww—+e€
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g(t) = g(—t[%
/OO dtg=l(t, — t)g(t —t)
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[\v]
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= %/ dts(ty t){Tzett2/T

1 / 1 2
- (25t(t —t3) — 525(t —to)/T+0(t —t2)/T )

% o~ (t=t2)/7

1 / 1 2
— (0t = 1) = 520(t2 = 1)/7 + O(t2 — )/
% e+(t—t2)/7—}

= 0(t1 — ta2),
i.e.

[tg e = g(t t2) =50 - 12). (85)

Recognize ¢g(t) = gou(t) as the Green function of the
differential operator Opy[t] (also called the resolvent)
with Dirichlet boundary conditions at t = +o0

T 2
Oouvlt] = 3 <_ch2 + T_2> , (86)
satisfyingjﬂ
Ooultlg(t —t') = % (— + 7—2) g(t —t")

=4(t—t). (87)

For the physically realizable process the time-variables
are restricted to to > t;. The corresponding retarded
Green function

Grgty = O(tg —t1) = e~ C2=00/m9(¢y — 1)) (88)

is the solution of the diffusion equation

Oou(1i(t) = (jt n 1) a(t) = 8(1).

16 This means in particular,that the singularities generated by
d/dt applied to the #-functions are equally distributed, acquiring
each a factor 1/2 to avoid double counting.

17 The matrix product is fdtlg_l(t —t1)g(ts —t') = fdtlg

(- % +772)8(t — t1)g(tr — t') = 5(t — t'), the §(t — t1) eating
1
up the integral to get Eq. .
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Writing g(t) as
g(t) = 9(t) + §(=t) = 770(t) + eT/TO(~1).  (89)

Up to boundary conditions, this shows this expression
to be a one-dimensional analog of the Feynman propa-
gator — to be introduced below Eq. (133)).

3.2. Gaussian field in Euclidean 4-dimensional
space

Let us extend the path integral formalism to four
dimensions. Consider a field ¢(x,y,z,t) living in this
four-dimensional space and suppose it to be random.
An example could be the surface of a wildly perturbed
ocean and the field ¢(z,y, z,t) would be the height of
the ocean’s surface at point x,y, z at time ¢. Notice the
the height ¢ is a random variable, whereas z,y, z,t are
coordinates, which under discretisation become integer
indices.

We generalize the 1-dimensional operator in Eq.
to four Euclidean dimensions [x1, 2,23, 24], renaming

~l=m

/ _ & -2
O'ouv(t) = o3 +7
L e e
ox3  0z% Ox3 03
= -2 +m?%
The one-dimensional field ¢(t) becomes a four-

dimensional euclidean field ¢(x1,x2,x3,x4)

q(t) = o(x1, 2,23, 14) (90)

with a mass-type parameter m. Denote
[x1, T2, 23,24] the coordinate in the four-dimensional
euclidean space &y4.

Applying the substitution

€T —

2

—d
O/OU(L‘) e Pl +772 5 Op(x) = Di —m? (91)

to Eq. 7 requires the 2-point function Dg(z) of
the Euclidean theory to satisfy the four-dimensional
equation

(O3 —m*)Dp(z) = 6% (). (92)

We therefore have the following correspondences

q— 9
t — x=[r1,%2,Ts3,T4)

(q(t2)q(t1)) — (p(y)p(2))
OLy (1)3(t) — Op(x)d™ (). (93)

We now define the Euclidean generating functional, as
1
Z =— | D
o= [ De
o1/2 [ dtao(@)(@a=m?)s® (@w—y)p(v)d'y+ [ d'wt (@)o(z)

(94)
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where the subscript F reminds us that we are in
Euclidean space.

In the next section we will relate our Euclidean theory
to a relativistic Minkowskian one. The variable x4 will
go over into a time variable as x4 — ct with ¢ the light
velocity. Without the 6 (z — y) in Eq. , this would
lead to a non-local Lagrangian density, which for a local
relativistic field theory an unacceptable situation. Such
things as action-at-a-distance potentials as ~ 1/r would
violate special relativity. Using 6 (z — y) to eliminate
one integral, we get

ZE[J] _ l/ D(pel/Zfd4a:<p(x)(Dz—m2)Lp(x)+f d4xJ(;c)ga(x).
Z JE
(95)

We now trade [d'zo(z)0,p(z) for — [d*zd,¢p(z)
Oup(z) by a partial integration and use Gauss’s theorem
under the assumption that the boundary terms vanish.
This is true, if the field ¢(x) and its first derivatives van-
ish at the boundary or for periodic boundary conditions.
We get

ZplJ] = %/EDQD

/2 [ e (=0, 0200, 0@)-m*)e? (@) + [ et (@)e(x)

with 0, = 0/0x” = [0y, Ozys Ouy, Oz,) and sum over v =
1,2,3,4 implied,

The generating functional can the expressed in terms
to the Euclidean Lagrangian density

1
2

LE(p) = 5[0vp(2)0vp(x) + m*@*(2)]  (96)

as
Zels) = 5 [ Dpe [iteer@t]dere
E

Integrating out Dy as in Eq. (80), we obtain the
generating functional defining our theory

Ry fE d*xJ(z) [0y 7m2]71J(:v).

ZplJ] = (98)

Again normalized as Z(0) = 1. We have constructed a
local theory, involving only fields and their derivatives
at the single point z.

Notice that the above construction works for any
Green function, not only for the relativistic case. In fact
we will use non-relativistic models of electrons in the

applications sects.((6.1}6.3)) with

h2 2
O:Zhat— v

- [ (99)

We constructed a field theory in four dimensions based
on a Gaussian probability distribution and the question
arises: What does it describe? To answer this ques-
tion we will
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1. Morph one of its coordinates into a time variable,
so that the resulting theory lives in Minkowski
space.

2. Show that this theory equals the usual Operator
Quantum Field Theory (OQFT) of a free bosonic
quantum field.

3. Show that this equivalence carries over to interact-
ing fields.

3.3. Wick rotation to Minkowski space

Start from a 4-dimensional Euclidean space &, with
points being indexed as a# = [x1, z2, 23, 4] and metric

ds% = da? + dx3 + do3 + drs. (100)
Although we could have defined our theory directly
in Minkowski space My, it is instructive to go from
&4 to My by an analytic continuations'fl in x4, since
this automatically yields the 2-point function with the
correct boundary condition. In fact to go from an
Euclidean theory with metric ds%, to a Minkowskian
theory with metric

—ds3; = da} + dok + dok — dt? = —datdz,  (101)
we perform the analytic continuation
t=x0 = —12y, (102)

where t is now our time-variable[™]

In the case of a Gaussian theory it is sufficient
to perform this for the 2-point function, also called
the propagator. The Fourier transform of the defining
Eq. in 4-dimensional Euclidean space, is

— (P +m?)Dg(p) =1, p* = pi +p3 +p3+p] = P>+,

(103)
i.e.
Dg(p) = - (104)
E p - p2 + m2 .
Therefore going to z-space yields
Pp dps e
D = —_— . 105
E'(x) /(27'(')3 27T p2+p£21+m2 ( )

This integral is well defined and is the unique solution

of Eq. .
To obtain a theory living in Minkowski space analyt-
icall continue Dg(p) to complex momentum py. The

18 The Osterwalder-Schrader theorem states the very general
conditions under which this analytic continuation is possible.

19 Whenever a time variable has the same dimension as a space
variable, it means that we are using unities in which ¢ = 1.

20 For our Gaussian theory there are no problems with analytic
continuation.
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Figure 2: Wick rotation of the blue contour C, running along the
real p-axis, into the red contour C’, running along the imaginary
p-axis, without crossing the poles. These are shown as blobs,
whose distance to the vertical axis is +e.

ps-dependent integral in Eq. (105)) is

 dpy
In(zg)= | P2
1(@4) /_oo 21 p} + E(p)?

e WaTa

_ /00 % e P4t
—oo 27 (ps+1E(p)) (ps —1E(p))

with E(p) = v/p? + m?2. The integrand is a meromor-
phic function with two poles on the imaginary axis
at £1E(p) PY| Now move the integration path C to the
vertical axis of the complex ps-plane by a rotation of
—m /2 as shown in Fig. |2l To avoid hitting the poles under
the rotation, displace them by an infinitesimal amount
to the left and right of the vertical axis. To avoid the
blowup of €44 under rotation also rotate x4 by /2
and introduce a new coordinate

Tg =1 = —124. (106)
I,(z4) now becomes
. ds
La(wo) =T | o0
6104(5)900
X )
(p4(s) +1E(p) + e) (p4(s) —1E(p) — e)
(107)

21 In Minkowski space the poles are along the real axis as you may
see in references [0} [7].
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where s is a real coordinate running along the contour
C’. Since along this contour p4(s) is purely imaginary
define the real variable kg as

ko = 1pa (108)
and trade s for ky as integration variable. With this
change of variables, the integral along the new path C’

becomed??]

e—ZkUQfg

e8]
14(.%'0) = lim dko

0 ) 21 (ko + E(k) —1¢) (ko — E(k) + 1)
> dko e~ koo
=i —_— 1
20 oo 2T K2 —m2 4 €’ (109)
where
k? = k2 — k% (110)

After this analytic continuation of the Euclidean prop-
agator Dg(xz) of Eq. (105) becomes the Feynman
propagator

< Ak efzk-w
D =
r (@) /OO (2m)4 k2 — m? + 1€’

(111)

the scalar product in Minkowski space being defined as
k- x = koxo — k - . The propagator satisfies

(0 +m?)Dp(z —y) = —0W (z — y),

*=0"0,=0} - V* (112)
where 8, = 9/0x¥ = [0 Ouy,00,,04,),0" =
[0, —Ox,, — Oy, —Ous], repeated indices v = [0,1,2,3]
being summed over.

To explicitly compute I4(zg), we close the integration
path by a contour in the complex plane, choosing always
the decreasing exponential in Eq. to get

o120 B (k)

—SEm  To >0
Liwo) =2 (113)
762E(k) 5 T < 0

with E(k) = vVk? + m?2.

In the following section we show, that the Feynman
propagator obtained by the the analytic continuation
of the euclidean one, is identical to the Feynman
propagator of the Operator Quantum Field Theory
(OQFT). This great advantage is the reason we started
from the Euclidean formulation.

Apply now the substitution

/d4x—>z/d4x, 0 — —92,
E

22 Since E(p) > 0, 2E(p)e is an equivalent stand-in for the limit
e — 0.

(114)
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to the Euclidean functional Eq. , to get the generat-
ing functional for the Minkowskian theory as

210)= 5 [ Deer [ teleoeree) g
with
1

Lo(p) = 5

(augoa”go — m2<p2) . (116)
and d*z = dxdydzdt. Notice that whenever an 2 appears
in the exponent multiplying £y, we are in Minkowski

space My. Integrating over ¢ we get in analogy to

Eq.
2= & [ gt Foslocrontionss)
A
o3 f d*zJ(z)[0%4+m3] 1 (z)

5 5(4) (4
e*gfd41’d4y‘](x) azimzy) J(y)

where we set the normalization factor Z such that
Z(0) = 1. Upon using Eq. (112)) this yields

Z[J] =e? [ d*ed*y (@) Dr(a—y)J(y) (117)

The Minkowskian generating functional Eq. (115 pro-
duces the correct correlation function as

5" 2[4l

(p(x1) ... p(xy)) = T 07w lj—0. (118)
In particular for n = 2 we get
(p(x1)p(22)) = 1Dp(x1 — 22). (119)

Since the equation of motion Eq. is linear, it
describes a free field propagation in space-time. To get
some interesting physics we will have to turn interactions
on in Sect.

3.4. Quantizing a complex scalar field

In this section we will compute the two-point function of
a free complex scalar field using the operator approach
of Quantum Field Theory (OQFT) in order to show that
this yields the same Feynman propagator. In this section
we will always work in Minkowski space with coordinate
[x17x27x371'0 = t]

In OQFT the propagator is defined to be the vacuum
expectation value of the following time-ordered 2-point
function

WD (@ —y) = (QTH(x)d* (y)|Q)  (120)

of the quantized operator field ¢(&,t) — actually an
operator valued distribution. Here |Q) is the vacuum
state and T means time-ordered — see Eq. (133)). The
quantized field ¢(Z, t) will turn out to be a collection of
harmonic operators.
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Consider a complex scalar field, whose Lagrangian
density is
1
2
Where aa = [6ta 8361 ) 8{)22 ) 8583]7 804 = [6t7 _83,’1 ) _891'27 _67)3]

and we sum over the repeated indices «, so that

Lo(9) = 5 (0ad™ %0 —m®¢*¢) , (121)

Lo(¢) = 5 (000 o — Vo* - Vo — m*¢*¢) .

N | =

The equations of motion are

oo oe
0x> 3(0¢/0x>) ¢
0 0Ly 0Ly

920 9(06/05%) _ Do °

ie.

with 9% = 97 — 82, — 92, — 92,. This so called Klein-
Gordon equation, is a four-dimensional wave equation
familiar from the study of Maxwell’s equations, in which
case m = 0.

