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Abstract

We give a mathematically precise review of a diagrammatic language introduced by
Friedrichs in order to simplify computations with creation and annihilation operator
products. In that language, we establish explicit formulas and algorithms for evaluating
bosonic and fermionic commutators. Further, as an application, we demonstrate that
the nonlinear Hartree dynamics can be seen as a subset of the diagrams arising in the
time evolution of a Bose gas.
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1 Introduction

The evaluation of products or commutators between creation and annihilation opera-
tors, a*, a is a frequently occurring task in many-body quantum physics and quantum
field theory (QFT). In 1965, Friedrichs [1] suggested a diagrammatic method to track
and simplify these calculations. A Friedrichs diagram represents a normal ordered
product

A :/fA(XA, YA)a;‘A,nA ...aj:A,layA’l ey, dX 4dY 4

by a graph with n4 legs (or “prongs” in Friedrichs’ original language) that point to
the left and represent creation operators, as well as m 4 legs that point to the right and
represent annihilation operators, see Fig. 1.

Formulas for evaluating certain bosonic products in terms of diagrams have been

derived in [1, 2] and were subsequently applied in the context of constructive QFT
[2-5]. In particular, [2, Thm. 1.1] and [7, Thm. 20.18] imply a simple formula (22) for
the commutator [A, B] of two operators A and B that involves a “sum over all ways to
contract legs of the diagrams corresponding to A and B” (we specify in Sect. 2, what
is meant by that, mathematically). A mathematically precise account of Friedrichs
Diagrams, among other diagrammatic types, can be found in [7, Ch. 20].
Friedrichs diagrams have also been used within mathematical investigations on the
Yukawa model in 1 + 1 spacetime dimensions [8—11], which includes fermions. For
fermionic operators, one may expect a formula similar to (22) to be true, up to the
multiplication of certain contributions by a factor of (—1). However, we are not aware
of such an explicit formula in the existing literature'.

In the present work, we therefore provide an analogue to the bosonic commutator
formula (22) in the fermionic case, which is (23). This fermionic formula is our main
result and given in Theorem 3.2. We also state the bosonic commutator formula in
Theorem 3.1 and give two different proofs for it.

The bosonic formula is based on a so-called attached product A—0—B (17), which
is essentially a sum over all possible ways to contract legs of the diagrams of A and B
in a certain way. Its fermionic analogue, A—0=B (20) agrees with A—0—B up to sign
changes.

Further, the bosonic formula always holds for commutators [A, B], while the fermionic
analogue describes either [A, B] or the anticommutator {A, B}, depending on the
numbers of legs.

We believe that the above-mentioned formulas can be useful for speeding up
commutator calculations as they frequently appear when conjugating operators (e.g.,
Hamiltonians) with exponentials, such as in dressing or generalized Bogoliubov trans-
formations. Recent examples for such conjugations can be found in the context of
Bose gases [12—14] and Fermi gases [15-19] for investigating the ground state and
low-excitation spectrum of a given Hamiltonian. Friedrichs diagrams provide a quick
insight into which kinds of terms appear, and can also be used to anticipate and check

'y principle, such a formula could be derived from [7, Thm. 20.18] after plugging in all definitions for
the fermionic case which is, however, not explicitly done in that reference.
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Fig.1 A Friedrichs diagram

results that are obtained non-diagrammatically. We comment further on this within
Sect.5.2.

The mathematical description used in this article slightly differs from the one used

in [7]: We keep it less general to allow for an easier access to the topic and to a practical
employment of Friedrichs diagrams.
Further, we remark that the Friedrichs diagrams as in Fig. 1 may closely resemble the
so-called Feynman diagrams, which are ubiquitous in the QFT literature [20-23]. For
a mathematical discussion on Feynman diagrams, see also [7, 24-28]. Typically, in
Feynman diagrams, internal lines translate into spacetime propagators or covariance
matrices, while for Friedrichs diagrams, they correspond to spacelike Dirac distribu-
tions. Further, Feynman diagrams appearing in the literature usually represent complex
numbers or distributions, while Friedrichs diagrams are typically employed in oper-
ator calculations. However, the term “Feynman diagram” is sometimes also used in
a more restrictive sense (e.g., only denoting diagrams in QFT or those with time
ordered propagators) or it may include certain diagrams representing operators, see
[7, Sect. 20.6.2].

The rest of this article is structured as follows: In Sect. 2, we introduce the notation
and give the rules for translating diagrams into mathematical expressions. In Sect. 3,
we state our main results, including formulas for [A, B], {A, B} and AB in terms of
normal ordered products, and provide algorithms for their practical employment in
commutator computations. Proofs of the main results are given in Sect.4. Section5
concerns applications of the graphical framework presented here. We demonstrate that
the various contributions arising in the nonlinear Hartree dynamics can naturally be
identified as a subset of all the diagrams arising in the quantum time evolution and
sketch how to evaluate multicommutators using Friedrichs diagrams.

2 Diagrams and contractions

In this section, we give a mathematically precise description of the diagrammatic
formalism following [ 1], that encodes normal ordered products of bosonic or fermionic
creation and annihilation operators. We consider a general description of quantum
many-body systems, where the degrees of freedom per particle are modeled by a
measure space (X, u) with either X = N (where u is the counting measure) or
X = R¥ (where u is the Lebesgue measure). The one particle Hilbert space and Fock
space are then given by
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hi=L"(X, ), Fu:=P S, e))
N=0

where S is the symmetrization operator and S_ is the anti-symmetrization operator.
For some ¥ € .Z., we denote the N—particle sector by W) e p®N The finite-
particle space is then defined as

Ftin = {V € Zx | INmax € N: UM = 0VN > Npay). )

On this space one defines the operator-valued distribution a* by
A (HYN = YN+ 15y (f®\lf(N)), feb, 3)

and a(f) as the adjoint of a*(f). Further, we write the smeared-out operators as a
formal integral a*(f) = f f(x)aidx, respectively a(f) = f maxdx, over some
(formal) pointwise operators a} and a,. We further define for n4, ms € No the
operator valued distribution D'4-4) acting on h®"4 ® h®"4 as

DUAM) (1@ @ fu, ®FT® - @ &mp) = a* (fug) ... a*(f1)a(g1) ... algmy)-
“4)

