7. FUNCTIONAL INTEGRALS

In first quantization, the Feynmann path integral is an integral over all coordi-
nates. The coordinates are operators in the Hamiltonian formalism. In the path
integral case, the argument of the exponential is the action in units of 4. By anal-
ogy, in second quantization, we want a path integral where the argument of the
exponential is the action and the integrals are over fields. For bosons, it suffices
to wok in the coherent state basis. Coherent states for bosons are the analogs of
classical fields. What are coherent states for fermions? This is what we set to
do first. Then the functional integral follows naturally. An excellent reference is
J.W. Negele and H. Orland, "Quantum Many-Particle Systems" (Addison-Wesley,
Redwood city, 1988).

7.1 Grassmann variables for fermions

7.1.1 Fermion coherent states

‘We wish to compute the partition function for time-ordered products with imaginary-
time dependent Hamiltonians. This occurs when one does perturbation theory, or
with source fields. To rewrite the partition function, or expectation values, it is
convenient to use a basis where the partition function is expressed as a functional
integral. In the case of bosons, one uses coherent states. In the case of fermions,
by analogy, one can define fermion coherent states. For simplicity, we work with
spinless fermions.

Let ¢ be a fermion destruction operator, then ¢|0) = 0 while for the fermion
coherent state 7, we have

cln) =mnln). (7.1)
Since cico |1y, 19) = —cacy |07,M,) the eigenvalues  must be numbers that anti-
commute. Namely,

{m,n2t = 0. (7.2)

Since Grassmann numbers occur only inside time-ordered products, it turns out
that it suffices to define the adjoint in such a way that it also anticommutes, there
is no delta function:

{n,n'} =o0. (7.3)
Given the definition of Grassmann numbers, one can write an explicit definition of
fermion coherent states in the Fock basis is we add the definition that Grassmann
numbers and fermion operators also anticommute:

[m) = (1 —mnc) |0) (7.4)
Given that n? = 0, one can verify the defining property c|n) = n|n) Eq.(7.1):
cln) = ¢|0) +nec’ [0) =n[0) =n (1 —ne') [0) =nn). (7.5)
Also, again since 7% = 0, we can sude the definition
) =" J0) (7.6)

that has the same structure as a boson coherent state.
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7.1.2 Grassmann integrals

In the case of bosons, the amplitude of a coherent state is arbitrary. For fermions,
we imagine something analog. We must define then Grassmann integrals. To have
meaning as integrals, these must satisfy properties such as

/ dnf (n+€) = / dnf () (1.7)

where £ is another Grassmann number. The most general function of a Grassmann
variable is f () = a + by since n?> = 0. Hence, the above property is satisfied if
J dnb& = 0, which implies

/ dn = 0. (7.8)

For derivatives and integrals to be coherent, the formula for integration by parts
is also satisfied with the above definition (as if f vanished at infinity)

/ dn;l—f; 0. (7.9)
Linearity
/ dn (af () +bg (1) = / dnaf () + / dnbg (1) (7.10)

will be satisfied as long as [ dnn is a number. The choice

/dnn =1 (7.11)

is convenient. The last property is consistent with the fact that the product of
two Grassmann numbers is an ordinary number. In the end, note that the formula
for integration looks the same as the formula for differentiation. The two rules
Eqs.7.8 and 7.11 are all we need to remember.

7.1.3 Grassmann Gaussian integrals

Let us practice with the integral we will meet all the time, the analog of the

Gaussian integral. With the above rules for integration, and e =1— n'n that
follows from 72 = 0, we find

/d?fr /dne‘”Ta77 = /d?ff /dn (1 —n'an) = a = exp (log (a)) (7.12)

where a is an ordinary number. If we have two Grassman variables,

/d’l]l/d’qie_'ﬂaﬂh /dUQ/dnge—ngagnz _
/dm/dﬁi/dn2/dn;e—ﬂa1me—n§am = ajas (713)

= explloga; +logas] (7.14)

The quantity ajas is the determinant of the diagonal matrix with a; and as on
the diagonal. In a general basis then we write in matrix notation

11 / dn, / dnle " A — det (A) = exp [Trlog (A)] . (7.15)
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The last equalities follow by using the fact that the determinant and the trace are
both basis independent. We abbreviate further the notation with the definition of
the integration measure

/Dn /Dne n'An = H/dnl/dnT —n'An, (7.16)

There is another gaussian integral to do that is simple and that will allow us
to use source fields to our benefit. Defining the Grassman source fields J and J7,
we can use what we know about shifting the origin of integration, Eq.(7.7), and
obtain

/dnf/dne_ntan_,,u—ﬁn — /dﬁ /dne n'+J'a"")a (77+a’1J)+J7La’(}T]'17)
= aexp (JTa™'J). (7.18)
The generalization to integrals over many Grassmann variables gives
/an/pne—nmn—nu—ﬁn _ /Dn’f/Dne—(n*-l—J*A*l)A(n+A*1J)+(J*A*1J)
= det (A)exp (JTAT'J) (7.19)

We will be able to use this result to obtain Green’s functions or multipoint func-
tions from functional derivatives with respect to J.