The canonical quantization rules are — in units where

c=h=1-

(122)

[(b(x’ t)v ¢($/’ t)] =0,
oz, t),m(z' 1)) = —16® (z — 2')

[r(z,t), (2’ t)] =0
(123)
with the conjugate momenta

T =0Ly/0p=¢* and 7w =0dLy/OP* = .

Expand this field in energy-momentum eigenstatesﬂ

satisfying Eq. (122)

d3k
w0 = [ o

X [ay (K)eRx—t Bt T (k)e—thxtebrt]
E/dsk‘[%(k)fk(x)+a,(k)*f,:(:c)], (124)

where

—ik-x

e
Er = vVk?+m?, T) = ——
k Jr(@) Gn)2E;
with k = {k = [kl,k‘Q,k‘?,],ko = Ek} and k- x = Epxg —
k - x. Here a' (k) is the hermitian conjugate of a_(k),
since we are dealing with operators.

23 The factor \/2E}, is included, so that e.g. the commutation
relations Eq. 1} are the usual harmonic oscillator ones.
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We easily solve for ay (k). For this we use the orthog-
onality relations

o[ @i 0 bt =0c-) (125)
[ ahix )8 sitx ) =0 (126)
where
£ () = 0~ Do),

xd
such that, inter alia, the 0; Xkills the Ey factors from
fx(x) and allows the cancellation necessary for Eq. (126))
to be true. Using these in Eq. (124) we get

arll) =1 [ g0 5 otx.o)
<>
a (k) =1 / B fi(x,1) ) 6" (x, 1),
Axd
Executing the operation d; we get
0200 = [ dafix 0 Brolx,t) + 1d(x.1
and using Eq. , this yields the commutator
[CL+ (k)a CLZ_ (1)]
3, 13 [k 5 5 o«
= - / d’zd y[fk(xv t) at ¢(X7t)7 fl(yv t) at ¢ (ya t)

— / Bafr,t) i) = 0@ (k—1).  (127)

Proceeding analogously, we get for the whole set
lat (), al, (K')] = [a_(k),a (K)] = 6@ (k — ),
la=(k), ax (k)] = 0, [ak (k), ak (k)] = 0,
las (k),al (K)] =0, [a_(k),al (K)] =0.  (128)

These commutation relations show, that we have two
independent harmonic oscillators ay(k) for each
momentum k. Defining the vacuum for each k as

ax (k)|0x) = 0, Vk, (129)

we build a product-Hilbert space applying the creation
operators a ', (k) to the ground state |Q) = [Ti 10k).

We have the usual harmonic oscillator operators like
energy, momentum etc, but here just highlight the
charge operator. Due to the symmetry

¢(z) = e"o(x)

for constant 7, Noether’s theorem tells us that the
current

(130)

j* = (@70 p — 90" ¢") (131)
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is conserved: 9,,j* = 0. The conserved charge i@

Q=1 [ = [ @klal (B () - ol (Ha (1),
(132)
the operator ai(k) creating a positively charged particle

of mass m and the a’ (k) a negatively charged one.
Now compute the time-ordered product

(QT¢(2")¢" (z)[€2)
= 0(t" — 1)(0lg(a")¢" (x)[0)

+0(t = ')(0]¢" (z)(2")[0). (133)

Both terms above create a charge @ = +1 at (z,t) and
destroy this charge at (2/,¢ > t). The first term does the
obvious job, whereas the second term creates a charge
Q = -1 at («/,¢') and destroys it at (z,t > t'). This
justifies the name propagator, since it propagates stuff
from z to 2’ and Vice—versaﬁ Since the fields ¢(x), ¢* (z')
commute for space-like distances = — 2/, the 6-functions
don’t spoil relativistic invariance.

Inserting the expansions Eq. (124]) into Eq. (133,

we get
QT )6 (@)|)
— [ ) fi@o -1
T ) (@)t — 1]

Bk )
- | g

+ H(t _ t/)elk~(z/—z)]

- t)efzk-(x'fx)

The time-dependent part of the integrand in square

brackets equals the rhs of Eq. |D Using Eq. (109)

we get
(QUT6(@)6" (1)) =1 / (Z;’; kj_iiﬁj)%. (134)
Therefore conclude with Eq. (111]), that
(QUTp(x) " (y)2)
=D (@ —y)
=Dz —y) = (p(x)e"(y).  (135)

24 Going from Eq. to Eq. we actually subtracted in
infinite constant. The presence of an infinite number of oscillators
requires this redefinition of the charge! This simple subtraction is
sufficient for a free theory. The interacting case requires a whole
new machinery called renormalization.

25 To be able to follow the propagating charge, was to reason to
use a complex field and not a real, neutral field.

26 Although this equation was computed for a real scalar field, the
integrand is the same for our complex field.
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The other time-ordered products are

QT (x)p(y)|) = QTS ()" (y)|) = 0.

Upon expanding in terms of real, hermitian fields

@1, 02 as

(136)

1
o(x) = ﬁ((bl(w) + 12 (),

yields

(QUT () (4)|2) = 16, DY ™ (z —y)

=10;;Dr(z —y). (137)

Thus Egs. (115} [119) show, that the path-integral yields
the time-ordered correlation functions of OQFT

QT (x1)p(z2)|2) = /D<P<P($1)<p(m2)e’fd4“50(%"),

(138)
Since our theory is Gaussian, this is all we need to specify

the whole theory and we therefore have for any number
of fields

(QUT6(x1)d(x2) . . o))
- / Dép(a)p(ws) - p(an)

x et 'eLo(®), (139)
We have therefore shown, that the path-integral for-
mulation is equivalent to the OQFT description.
In section [3.5] we will extend this to a theory with
interactions.

Aside: On- & Off-shell

A field is called on-shell, if its energy-
momentum operator eigenvalues satisfy
E, = +vVk?+m?2. If this is not true, the
field is off-shellf7]

Explicit relativistic invariance is a must
in QFT, especially in the old days, when
non-invariant cut-offs abounded to tame
ultraviolet divergences. If we use tradi-
tional non-relativistic perturbation theory,
we maintain conservation of momentum,
but abandon conservation of energy, to
allow the appearance of intermediate states.
This results in the ubiquitous presence
of energy denominators. This procedure,
although yielding correct results, breaks
explicit relativistic invariance. In QFT we

27 We may impose the on-shell condition with positive energy in
a manifestly relativistic invariant way as

/(27:%1% = /d4k6(k2 —m?2)270(ko).
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want to maintain explicit invariance and
therefore impose conservation of energy and
momentum. But now, in order to allow the
appearance of intermediate states, we have
to place the particles off-shell.

Exercise 3.1

For a discussion of Feynman’s propagator theory ~-
BD1[g], Section 6.4. What is the difference between
retarded, advanced and Feynman propagators, all of

which satisfy Eq. (112))?

3.5. Generating functional for interacting
theories

We turn interactions orﬁ adding an interaction term to
the free quadratic Lagrangian Lo(¢) in Eq. (115)

Lo(p) = L(@) = Lo(p) + Lint(p) (140)

and define our interacting theory via the generating
functional

_ /D(pelfd4$(£o(80)+£mt(<ﬁ)+J@) (141)

with the normalization factor ngpelfd%(c“(‘pHEi"‘(“"))
included into the measure D¢, so that Z(0) = 1.

Equation written now for interacting fields
becomes

(Q|T¢($1)¢(3«”2) o ¢($N)|Q>

= /D¢<ﬂ(z1)<p($2) ... QO(,IJN)erd4x(ﬁﬂ(9@)+£int(@))'

(142)

This looks, but only looks, similar to the Gell-Mann
Low formula of OQFT

(QUTp(x1)o(x2) - .. d(an)|)

- %(o\m‘)(m)dﬂ(m) ¢ (zN)

x er ] A Lan (@780 0y (143)
where ¢, |Q2) are the operator field and the vacuum of
the mteractlng theory, |0), ¢¥ the corresponding free field
quantltle 9 and Z, as usual, equals the numerator with
J = 0. But here we deal with time-ordered products,
as in Eq. (133), of operator-valued-distributions. In the

28 This process often leads to misunderstandings. We started
with a chimera: a free charged field, which is not the source of
an electromagnetic field. The interaction now has to change this
chimera into a real-world particle with a new mass, charge etc. A
very non-trivial process indeed, which we don’t discuss here.

29 Like the free scalar field of Eq. .
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rhs of Eq. the operator-valued-distributions have
morphed into mere integration variables at the price of
performing path-integrals.

Generally we are unable to perform the [ Dy integral,
since the interaction Lagrangian is not quadratic in the
field variables. But we may rewrite Z[j] using our old

trick equ. Expand the exponential et S L)
powers of ¢(y). A linear term would be

/ Do p(y) e’

Replace o(y) by the operation 1

/Dsw(y) ¢’
—/Dcpidj()e’

/D o v [ dta ﬁ(w)-&-h:)

[ d*z(Lo(e)+7¢)

w(y) as

[ atz(2o0)+7%)

[ d*e(Lole)+70)

25J

We can perform this substitution for all the powers of
©(y) and reassemble the exponential to get

= [ Do
_ eifﬁmt,(%%) /D(pezfﬁo(ﬁﬂ)-‘rifc]sﬂ'

(144)

Performing the Gaussian integral over Dy we obtain

Z[J] = & Com i g3 [ eI @Ar@-n)IWd'y | (145)
and correlation functions as
(p(z1)p(x2) ... p(zn))
o Z|[J]
= 14
6T (@060 (2) . 6T (@) |, (146)

Eq. (145) is a closed formula for the fully inter-
acting theory. Yet it is in general unknown how to
compute

eﬂint(%% < . ->a

except expanding the exponential.

Furthermore our manipulations are formal and the
integrals in general turn out to be divergent! Yet there
is a well-defined mathematical scheme — not some
mysteriously dubious instructions — to extract finite
results for renormalizable field theories e.g. the BPHZ@
renormalization scheme [16]. Renormalizable roughly

30 The acronym stands for N. Bogoliubov and O. Parasiuk, who
invented it; K. Hepp, who showed its correctness to all orders in
perturbation theory and W. Zimmerman, who turned it into a
highly efficient machinery.
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means that the Lagrangian contains only products of
fields, whose total mass-dimension is less or equal to the
space-time dimension D = 4 and the theory includes
all interactions of this type. The symmetries of the thus
constructed quantum field theory may be different from
the classical version. In particular it may have even
more or less conservation laws — in which case anomalies
are said to arise.

Let us obtain the path-integral version of the
equation of motion like Eq. . For this purpose
use the following simple identity

foct o

assuming as usual boundary conditions with vanishing
boundary terms. Applying this to the integrand of the
generating functional Z[j] of Eq. .

[J] = /Dwezfd4z(£(<ﬁ)+r]tp) _ /Dwezs(wﬂfd%ap,

we get

(147)

/D(piezS(cp)+1fd4chp
dp
B /Dsa 2 [6if) + J} St [dize _ g
(148)
Remember that
0S(¢) OL oL
—_—t = — — 0, 149
do Oy "00,0’ (149)

which set to 0 yields the classical equation of motion.

In fact, since the action depends both on
o(x) and its derivative ¢'(x) = dp(z)/dx,

we have

69 =46 / dyLp(y), ¢'(y)]

- [ 55075+ 55

oc d oL
- /dy [&o(y) - dyc?so(y)} oel9).
(150)

where we performed a partial integration,
assuming that the boundary terms vanish.
Thus

oS oL B i oL
dp(x)  Op(x)  drdp(x)
with Eq. its four-dimensional version.

(151)

Setting J = 0 in Eq. (148]) yields the equation of
motion
/ DyerS) 5
dp(y

oL
Dyper3(®) ( -9 > =0. 152
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Here the classical equation of motion shows up in the
integrand.
Taking one derivative of Eq. (148]) with respect to J,

we get
1 0S
D(pezs(cp)ﬂfd zJ(z)p(x) ( +J(y )
/ op(y) W)

! 55
o [ Doo(z S [ diai@e) ( iy, )

+ /D(p@iS(cp)—Hfd4zJ(fﬁ)<P(x)6(4)(y — ;1;1)

0=

Setting J = 0 yields

[ e (et oo - 00— an) ) <o
(153)

Exercise 3.2
Taking two derivatives of Eq. (148) with respect to J,
show that

55)

/ Diplaa)e(en)e ™D (525

= z/DgpeZS(W

% (p(@0)6@ (y = 2) + (@2)d D (y — 21)).

(154)
Exercise 3.3
Write Eq. as
[55’(—zi) +J]z1j] =0, (155)
57

This Schwinger-Dyson equation is an exact equation.
Z[j] may now be expanded in a power series to obtain
perturbation theory results.

3.6. Connected correlation functions and the
effective action

We have been using the auxiliary source field J(x
generate correlation functions from Z[j] via Eq. ( .
As such J(z) actually is a sort of out51der since we
are really interested in the field ¢(z). It is therefore
extremely useful to have a generating functional, which
permits direct access to the field p(z).