So for any f4 € h®'4 @ h®"4 and na,ms € Ny, the normal ordered distribution
pairing

A = D@ama) (fa) = / fa(Xa, YA)a;A,nA .. .a;,kA,layA’1 by dX 4dY 4
S
renders a well-defined operator A : %5, — F4y, Where we have written the smeared-
out operator D®4-"4) (f,) as a formal integral over the pointwise operators. Here,
we used the abbreviations

Xai=@1,....x) € X", Yai=p, .0 Yp,) € X" 6)

ay and ay satisty the canonical commutation/anticommutation relations (CCR/CAR)
in the sense of distributions:

[ax, ayle =8(x —y),  lax,ayle = [ay, ajle =0, (M

where the commutator (for bosons) is given by [A, B]+ :=[A, B] = AB — BA and
the anticommutator (for fermions) is given by [A, B]_ := {A, B} = AB + BA. The

2 That means, (7) entails rigorous commutation relations for the operators defined in (5).
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, legs
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TAny Y * a
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connectors
TA1 YAamy *
CI/A’1 AA,m A

Fig. 2 Left: A vertex with connectors representing f4(X 4, Y 4). Right: A Friedrichs diagram including
external vertices and legs

set of operators A of the form (5) generates a CCR/CAR *—algebra A..

As in [1], we represent an operator of the form (5) by a diagram (see Fig.2) con-
sisting of

e One central vertex, representing f4, with n4 “connectors™ to the left and m4
“connectors” to the right, representing the coordinates x 4, ; and y4 ;. The con-
nectors are arranged, with respect to j and k, from bottom to top for X 4 and from
top to bottom for ¥ 4.

e ny4 external vertices on the left of the diagram, representing the expressions a;
and ordered from top to bottom in the same order as they appear in (5).

e m4 external vertices on the right of the diagram, representing the expressions ay
and ordered from top to bottom in the same order as they appear in (5).

e ny + my edges (called “external legs”) connecting each external vertex to a con-
nector, and thus specifying which coordinate x or y to plug into aj or ay.

To simplify the notation, we will also write a;Avj =: aj’j and ay, , = aax,
whenever it is obvious whether an x— or a y—coordinate is used.

When computing commutators of operators (5), factors of the form §(x — y) will
appear naturally. These 6 (x — y) can be viewed as “contractions” between the operators
ag and agi, or between the coordinates x and y. As in [1], we represent them by
internal lines between the connectors representing the coordinates x and y: Consider
a set of operators Ay, ..., Ay of the form (5) with kernels (“vertices”) { fv},‘,/: 1 fu€

hE™ @ hH®™v The sets

Ti={wj) | 1sv<V, 1<j<n), T :={wk | 1<v<V, 1<k<m)
®)

index all left/right pointing connectors and hence all coordinates. We would now like
c

tocontract C € Ny pairs of coordinates {(xn(c) » Y'(c)) }C:1 s

maps

determined by the pairing

7:{1,....C}=Z, a':{1,...,C}—=>T. 9)

3 Connectors on vertices are necessary to keep track of the order of the coordinates x 4, ¥ 4 . since those
can generally not be commuted in f4 (X 4, Y 4). In the language of graph theory, a “vertex with n left— and
m right-connectors” can be defined as a sub-graph with n + m vertices that are colored in 2 colors.
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To indicate the order of external legs corresponding to uncontracted coordinates, we
introduce the ordering maps

o:{l,...,|Z| = C} = T \imag(w), o :{1,...,|T'|—C}— T’ \ imag(n’).

(10)
Further, we use the abbreviations
|4 |4
Xyi= @1, %on)s Yoi= Oy toees Vo), dX:=][]dXy, d¥:=][]d¥,.
v=1 v=1
1D
The final contracted operator corresponding to { fv}l‘le, 7, 7', 0,0 is then given by
v c |1Z)-C * (iz-c
G:/(H fU(XU,YU)) (]‘[ 8 (X (o) —y,,/(c))> [T @ [1 @@ | dxar.
v=I c=1 (=1 =1
(12)

We represent G by a diagram (see Fig. 3) with:

e V internal vertices, each having n,, connectors to the left and m, connectors to the
right, encoding the functions f, and their coordinates xy, j, y, -

e |Z| — C external vertices on the left of the diagram, encoding the expressions aj,
ordered from bottom to top by o (with a; (1Z|—c) On top and “;(1) at the bottom).

e |Z’| — C external vertices on the right of the diagram, encoding the expressions ay,
ordered from top to bottom by ¢’ (with a,(1y on top and a,/(;7/|—c) at the bottom).

e C internal lines between pairs of connectors (X (c), yn/(c)), encoding the factors
8(Xz() — yn/(c)) and thus representing the contractions.

e |Z| + |Z'| — 2C external lines between a left-connector and an external vertex
on the left or a right-connector and an external vertex on the right. Those specify

o, o', and thus, which coordinates x, ; = o (c), y, ; = ¢’(c) have to be plugged

into a; ., and do/(c).

Every G as in (12) can again be written as an operator of the form (5), i.e.,
with one single integral kernel. If we split X, Y into contracted coordinates X, :=
(xn(c))CC:p Y, = (x,,(C))CC:1 and uncontracted coordinates X’ := X\X,,Y' :=
Y\Y ., then the kernel associated with G is given by

% C
fo(X',Y") = / (H fv<XU,Yv>> (H 8 (o) —yn«c))) dX,dY .. (13)
v=1

c=1

In particular, fg € L?. So G can also be represented by a diagram with a single vertex,
as depicted in Fig. 4.
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internal lines represent
= contractions

*
a az1
T1.4 1,4 ’
. 2,5 Y21 *
x1,3 Y11 § b aj g a2
1o ° Yy T2 Y2,2 » L
@11 Y13 23 C/’ S
x22 Y23 ag s . asz,2
x21 Y24 u§2 TN b a3
3,3 2 ~
x3,2 Y31 (1,;"_1
*
@31 Y32 as

Fig. 3 Left: An example of V = 3 internal vertices with connectors. Right: An example of a contracted
diagram corresponding to some G

az,1 [ ag1
a2,2 ag 5 ag,2

132 e— Qs ag3

a3 [ aG.a

Fig.4 The diagram corresponding to G is equivalent to a single-vertex diagram

In order to formulate the commutator formulas, we will introduce the notion of an
attached product as in [1]: Consider two operators A, B of form (5), with kernels f4
and fp. The coordinate index sets will be denoted by