7.1.4 Completeness relation and trace formula

To find the expression for the partition function, we will need the completeness
relation. From the last result of the previous section, one can verify the following
closure formula by applying it successively on |0) and on c'|0) :

[ [ane = [ant [ o (1=ntn) o) o] = 1. (7.20)

Take a single state that can be empty or occupied. The trace of an operator O
can be written as follows,

= [ant [ aner'n (=nj0). (7.21)

The minus sign reflects the antiperiodicity that we encounter with fermions. To
prove the above formula, it suffices to use the definition of the fermionic coherent
state Eq.(7.4). Indeed,

dnt [ dne™ " (—n|On) = [ dn' [ dne™7 (0] (1+ent) O (1 nct) |0)
for | for |

= /dnT/dn l—nn 0|(1+ch)O(1—ncT)|0>
- / ' / dn (1= 5'm) (0] 010) — (0] en'Onet [0))
- /d*/ (1—5m) (0010} + 7t (0] cOCT [0))

— (0]0]0) + (1O 1) (7.22)
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In the next to last equation, we assumed that O contains an even number of
fermion operators so that
nO = —On. (7.23)

The set is overcomplete since using the definition in terms of Fock states Eq.(7.4),
one finds

T
(i n) = (o] (1= ent) (1= mac) [0) = 1 miny =€ (7.24)

7.1.5 The functional integral for a single fermion

For spinless fermions whose Hamiltonian is given by H =", sic;fci, the partition
function is

Z =Tr (exp (—BH)) = [ (1 +e77%) = det (1 + %) (7.25)

7

where € is the diagonal matrix. The expression remains valid in an arbitrary
basis. What is the generalization of this result when H depends on 7 and we want
a time-ordered product

Z=Tr (TT exp (— /B drH (T)>>7 (7.26)
0

We can work this out in the usual operator formalism. With Grassmann variables,
we need to suffer first, but then the calculations are easy and formally very close
to those for bosons.

Let us start with a single fermion state, so that

H = ecle.

Then, we express the trace in the coherent fermion basis. In that basis, we do
not know how to compute e~? |5)) since the expansion of the exponential gives
an infinite number of terms. We can however use the Trotter decomposition to do
a Taylor expansion that will be easy to evaluate in the coherent state basis. The
Trotter decomposition is given by

N, N,
= lim [[e2"# = lim (1—AT;H). (7.27)

N,—o00 - N;—o00
=1 =1

e_BH

with A7 = 8/N;. The index i on AT is just to allow us to keep track of the different
terms. Even if H was time dependent, we could use this approximation in the limit
A7 — 0 because [ATH (71), ATH (13)] = O (A7)? and we will neglect terms of
that order. In other words, for AT — 0 we can assume that exponentials of sums
of operators can be rewritten as a product of exponentials. There is one subtlety.
We have many time-slices. Since N, (A7)*> = BAr, it looks as if the error is of
order A7, not (AT)2 . Fye has shown that the prefactor of SAT vanishes when one
is interested in expectation values of certain kinds of operators. This is basically
because the operator in front of A7 is a commutator and is thus anti-Hermitian.
The trace of that anti-hermitian operator vanishes.

Back to our task. Using the trace formula in the coherent state basis Eq.(7.21)
and inserting the completeness relation Eq.(7.20) between each term of the prod-
uct, we can evaluate the exponential in the coherent-state basis. We find, with
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the definitions g =ny_ = —ng

N,
Z = lim H/DnT/Dne_”/g”“ (ng|1— Aty ecte|ny, 1) V- (Nn, 1]
=1

N;—o0 4

ot
co ) e (|1 = AryecTel)

(7.28)

N,
= H/DnT/D”e_mgnB (ng |77N,—1>€_£77MNT71AT €™ et (7, 1|
=1

N,—o00 4

clmy) €T (g |ng) e TmAT,

(7.29)

which is a time-ordered product. The overlaps are given by, for example, e~ M 1mo)

— e~ M+, The above formula is obviously generalizable to a time-dependent
Hamiltonian that appears in a time-ordered product. To evaluate this quantity
on a computer, we need to first do the integrals over Grassmann variables and
express the result in terms of matrices, remembering that the definition of the
matrices must be read off the above formula. There is no ambiguity. Recalling
that e~ (m Ing) = e~mm+ni7 the matrix A that appeared in Eq.(7.15) can
be written as

1 0 0 0 (1 —eArT)
—1+ecAr 1 0 0 0
A=10 ~1+eAT 1 0 =g L
0 0 0
0 0 0 —14+eAT 1
(7.30)

In actual computations, it is more accurate to replace —1 + A7 by —e27. If ¢ is
time dependent, it suffices to replace its value at the appropriate time slice. The
above matrix has dimension N, x N,. Labels 0 to N, —1 or 1 to N can be used.
In other words, either time 7 = 0 or 7 = /3 can be present as independent labels,
but not both. They are related by antiperiodicity.