For this purpose we first define a new generating
functional W(J) as

Z[J] = eV W[J] = —In Z[J]. (156)

Using the cumulant expansion of exercise 3.3 or by direct
computation, it is straightforward to verify, that W[.J]
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generates the connected correlation functions
_ 10" W [J]
(p(z1)@(x2) .. p(2n))e = 3T (@8 ()6,
(157)

E.g.
(plen)elaa))e = oot limg

1 sz
Z[§]) 0J(x1)0J (x2)

L1 ozlj) ozlj
Z[j2 6 (x1) 0 (a2)

= (p(z1)p(x2)) — (p(x1)){p(22)),
(158)

where we used Eq. (146)). Now trade the auxiliary source
J(z) for the one-point correlation functiorﬂ

P@) = (pla)) = (o) = 3705 (159
by a functional Legendre transformation
Mgl =Wl - [des@e)  (160)

and use @(z) as the independent field. The field @(z)
is directly related to physical properties as opposed to
auxiliary field J(z).

As Eq. shows, I'[¢] is an effective action. J(x)
is now a variable dependent of @(z), given by

T[]
=— . 161
e =) (161)
Using Eq. (159) it also follows that
el
0J(x) ’
Differentiating Eqs. (159} [L161)), we get
o s do(x)
20
<<P($)@(y)>c = 5‘](1)5%1) =1 5J(y)
2 J (y)
() = __ T - _
M(z,y) = So(@)op(@) (5(,0(x)' (162)

The functional T'[@] is useful, inter alia, for the study of
phase transitions. If ¢(z) is not zero, even if J(z) = 0,
spontaneous symmetry breakin@ occurs. Due to

Eq. (161)), this means

oT[@]/6p(x) = 0. (163)

31 In the presence of the external source J(z) the one-point
correlation functions (¢(z)) does not vanish!
32 See e.g. [L1], Eq. (3.18) for details, after reading section
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Exercise 3.4 (The cumulant expansion)
Show that

ey =3 S, (164)
n=0 '

n

where the subscript . stands for connected. We have

(@)e = (), (%) = (%) — (2)?,...
Exercise 3.5 (Proper vertex functions)
The functions
5" T[p]
0p(x1) ... 0@9(xp) le=0

T (21, @y, ... 2,) (165)

are called proper verter functions. Verify, that for the
free field case the only proper vertex is

I (2,y) = —(8% + m?)sW(z —y), TP (p) = p* — m?.

(166)
Exercise 3.6
Show that
[ wbe -2 =@ -2, (o1

i.e. the Feynman propagator is the Green function of the
proper vertex F(()z). Show that the analogous relation

[ @) tewpe) =60~ 2) (169
holds for the interacting case. Multiply Eqs. (162)
like matrices, paying attention to the repeated indices

summed /integrated over.
Exercise 3.7 (The free field case)

Eq. states
Wold] = 5 [ d'd'yI (@) De(a ~ )T 0.
Verify
Go(z) = / d*2'Dp(z — 2')J(¢). (169)
Insert this in Eq. to get

mm=—/#wwmw>

_ / dod'yd (2)( - 5D (@ — 1)) Fo(y).

Use the equation for the Feynman propagator
(Eq. (112))

(03 +m*)Dp(x —y) = —6W(z - y)
to get rid of the ( — oW (z — y))-factor. Show using

Eq. (169), that
1
Tolg) =~ [ dao(a)(0® + m*)o(a),

J(z) = (0% +m*)@o ().

(170)
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You will perform usual matrix multiplications with
continuous indices and perform a partial integration.

Apply a partial integration on the 32¢—terlﬂ to show
that the effective action I'g[@] coincides with the classical
free action So(¢) = [ Lo(p)-

At this point notice, that we had to execute the path-
integral [ Dy in Eq. with the classical action Sp(¢)
figuring in the integrand, to obtain To[@] = So(@).
In the interacting case I'[@] is very different from the
interacting classical action S(p) = [ L(y)!

Exercise 3.8(The effective potential)

Let us compute the first order quantum correction to the
classical action[I1] 13} [I8]. For this purpose we expand
around the classical saddle point Eq. , where
&(2)|saddie point = ¢o. The saddle-point equation is

LR TN am)
5S[¢] (172)

6¢(I) |¢:¢0 = _J(‘T)7

which expresses ¢y as a functional of J — ¢g[J].
Expanding about the saddle-point, we have up to second
order

S[¢] = Sloo] - / 0T (2)Ay ()

+ %/d4md4yA¢(x)AA¢(y) (173)

with Ay = ¢ — ¢o and the expansion coefficient A is a
functional of ¢y:

525[g]
O = —————|v=¢p- 174
To simplify notation write this as
1
S[gl = Sldo] = (J, Ag) + 5 (B¢, ADg). (175)
Eq. (156) tells us to compute
Z1J] = / Det (SOIH(0) — Wi, (176)
We perform this in the Euclidean version
ZplJ] = /D¢€*(SE[¢H(J7¢)) _ e*WE[J]’ (177)

where (,) are now Euclidean integrals. Shifting ¢ to
¢+ ¢o, we have

Zp|J] :/D¢e_(SE[¢0]+(J7¢0)+%(¢,A¢))

:e—sE[¢o]—(J,¢o)/D¢efé(¢,A¢) (178)

33 See the comments after Eq. .

Revista Brasileira de Ensino de Fisica, vol. 43, €20210170, 2021

Introduction to path-integral Quantum Field Theory — A toolbox

Integrate over ¢, to get

WelJ] = Se(po] + (J,¢0) + %logdet A. (179)

The corresponding effective action is
T'p[g] = WglJ] - (J,9)
~ 1
= Sglpo] + (J, (¢0 — ¢)) + 5 log det A, (180)

We still have to trade J for ¢o. This means solving

the implicit Eq. (172) and Eq. (159)). Fortunately it is
only necessary to expand Sg to first order to get with

Eq.

Seld) = Selonl + [ (5 %)‘f—ju:%

= Seldo] — /(<Z3 — ¢o)J.

Therefore we find the effective action including a first
order quantum correction as

Puld] = 5[] + 5 logdet Ald].

(181)

Reinstating the factors of &, convince yourself that the
additional term is first order in A.

To get some feeling for this formula, we compute the
effective potential V.rr, which is the effective action
I'[¢] computed for constant ¢. Since I'[¢] is an extensive
quantity, we also will extract the space-time volume 2
to obtain an intensive quantity for V.¢s. Computing in
Euclidean space we get for the action

selol = [ s 002+ V)] (s

and expand it to second order in 1 with ¢ = v + n(z)
and v constant. After a partial integration we get

Selo] = [ o | 3007 + Vo) + V') + 37V (0)
— QV(v) + / d'a
X {nV’(v) + %77[ - 0%+ V”(v)]n} : (183)

Eq. (172) and Eq. (174) now yield at the saddle-point
¢=v
V'v)=—J
Alz,y] = [-0% + V" (0)]6W (z — y). (184)

Thus integrating over 1, we obtain from Eq. (179)

WglJ] = QV(v) + (J,v) + %Tr log A[v].
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In Fourier space the trace is

< log[k? + V" (v)].

Tr logA Q/ (185)

Now expand the effective action in powers of momentum
around a constant ¢ = v as

rlol = [ o |Viggto) + 5007200 + -]

where V,fs is now a function of v, not a functional.

Thus we finally get from Eq. (181))
1 [ d'k

= — log[k?

V) +3 [ e loslk? +

This integral is ultraviolet divergent for large k. Inte-
grating up to a cut off at A, one obtains neglecting an
irrelevant constant

(186)

FV()]. (187)

Vers(v)

A2
Verr(w) =V(v) + WV"(U)
V') (. (V") 1
~—— > |log——*——=1]. (1
T e BT o) 189
If we choose for the potential the expression
A
V(o) = S (189)

our model is renormalizable@ allowing us to obtain a
cut-off independent result. It has the symmetry

¢(z) = —o(x).

After the dust of the renormalization has settled, we
are left with the following effective potential

(190)

A v?
‘/eff( ) EIU + (Cl1>\2 + Clg) 4 (10g W — a3> s
(191)

where a;,i = 1,2,3 are numerical constants. Notice
that the action Sg[¢] does not contain any dimensional
parameter. Yet in order to obtain a non-trivial result
when implementing the renormalization, one is obliged
to introduce a mass-parameter M in order to avoid infra-
red divergencies at k = 0.

Although V(¢) has a minimum at ¢ =0, Vess(v) has
a maximum there and two minima at +v,,n

OT'[v] _ OV [v]
ov Ut

In accordance with Eq. (163), the quantum corrections
induce the spontaneous breaking of the symmetry

Eq. (190)) in the limiﬂ Q — oo — see sect. |§| explaining
this concept.

=0,02. >0.

Umin — Y Ymin

(192)

34 See the comments after Eq. .

35 For finite  the two states centered at +v,,:n would overlap,
creating either a symmetric or an anti-symmetric state. For infinite
Q the overlap vanishes exponentially and we have to choose either
+VUmin OF —Umin with identical physics.
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4. Path Integrals in Quantum Mechanics

We now rewrite the wusual formulation of non-
relativistic Quantum Mechanics in terms of path-
integrals. Although this is just a special 1-dimensional
case of sect. it is instructive, because we start from
scratch and obtain the path-integral formulation also for
the interacting case.

Consider the hamiltonian

1
H=_—P*+V 193
P21 V(Q) (19)
with
Q.P] = h (194)
Time evolution is given by
(b(t)la(t)) = (ble =0/ P a) (195)
Using the usual non-normalizable states, we have
Qla) = ala), Plp) = plp), (196)
(d'lg) = d(d" — ), ('|p) = 60 — p) (197)
. ewd 0
= = 1
{qlp) = (plg) NG (198)
10
(a|P|p) = plalp) = *8*q<Q|P>- (199)
The completeness relation is
- [ ddaxa (200
We have in the Heisenberg representation
t)|Q7 t> _ eth/hqe—th/heth/ﬁ|q> — q|q’ t>. (201)

For a time-dependent Hamiltonian the Heisenberg oper-
ators gy (t1) and gy (t2) do in general not commute for
t1 # to. Therefore, if we want to use completeness for
different times, we have to choose a different basis |g, t)
for each t in which ¢(t) is diagonal.

Use the unitary time evolution operator U(tr,tr) to
propagate the wave function as

Y(tr) =

Therefore U(tp,tr) has to satisfy the Schrodinger equa-
tion

Ulty,tr)v(tr). (202)

oU(tp,tr)

h
LA T

= H(trp)U(tp,tr) (203)
with the initial condition U(t¢r,t;) = Z. For a time-
independent Hamiltonian H the evolution operator
U(tr,tr) is given by

7l/h(tp7tI)H’

Ultp,t;) =e (204)
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whereas for a time-dependent Hamiltonian it is
expressed in terms of the time-ordered exponential as

—o/h ff’IF dt' H(t")

U(tpﬂfl) =Te (205)

We can decompose the time-evolution into steps due to

U(tp,t]) = U(tp,t)U(t,t[), for tp >t >1g. (206)

The matrix elements

K(qr,qr;tr —tr) = (qrlU(tr, tr)lar) = (ar,trlar, tr)
(207)
are called the kernel. We will compute it in the position-
space representation in order to express it in terms of
Path-integrals. Use Eq. to evolve from t; to tp in
N consecutive steps (for notational simplicity only for
the time-independent case)

K(qr,qr;tr —t1)

= (qr|U(tr, tn—1)U(tn-1,tN—2) ... U(t1,t1)|qr)-
(208)

Insert the identity Eq. (200) N times splitting our time
interval into N small intervals At = (tp — t;)/N to get

N-1 00  N-1
K(gr,qritr —tr) = [ / dg; [] K(giv1, a5 At)
i=1 /- o

(209)
with tg = tr,ty = tp and we do not integrate over
go = qr and gy = gr! Now compute the kernel for a
small time step (with i =1)

71HAt|ql>
i

K(qit1,qi; At) = (gis1le (210)

with
K(qit1,q1: At) = 6(qiv1 — @;) for At — 0.

Although ¢ does not commute with p, for small At we
may ignor@ this and write

2
e—zHAt _ —15—mAte—zV(q)At

e (211)

Therefore

,zHAt‘qi> z%AtefﬁV(q)At|qi>

(giv1e = (qiy1le”

2
_ <Qi+1 |e—zﬁAt|qi>e—zV(qi)At

»} Ve
/dpi(qi—i-l|pi>e_lﬁAt<pi|qi>e Wia) At

1 »?
7/dpielpi(Q'i+1_Qi)—’LAt[m-f—V(qi)].
2m

(212)

36 The commutant of the kinetic and potential energy is of order
O(e?). If this were untrue, and if [H(t), H(t'] # 0 we would have
to use the Baker-Haussdorf formula — see [5], section 10.2.5 and
Wikipedia.
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Here we chose to replace (giy1]le”*V(@2%q) by
e~V (4=ai)At For eventual problems with this choice see
[5], section 4.