TZa={(A1),...,(A na}, = {(A, 1), ..., (A,ma)} (14)

and the same for B. Further, we introduce a set that indexes all possible ways to
contract the y—coordinates of A to the x—coordinates of B:

C={@a)|n:{l,....C > Ip, ' : {1,...,C} > I},
1 < C <min(myu,np), limag(x")|=C, n(1) > ... > 7(C)},
(15)

where the ordering relation (B, j) > (B, j) is to be understood as j > j’. Diagram-
matically, (7, 7’) € C is represented by C lines, each from connector 7’(c) of A to
connector 7 (c) of B. Here, (r, ©") € C is also called a “contraction configuration”, or
“config” for short. For a given config (, '), we denote the sets of indices belonging
to contractable but uncontracted left/right-connectors by

U={(B,j)eTp |Bce(l,....C}:n(c) = (B, )},

16
U :={(A ke, |Bce(l,....C}:7'(c) = (A, k). (16)

@ Springer



101 Page8of26 M. Brooks, S. Lill

0280

Fig.5 Left: A maximally crossed Friedrichs diagram. Right: There are 3 swaps necessary in o’ to achieve
a maximally crossed form. So sgn(c’) = —1

2 + 1 = 3 swaps necessary

Further, we set X := (X4, Xp) € X"A1"B Y := (Y 4,Yp) € X"™AT"B Then, the
bosonic attached product is defined as

C
woi= Y [ Ba Y 0o Y []66n0 = v

(m,m")eC c=1
na * * mp
x<1‘[w> (n) [T o [ ane axar.
=1 ueld w'eld =1

7)

Here, we use the convention that, within products over a set (like [ [,/ ;» or [ [,,<7¢)- the
indices (A, k) or (B, j) are arranged in increasing order in k or j. Diagrammatically,
(17) corresponds to a sum over all different diagrams in which at least one right-
connector of A is contracted with a left-connector of B. Uncontracted connectors are
turned into external legs while keeping their order.

In the fermionic version of the commutator formula, we will encounter a similar
sum over all possible contraction configs, which differs from (20) by a sign change for
certain configs. To specify the signs, we introduce the notion of a “maximally crossed”
diagram, as shown in Fig.5: A diagram together with its contribution, indexed by the
config (7, ') € C, is called maximally crossedif 7 (c¢) = (B, ng—c+1) and 7/ (c) =
(A;mg —c+ 1) forall 1 <c¢ < C.So we have a “maximal crossing of contraction
lines” in the sense that the c-th bottom-most right-connector of A is exactly contracted
to the c-th top-most left-connector of B. Now, let o : Zp — ZIp,0' : I — I/, be
the unique index permutations that take the diagram into a maximally crossed form
while preserving the order of all uncontracted indices, that is,

o(m(c))=(B,ng—c+1) and uy; <ur = o) <ouy) Yup,up €U,
o(@' (@) =Ampa+c—1) and u] <u)=0o'W)) <o’y Vuju,eld.
(13)

By sgn(o), sgn(c”’) € {1, —1}, we denote the signs of these permutations (see also
Fig.5). Then, the sign of the config (7, 7’) € C is defined as

sgn(, ') = sgn(w, 7', ma, ng) = (="M= _gon(g) . sgn(a’). (19)
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In Appendix 1, a heuristic motivation for how this sign function arises can be found.
We now define the fermionic attached product as

c
AO=B:= ) Sgn(n,n/)/fA(XA, Y f8(X5.YB) [ [ 8ne) = ¥rr(e)

(r,m")eC c=1

na * * mp
X (l_[ aA’() (l_[ au) l_[ a, l_[ ap ¢ dXdY.
=1

ueld weld =1
(20)
Finally, we define the normal ordered product as
‘AB:= /fA(XA7YA)fB(XB,YB)
na * [np * o/ mg mg
X (HQA’5> (HQB’K) (l_[ aA’g/> (1_[ a3,5/> dXxdy.

(=1 (=1 =1 =1

2D

3 Main results

Recall the definitions of the bosonic/fermionic attached products A—0—B (17) and
A—0=B (20), as well as the normal ordered product : AB : (21). Our two main com-
mutator formulas are now the following.

Theorem 3.1 (Bosonic Commutator Formula) Consider A, B € A of the form (5),
i.e., the CCR hold. Then,

[A, B] = A-0—B — B-0—A. (22)

Theorem 3.2 (Fermionic Commutator Formula) Consider A, B € A_ of the form (5),
i.e., the CAR hold. Then,

[A, B] = A—0=B — B—0=A if (manpg +mpny,) is even,

23
{A, B} = AO=B + B-0=A if (manp +mpna) is odd. 23)

These theorems are immediate consequences of the following two lemmas:

Lemma 3.1 (Bosonic Contraction Formula, [1, p. 54], [2, Thm. 1.1]) Consider A, B €
Ay, i.e., the CCR hold. Then,

AB =:AB: +A—O-B. 24)
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Lemma 3.2 (Fermionic Contraction Formula) Consider A, B € A_, i.e., the CAR
hold. Then,

AB = (—1)"A"5 :AB: +A—O=B. 25)

Remarks.

1. Algorithm for commutator evaluation: As formulas (22) and (23) are rather abstract,
let us briefly sketch the algorithms to be used for practical evaluations of (anti—)
commutators by means of Friedrichs diagrams. A fermionic (anti—) commutator is
evaluated as shown in Algorithm 1.

In the bosonic case, only commutators may be evaluated by (22). The algorithm is
much simpler, see Algorithm 2.

2. Distributions as integral kernels: In more physical situations, such as many-body
systems with Coulomb interaction or QFT models, one may encounter operator
products of the form (5), where the integral kernel f4 is not an element of L2,
but rather a distribution, e.g., a tempered distribution in S’ (R(”A+”’A)d). In that
case, a contraction as in (12) may or may not make sense, depending on whether
the distribution multiplication is allowed, see also [29, Chap. 8]. If the distribution
multiplication is allowed for all contractions in all A—0—B or A—O=B, then the
respective formulas in Lemmas 3.1 and 3.2, as well as in Theorems 3.1 and 3.2
remain valid.

