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Renormalization group in the internal space consists of the gradual change of the coupling constants.
Functional evolution equations corresponding to the change of the mass or the coupling constant are
presented in the framework of a scalar model. The evolution in the mass which yields the functional
generalization of the Callan-Symanzik equation for the one-particle irreducible effective action is given in
its renormalized, cutoff-independent form. The evolution of the coupling constant generates an evolution
equation for the two-particle irreducible effective action.
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I. INTRODUCTION

This paper presents a modified version of the functional
renormalization group (RG) method aiming at the two-
particle irreducible (2PI) Green functions. The renormal-
ization group strategy consists of the monitoring Green
functions for the elementary field variables as the fluctua-
tion modes are turned on gradually [1]. There are two
further ingredients which extend this method into a general
purpose, nonperturbative algorithm to solve quantum field
theories. The first is the functional generalization of the
blocking where an infinitesimal fraction of the modes are
turned on or off [2-5]. This reflects the following impor-
tant change of strategy. In the original version of the
renormalization group method a finite fraction of the
modes are turned on or off, and one relies on the perturba-
tion expansion in obtaining the change in the dynamics. In
order to obtain reliable results, one should work in high
enough order of the perturbation expansion using the few
bare, relevant vertices. The method of using infinitesimal
blocking steps is based on another systematical approxi-
mation where infinitely many vertices are used in a one-
loop renormalization group equation. The manipulation of
a large number of constants can be carried out by means of
their generating functional. This is the reason of looking
for the functional generalization of the renormalization
group scheme. The evolution equation which looks like a
one-loop equation is actually exact as long as it is solved in
an infinite dimensional functional space. Since the general
theory of functional differential equations is not well de-
veloped we have to rely on a truncation of the evolution
equation, the only approximation of the method. It is based
on the projection of the functional differential equation
into a functional subspace. The tailoring of this subspace
seems to be an interesting and a physically better motivated
approximation scheme than the truncation of the perturba-
tive series.

In order to motivate another modification of the original
strategy we recall that the order in which the modes are
eliminated in the renormalization group method,
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is usually given by means of a scale parameter in the
external space of field theory, the space-time, such as the
momentum or energy and the dynamics is studied as the
function of the UV or IR cutoff. In this manner the short
distance modes whose dynamics is rendered more pertur-
bative by the kinetic energy are eliminated first, and the
more problematical nonperturbative modes are treated
later when the blocked action is sufficiently renormalized,
PI=p;=:''=p,_1 = p, An alternative to this pro-
cedure is the ordering of the modes according to their scale
in the internal space, their amplitude. The sharp cutoff
version of this procedure consists of the study of the
A-dependence of the path integral
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A more natural, smooth cutoff realization of this strategy is
the functional generalization of the Callan-Symanzik equa-
tion [6,7] where the mass is evolved in a relativistic theory
(8,91,

7 = fD[(b]e(*l/ﬁ)SW]*()\/M) /‘X¢§' 3)

Since the mass term dominates the dynamics of free fluc-
tuations whose wavelength is longer than the inverse mass
the two procedures produce similar scale dependences.
There are in the same time essential differences between
the external and the internal space realizations of the
renormalization group. The most important one is that
the physics is kept fixed along the renormalized trajectory
of the external space method but changes together with the
control parameter which suppresses the fluctuations. This
difference arises from the different ways the UV modes are
handled during the evolution. In principle both methods are
similar, their evolution equations look formally equivalent,
only the actual form of the suppression of the modes is
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different. We may introduce a straightforward division line
between these methods by stating that a suppression
mechanism corresponds to the external or internal space
scheme if the corresponding evolution equation is UV
finite or divergent. The internal space methods require
the introduction of an UV regulator which is kept fixed
during the evolution and the final products of the evolution
are the bare Green functions, as opposed to the external
space methods where the gliding cutoff renormalizes the
Green functions automatically.