Performing the p-integrals, we get

1

2
o dpiezpi(Qi+1_Qi)_1(%)At
2

)1/2 ezm(Qi+1—Qi)2/(2At). (213)

- (QWT:LAt

Therefore the small time-step kernel is

m )1/2

K(qit1,qi; At) = (%ZN

a2
X exp(z%% - zAtV(qQ)
(214)

For g;+1 = q(t+At), ¢; = q(t) and At ~ 0 we manipulate
ad?’] Thus

% (q(t + Ai)t— q(ﬂ) _ % (q(t + AAti - q(t))2 At

t+At
= — / dtg?.

Therefore we get

. B 2 t+At
E(q(tJrAi)t q(t)) _Atv(ql):/ dtL(q,q),
! (216)

where the systems Lagrangian is

L(g,q4) = Lng? — V(g).

5 (217)

This yields

m 1/21 t+AtdL r
(alt + Atla(t) = (507) e JoT e g

Inserting this into Eq. (209) (now with 7 inserted),
(gr trlartr)
= K(qr,qr;tr —t1)
i m \N/2
o Ngnoo (27TZhAt>
[e'e] fpd L .
" [H,Icv:jl/ qu}ezftl tLad)

With the notation

N-1 > alér)
Jm [ [ ] = [ plaw) = [ pa
—0o0 qltr
(220)

(219)

37 Regarding the differentiability of q(t), refer to the discussion
at Eq. of the Wiener process. Thus our manipulations are
formal, but we know how to compute before the limit N — oo.
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we have

q(tr)

(gr,trlgr,tr) = / D[q(t)]el/ﬁfdtL(w)

q(tr)

= / Dge**/", (221)
with the action
tp
S— / L(g, q)dt. (222)
tr

This equation is the one-dimensional version of Eq.
with J = 0.

Although we have shown Eq. to be true for a
non-relativistic one-body Hamiltonian with a potential
V(g), Eq. does not make any reference to this
particular form and it is in fact true generally.

We can also leave the p-integrals undonﬁin Eq.
and write

e 0o
(st t) = Jim (150 [ | (1250 [
— 00 o e
/1 [ dp()a(e) ~Hp(t),a(0)

or

q(tr)

(rotelontn) = [ 7 o) [ 2R

# [ dtlp ()~ H () a(0)

X e (223)

This formulation is called the phase space integral,
since the integration measure is the Liouville measure
Dlq(t)| D[p(t)]-

In our computation it was necessary that tp > tj,
so that we could use the kernel-decomposition property
Eq. in Eq. . Suppose, we want to compute
the expectation value of two operators, e.g. §(t1),4(t2).
In their path-integral computation we would necessarily
have to insert ¢(t1),q(t2) in their correct At-interval,
the later operator to the left and the earlier to the right.
Therefore the path-integral

/Dq q(t1)q(ta)e™'"

always represents the expectation value of the time-
ordered operators

/ Daa(t)q(t2)e"S" = (g, te|Ta(t)a(t)lar, t1).

One outstanding property of the path integral repre-
sentation Eq. (221)) is the ease in obtaining the classical

3% The first and last p-integrals are different, but we have not
indicated this.
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limit, which means taking A — 0. For small & the
exponent fluctuates wildly and the integrals will vanish,
unless the action S assumes its minimum, implying

d50q(t), 4(t)]/6q = 0, (224)

which yields the classical equations of motion, to be
compared with the exact equation (152)).
We quote several relevant properties of K

1. The kernel K(qp,qr,trp — tr) satisfies the

Schrédinger equation

[thO¢, — H(qr,pr)|K(qr,qr,tr —tr) = 0. (225)

2. We can expand the kernel using energy eigenstates

Yn(x) = (z|n)
K(qr. qr,tr —t1) = (qple "0 | qp)

= 3" larle™ 0 ) (nfgs)

n

= e Tt By (qp )b (qr)
! (226)

3. The kernel is also called propagator, since it prop-
agates the system from ¢; to tp. We can construct
the retarded propagator as

Kr(qr,qr;tr —tr) = 0(tr — t1)K(qr, qr;tr —tr)

(227)
where 0(t) = 1 for ¢t > 0 and zero elsewhere. Since
df(x)/dx = §(x), the retarded propagator satisfies

[0y, — H(qr,ps.tr)|Kr(qr, qritr — tr1)
:zhé(tp—tf)é(qp—ql), (228)

i.e. the retarded propagator is the Green function
of the Schrédinger equation.

Exercise 4.1

Obtain Eq. for a time-dependent Hamiltonian.
To show this rewrite Eq. as an integral equation,
using the identity

t
/ dt' 0y Ut t) =Ul(t,tr) — Ul(ts,tr)

tr

- Z/h/t d' HEU(t  tr).

tr

Therefore

Ult,tr) =1— z/h/t dt' H(t"U (', tr).

tr
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Now we iterate this as

Ult,tr) =1— z/h/t dt'H(t")

tr

< (1-u/n / Rz (U 1)) + -
1+ (/) | LA H ()

t t’
+(fz/h)2/ dt’/ dt"HAH") + - -
tr tr

We express the integrands in terms of the time-ordered
products defined as

T[H(t1)H(t2) ... H(ty)]
=0(t; —t2)0(ts —t3)...0(tn—1 — tn)
H(t1)H((t2) ... H(ty)
+ n! permutations.

Show that

;/;dtl /: dtoT[H (t1)H (2)]

t t1
_ / it / dta H (1) H (1)
tr tr

Therefore

U(t,tr) =1+ (—1/h) /t dt,T[H (t1)]

+(_Z2/,h)2/tt it /tt At TIH (4) H (£2)] + - -

Going on like this get Eq. (205).
Exercise 4.2 )
Obtain the kernel for the free particle with H = 2

m 2 mGap—ap)?
KO(QF;QIatF_tI) = meh 20tp—tr) |

(229)
using its path-integral representation Eq. (221]). This can
also easily obtained directly as

Ko(gr,qr,tr —tr) = <Qf|€_ZH(tF_tI)/h|QI>

dp _ibr(tp—
= {ar] [ gm0 ) p(lan)

dp 2 e
= [ e 0 gy ) o)

_ / P [ )(tr—tr) [hta(ar —ar)p/h.
27

Performing this Gaussian integral yields Eq. (229).
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Exercise 4.3
Show that the kernel for the harmonic oscillator with
action

m

&mz—[FMWF—dWW

5 ), (230)

is given by

o - mwep, S [ C(T)]/h
K T=t;—t;)=,/——"——€""l
nlar,ar, 1= t) 2mihsinw, T ¢ ’

(231)
where ¢, is the classical path and

mw
Shlge(T)] " (g% + ¢?) coswi T — 2qqr).

- 2sinwpT
(232)

For details see e.g. [I], Problem 3-8.

5. Statistical Mechanics in Terms of
Path Integrals

The statistical partition function is

Z(B) =) e Er=Tre M g=-——0  (233)
For systems to be in thermal equilibrium, the Hamil-
tonian has to be time-independent. This looks like the
quantum mechanical TrU(tp — t7) of Sect. after
replacing 8 by u(tp — t7)/h. We will therefore use
the quantum-mechanical path-integral formulation for
U(tp — tr) and after that introduce a fictitious time
variable 7 to label our paths.
To start with write

Z(tp —t;) = Tre” #tr—to)H (234)

in terms of the position-representation using Eq. .
The trace operation becomes an integral over |z) states
with zp = x; = x, i.e. we do not integrate over all paths,
but only over all closed loops coming back to x and then
integrate over x

Z(tp —t]) = /Oo dx<x|U(tF7t1)|x>

— 00

:/ dl’K(l’,’I,tpft]).

—00

(235)
Using Eq. (219) with x(tp) = z(t;), i.e. periodic

boundary conditions and the product now running
up to k = N, we get

- . m N/2
2(te —tr) = ngnoo <2mhAt>

S t+At .
" [HkNO/ qu} L/ [ L)

—00
00 z(tp)=z
= / dx/ D[z (t)]e*/ "5z
—00 z(tr)=z

DOI: https://doi.org/10.1590/1806-9126-RBEF-2021-0170



Koberle

or

Z(tp —t7) = / b Dz(t)]er/5=®] (236)

We now set t; = 0 and tp = 1Af8 and t = —u7. The
exponent becomes for a particle subject to a potential

WS[e(t)] = z/dt [’; (CZ)Q V()

_ _/Ohﬁdf [’; <flf)2 + V()

with the Euclidean Lagrangian

Lil] = % (jf)z +V(2). (237)

In terms of the Euclidean Lagrangian density in four
dimensions as in Eq. (96]), we get

7f0hﬁ d'rfdgzﬂE(gp,Bap)

28) = | Dye (238)

pbe

The imposition of periodic boundary conditions
imposes a constraint on the Fourier transforms g(t) =
2 2 g(w)emt. Requiring g(t) = g(t + B) implies
eP =1 or

2mn
Wy = ——

B

for integer n. The integral becomes a Matsubara sum

[ 520> 5 Y alen)

n—=—oo

(bosons) (239)

(240)

5.1. Fermions

For fermionic fields we have to impose anti-periodic
boundary conditions. We therefore need to set e? =
—1or

2n+ )w
B

To get this tricky point clear, we will look at a one-
dimensional fermionic oscillator. We will compute
the trace e ** using elementary quantum mechanics
and path-integrals to compare the results. But first we
have to learn how to integrate over fermionic variables!

Wy = , (fermions). (241)

5.1.1. Fermionic integrals

We need a fermionic path-integral formalism analogous
to the bosonic case. Since we don’t have the least idea
how to get this, we proceed the following way.

For a quadratic Lagrangian we know how to perform
the path-integral. We will therefore invent integration
rules, which for the known free quadratic case give the
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same results as OQFT. Then we will use these rules
for interacting Lagrangians, guaranteeing that they give
the OQFT results in perturbation theory. We may of
course then use our path-integral formalism to obtain
non-perturbative results.

Consider real-valued quantities obeying the following
anti-commutation rules

{0:,0;} =0—0?=0,4,5=1,2,...,N. (242)

Thus any function of one variable is at most linear in 6

9(0) = go + 10 (243)

and for two variables
9(6102) = go + 910 + g202 + g126162.
E.g. for the exponential we have
e%1% =1+ A6,0.

The variables 6; are called Grassmann fermions.
Define differentiation and integration rules as

d
d—elﬂj = 0,5, /d@i =0, /9]‘ do; = 0; ;,

where df; are also anti-commuting Grassmann variables,
anti-commuting also with ;. Although differentiation
and integration rules are the samd®} therefore redun-
dant, having both is still convenient in order to maintain
similarity to the bosonic calculations. We will go on and
use most of the usual calculus rules without proving
them.

The only big difference will be the rule for changing
variableﬂ In fact we have with Eq.

JECE

(244)

and for a real number a using linearity

g(ah) = go + ag16.

Therefore [ g(af)df =
a[g(0)do ie.

[(g0 + ag:10)dd = ag1 =

/ g(ab)dd = a / g9(6)de.

For the bosonic case we would have instead

/f(ax)dx: é/f(a:)dm.

The ubiquitous determinant also moves to the numer-
ator. Consider a real, positive definite matrix A, ;

(245)

39 Tt necessarily follows, that there is no geometric interpretation
for fdG and no integration limits etc.

40 The Jacobian in a transformation of variables also changes
place.
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composed of four sets of all anti-commuting variables
0,07, n;,n; with 7, j =1,2,... M and the quadratic form

Q0,0%) = Z 0 A; ;60 —

M M
D onibi = 0
[i,f]=1 i=1 i=1

=Q(0,0) = 0" A0 — 0 — 0%, (246)

where the * just distinguishes different independent anti-
commuting sets.
Notice that

e _ _p.Q e
00;

==
With the convention
/ [DODOY]0: 010505 .. 000 — +1, (247)

where DODO* = df,d07dO2d05 . .. we have the

following identity

dfrdo%,,

Ip = / DODO*eRQ0") = det Ae="" A7 | (248)

This can be shown with some combinatorics. To compute
Ip /[DGDG*] Vs 05 A0

for the case n = 0,7* = 0, we go to the diagonal

representation of A
M 9ra,0,
Ir :/[D@D&*]ezz s

Expand the exponential and notice that one factor of

0,60* is needed for each df,d6* to get a non vanishing

result after integration. Thus only the term
(7,10{91@29;02 . aMG}‘VIGM

survives in the integral. But there are M! ways to obtain

this term and all have the same sign, since the pair
076; commutes with all other pairs. Thus we ge@ with

Eq. (247)
I = /[DGDG*]eZw: 0 Aisb; _ Haz — det A,

For n,n* nonzero we complete the square as in the
bosonic case.

We will generate correlation functions applying 9/9n;
as in the bosonic case.