3. Number of contractions: In each attached product A—0—B or A—O=B, the num-
ber of contributions, here called /\/'( A,B), 18 easily obtained combinatorically: If
a diagram shall have C contractions, then there are ("CB ) choices for the values
ng > n(l) > ... > w(C) > 1. The number of choice options for associated
indices for contraction 7/(1), ..., 7w/ (C)isma - (ma—1)-...- (ma — C +1). So
the total number of contributions is

min(m4,np)

N(A,B)= Z (ng)~mA-...-(mA—C+1)

Cc=1

min(m4,np)

nglm gl min(m4,np) ng ma
_ A — C! :
Z (ng — O)NCl(mp — O)! Z (C)(C)

c=1 c=1
(26)

4 Proofs

The bosonic contraction formula (Lemma 3.1) was already stated in [1] and [2], where
[2, p. 13] provides the idea for a proof by induction. For completeness, we give the
explicit proof by induction here, as well as a second proof based on exponentials of
derivatives.
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Algorithm 1 Fermionic Commutator/Anticommutator Evaluation

1: Check whether (23) is valid for commutators or anticommutators: If m gnp + mpn 4 is even, it applies
to commutators; if it is odd, then it applies to anticommutators.

2: Draw all diagrams corresponding to A—O=B and B—0O—=A4, i.e., which involve at least one contraction,
and translate them into contributions (12). If m on g +m gn 4 is even, then the contributions of B—O=A
get a factor of (—1).

3: For each diagram, multiply its contribution by (—1) for each swap of connectors necessary to take the
diagram into a maximally crossed form.

4: For each diagram, multiply its contribution by a “normal ordering factor” of (=1)ma=C)np=C) (here,
(m 4 —C)(np—C) is the product of the numbers of potentially contractable but uncontracted connectors).

5: Add up all contributions.

Algorithm 2 Bosonic Commutator Evaluation

1: Draw all diagrams corresponding to A—O—B and B—O—A and translate them into a contribution (12).
The contribution B—O—A always gets a factor of (—1).

2: Add up all contributions.

Proof of Lemma 3.1 Plugging in the definitions of A, B (5), : AB : (21) and A—O—B
(17), we can equivalently transform the statement to be shown (24) into

k *
AA1---AA,my0p pp -+ -Ap 1

Cc *
=a§,n8...az’laA’l...aA’mA+ Z Hé(xn(c)—yﬂ/(c)) 1_[““ 1_[ ayr.
(m,n")eC c=1 ueld u'eld’

27)

The proof of (27) is done by an induction over np, m4 € No. We start with the case
where np = 0 or m4 = 0, corresponding to the axes of the m 4—n p—quadrant. Then
we establish that (27) holds for (m 4, np), assuming that it holds for (ma,np — 1)
and (m4 — 1, np — 1). With this induction step, we can “fill up” the quadrant of index
pairs (m 4, np), for which (27) is valid, line by line.

On the axes np = 0 or m4 = 0, the statement is trivially satisfied, since AB is
already normal ordered and the sum over C in (27) is empty.

For the induction step (m4 — 1, np — 1) A(my,np — 1) — (m4, np), we consider
the left-hand side of (27) and commute a;nB to the very left, before using the induction
assumption:
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* *
AL AAmy 9B g -~ 4B1

ma
* * * * * *
= ZaA,l "'[aA,k’aB,nB]"'aA-mAaB,nB—] ...apg J"“B,nB“AJ < QAmA4R pp—1 9B
k=1

my C * *
2<>( > Msemeso () TTa( T ) n)
k=1

(r,7")eCy c=1 ueld u/GZ:{]é u#(B.np)” u'#(Ak)

@
c *
+ Z l_[ Xy — y”r(c))azan (1—[ au) l_[ a,s +a§,n3 ~-~”§,1‘1A,1 A my

(w7 e=! uell u'eld! o

©)
(28)

Here, we used the modified sets of contraction configs and uncontracted legs

Cr ={(r. )| : {1,....,C} > Tp\ {(B.np)h, 7' : {1,...,C} > T \ {(A, b)},
1 < C <min(ma,np) — 1, [imag(x)| = C,7(1) > ... > w(C)},
C:={(r.7x)|w:{1,....C} > g\ {(B.np)}, 7' : {1,...,C} > T},
1 < C <min(my,np — 1), limag(zx)|=C,w(1) > ... > n(C)},
(29)
Uk =Uin ={(AK) # Ak | Bee(l,...,C):a'(c) = (A K)} €T},

U=U; ={(B,j)# B,np) | Fcefl,...,C):n(c) = (B, j)} € Tp.
(30)

Now in (28), the term @ comprises all those contraction configs between all coor-
dinates of Ig and Zp into which (B, np) is involved: The sum over (fk contains all
terms where there is at least one further contraction in addition to the one involving
(B, np), and the operator product over u # (B, np), u’ # (A, k) is that term, where
(B, np) is involved into the only contraction.

The term @ comprises all configs of I; and Zp, into which (B, np) is not involved.
So @ + @ just amounts to all contraction configs, i.e., to the second term on the r.h.s
of (27).

Finally, @ is the normal ordered first term on the r.h.s of (27). This establishes (27)
for (my4, np) and thus the induction step. O

Proof of Theorem 3.1 Keeping in mind that definition (21) entails : AB :=: BA :,
Lemma 3.1 readily implies
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[A,B]=AB—-BA=:AB: +A0-B— :BA: —B—0-A = A-0-B — B—0-A.
3D

]

Before we are going to verify the fermionic case, let us present an alternative proof
of Lemma 3.1 based on coherent state techniques.