The continuum limit can also be taken formally. We can combine the expo-
nentials coming from the completeness relation and from the overlap of fermion
coherent states as follows

t i i T ta
— - + - — M am AT
e () |ng) = e MMM — ¢ N (Mm=n0) — =M HrMAT (7.31)

Also, to leading order in AT, we approximate terms such as ni noAT by T}BT}OAT.
If we take the limit and impose the 73 = —7n, on the last matrix element to the
left, we can rewrite the partition function as

Z = /DnT/Dnexp(—S) (7.32)

where, by analogy with the Lagrangian formalism, we define the following quantity

B
s= [ ar (4@ gen et 00 (7.33)

as the action S. We have generalized also to a time-dependent Hamiltonian. The
integrand is like a Lagrangian when 7 (1) and 7 () are taken as conjugate vari-
ables.

Thinking of the n at different times as different variables, we can use our
formula for Guaussian integrals over Grassmann variables Eq.(7.15) the partition
funciton can be written as

Z = det (a% te (T)) — exp [Tr log (a% te (T)>] . (7.34)
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The matrix entering determinant and trace above is defined by returning to the
discrete representation.

In the case of a time-independent Hamiltonian, the determinant can be evalu-
ated as follows. Go to the basis where the time derivative is diagonal, namely the
Matsubara-frequency basis. Then, we obtain

Z = exp[Trlog(—iw, +¢)] = exp [Z log (—iw, +¢&)e” 0 | (7.35)

n

= exp Zlog ! (iwn)) e‘iw"o_]. (7.36)

The factor e=*»% is made necessary to have a unique result. To verify that this
formula is correct, we can use the expression for the occupation number

Tr (exp (—8H) cfc) 0z

Tr(exp (—GH)) — 9(Be)
GZIOg (—iwy, +¢) e iwn0 —y .
_ W - Z g T 87

n

Integrating, we recover the formula obtained in the canonical formalism Eq.(7.25).

To find the Green’s function or any higher order Green’s function, we add
source fields and use derivatives. We can confirm that this works at the level of
the Green’s function by starting from our previous result for Gaussian Grassmann

integrals with sources, Eq.(7.19). We just rename the matrix A as —G~! and
check that this is consistent with the definition of th Green’s function
Z:/Dn/Dne" )n—n'I—din
G (iw,) = ——/Dn /Dne n' (=g nmnta=dtny, ol
21nZ 82%1n [det (—Q‘l) exp (JT (—Q‘l)_l J)]
= — — — 7.38
0JtaJ|,_, oJtoJ )
J=0
(5 (5))
- aJT0T (7.39)
J=0

7.1.6 Quantum impurities

Assume I have a single level with some Hubbad interaction and hybridization to
a bath of non-interacting electrons. This time we restore spins. Let ¢, be the
Grassman variables associated with the impurity, and 7, (k) those associated with
the bath. The levels in the bath are labeled by k. The partition function then is

- / Dyt / Dy / Dnf / Dexp [-S] (7.40)

S=S+Snp+S (7.41)

with
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where the impurity action is

o

B
- /0 dr lz (zpj, (r) a%w(, (r) + el () %, (T)) + U] () ¥y (1) 9] (1) ) (T)]

B
_ /0 ir lz (48 () (=65 %o (1) + U8 () (1) 0] (D) <r>]

with the bath

v = [ S i) L, )+ G Gy, ()| (7.3
S 0 e or

8
— /0 dr S5k (e 7) (<G5 (7)) 1, (K, 7) (7.44)
k o

and the hybridization between impurity and bath
su- [ i L [Va 000 (e () 405 2 ()0 ()] (9
0

The functional integral over the bath degrees of freedom 7} (k,7),n, (k,T) can
be done easily if we identify the source fields in the Gaussian Grassmann integral
Eq.(7.19) as

Jo (k,7) = Vo (k) Y, (T). (7.46)

The integral over the bath degrees of freedom leaves us with

Z = exp [Trlog (— /DwT/DdJexp SI +JT (=G, IJ} . (7.47)
The prefator is the determinant associated with the bath. It will drop out from
observables associated only with the impurity. In Matsubara frequencies the bath

Green’s function is diagonal so it is easy to rewrite the term involving the source
as

T(=G) T =D 0 (iwn) (Z v (k _15 0 Vy (k)) Y, (iwn). (7.48)

This term thus just modifies Gy Lin the impurity action. We define the hybridiza-
tion function

(iwn) Z v (k ( m —V, (k). (7.49)
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