41 Had we integrated only over f df with an anti-symmetric matrix
A — therefore with purely imaginary eigenvalues — and an even
number of variables, the result would be the Pfaffian of A with

Pf(A) = V/det A.
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Exercise 5.1

Show that the definition of the integral as [df = 0 is
required by shift invariance, which we of course want
to maintain. For this purpose consider g(8) = go + ¢16
and compute [ g(6 + n)df, assuming [ 0df = 1. Invoke
linearity to conclude that [ g(6)d6 J 96 + n)do
requires (fin) [ df = 0.

Exercise 5.2

Show that the Jacobian’s position is inverted, when
compared to the bosonic case.

5.1.2. The fermionic harmonic oscillator

To compute path-integrals we need the classical descrip-
tion of the oscillator for a fermionic field ¥(t). Define its
Lagrangian density to be

L, ")

where w is some constant parameter and we set
h = 1. Here v and ¥* are independent fields. This
Lagrangian is the one-dimensional version of the rela-
tivistic 3-dimensional Dirac Lagrangian, see e.g.~ [12],
chapter 3.

Since L(1,¢*) is independent of 9y1p*, the equation

— Pidh — W, (249)

motion for ¢ reduces to éif* =0, i.e.
1W0i) —wip =0 — h(t) = be™t. (250)

The equation of motion for ¢* yields
*(t) = ble 1, (251)

where the peculiar naming of the initial condition as b
for ¢*(t) foreshadows its role as creation operator. Here
it is just another constant.

The momentum conjugate to ¢ is my = 9L/ o = wp*
and we compute the Hamiltonian as

Hp = mytp — L = wip*y. (252)

Now quantize this fermionic system. In accordance
with Pauli’s principle b becomes an anti-commuting
operator satisfying

{b,b} =1, {b,b} =0 {b",b'} =0,

where now b is the hermitian conjugate of b.

This one-dimensional fermionic system has only two
eigenstates: the fermionic state being either empty or
occupied

b0) = 0,[1) = bT|0).

We thus have a two-dimensional Hilbert space with
Hamiltonian

Hr = wbio + constant,
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where we used the equations of motion Eq. .
Hermiticity of Hp correctly identifies b as the hermitian
conjugate of b. Due to possible operator ordering ambi-
guities, when going from the classical to the quantum
hamiltonian, the energy levels are only given up to an
arbitrary off-set. We set the constant so that
Hp =w(d'b—1/2). (253)
Compare Hp with the bosonic Hamiltonian Hp =
w(ata +1/2).
The two energy eigenvalues of Hp are

co = (O[HR|0) = —w/2, & = (1|Hpl1) = +w/2.

We now compute the normalized trace of e 7 for
some time variable 7', summing over the two eigenvalues

1 T
tr[eszFT] _ Zi:Oe i

Z

esz/Q +e—uuT/2
= = cos 5

2

(254)

where the normalization factor Z = 2 has been chosen
as to satisfy the normalization condition
trle™HrT] o = 1. (255)

Now compute the same trace with the path-integral
method. Use Eq. , integrating over the anti-
commuting Grassmann variables 1, ¢*. The normalized
trace with normalization factor Z is

1 T
tre—tHT — E/D¢D¢*e [ cat

Inserting Eq. (249)) we have

treszT _ i/Dwa*ezdew*(t) [ede—w] (L)
Z

1
=z det[ed/dt — w].

Adopting the same normalization Eq. (255) we get
7 = det[ud/dt — w],_, = detud/dl],
yielding

HT _ det[ed/dt — w)
det[ed/dt]

_ det[D.] (256)

tre dethd/dt]

We compute the determinants in momentum-space,
where the operators are diagonal and the determinant
is the product of the eigenvalues e, (w). Compute them
solving the classical equations of motion to get a com-
plete set of eigenfunctions

Dy, fn(t) = [rd/dt — W] fu(t) = en(w) fu(t)-
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With the appropriate anti-periodic boundary conditions
fu(t+T) = —fn(t) the eigenvalues are

2n+ 1)

en(w) = — T —Ww=-—wy, —w, n=0,%1,+2,...

This yields
o0 oo 2
—H(w)T _ en(w) v
tre tHW)T _ nzl_;[oo en((]) = H 1 02 )
The product is

ﬁ 1_ﬂ —cosﬂ
(2n +1)272 ) 2

n=0

(257)

This agrees with the fermionic partition function
Eq. (254))

T
Zp(w) = cos w—,

5 (258)

vindicating the use of anti-periodic boundary condi-
tions. Although we used the proverbial slash-hammer
to kill the fly Eq. , path-integrals prove to be
extremely expedient in the field-theoretical case.
Remember that we had to use particular bound-
ary conditions to write the path-integral in terms of
the Lagrangian in Eq. . This is not necessary for
fermionic Lagrangians linear in the derivatives, so that
anti-periodic boundary conditions are no roadblock here.

Exercise 5.3

Repeat the computation of the trace for the bosonic
oscillator.

Exercise 5.4

Show that Matsubara-sums may be evaluated as

> flwn) =) f(-12)9() (259)
n Resy
with
—1—6[357_1 bosons
g2 =3 7 | (260)
— T fermions

and Res; instructs us to sum over the residues of the
poles of f(—uz). If f(z) has cuts, we have to include the
discontinuity across them.

For w,,=fermionic and w,,,=bosonic show

1 1 1
B Z wp —e  efe1’

n—=—oo

1 1 1
B Z wm —€e  ePe—1

m
m=—0o0

The bosonic sum has lim._,g — —o0, so we may use this
limit to check the sign.
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If you use the function g(z) = —7tanh(%?) for
fermions or g(z) = 7 coth(%?) for bosons, do you get
the same result?

Exercise 5.5
Show the following identities for fermions

1 1
Jé; En: (wwn, — €g) (W, + 1w — €piyq)

_ —nr(eq) — nr(egtp) (261)

W+ €p — €q4p

and

1

— Wm — €p—q)

1
B Zn: (swn, — €4) (wwn,

_ 1-— nF(Gq) - nF(Ep_q)
W+ €p — €pg

)

using np(—z) =1 —np(x),np(r +w) = np(zx).
Exercise 5.6
For w,,=fermionic and w,,=bosonic frequencies show

1 1
8 zn: (wwn, — €¢) (W, + Wi, — €g4p)

_ nr(€q) — nr(€qtp)
W — €q+p T €q

(262)

6. Non-relativistic Electron Models

Let us consider non-relativistic electrons coupled by a 4-
fermion interaction. This is one of the simplest models,
yet sufficiently rich to contain extremely interesting
physics, such as spontaneous symmetry breaking.

Since this model includes fermions, we will use two
independent set of Grassmann variables: ¢(z) and *(z)
with & = [x1,x9,x3,t]. We append a binary variable
to describe the electron’s spin ¥} (), ¥;(z),i = . We
will integrate over ¢ and *, indicating the measure as
DI, 1*], using the results of Sect. , in particular
Eq. (248). As usual path-integrals will be performed in
their discrete version. A finite hyper-cube in R* of length
L = N, we will have N* space-time points with two
variables at each point, yielding M = 2 * N* degrees of
freedom in e.g. Eq. .

The total Lagrangian density is the sum of the free
density@ and an additional 4-fermion interaction

L= 0100+ 5V + )+ GULUE
i=+
(263)

where p is the chemical potential and G is a coupling
constant.

42 We will set i = 1 in the following.
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With one electron per site, a half-filled band, this
interaction is the only local four-fermion interaction
possible. Yet this simple model is rich enough to describe
several important systems undergoing phase transitions.
The free parameter G is a coupling constant with
dimension ~ m~2, supposed to encapsulate all physics,
such as non-local effects due to some potential V (r —7’),
which are swept under the rug by our simple 4-fermion
interaction. Of course this model cannot describe situ-
ations, where particular properties of the Fermi-surface
are important like high temperature superconductors,
graphene etc.

The generating functional

2= [ Dpp.we (264)

with d*z = dtd®r. The generating functional is trans-
lationally and rotationally invariant, although in con-
densed matter physics we typically want to describe
crystals. In crystals these symmetries are broken down
to sub-symmetries and we have invariance only to
subgroups, depending on the crystal’s symmetry. Since
we will concentrate on phase transitions, these details
are not relevant.

In the following sections we will manipulate this
Lagrangian in several ways, each one exposing the
feature we are looking for. In other words, we will find
different minima of the generating functional above —
~ [7], chapter 6. This of course means, that we know
what we want to get: how to introduce additional fields
m(x), A(z) to tame the 4-fermion interaction, morphing
it to a bilinear form. This will allow us to exactly
integrate over the fermions, leaving an action involving
only these new fields m(x) and A(z).

6.1. Ferromagnetism

We will rewrite the generating functional Eq. (264))
to extract a model describing the ferromagnetic phase
transition.

In order to describe spin, we need the three traceless
Pauli matrices

1 _ O 1 2 0 —1
=G0 =)

o = <é _01> : (265)
satisfying the identity
o B 57 af v 2
00k = ?[2(51'55]% — 5ij5kl] + 1€ ﬂ/[éjkail — 6ik0jl]
(266)

with o, 8 =1,2,3 and i, j, k,l = . In particular we set
a = and sum to get

Oij - Ok = 200105k — 0i50k1- (267)
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Use it to rewrite the 4-fermion interaction ad®|

YIYIp_ypy = —2s(z) - s(z) (268)
with
s(z) = Z Vioijb;. (269)
ij=+
The action becomes
Smﬂ:/&u
1
= /d4x<;wf(z8t + %V2 + ﬂ)%‘

—2Gs(x) - s(m)) . (270)

Now linearize the s(z) - s(x) term introducing the field
m, called magnetization. The name is justified, since m
couples with the spin-density s(x) due to the term m -s.
In fact, with ¢ = VG, use

/D[m]ezfdélm(meng-s)
_ /D[m}ezfdzlac(m—gs)?e—zfdzkac Gs?

= [/D[m/]ezfd4mm/2:| o—1C [diess

(271)

The integral over m’ yields the constant determinant A
and we get the identity

e—szd4£s(r)'s(rc) _ % /D[m]elfd4r(m2—2gm's).

(272)
Using m - s = m - ¢}0;;1;, the generating functional
becomes

Zym= / Dli, ¢*|D[m]

« ezfd“a:{zi,j YF (104455 V24 p)8i —2gme-ois]+m?}
(273)

Now use Eq. (248)) to integrate over the bilinear fermions,
to get

Z|m] = %/D[m](det O[m])ezfd4zm2],
where

O[m] = (10; + %W +w)di; — 2gm(z)-o.  (274)

43 Remember the anti-commutativity of 1!
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Putting the determinant into the exponent with det O =
eTrIn0O e get for the generating functional in terms of
the action S[m]

mmzﬁ/mmww

(275)

1
_ N /D[m]ezfd4:rgm2+Trln O[m]

O is the infinite-dimensional matrix with indices [z, ],
so that the trace is to be taken over all the indices z in
z-space and ¢ in o-space: Tr = Tr(; 5. Eventually we
will have to expand the log and we therefore factor out
0O[0] to get a structure like In(1 — z)

TrnO[m]) = TrIn{O[0](1 — 2Dsgm - o)
(276)

with
-1 _ 1 2
DS = O[O] = (z&t + %V + ,U)(Sij.
(277)

To ease the notation we renamed @~ *[0] as Dg, which is
the Schrodinger propagator of the free fermionic theory.

Let us flesh out the structure of the above equation,
writing out the indices. As a matrix O[m| needs two
indices a and ¢

O[m}ac = O[O]a,b (5[,70 — 2g[D5]b7c[m . U]b,c)7 (278)

where Latin indices are compound indices as {a, b, ...} =
{lz,],[y,4],...}. The 6. is a product of a Kronecker
delta in o-space and a Dirac delta in z-space. O[0]
is a local operator — see Eq. for a 1-dimensional
example. But an operator containing derivatives will
become non-local in the discrete/finite version of the
path-integral, since derivatives have support in neigh-
boring bins. Its inverse, the propagator Dg, due to
translational invariance depends only on the difference
in z-space, as §(t2 — t1) in Eq. (87). It is diagonal in
o-space: Dg = Dg(z — y)d;;. m is a diagonal matrix in
z-space: My, = m(x)é(x —y). Products of m(z) are
local in z-space, but non-local in momentum space.

We now compute the trace tr, in spin-space. In order
to get rid of the logarithm, we use a convenient trick.
Take the derivative of

TrinOlm] =TrinO[0](1 — 2gDgo - m)
as

8Tr$7,,ln(’)[m]Tr { —2Dgo-m

booem

1—-2gDso-m

where we have displayed the matrix-inverse as a fraction
to emphasize, that positions don’t matter. Using
_1+B-o

-1
L=Brel =5
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we compute

" 2D50' -m "
rom——m———— =1,
1—-2¢gDgo - m]

2Dgo - m[l + 2gDgm - o]
(1 —4g*[Dsm]?)