Alternative proof of Lemma 3.1 As in the previous proof, let us assume w.l.o.g. that A
and B are of the form A = ay, ...ay,, and B = a}‘"B ...aj,. Since A and B only
involve the finitely many modes {Ji, ..., Ju,, 11, ... I}, we can further assume
that the one particle Hilbert space is finite dimensional, i.e., given by h = CV. In the
following, let |z) denote the coherent state corresponding to z € CV defined (modulo
a complex phase) by the eigen-equations ay|z) = zx|z), and let us define the lower
symbol of an operator X as the function z — (z|X|z). Clearly the lower symbol of
the operator : AB : is given by (z| : AB: |z) = [1;2, Z, [1}2, z/;, and therefore the
lower symbol of A B reads

ma min{ng,ma} (v V. )C
(z|AB|z)=e"?"" ]_[zz]_[u, (2l :AB:|z) + ) l_[zzl_[u/ :

c=1
(32)
see e.g., Proposition 4.4 in [6]. We are going to prove by induction in C that
ng ma
V=V Nz [zl = ). fr®@. (33)
i=l1 j=1 neCl n'eCl
where C2 == {n" | 7/ : {1,...,C} > {1,...,mu}, 7’ is injective}, C& := {r | 7 :

{1,....C}—={1,...,np}, wis injective} and fy  is defined as

C
few@ =[] (e —dww) [] zn I 2 (34)

p=1 i¢imag(r)  j¢imag(n’)

The case C = 0 is trivial. The induction step C +— C + 1 follows from
the observation that we can express the term (VzV,)Ct! (]_["B z [172) 2 ]) =

Zn eCE nect VzV, fr (2) as

2 l_[ Lx(p) = /() > ste=do [T z I 2

recl mecd p= C¢imag(r),k¢imag(w') i¢gimag(m)ULe} j¢imag(r")U{k}
= Z Z Sy (@) = Z fn @), (35)
recd n'ecd Lgimag(n), keimag(x”) Mecl,  .Mecf,
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where my : {1,...,C + 1} — {1,...,np} is an extension of the function 7 by
7¢(C 4 1) := ¢, and 7/ is an extension of the function 7" by 7; (C + 1) := k. This
finishes the induction.

Combining Eq. (33) with the observation that any pair (I1, IT") € Cg X Cé can be
uniquely written as I1 = 7 o o and [’ = 7’ o o, where (7, ') € C¢ = {(ﬁ, ') e

C | limag(7)| = C} and o € Sc is a permutation of the set {1, ..., C}, yields
(V V )C np ma
sz Hu = > X c fﬂm w@= Y frw),
j= (,7")eCc oeSc (,7")eCc

(36)

where we have used fzo5 700 = f7.7. Since Z(ﬁ,ﬁ’)ec f7.7(2) is the lower sym-
c *k
bol of the operator A—0—B = Z(fr,ﬁ’)ec ]_[p:l 8 (Iﬂ(p) — Jﬂr(p)) (Hi¢imag(ﬁ) a1i>
]_[j¢imag(ﬁ,) ay;, we obtain by Eq. (32) that (z|AB|z) = (z| : AB: |z) + (z| A=0-Blz)
for all z € CV, and therefore AB =:AB: +A—O—B. O

The proofs for the fermionic cases are similar to those for the bosonic cases, subject
to sign changes.

Proof of Lemma 3.2 The definitions of A, B (5), : AB: (21) and A—0=B (20) allow to
equivalently reformulate the target formula (25) into

AA1-.-AAm,dp g ...az | = (—1)'"*"”%12 ...ap laAJ Ay
(37)
+ Z sgn(rm, n)HS(x,,(C) Yri(e)) l_[ ay l_[ ay,
(w,m")eC ueld uw'eld’

withsgn(m, 7') = sgn(w, ', ma, ng) givenby (19). As in the proof of Lemma 3.1, we
perform an induction over m 4, np € Ny, which amounts to verifying (37) form4 = 0
ornp = 0 and then establishing the induction step (m4 — 1, ng—1)A(mg,np—1) >
(ma,np).
The cases m4 = 0 and ng = 0 are trivial, since the sum over (7, /) € C is empty.
The induction step (mg — 1, np — 1) A(ma,np — 1) — (my4, np) is performed in
similarity to (28). We pull ag,nB to the left, which generates several anticommutators

* *
QAL AAm QR y - OB
—k
= Z(fl)’"" a1 Aaak gyt AAMAAR pp—1 -+ 0B 1
+(=1)"ap QAL - AAmgAR - AR
ma C
—k ’
=) (=)™ S(xpay — yA,k>< > senralima—1ng — D[ — Yuro)
k=1 (x.w")eCy =1
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apply original o’

apply original o

Fig.6 Left to right: Taking the diagram into a maximally crossed form

*

<\ [Ta l_[au/+(—1)<mr”<"’f")( I1 au)* [1 “u')

ueld u’el;{/: u#(B,np) w' #(A,ma)
c k
+ (=™ Z sgn(m, ', ma,ng — 1) l_[ﬁ(xm-) = Y2 B g l_[ ay ]_[ ay
(r,n")eC c=1 ueld w'el’
+ (=D (=1 Day L a aa . aam,. (33)

using the contraction config sets C.C (29) and the uncontracted leg sets U, u (30).In
the last step, we applied (37) with coefficient pairs (m4 —1,np — 1) and (m4, np — 1),
which makes it necessary to adjust the respective indices in sgn(rw, 7’).

We now include the contraction §(x g,»; — ¥ 4 1) into each config in Cy. This way, the

set of configs Cr changes to

Coy i ={rr, 7)) |y i (L, ..., CY > Tp, 7}, i {L,...,C} > T}, (1) = (B,np),
71/+(1) = (A, k), 2<C <min(mg,np), |imag(n/)| =C, ny(1) > ... > 71+(C)}.
(39

Concerning the sign of (7, 77, ), itis easy to see that under the change Cy — (fk,+ ,the
uncontracted leg number product (m4 — C)(np — C) stays invariant. Since 74 (1) =
(B, np),itisnotnecessary to additionally swap left-connectors of B to get a maximally
crossed form, so sgn(o) also stays invariant. However, in order to achieve a maximally
crossed form, the right-connector of A corresponding to (A, k) must be moved by
(ma — k) positions down to get to the bottom, before the original o’ can be applied
for bringing all other connectors into the correct position (see Fig.6). So the sign of
(4, /) amounts to

sgn(my, wy,ma,ng) = (=)™ *sgn(r, 7', ma — 1,npg — ). (40)
Further, the sum over configs in C with 7 : {1,...,C} = Zp\{(B,np)}, can be
recast into a sum with 74 : {1, ..., C} — Zp over contractions in

Cp i={rp. 7)) |7t {l,...,CY > T, 7 i {1,...,C} = T}, m4(c) # (B.np),
1 <C <min(mp,ng —1), limag(x")| =C, 7 (1) > ... > n(O)}.
41)

@ Springer



101 Page 16 of 26 M. Brooks, S. Lill

apply o, 0’