In the first part of this paper we present a modification of
the internal space evolution equation which eliminates this
shortcoming and yields UV finite, renormalized Green
functions. This is achieved by the functional implementa-
tion of a renormalization which is reminiscent of the
Bogoljubov-Parasiuk-Hepp-Zimmerman (BPHZ) method
worked out in Refs. [10—12]. One finds as byproduct a
possibility of a Hartree-type optimization of the unavoid-
able truncation of the evolution equation. These issues are
studied in the framework of the effective action for the field
variable, the generating functional of the one-particle irre-
ducible (1PI) Green functions and serve as a preparation
for the second part of this work; the construction of an
internal space renormalization scheme for the computation
of the 2PI Green functions.

This step is made by generalizing the Callan-Symanzik
scheme into a far more flexible procedure by allowing the
control parameter, the mass square in the preceding case, to
be replaced by any parameter of the dynamics which
controls the physics in a differentiable manner. Such kind
of an extension is needed when symmetry considerations
require the presence of soft modes and the suppression of
the fluctuations by a mass term is inconsistent. Actually,
the mass controls the amplitude of the fluctuations but
disregards their nature. The Gaussian fluctuations in the
absence of interactions are rather peculiar, their higher
moments factories according to Wick’s theorem. The in-
teractions introduce nonfactorizable correlations.

It is easy to identify a control parameter which turns on
the nonfactorizable fluctuations. In fact, it is just the cou-
pling constant or a common multiplicative factor in front of
all coupling constants if there are several of them. The
evolution equation, generated by the coupling constant is
highly involved [8]. In fact, the evolution equation contains
one-loop integrals as long as the suppression term which
generates the evolution is quadratic in the field. The com-
plications arising from a quartic suppression term, ¢*, the
two- and three-loop integrals in the evolution equation
reflect the complicated structure of excitations created by
the operator ¢* in terms of single-particle excitations. One
can simplify the situation, at least formally, by using
composite operators in which the suppression term is again
quadratic. The evolution equation for the effective action
for such composite fields will be as simple as that of the
Callan-Symanzik scheme. In the case of the ¢* scalar
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theory the composite operator one turns at is obviously
¢?, and one expects that the gradual turning on the inter-
actions should be possible to realize in a simple manner by
following the evolution of the effective action for the
composite field ¢>. But the physics encapsulated by such
an effective action is far more restricted than those found in
the effective action for the nonlocal composite operator
¢, ¢, [13,14]. In fact, the polarization cloud around a bare
particle requires the possibility of separating the two local,
elementary field variables in ¢? in order to trace the space-
time structure of dressed, physical excitations. Therefore
our proposal, spelled out in the second part is to describe
the structure of vacuum up to two-particle correlations by
solving the evolution equation for the effective action for
the propagator.

This scheme is useful if the initial conditions, the effec-
tive action at the initial value of the coupling constant is
known. One should therefore give the initial conditions for
vanishing or infinitesimally weak coupling strength. The
evolution equation will then be integrated until the physical
value of the coupling constant is reached. We shall inves-
tigate in this work the solution arising from the noninter-
acting initial condition only. Such a scheme has already
been found useful in performing gauge-free computations
in QED [15], in constructing systematically the density
functional [16], and for identifying the localization-
localization transition for disordered systems [17].

There are formal similarities between the Schwinger-
Dyson hierarchy of equations and the evolution equation.
But the main advantage of the evolution equation approach
is that it provides a coupled set of equations for the Green
functions of the composite field which are uniquely solv-
able for a given initial condition in the perturbative regime.

The organization of the paper is the following. In Sect. Il
a short description of the functional Callan-Symanzik ap-
proach is given, its solution by iteration and the improve-
ment of the truncated iteration by optimization is pointed
out. Sect. III presents the derivation of the internal space
RG evolution equation for the 2PI effective action for a
family of composite fields, the bilinear expressions of the
elementary field. The RG equations for the effective theory
are presented in Sect. III B after expanding the 2PI effec-
tive action around the vacuum. Instead of their numerical
solution an optimized iterative approach for solving the
evolution equation of the 2PI effective action is discussed
in Sect. III C, and the analytic solution found truncating the
iteration just after the first step. The effective theory for the
composite field is related to the theory for the elementary
field in Sect. IV. Finally, the results are summarized in
Sect. V.