89D -D
_ gLlsm - Lsm 7 (280)
1—-4g2Dgm - Dgm

where we used tro = 0. Inserting this into the derivative
of Eq. (275)), we get
0S[m] —8gDgm - Dgm
=1ir, .
dg “1—4g2Dsm - Dsm

(281)

Integrating we get the action with the tr, already taken

m] = z/d4xm2(a:)

+ tr, In {O[0][1 —4GDsm - Dsm|}  (282)

where we adjusted the g-independent constant to cor-
rectly reproduce the limit G — 0.

Up to here we have not made any approximations,
but only rewritten Eq. . Yet it is not known how
to compute the ¢r, or compute the integral [ D[m
without some approximation, such as expanding the In.

Eq. shows that our system is rotationally
invariant. In fact the measure D[m] and [ dz, dk are
invariant and S[3, m] depends only on scalar products of
bona fide vectors@ Therefore any mathematically
correct result deduced from this action has to
respect this symmetry. Dear reader: please never
forget this statement!

When describing phase-transitions, we are looking
for an order parameter, in the present case the magneti-
zation, which is zero in the paramagnetic and non-zero
in the ferromagnetic phase. As mentioned in Eq.
we require, that

ST [m ()]

St = (283)

for some non-zero m(z) = (m(z)). We do want to
preserve translational invariance, so that momentum
conservation is not spontaneously broken. Therefore we
require Eq. to hold for a constant non zero value
of the magnetization m

(m(z))

Since we did not compute I'[m(z)], we will resort to
the mean field approximation or Ginzburg-Landau
effective action in the next section.

—m #£0. (284)

6.2. The Ginzburg-Landau effective action:
ferromagnetic spontaneous symmetry
breaking

To model a simple ferromagnetic phase transition, we
will expand the logarithm of S[m] in Eq. - It is

44 We actually should show that m transforms as a vector: see
exercise @1 below.
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sufficient to keep terms up to ¢g*. We therefore compute

trln {1 —4¢°Dsm - Dsm}

Z tr{ Dsm - Dsm] "}.

Thus S[m)] is given up to order g* by

= /OﬁdT/dSI m?(z) —

+ 8g'tr{ [Dsm]4}.

492tr{D5m . ng}

(285)

In the instruction to take the trace tr,,  is an
integration variable and we may therefore change to
any other convenient variables, but let us not forget
the Jacobian J of the transformation. We will compute
the determinants/traces in momentum-space, using their
invariance under this unitary transformation, which
guarantees J =1

dety(A) = det {UU " AUU}
= det {U}det U AU} det {U'}
= det,{U}det {U }det {U AU
= det, {UU  }det JUTAUY = dety A.

With ¢t = —7 and taking the Fourier transform as
m(w, k) = /d4xel(‘”+k'm)m(7, X),

we get for the free propagator from Eq. (277)

Ds(h) = ———s (256)
with e(k) = % -
We compute the g2-term as
tm{Dsmi : DSmi}
- Trw{miDs - miDS} (287)

_ / d*zd*ym; () Ds(z — y)mi(y)Ds(y — z)

[ iRy dy diks dihy
*/ Y )t (2m)1 (2t (2m)8

*x ¢! Fr-athe-(z=y)thsytha-(y=o)l ()

Ds(kz)mi(k3)DS(k4)

3 / d*ky dko d'ks d'ky
(2m)* (2m)* (2m)* (2m)t
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* 5(k1 + ko — k4)(5(—k’2 + k3 + k’4))mi(k‘1)
Dg(k2)mi(ks)Dg(ks)

d*ky d*ks
= | Gt
Ds(k‘g)mi(—k‘l)Ds(k‘l + k‘g) (288)

Thus

tr{DSmiDsmi} - /(g:;mi(k) T (k) mi(—k).

(289)
with the polarization function
dq
Iy (k) = WDS(Q)DS(k +q). (290)

This process is illustrated in Fig. [3] We can easily read
off the resulting Eq. without tedious Fourier trans-
forms. Notice that translational invariance in z-space
implies energy-momentum conservation.

To describe statistical mechanics, the w-integral in
J d*q has to morph into a sum over Matsubara frequen-

cies Eq. (240) for fermions as

oo

dw 1 2n + 1)
[ a5 3 glen), o= EEI

n=-—oo
Remembering from Eq. (277) that w, are fermionic,
whereas w are bosonic frequencies coming from m;(k),

we get from Eq. (262)
1
3 > Ds(q)Ds(k+q)

1 1
T2

Wy — eq) (zwn +w — €k+q)

_ nr(eq) = nr(€riq) (291)
W — €ptq T €q

Below we will need the expansion of ITI(k% w) to first
order in k?

Iy (k,w) ~ T15(0,0) + azk?, (292)
............ o H
q
N\
k VK
—»— ;\4—>
k+q _______
..... -

Figure 3: II(k): second order contribution to the trace. The
thin lines stand for the propagators Dg. Notice momentum
conservation at the vertices.
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with e.g.

B / dq ePea
(2m)3 (eq + 1)2.

Similarly we get for the g* term - indicating convolutions
by the symbol ®,

d3q
W Z Ds(q)Ds(k +q)

tr{(DSm . ng)Q} = a4(,8){m ® }4. (293)
Hence we get to order g or G2
54[777,] = 8G2a4{m X }4 + / (;lﬂk)zlmz(k)
x [1 —4G(I12(0,0) + azk?)] mi(—k). (294)

This model is supposed to describe the Fe-phase
transition occurring at some critical temperature T.
The magnetization vanishes above T, and is non-zero
below T,. Therefore it is called order parameter. The
particular value of T, depends on the physical details
of the ferro-magnetic material. We will not model some
particular system, but rather leave T, as well as as
a9, 115(0,0) and a4 as free parameters.

Yet in the vicinity of the critical point a universal
behaviour of the order parameter sets in. Universal quan-
tities do not depend on the details, but only on stuff like
the spatial dimension (d = 3 in our case), the symmetry
of the order parameter (rotational symmetry in our case)
etc. Which properties are universal has to be discovered
in each case and it is those our model has a chance
to describe. We therefore simply dump non-universal
properties into the free parameters [G, asz, IT2(0, ay] and
hope for the best@ We will expand all the temperature-
dependent variables around the critical temperature 7.
As we will see, the value of T, is determined by the
vanishing of the coefficient of the m?2-term.

All this can be subsumed into the Ginzburg-Landau
effective action as an approximation to I'lm] of
Eq. . Notice that at this point we have abandoned
performing the path integral [ D[m], neglecting the
associated quantum effects. We therefore drop the mean
value symbol and set (m(z)) ~ m(z). Transferring
S4[m] to Euclidean 7,x-space, we get the Ginzburg-
Landau effective action

Tgrlm] = /d7d3x[c1Vm -Vm + com? + C4m4}.

(295)
with some free parameters co,c; > 0,7 = 1,4. The gra-
dient term damps out high frequency spatial variations
of the order-parameter.

45 For more details see [13], sect. 15.2.
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Using Eq. (283) we get the gap equation for m(z)

5FGL [m]
dm(y)

As a first approximation, we neglect fluctuations and
look for constant

= [~2¢:V?m + 2com + 4cym®) = 0. (296)

m(z) =m #0 (297)
as required by Eq. . The magnetization m becomes
the order parameter of the ferromagnetic phase
transition. Since our model is rotationally invariant, it
is of course unable to provide a particular direction for
the magnetization to point to! At most it may yield a
non-zero value for the length of the magnetization vec-
tor. This is called Spontaneous Symmetry Breaking
(SSB). In fact under a rotation the magnetization
vector m transforms as

m; = Rijmj, summed over j, (298)
where R is a anti-symmetric 3 x 3 - matrix. It satisfies
R;jR;i; = 01, so that the original vector and the rotated
one have the same length. This means that the angle of
m is arbitrary, the partition function being independent
of this angle! We have now two possibilities

1. Either m = 0, in which case the angle is irrelevant.

2. Or m # 0, in which case we have identical physics
for all values of the angle, i.e. SSB. The theory only
tells us that m lies on a sphere of radius |m| #
0. If the reader needs a bona fide magnetization
vector with a direction, it is up to him to choose
this direction. Due to the symmetry, all eventually
chosen directions will produce identical results!

Comment 1

Symmetry arguments like the one used
at Eq. are millennia old. Aristoteles
resorted to symmetry to prove that the
vacuum does not exist. In the middle ages
this was called horror vacui - nature abhors
the vacuum.

The argument goes as follows: If the vacuum
existed, a body travelling in it with constant
velocity would never stop! Due to transla-
tional invariance this is true, since all the
places are equivalent and the body can’t
do anything except going on]20]. Now he
concludes: but this is absurd, therefore the
vacuum does not existfol

Notice that Aristoteles lived ~ 2000 years
before Galileo! If you want the body to stop,
you have to somehow break translational

46 Do you agree or do you feel cheated?
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invariance. In our system you have to some-
how break rotational invariance. You could
take resource to some magnetic field point-
ing in a particular direction and adding a
corresponding interaction to our model. This
would be explicit symmetry breaking.
But SSB is much more subtle!

For a constant order parameter the gap equation

Eq. (296]) becomes

2m {c + 4cym®} = 0. (299)
If m? # 0, we say that the system undergoes sponta-
neous symmetry breaking. This requires ¢y to change
sign at some T' = T.. The simplest assumption is

co=a(T-T.), a>0

such that

o a(T. =T)
=—7 300
m 464 ( )

The solutions of our gap-equation are then

l _71/2

0 T>T1T,

with the constant o’ = \/a/(4c4).

Here we encounter the critical index -, which
controls how the magnetization vanishes at the critical
temperature

m~ (T,—T) (302)
with v = 1/2. We also notice that the derivative
dm/dT diverges at the critical temperature, signaling
a singularity.

Now we observe

1. The critical temperature T, depends on the details
of the physics to be described. Since this would be
a tall order for our model to live up to, we left T,
a free, unknown parameter.

2. Unless forbidden by some special requirement, the
lowest order terms in the expansion of the determi-
nant are m(z)-m(z), [m(z) - m(x)]?. These terms
are required by the rotational symmetry of
our model, which excludes all the odd powers of
m(z). This fixes the value of critical exponent 7
to be % We therefore trust this value to have a
rather general validity: it is called universal. See
~ [T, pgs. 285, 351.

We now include fluctuations to compute the x-
dependence of the 2-point correlation function. This
is actually an inconsistent procedure. We first neglect
fluctuations, which forced us to set (m(x)) ~ m(x) =
m. But we include them now, to compute (m(x)m(0)).
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Yet the results provide valuable insights into the physics
of phase transitions.

In analogy to Eq. , we use Eq. (168)) — with no
factor of 2 since our setting is in our Euclidean. This
shows, that the two point correlation function gy, (x) =
(m(x)m(0)) — m? satisfies the equation

{2¢5 + 4eam(z)® = 21V }gar(x) = 6@ (x).  (303)
Inserting m(z) from Eq. (301), we get
{—26:V2 +2)d (T, — T)} gar(x) = 6 (x)  (304)

with A =2 for T < T, and A\ = —1 for T' > T,. The
solution with the boundary condition ggr(c0) = 0 is

1 e Ixl/g 205
gor(x) = 8mer x| (305)

with
T>T, (306)

‘= ay (T —T.)" /2,
a (T, —T)"'?, T<T,

where ay = +Jei1/a', a— = \Jci1/2a’. € is called
correlation length. It diverges at T' = T, with the
universal critical exponent v = % The ratio a4 /a_ is
also a universal parameter.

If you want to go beyond the mean-field picture, use
e.g. the Renormalization Group approach, which is
beyond this note. You may check out [I0] [I7], besides
the books already mentioned.

Exercise 6.1
Consider a massless boson in d = 2 euclidean dimen-
sions. In analogy to Eq. its propagator satisfies
V2D, (z) = 62 (). (307)
Solve this equation and notice divergences for both
small and large distances. The small distance behavior
is not relevant, if the system lives on a solid lattice.
The large distance divergence illustrates, why SSB of
a continuous symmetry does not exist in two dimen-
sions. The small number of neighbors is insufficient to
prevent the large distance fluctuations from destroying
the coherence in the ordered phase. d = 1 is even worse
in this respect. d = 2 is the lower critical dimension
for spontaneously breaking a continuous symmetry at
a temperature 7" > 0. Yet a discreet symmetry may be
broken in d=2, but not in d=1.
Exercise 6.2
Show that ¢4 > 0.
Exercise 6.3
Show that m transforms as a vector under rotations.
Choose a coordinate system, whose z-axis coincides with
the rotation axis. By definition v transforms under a
rotation around this axis by an angle ¢ as

W(X/) = S3¢(X)a
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with

and the vector x transforms as

x' = Ax
cosp sinp 0
A= |sing cosp 0
0 0 1

Show that m transforms as x, i.e.
mi(x') = () (x')oiy (x')

= A" (x)ov(x) = Aijm;(x). (308)

6.3. Superconductivity
Consider again the Lagrangian density Eq. (263)

L= 370100 5V = )i + GULUE

==+
(309)

with the partition function

Z = /D[w,z/}*]ezfd%ﬁ. (310)

We will again integrate over the fermions, but now in
a way different from the previous section. The order
parameter will be a charged field! In the OQFT

language, instead of the Hartree-Fock approximation
with the charge-conserving break-up

Wl ) ~ (Wl )iy,

Bardeen-Cooper-Schrieffer(BCS) took the revolu-
tionary step to decouple the 4-fermion interaction as

Wl ) ~ (Lol yiy),

requiring the introduction of a complex charged order
parameter A(z).