3 swaps

(B,np)

Fig.7 Left to right: Taking the diagram into a maximally crossed form

Replacing C by C., (B, np) becomes an additional uncontracted connector, so we
have to replace u by U (compare definitions (30) and (16)). Concerning the sign
of (w4, njr), the additional uncontracted connector (B, npg) leads to a replacement
(—1)ma=Ot=1-C) 5 (_1)ma=O)8=C) ip the definition of (19), which renders
an additional factor of (—1)"4~C. Since there are no changes in the right-connectors
of A, sgn(o”’) stays invariant. However, the inclusion of (B, ng) makes it necessary to
pull the associated connector down, past all C contracted connectors (see Fig.7), in
order to get the diagram into a maximally crossed form. Hence, we gain an additional
factor of (—1)€ in sgn(o). The overall sign change is thus given by

Sgn(]TJ,_, T[-/Q-a ma, nB) = (_1)mASgn(7T7 77:/7 ma,np — 1) (42)

Performing the summation replacements Cr — C~k,+ and C 5+, we end up with

aa -- .aA’mAaE’nB .. '“2,1
*
ma C
4
=y ( > sen(rp.wlmang) [[8Gen, o) — Yai () [Ta] [T aw
k=1 (71+,714_)ec~k_+ c=1 ueld u’eZ:{,i

T (_l)mA—k(_1)(mA—l)(nB—l)5(xB’nB ) l_[ ay 1—[ au/>

u#(B,np) u'#(A,mp)
C k
+ > sentrywhomang) [T8Ga o = yap0)@a, | [Ta | TT aw
(7T+,IT/+)€C~+ c=1 ueld weld’
+ (—l)mA"BaEnB . -~0310A,1 e AAm, -

®
3)
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Comparing with (37), the term contains all configs (7, 7’) € C, where (B, ng)
is contracted to some connector (A, k), and at least one further contraction exists.

The term contains exactly those configs where only (B, np) is contracted to
some (A, k). In this case, a maximal crossing can be achieved by pulling the (A, k)—
connector down by m4 — k positions, so following (19), the sign of these configs
amounts to

sgn(r, ') = (=1)ma=Des=D . (pyma=k, (44)

which coincides with the sign factor in (43). @ consists of exactly those configs where
(B, np) is not contracted at all. Since all signs sgn (4, n_’k, ma,ng) = sgn(w, ')

agree, the sum + + @ equals the second term on the r.h.s. of (37).
Finally, @ is just the normal ordered first term on the r.h.s. of (37), which establishes
the equality and thus the induction step. O

Proof of Theorem 3.2 Incase manpg+mpn 4 is even, we have (—1)"A"8 = (—1)M8"A,
so with : AB:=: BA :, we obtain

[A, B] = (—1)""4"8 : AB: 4+ A—0=B — (—1)"8"4
:BA: —B—0=A = A-0=B — B—O=A. (45)

If mang + mpny is odd, then (—1)"A"8 = —(—1)"8"4 g0

{A, B} = (=1)"4"B :AB: +A—0O=B + (—1)"8"4
:BA: +B—0=A = A—0=B + B—O=A. (46)

5 Applications
5.1 Hartree equation

In the following section we are going to use our diagrammatic approach in order
to justify the time-dependent Hartree approximation. For this purpose, let 7 be a
self-adjoint operator on the one particle Hilbert space h and let V be a bounded
and self-adjoint operator on h®2, which in addition is symmetric under a coordi-
nate permutation and which we will refer to as the interaction potential. Moreover

we define the second-quantized version of T as T := Br_o (Z;V:] Tj), where

T; acts on the j-th factor in the tensor product h®N and T can be realized as a
self-adjoint operator on .%,. The potential in the interaction picture is given by a

bounded operator V©) := ¢~ 1T+ yoit(Ti+12) with second quantization V) :=
[ VO (xy, xa, y1, y2)az,ay ay ay,dxidxadyidys, where we write VO (x1, x2, y1, y2)
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Fig.8 Examples of an acyclic graph (left) and a graph containing a cycle (right) arising as part of the time
evolution in Eq. (47)

for the integral kernel of the operator V). Let furthermore A be an operator with inte-

gral kernel f4 € h ® b and let us write the conjugation with the (interaction picture)

time evolution ¢f; := ¢~(T+V)¢i!T yging Duhamel’s formula as

1 1 11— 1——
Z/{t AU,: [_k / [[A,EV(II)],,EV(U‘)} dt]...dtk
k=0" o< <i<n=<t
oo k+1 (47)
= Z Z / Atkl”z'“’tk dep ... dr.

%V(’k)] whose diagrams have ¢ incoming and outgoing legs. That means, we write

the nested commutator according to Theorem 3.1 as a sum of connected diagrams, see
also the definition of the bosonic attached product in Eq. (17) and the comment below.
Each of the k£ newly added vertices can be contracted to one or two of the existing
ones, so we finally end up with a diagram having £ € {2, ..., k4 1} uncontracted legs
on each side (i.e., incoming/outgoing legs). In the subsequent Proposition 5.1, we are
going to verify that the sum over all acyclic graphs (i.e., those with £ = k + 1 legs on
both sides) appearing in Eq. (47) amounts to the time evolution given by the nonlinear
Hartree dynamics (see also Fig. 8). In order to formulate Proposition 5.1, let us define
the mean field potential V,, associated with a one particle state u via its integral kernel

as Vy(x,y) == [ V(x,x', y, y)u(xHu(y)dx'dy’.

Proposition 5.1 Assume that u; is a solution to the Hartree equation i%u, = (T +

Vu)us fort € (=L, L) and L := m Then we obtain for all |t| < L
o
(A>u;®N = Z / <A;€1,}€.;;ik>(e—itru0)®N dt] cee dtk, (48)

k=00<n < <p<t

where ||V || denotes the operator norm.