II. 1PI EFFECTIVE ACTION

The simplest realization of the internal space renormal-
ization group method is the control of the amplitude of the
fluctuations by the mass term which yields a functional
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generalization of the Callan-Symanzik equation. As the
simplest example we consider the Euclidean scalar model
defined by the bare action

1 1 g
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see Appendix A for the notations and conventions. The
generating functional

W] = / D[plel~ /MLl (1/ne-j )

is given by a regulated path integral where the UV regula-
tor is not shown explicitly. It gives rise the effective action
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A. Evolution equation

The dependence of W[;] and I'[¢] in the mass u?,
considered further on as our control parameter, is related,

9,.ITd] = —a,.W[j] ®)

and the evolution equation can be obtained by simply
bringing the derivative 9,2 into the functional integration
in Eq. (5),

o [0 ()]

[l el o

It is worthwhile mentioning that the harmless-looking step
of bringing the partial derivation with respect to the control
parameter of the evolution within the path integral pro-
duces in general highly nontrivial results. First, it can be
considered as the generalization of the Hellmann-Feynman
theorem [18,19] for time-dependent processes. Second,
different choices for the control parameter A produce
important, well-known equations: (i) When A = ¢, the
functional derivative with respect to one of the integral
variables is vanishing. The stability of the path integral
against the shift of the integral variables produces the
Schwinger-Dyson hierarchical equations (cf. Appendix D
1). (i1) If A is a parameter of a transformation of ¢, which
preserves at least a part of the action invariant then the
results are the Ward identities.

Here we use the simplest realization of the RG idea to
control the amplitude of the field fluctuations, namely, the
control is achieved via the mass term A = u? in a
momentum-independent manner [8] in order to stay as
close as possible to the discussion of the evolution equation
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for the 2PI effective action presented below. There are
other choices which allow one to control the amplitude.
The most widely used suppression methods imply strong
momentum dependence [2-5].

The graphical interpretation of Eq. (9) is obtained by
following the Callan-Symanzik strategy. In fact, the
u2-dependence of a Feynman graph F with legs removed
arises from its internal lines, the propagators G,

oF oF _ _
= - = — (2)—-1 (2) 2)—1
6#2F = Ep 8Gp a#sz = > 5Gp Sp aMZSMQ,pSp .

(10)

The evolution equation is the application of this chain rule
for the 1PI graphs in the framework of the skeleton
expansion.

Contrary to the strategy of the Callan-Symanzik equa-
tion where one expands around the massless, critical sys-
tem, our initial condition is supposed to be in the
perturbative regime. Therefore we choose ,u% > A? where
A denotes the UV cutoff as initial condition because the
quantum fluctuations are suppressed and the tree-level
approximation to the effective action,

ring] = [[-Lo.0 + 2202+ £t
N 2 X X X 2 X 4! X
is applicable.

B. Renormalization

There are two related reasons to perform further adjust-
ments on the evolution Eq. (9). One is that the control
parameter used in the internal space evolution does not
regulate the UV divergences. As a result Eq. (9) has to be
first regulated and the resulting effective action must be
renormalized in order to extract Green functions which
correspond to cutoff independent scales. Another, more
technical looking complication is that the integration of
the evolution Eq. (9), starting with the initial condition
(11), generates more and more complicated ¢-dependence
in the effective action as u? is decreased. The two issues
are related because once the effective action is expressed in
terms of the renormalized quantities it is supposed to
contain slower, i.e., easier to truncate dependence in the
field.