First convert the quartic fermion interaction to a bilin-
ear one, a little different from the analogous computation
in Eq. . Notice that the integral

/ DADA*eGAA — O

where A, A* are two independent bosonic fields, is the
G-dependent irrelevant constant Cg. Shifting the fields
A, A* as

A= A—Gp, A= A —Gyrygr,  (311)
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and noticing that this leaves the measure invariant, we
get,

Cpe® J it v,

B / DA, A¥le] #2805 +A v v+ AvL ),

(312)
Inserting Eq. into Eq. yields
7= /D[w,w*]D[A,A*]ezfd%qw’A] (313)
with the Lagrangian density
L[, A] = 2%“(2@ - %Vg — 1)
b AR AP — %. (314)

From their coupling to the electrons, we infer that
A(z), A*(x) have spin zero and electric charge
QA =—-2, Qar = 2. (315)
From Eq. (309) it easily follows that our theory does
conserve the electric charge
Op+V-j=0 (316)
with p = > V35,5 = >, 5 Vis. This conservation
law also follows from symmetry arguments. The classical
Noether theorem tells us: To every continuous symme-
try there corresponds a conservation law. Although this
is true in classical physics it may fail in the quantum
domain. Yet in our case it is true. Our Lagrangian

density L[y, A] Eq. (314) is invariant under the following
U(1) transformations

A, —  ePoA;

AF — e HaAr

v o e (317)
vroo ey,

the starred variables transforming as complex conjugates
of the un-starred ones.

To address the statistical-mechanical description of
superconductivity, perform the analytic continuation t =
—1uT to obtain the finite temperature partition function

using Eq. (238)

2(8) = / D, *DIA, ATleSEwA (318
with the action
B
S8, A] = / dr / Bl Al, (319)
0
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where

1
Lo, Al =Y 7 (0r + 5V + 1) ¥

i=+
A - A+ SR (320)
Assemble the fermions into Nambu-spinors, as
U= (%), 0 = ( Zt ). (321)
In terms ¥, ¥ we get
S[B,1, A] = /0[3 dT/d?’x [\TJO\I/+ A;A} (322)
with
orx=(2 5. (323)
where

v?
O+_67+<2’rn+u>

VQ
O_ =0, — (+,u>.
2m
With respect to O_ notice that

YO = 0 (YY) — (OrYZ )Y

ppEah = —pap_p*
YEVEY_ = V(P Vo) — (VX ) (Vo)
= V(r Vo) + (V2R )y — V(Ver)y_)

Although the ’s satisfy anti-periodic boundary condi-
tion, the ¥y *-terms satisfy periodic ones. Therefore the
total derivative terms cancel in the action and we get

* 1 2
¢_(37+—2mv + p) Y-
_ 1 2 *

Since S[B,1,A] is quadratic in the fermion variables,
we integrate them out using Eq. (248]) and include the
determinant in the exponent to get

2(6) = [ pla,aje-sto (324)
with the action

B A 2
S8, A :/0 dT/d?’x%—lndetO[A]. (325)

From here proceed as in the previous ferromagnetic
section, except for the different O[A]. In the Fe-case the
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system had rotational symmetry in R3, whereas now we
have rotational symmetry in a two-dimensional complex
plane, as seen from Egs. (317)). We again factor out O[0],

which now involves o3, as

v2
o] =0- + (Qm + ,u) 03, (326)
to get
O[A] =00 +0-A=0[0](1+0[0] 'o-A),
(327)
where for notational convenience we changed
A — A =[ReA,—ImA,0). (328)

The propagator

v -
Ds=0[0]"' = [aT + <2m + u) ag} (329)
has the momentum-space representation Dg(k) =
f d4$el(u}7+k-m)DS($)

—W — €03

Ds(k) = wi + ek

(330)

with € — % — W

There is no closed form available for the generating
functional Z(3) Eq. (324). We therefore have to resort
to a perturbation analysis or some other approximation.

Before discussing these, we add the following comments

o A = pe'? is complex and therefore not an observ-
able quantity.

e Using OQFT-parlance: since A has charge two,
yet the Hamiltonian conserves charge, it follows
that A does not commute with the Hamiltonian.
Therefore there does not exist a common set of
eigenvectors.

o If we select a particular value for A, we have also
have to choose a particular value for its phase: we
are spontaneously breaking charge conser-
vation. Yet any value for the phase will give
equivalent results! Due to the symmetry, the
action does not depend on the phase ¢.

e In the ferromagnetic case we had to choose a par-
ticular value for the direction of the magnetization,
thereby breaking rotational symmetry. We are used
to a ferromagnet pointing in a particular direction,
blaming all kinds of small external fields for the
breaking. Yet in the present case, who is supplying
the charge, since charge conservation is broken?

We can argue as follows. SSB occurs only in the
thermodynamic limit M — oo. Nature may be
very large, yet she is ﬁnite@ In real life, we may
therefore approximate to any precision the SSB-
state by a superposition of charge-conserving states
and nobody will create charges from the vacuum!

47 For small enough samples one observes finite-size effects!

DOI: https://doi.org/10.1590/1806-9126-RBEF-2021-0170

€20210170-33

6.4. The BCS model for spontaneous symmetry
breaking

We will study the phase transition, using a saddle-
point approximation for Z(5). Thus we look for
extrema of the action S[3,A], where the integrand
dominates the integral [ D[A]. This selects the A(z)’s,
which satisfy

S8, A]

A

Here S[B, A] is given by Eq. (325)

(331)

S[B, A] :/Oﬂ dT/d?’x'Ag)'Q ~Tr.., In O[A]. (332)

The derivative of the first term as

Jd'ylAw)?/G
IA(z)

To illustrate, how to compute the derivative of a term
like tr, In (1 + Alz]) with z = A(z), take an arbitrary
function f(A[z]), expand it in a Taylor series and take
the derivative d, = d/dz term by term

= 2A*(2)/G.

o (n)
atr (7)) = . S L0 )
n=0 '

n

n!

> £(n)
S 000 a4
n=1

FALA. A+ AAL A

Now use the circular property of the trace get

. f£(n)
dtr(f(A4) =3 (J;_(f))'tr{AnldzA}
n=1 !

= tr ( f’(A)dZA) , (333)

where f'(A)d,.A is a matrix product with a sum/integral
over common indices!

Thus we obtain — with A(z) = A, for notational
simplicity — for the functional derivative

&try{ ln(A[Ay]} =try, { (A[Ay])_l 5‘./(;1[AAwy] } .

(334)

This yields with the trace taken in z- and o-space

)
AL Tr{ In(O[A,] }

5
- mTTln{[O[O] +A(y) - o]}

—Tr { (o] + Ay) - U)_l <8 " . y)) }

_ Tr{(O[O] NE a)_l (g é)}
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to get the gap-equation

2 1 (om+awm ) (5 o))
(336)

We first seek solutions for constant A(z) = A. To
compute the trace in the rhs, we go to Fourier space and
use Eq. for Dg(k). The matrix O[A] in the trace
to be inverted is block diagonal in momentum space, so
that the inversion replaces the 2 x 2 blocks by their
inverses. We have recalling Eq.

(o0 ra00) " (3 1))

-1
‘21 w? + Ei + |A|2}
(337)

where the indices i = 1, j = 2 label the matrix element in
the 2 x 2 matrix selecting —A. The expression &2 = €2 +
|A|? is called the dispersion relation for the Bogoliubov
quasi-particles ~ [7], pg. 272.

Thus the mean-field gap equation is

A, A

try——— 338
Iel Tk oﬂ _"_6.12c ( )
The w-integral in the tr, = [dw [d®k is actually a

fermionic Matsubara su With w — w,, = %
we get

1 & 3k
try — Bn_z:oo/@ﬂ’)?’

If we want to describe the phase transition occurring
in some real material, we have to inject here some
information about its physical details. They are thus
non-universal inputs. To execute the f d3k, recall that
the attractive phonon-mediated interaction responsible
for the BCS superconductivity, occurs only in a thin shell
of the order of the Debye frequency wp < €p around the
Fermi surface — ~» [7], pg. 269. Therefore we have

[ s = [ e er) [ ae

where v(ep) is the electron density of states at the Fermi
surface.

(339)

48 Remember that O[0] and therefore Dg are fermionic operators!
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The gap-equation in this saddle-point or mean field
approximation is

- 1 “D = 1
O:A{—G/—H@BTV(EF)/_ de (Mﬁ)}

WD p=—o0
(340)

with G’ = G/2 required to be positive and £ = €} +
|A|2. The solution of this non-linear integral equation
yields the temperature dependence A(T) of the order
parameter. Concerning the phase of A, we again have
now two possibilities

1. Either A = 0, in which case the phase is irrelevant.

2. Or A = pe*® # 0, in which case we have identical
physics for all values of the phase ¢. The theory
only tells us that A lies on a circle of radius
p # 0. In the jargon of the trade we say: the
selection of a particular phase ¢ spontaneously
breaks charge conservation! We choose the
phase of A to be zero for convenience.

Choosing the solution with A # 0, we have

1 wp > 1
— =kgTv(e de _—
G ( F)/wD Z w2 +e2+|Af2

n—=—oo

Using
= 1 7 tanh(mwz/2)
= 41
Z 22+ (2k — 1)2 iz (341)
yields with g = v(ep)G’
NZENE
WD tanh (W)
l=g de (342)

0 2¢/€2 + |A2

The superconducting phase is characterized by A # 0
and it vanishes at the critical temperature 7t.
Setting A = 0 in Eq. (342) we get an equation for the

critical temperature

wp tanh( =5~
1= g/ d67(2kBTC) .
0

> (343)

Since in many cases of interest wp is large, we would like
to make our life easier setting wp = co. But the integral
in Eq. would be divergent. In order to extract
the offending term, we integrate by part obtaining a
tame log-term and an exponentially convergent 1/ cosh?
term as

“bo o th “p 1
/ d:c—x = Inwp tanhwp f/ dxnia;.
0 T 0 cosh”

(344)
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We approximate the second term, extending the integral
to oo to get for large wp

wp o0
/ dxr lng ~ / dz lnsg =
0 cosh” z 0 cosh” z

with B = e“/x. Further using tanh(wp) ~ tanh(co
we obtain

—log(4B),

“b thx
dr—— 2 Inwp +In(4B) ~ In(dwpB).  (346)
o x
This yields
2
T, = itheﬁ (347)

with & reinstated to highlight the quantum effect. Notice
the non-analytic dependence on g. This equation for T
explicitly shows its non-universal characteristic.

To obtain the zero-temperature gap A(0) set T =) in

Eq. (342)
wp d
[Tt
0 2y/e2+ A2(0)

1. wp+y/wh + A2(0)
= - In D . (348)
2 A(0)
or
A(0)e?? = wp + \/w? + A2(0). (349)
Comparing with Eq. (349) we get for large wp
- kpT,
A(0) » —. 350
0)~"2 (350)

We now extract the critical behavior of the order param-
eter straightforwardly and without approximations[21].
For this purpose we choose A real and parametrize ag™|

A ﬂ B Bc “
A =a(P%) pmne )
This yields for the derivative 5 A? = 88%2 as
0 a>1/2
i 2 _ 2 —
T11—>H11"c OpA”"=<a’/B. a=1/2 (352)
00 a<1/2

The non-linear integral equation Eq. (342)) for the
order parameter has the solution A(5,wp, g), depending
on three parameters. Substituting this solution into

49 Although the standard nomenclature for the order parameter’s
critical exponent is 3, we use « to avoid confusion with 8 = 1/kpT.
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Eq. (342)) yields an identity. Differentiating this identity
with respect to [ easily yields the following relation

f"-’D de
0  cosh? @

[ Oy p———
2
(353)

8[3A2(57WD79) =

with E = V€2 + A2,

Taking the limit T' — T,, A — 0, we obtain

kpT.)? tanh <28
0<a2:wB(Bc) n 3 < o0
Sy 45 (banh § — ooty )
(354)

implying o = 1/2, as is to be expected for a mean-field
theory. Notice that the above integrand is finite at z = 0.
As illustration we evaluate the integral for wpf. = 10
to get

A(T) =3.10- kBTC(l - Z)% T~T,.

T (355)

We therefore obtain the same universal critical expo-
nents as in the Fe-case as is expected for mean-field
models.