Proof Let us introduce for a fixed + € (—L, L) the family of one particle states
vg := e!67DTy which interpolates between the states vg = e /T ug and v; = u;. In

@ Springer



Friedrichs diagrams: bosonic and fermionic Page 190f26 101

the following we want to verify that the expression

oo
> / (AL ey di .. dn (49)

k=0o<iy << <i—s

is constant with respect to s, which immediately concludes the proof by plugging in the
values s = 0 and s = ¢ (note that for k = 0, Ap,; = A). In order to do this, we define
{A, B}, as the sum over all graphs appearing in the expression A—0—B — B—0—A
that have only a single connection between the connectors of f4 and fp, where
we add the subscript *x in order to distinguish {A, B}, from the anti-commutator
and we purposefully use curly brackets in analogy to the Poisson bracket from clas-

sical mechanics. Using this notation, we obtain Ak k+1 = 211 {AZ'; k-l V(’k)}
Since there are 4k different graphs appearing in { A;(l 1 V(’k)} we have the
estimate ||Ak k+1 Kl < 4I<%||V||||A,i':i",i"’1 |, where we have used that the opera-

tor norm of a contracted operator, defined in Eq. (12), is bounded from above
by the product of the operator norms of the individual operators. Consequently,
||Ak k+1 “I < KIAJIIVIDE. Using the control of the norm and |vs| = [luol, we
1mmed1ately obtain

‘ f (AL en drn . dig| < / EANIV D o 12D dry . diy

0<t <-=<fr<t—s 0<t] <-<fr<t—s

k
<lAlluol® (2 = )1V o)

(50)
Therefore the sum in Eq. (49) converges absolutely for |f — s| < m, and we
can express the derivative & [ Y22 S/ (A ev dty .. di | as
0 <-=<ns<t—s :

Z / o (A;I’k_i_l ) §th1...dtk—

k= 00<t1< Sl <t—s

o0
> / AT VO jevdnr. . digy

k= 10<t1< <tp— ]<t s

= Z / ( AT e ({Ak s VOO @N)dll d =0.

k=00<f <...<tp<t—s

(D
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In order to show the last equality, we use that i %vs = V,,(f_s) vg, With Vu(t)(x, y) =
f VO, x', y, y)u(x")u(y')dx'dy’, which allows us to express %(B)v;gN for any
fB c b®n ® h®n as

1 n n
;Z[fmx, V) [T osGvs 0n) - s 0DV o) 00 (1) - - vs ()d XY
j=1 k=1

k=1

N - — Ty — —
— 3 X G o DV Ve v G - v G [ ] v )dXdY
e

n+1

1 n 3
=2 / FBX VO g1, Xngas Yugts 428 (v — xns2)] | vsGei)
j=1 k=1

[T vsvodx’dy’
Le{l,...n+2]\{j}

1o _
- IZ/fB (X, Y)V(t S)(er»l > Xn+25 Yn+1, yn+2)§(xj - yn+2)
=1

n+l
[T »Go[]vsGodx’ay’
kefl,...n+20\{j} =1
- Ly, VI e, (52)
2i s
with X' = (x1, ..., xz42) and Y' = (y1, ..., yp+2). Note that in the last line, we have
used our definition of {-, -}, in terms of the attached product —0—defined in Eq. (17).

O

Proposition 5.1 states that every acyclic graph appearing in the quantum time evolu-
tion has to be considered as a contribution coming from the Hartree dynamics, while
graphs having at least one cycle constitute the quantum correction to the Hartree
dynamics. Since cyclic graphs have less open connectors relative to their number
of vertices (see also Fig.8), and each open connector is of order /N, one observes
that the quantum corrections are of subleading order in case V is small compared to
the number of particles N. While this approach of establishing the nonlinear Hartree
dynamics is comparable to the one presented in [30], we want to stress the graphical
interpretation of the Hartree dynamics as a subset of the diagrams arising in the quan-
tum time evolution. Furthermore, we want to note that Friedrichs diagrams have been
used previously to establish the classical limit of non-relativistic bosons in [31].

5.2 Multicommutators and bosonization

Let us comment a bit more on how calculations from the recent literature on Bose
and Fermi gases can be re-phrased in terms of Friedrichs diagrams. A situation that
often appears, e.g., in [12, Sect. 3], [13, Sect. 3], [17, Sect. 4], [18, Sect. 5], [19,
Sect. 7] is the evaluation of an expectation value of some operator A inside some trial
state ¥ := e~ BQ with B being an antisymmetric operator and Q € .%_ the vacuum
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a N B, By B,
oo o D DG [

Fig.9 The Friedrichs vertices (without external legs) of the example operators for A and B. Note that the
B—operators are differences of two vertices, respectively

) )
\_/ \_/
M) M)
\_/ Y
) )
=0

Fig. 10 Left: The two diagrams appearing within the n = 7-fold multicommutator for eBZa,’:e*BZ and
eB2 ak6732 , respectively. Right: A diagram appearing for n = 6, when evaluating (€2, eBaNeBaQ)

vector of Fock space. Typically, a momentum lattice X = Z¢ is chosen with momenta
denoted k, p € 74. The operator A could be, for instance, a,’:, ar or the number
operator N' = )", ajfay and B could be a quadratic/cubic/quartic transformation of
the form

By = Z Nk, ko (a,fl cz,f2 — h.c.) ,

kl,kzeZd
. * % %
B3 = Z Nky ko ks (aklakzalg — h.C.) ,
ki.kp,k3eZd
— * %k k%
B4 = Z Nky ko k3. ky (aklakzak3ak4 — h.C.) , (53)

ki,ka,k3,ka€Zd

see Fig. 9, with suitable integral kernels 1. Here, e Briga Bogoliubov transformation,
while e =53 and e~ 54 can be seen as “generalized Bogoliubov transformations”.
Recursive application of Duhamel’s formula renders the multicommutator series

(Q,ePAe™BQ) = Z %(Q, [B,...[B,[B, All...]1Q). (54)
n=0

n commutators

The n-th term in this series can be written as a sum over all diagrams, which are built,
starting from an A-vertex and successively contracting n vertices of type B into it.
Figure 10 shows certain diagrams appearing for A = a;/, a; and B = B,, which
arise when Bogoliubov-transforming the operators a; and a;. Every new Bj-vertex
can only be contracted to exactly one leg, leaving again exactly one external leg. So
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[Cx,Cx]=0 [XO,X0]-=

[Ox,30] =00 - =0 - O =0 - 00
+ 70+ 00

Fig. 11 For [c, ¢] and [c*, ¢*], there are no legs to contract, so these terms vanish. For [c, ¢*], there are 6
contributions to the commutator

inductively, one quickly sees that both e52 a;{"e_B2 and eB2aye™ B2 must again be linear
combinations of a*— and a—operators.
By contrast, for other choices of A and B, e.g., A = A and B = B4, a much bigger
number of contractions occurs, which leads to more diagrams, one of them being
shown in Fig. 10. However, when evaluating the expectation value with respect to €2,
all diagrams with at least one external leg vanish as a; 2 = 0.