Also for the superconducting case, we can write
an effective action analogous to Eq. , which
includes lowest order spatial derivatives of A(z). Using
Indet O = Trln O, we expand the log in Eq. as

Trin (1+ Dg(z)A - o)

—Z Tr{ Ds(z)A - o]" }

(356)

Due to the tracelessness of o - or just by symmetry -
all odd terms are forbidden. We therefore get including
only the even terms

Trin(1+ Ds(z)A - o)

i% {DSA oDsA - o]" } (357)

Reintroducing the log, the action is

S[8. A _/ dT/d3

T?"m oln {(9[0]

x [1 + (DsA - oDsA - o) (x)} } (358)
Here we only compute the second order term in the log.
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Referring to Eq. (289), we trade m(k) for - A(k) to get

T’/’kﬁ [Dso' . ADso' . A]

_, / d'k
— ) @)

d4
| [ oo
|
Here we have replaced o - A(—k) by o - A*(k) to expose
charge conservation. In Fig.(3) o - A*(k) creates a
charge QA+ = 2 at the left vertex, which is destroyed by

o - A(k) at the right vertex.
Inserting the momentum-space propagator Dg(q)

from Eq. (330) yields
Ds(q)o - A*(k)Ds(q + k)o - A(k)

_ d*q | —w, — €eqo3
) (2m)t Wwtez O
a7 “q

—Wg+k — €k4q03
AT — 3
Yotk T Cktq

- A*(k)Ds(q+ k)o - A(k)Ds(q)

o- A(k)}. (359)

To take the tr,, we choose axes such that ZmA
0 and only Aj-terms surviveﬂ Using o30,030; =
—1 fori=j=1 we get

[Dso' . A*Dso' . A] (/C)

-/ B ARA ()
@) (@2 + )Wy + 2p)

X (5ij (WqWqtk + €q€qrk)

+ 2[os] (i) (€qugk — Wq€q+k))~
The trace over o kills the o3-term, resulting in

Tryq [Dso' -ADgo - A}

d*k 2
= - AX(k) T2 (k) A (k
[ arainlmam @6
with the polarization tensor up to second order
4
(2) d’q WeWg—k + €q€q—k
1135 (k):5~/ . (361)
! ) (@2m) (wg + 63)(%?% + 6(2;719)

Expanding H(2)(k) to second order in k, we get the
quadratic terms |A|%|[VA*> in a Ginzburg-Landau
action for A, analogous to Eq. (295). We complete the
Ginzburg-Landau action adding the zero-momentum
fourth order term |A[*.

50 At any time we may invoke rotational symmetry to restore
general axes.
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Comment 2

Here we are dealing with equilibrium statis-
tical mechanics, so that we have no time-
dependence. Therefore the absence of time-
dependence is not a shortcoming of the
saddle point, as is sometimes implied in the
literature. For example the classical saddle
point in Eq. obviously does not exclude
time-dependent dynamics.

The gap equation Eq. selects one
particular trajectory, meaning we aban-
don doing the path integral. Since in our
approach quantisation is effected by path
integrals, the gap equation is always a clas-
sical statement and we neglect quantum
effects associated with the path-integral over
A. Quantum effects associated with 1) were
treated exactly.

So you may ask yourself how we got a
quantum result with A showing up explicitly
in e.g. the critical temperature Eq. 7
Recall, that an enormous amount of physics
was smuggled in, when we were required to
do the integral in Eq. over d3k. Stuff
like the Fermi surface, Debye frequencies etc.
All of these are quantum effects.

Why in contrast to this in our modeling
ferromagnetism Eqs. (296]) no quantum ves-
tige shows up? The quantum effects there
are hidden in the non-universal quantities
C1,C2,C4.

Exercise 6.4

Expand I1(? (k) to second order in Vk. Extract the A%-
term in the In to obtain the Ginzburg-Landau action.
Exercise 6.5 (The Meissner effect)

We use the Ginzburg-Landau model for the doubly
charged field A(z), renamed ¢ to unclutter notation, of
the previous exercise to study how an applied magnetic
field penetrates the superconducting region.

As we are dealing with equilibrium statistical mechan-
ics, there is no time-coordinate. Thus we take as our
effective superconducting Euclidean Lagrangian for the
doubly charged field ¢

1 2
Lar = M ZV<P| +V(p),

V(p) = ~salT)lel + 36Tl

where M = 2m. The coefficients a,b are non-universal,
but obey

(362)

a(T)=d (T.—T),a’ >0, b(T) > 0.

Ly is invariant under the U(1)-symmetry

o(z) — (p(x)e“ﬁ, f = constant. (363)
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The standard way to couple an electromagnetic field
to charged matter, e.g. the charged field of sect. [3:4]
is the minimal coupling. This replaces the ordinary
derivativﬂ 0, by the covariant derivative
Oy — Dy =0, +1qA,, (364)
where ¢ is the charge of the matter field. Here we only
use the spatial part V — V +1gA.
Show that under the gauge transformation
Aa(@) = Aa(z) = Dan(@), p(z) = p(x)e' "™
(365)

D, ¢ transforms as ¢(z) and therefore the combination
|D,p|? is invariant. This extends the symmetry of
Eq. to the local gauge symmetry as required by the
electromagnetic Maxwell Lagrangian £ = —%FWF W =
%(E2 — B?) with F,,, = 9, A, — 9,4, and its Euclidean
version L = +(E? + B?).

Under minimal coupling our Euclidean Lagrangian

Eq. (362) becomes

_ 1 _ 2 1 2
»Cs—QMI(zV qA)yg| +V(@)+2(VxA) ,
(366)

where M = 2m,q = 2e and B =V x A and we added a
magnetic, but not an electric term.
We now make two comments.

Comment 3

Whatever transformation or field expansions
we perform, the gauge invariance Eq.
will always hold. Otherwise we would not
even be able to compute the gauge-invariant
magnetic field as B = V x A. A gauge trans-
formation just changes the way we describe
the system, leaving the physics invariant.

Comment 4

We will use our gauge freedom to choose
particular gauges for our convenience. Recall
that choosing the Coulomb gauge V- A = 0,
instead of the relativistically invariant gauge
0, A" = 0, is convenient, because the field
A will be transversal in this gauge. Yet this
does not mean that we are obliged to break
relativistic invariance.

Only gauge-invariant quantities are observ-
ables. Statements involving gauge dependent
fields like A, ¢, may be true in one gauge, but
not in another: they are gauge dependent and
may therefore be misleading.

51 We are using units ¢ = i = 1.
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Show that the equation of motion for A is

VZA-V(V-A)=-VxB=—j (367)
with the gauge invariant current
2
. q * * q 2
== — — —|p|*A. 368
3= 5@ Ve —eVeh) = el (368)

For T > T, the potential V(¢) has a minimum at |p| =
0, but for T' < T, the minimum is at

lol* = a/b=mns,

where n, is the density of the superconducting carriers.
This minimum condition leaves the phase 6(z) of the
complex field ¢(z) = p(z)e*?®) undetermined.

To simplify our life, we choose the particular gauge
in which ¢(x) is real, i.e. we set #(x) = 0. Choosing
this phase for ¢(z), we have spontaneously broken the
U(1)-symmetry Eq. , although this is a gauge-
dependent statement. For T" < T, we expand around
the minimum as

o(x) = /ns + x(x), x=real.

The Lagrangian now becomes

(369)

L= ﬁ [(Vx)2 +¢* (Vs + x)QAQ}

V() + (V% A

= i(v )2 +a(T)x* + m—2A2 + E(V x A)?
“om VA X T 2
2
+ ;]—M (2v/nsx + )(2)A2 + (higher order x terms)

(370)

with m? = % = qj\;}s.
Taking the rotational of Eq. (367) yields, upon
neglecting fluctuations of the field x

V?’B =m*B. (371)
Consider a superconducting material confined to the
half-space z > 0 with a magnetic field applied parallel to
the bounding surface, e.g. B = BZ. Show that inside the
superconducting medium, the magnetic field decreases
exponentially with magnetic length

1 [bM bM

The x-dependent quadratic part of L£s shows, that the
coherence length of the order parameter field y is

_T)*l/Z.

(372)

&, = [2Md(T. - T)7 /2. (373)
Show that the equation of motion for ¢ is
1
570V = qA)?0 —a(T)p + b(T)|p’p = 0. (374)

2M
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Using this equation show that
2(,5[2
. d’lel
Vj=——"7"-V A 375
J i (375)

In our gauge Eq. (368]) becomes London’s equation

j= L+ 0Pa (376)

To check what happens, if we keep the 6-field, let us
neglect fluctuations in p and set p = /i

p(z) = e, (377)
The Lagrangian then becomes, up to a constant
L= 5 (VO — gA) + 1(V x A)2. (378)
2M 2
We define a new gauge-invariant field A as
qA =qA — Vb (379)
to get
L= %2142 + %(V x A)% (380)

The 6-field has disappeared into the massive A-field and
there is no trace left of gauge transformations.
Exercise 6.6

Obtain the Lagrangian analogous to Eq. , keeping
a fluctuating p-field.

Exercise 6.7 (Resistance conduction)

The designation superconductor calls to mind the
absence of resistance to current flow. Current flow, unless
stationary, is a time-dependent phenomenon, outside of
equilibrium statistical mechanics. Yet, let us suppose
Eq. to be true for slowly varying time-dependent
phenomena. Consider the situation, when the order
parameter is ¢ is constant — V¢ = 0 — and take the
time-derivative of Eq.

dy _q2ns dA

T vl (381)

Since we have not included the scalar potential Ay in
our formulation, we are obliged to use a gauge in which
Ap = 0 yielding E = —0; A. Hence we get

dj  ¢*n,
dt M

(382)

Check that from Newton’s equation F = qFE = M %’t’
and J = ¢nsv, we get exactly Eq. (382): current
flows without resistance! Resistive flow would modify
Newton’s equation as

Jv

MZ = —-M/rv+E,

o (383)

where 7 is a time constant characterizing the friction.
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Comment 5

Suppose we include a 7 dependence in our
GL model Eq. (366)), adding the termﬁ

1

1 .
— ZF,, FY
2M o

|(a7' _qA0)<P|27 4

which are dictated by gauge-invariance. One
then argues that this leads to the appearance
of an electric field through E = —10; A and
taking the 7-derivative of Eq. (368]) one gets
q°ns

—Z@TJ = W‘E

Then, appealing to analytic continuation,
use —0; = 0 to recover Eq. (382)).

But notice, that we started from a the-
ory indexed by [t,z,y,z] and analytically
continued to [7,z,v, 2], having traded time
for temperature: we cannot have both! In
fact, if we now continue back reinstating a
time variable, we would describe a theory,
where our potential V(¢) would have time-
dependent coefficients a,b. This is not what
you want!

You may see many papers in the literature
about GL models including time depen-
dence, quantising them etc. Nothing wrong
with this, but this is not supported by
our microscopic model (which actually may
not mean that much, given that our model
is extremely simple, probably as simple as
possible with a lot of physics injected by
hand).

Exercise 6.8 (The Higgs Mechanism)
The Higgs mechanism is the relativistic analog of the
Meissner effect of the previous exercises. To illustrate
it, we will use our singly charged complex scalar field ¢
with Lagrangian

1 * fe%

Ly =50u0) (@%0) - V(e) (380
where V(p) = —1p20%¢ + IA(*p)2, A > 0. Ly is
invariant under the U(1) symmetry given by Eq. (130]),
namely

© — e (385)
with constant n. Minimally coupling ¢ to an electromag-
netic field with the substitution

On = Do = 0 +1qA,, (386)

52 Notice that these time-dependent terms are unrelated the non-
commutativity of ¢ and p. In fact in Eq. (211) we chose At small
enough, in order to be able to ignore this effect.
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we get

1 ]- * «a
L=—1 W FP 5 Dap)" (D%) = V().

(387)

L is now invariant under the gauge transformation .

For p? < 0 the potential V() has a minimum at
@ = 0, but for 2 > 0 the minimum is at the constant
non-zero value

2_lﬁz 2
ol? = £ =02, (388)

We therefore expand the field ¢(z) around this mini-
mum as

ple) = X (04 0(2)) = v+ 0+ ax(@) +
(389)

The field x(z) is called Nambu-Goldstone and o(z) the
Higgs boson. Obviously we explicitly maintain gauge
invariance.

Show that the Lagrangian becomes

1.~ -
= ——F,gFf
L=—Fus

+ 0000% + (v + 0)?(qAq + Oux/v)? = V(v + o).
(390)
As before we introduce the gauge-invariant field A, as
e 1
qAs = qAs — —0a X (391)
v

T~his absorbs the Nambu-Goldstone boson into the
A,-field and the Lagrangian becomes

1~ = m2 -~ -
L=—"FppF*+ AL, A"
gl T

1
2

2

1
+ =0,00% — §m(2,a

1 JO
+ 5620'(2’0 + o)Al AY — Mo /16 — Ao /4,

(392)
with the vector and boson field’s masses
m = (ev)? = €22/,
m2 = p? 4+ 3\?/4 = 72 /4. (393)

The Nambu-Goldstone boson has disappeared from the
Lagrangian and we are left with a massive vector field
and no gauge freedom.

Exercise 6.9

Repeat the previous exercise using the gauge in which ¢
is real.
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