For fermions, commutator evaluations can be strongly simplified by a bosonization
technique, which was recently applied in [15-19]. Introducing the bosonized operators
for f € £2(Z49),

i)=Y frasas . alf) =Y Fpapiap, (55)

pezZd pezZd

we have the following commutation relations, which are a generalized case of [18,
(4.16)] and [19, (5.6)] with f, g € £2(Z%):

ek (), e (@1 =[ck(f), i ()1 =0,
ek (), e (@] =8k ([ &) Z Sp8p—kdk, 1 — prgpa,, wap—k

p p
56
- Z fpgp—k+k’ap—k+k’al7 (56)
p
+ Zf_pgp—k“;—k—k’“p + Zf_pgp+k’a:+k'“p—k
p p

In fact, the first line can easily be seen diagrammatically, as there are no legs to
contract between the corresponding Friedrichs vertices, see Fig. 11. The Friedrichs
diagrams for the second line are shown in the same figure. Here, the second term
typically vanishes due to constraints, forcing the momenta to be inside or outside the
Fermi ball. For the same reason, two of the last four terms typically vanish, while the
other two can be seen as error terms. They become small, whenever taking expectation
values within states ¥ € .%_ with | N | being small. In that case, (56) becomes
approximately equivalent to the CCR (7), so C;: (f), cx(f) can be viewed as almost-
bosonic operators. The process of re-expressing operators in terms of ¢ (f), ¢k (f) is
exactly the above-mentioned “bosonization” technique.
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Appendices
A Heuristic motivation of fermionic contraction signs

The fermionic sign factors sgn(zr, /) in (19) and (20), as well as the factor (—1)"8™4
in (25) play a central role in the evaluation of fermionic commutators. Here, we provide
a simple heuristic motivation of how these factors come about. We believe that these
heuristics might be useful to quickly determine the fermionic signs within practical
fermionic commutator evaluations.

In order to arrive at the fermionic product formula (25), we could also have taken the
following approach: Starting from A B, we successively pull creation operators to the
left by “adding smart zeros”, until we end up with : AB:. As a simple example, let us
consider A = ajaz, B = aja;,somy =np =2:

AB =ajayaiaj
=ajayaza) + ajaiara; — ajaiara) — azaiaaj

+ djaaxay + ajarajar — ajaiaja; — ajajaiax + aiajaiaz (57)

={az, aj}araj — {a1, ajlaxay + {az, ajlaiar — (a1, a;}ajar + ajazaia; .

—— —

=AB:

For general A, B of the form (5), we have to pull m,4 creation operators past np
annihilation operators, so the normal ordered term in the end picks up a factor of

(=1)™a"8 which is the same one as in (25). Note that the n 4 creation operators of A
and the m p annihilation operators of B are already in their normal ordered positions.
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e So, the factor of (—1)"A"B in front of : AB : in (25) heuristically arises when
pulling the a, a*—operators into their normal ordered positions.

Now, consider some generic A and B, involving operator products aai ...da,», and
ay ng " ay, ;. The product AB then takes the form:

AB = A 0=B + (—1)"""8 : AB := Z sgn(m, 7 )Gy + (—=1)"A"B : AB :,
(m,m")eC

(58)

where G/ is an abbreviation for the diagram with contractions described by the
maps 7 and 7’ as in (20). Our goal is to determine sgn (s, '). We first consider the
easier case where (77, ') corresponds to a maximally crossed diagram and then reduce
the generic case to the maximally crossed one. A “smart zero insertion” as in (57) will
produce many anticommutators, where the first term appearing is

{aam, az’ng}aA,l .. ~aA,mA—1a§,nB_1 .. .az’l, (59)

with a sign of +1. In order to arrive at (25), the remaining products of (m4 — 1) +
(np — 1) operators as in (59) also have to be brought in a normal ordered form, which
is done by repeatedly applying the zero insertion procedure as in (57). After C € N
insertion procedures, the appearing terms have C anticommutators (taken “from the
inside out”), where the first appearing term is

{anmps By} @A ma—Cr AR 1y )AL -+ QAmy—C—1aB 4y _c—1---Ap 1
(60)

This term carries a sign of +1 and contains the same contractions as a maximally
crossed diagram, e.g., as in Figs.5, 6 and 7. One further application of the zero
insertion procedure now takes (60) into normal ordered form, where it exactly corre-

sponds to a maximally crossed diagram. In this last procedure, we pick up a factor of
(=1)ma=Ong—=C)

e So, the factor of (—1)"MA=O8=C) iy (19) heuristically arises from pulling the
uncontracted a, a*—operators into their normal ordered positions.

If a generic G,/ in A—O=B is not maximally crossed, then there are permutations
0,0’ of the index sets (1,...,m4) and (1, ..., np) that take G  into maximally
crossed form. That means, we define o and o’ such that o/(m,) is contracted to
o(ng),o'(mg — 1) too(ng — 1), and so on. If we apply o and ¢’ to the indices of
aal...aA,m, and ag’nB .. ﬂZ,l before the evaluation, then within

AAe'(1) - - - aA’g/(mA)az,a(nB) .. .a;a(l), (61)

G/ appears with contractions being taken “from the inside out”, and hence as a
maximally crossed diagram carrying a sign of (—1)"4=©)®8=C) Now, since AB

@ Springer



Friedrichs diagrams: bosonic and fermionic Page 250f26 101

includes the product

* *
aA’l .. .aA’mAaB’nB .. .aB’l

= sgn(a)sgn(a’)aAy(,/(l) e aA,g/(mA)aga(nB) .. .az,a(l) (62)

and the order of all uncontracted operators is untouched by o and o’, the overall sign
of G - appearing in A B is given by sgn(xr, 7') = sgn(o)sgn(o’)(— 1)ma=C)np=C)
This is the same factor as in (19).

o So, the factor sgn(o)sgn(c”) in (19) is heuristically required to permute the oper-
ators such that contractions can be taken “from the inside out”. More generally,
maximal crossing just corresponds to taking contractions “from the inside out”.
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