The unavoidable truncation of the evolution equation
should be as harmless as possible from the point of view of
the terms appearing in the inverse of the right-hand side of
the evolution Eq. (9). There are two different directions to
follow in the search of optimization. One is the appropriate
choice of the dependence on the control parameter of the
evolution in the Lagrangian. Because all we want to
achieve is an interpolation between a simple, calculable
initial condition and the true system only, different possi-
bilities might be available to introduce the control parame-
ter. This avenue has already been explored in the context of
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optimizing the blocking transformation in the traditional
realization of the renormalization group method in external
space [20,21]. We cannot follow this direction here, having
already chosen the mass as control parameter because of
other reason. The other dimension of the optimization is
the tailoring of the functional form of the effective action.
One should recall in this respect that the magnitude of the
variable ¢ has nothing to do with the strength of the
quantum fluctuations since ¢ is a bookkeeping device
only in defining the generating functional for the 1PI
Green functions. Nevertheless ¢ is supposed to be small
in an indirect manner for an optimized scheme because the
more complicated terms of the effective action tend to be of
higher order in ¢. More precisely, the omission of the
terms O(¢>") leads to ignoring the n-particle correlations.

We shall try to slow down the ¢-dependence of the
effective action by the appropriate truncation of the inverse
on the right-hand side of the evolution equation. The
inverse will be written as a series where terms appear in
the order of increasing complexity in such a manner that
the more complicated terms are as small as possible. The
tailoring of the ““free” inverse propagator around which the
inverse is expanded is reminiscent of the Hartree approxi-
mation when one adds a mass term to the free Lagrangian,
subtracts it from the interaction part, and optimizes the
perturbation expansion with respect to this rearrangement
of the Lagrangian. But one should notice that the same
strategy is followed in establishing the renormalized per-
turbative series, too. Therefore we separate off local coun-
terterms, I'c7[ @], from the effective action,

ITp] =Trlp] + I'erld] (12)

in such a manner that the renormalized effective action,
gl ], converges as the cutoff is removed. While this
separation has no effect on the exact solution, it will
influence the solution of the truncated evolution equation.
The condition A <K ,u(z) clearly prevents us to send the
cutoff to infinity. But an approximate cutoff independence
of Tg[#] can still be tested for u? < A? < u3 for a
sufficiently large but finite uj.

The functional Taylor expansion involving the renor-
malized 1PI Green functions I',,, . and their counter-
terms, ey, . » Will be used,

Trle] = i
n=0

> 1
Fcr[d’] = ;®FCT2nx,,...,xzn¢xl e ¢x2,,’

1
(2 )‘ anxl""'Xer ¢X1 T ¢X2,l’
(13)

where double indices are integrated over cf. Appendix A.
The evolution equation

0 Tal]+ 0 :Terlg] = 1T (

8 Trlp] | °Tcr[p\ !
Spé¢ Spd¢ >

+10 (14)
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is then written by means of expanding the inverse on the
right-hand side around the renormalized propagator, G =
I';!, and by splitting the resulting series into the sum of
two pieces in d dimensions,

[o0]

h
3,2Trlp] = 5 >
m=[d/2]+1

(_l)mTr[G’* (2@

1
HERAKZ (15)

and

or
0 Terld] = gTr<6 rlo]

52FCT[¢]>1 _h

0o Sdpde 2
xS (—1)T G-
m=[;/2]+1 r|: . (;Zﬁ _2)'

X F2nx3 ..... Xop ¢x3 U ¢x2n : GR) j|! (16)

where the first two space-time indices of I', were sup-
pressed. This split is made in such a manner that the
renormalized part remains ‘‘finite”’, i.e., approximately
cutoff independent at energy scales p as long as p? <
A? < u3. The expansion of the inverse on the right-hand
side of Eq. (16) around Gg,

h & > 1
3,2 lerld] = 5 mZo(_l) Tr(GR{[FCTZ + Y;m
X (Fan3,..4,x2n + FCTan3,.A.,x2,,)

m
X d’x; e ¢x2n i|GR} ) o g Z:;=[d/2]+l

m S 1
X (—1) TI{GR[’;WFML)% ..... Xop
X ¢x; e ¢xz”GRi|m}, (17)

shows that each contribution to I'c7[¢p] is UV divergent.
The identification of the coefficients of the first few
powers of ¢ on both sides gives

aMZF():O, 8M2F2,xl,x2=5xl Xp0 d 2F4x1 xe3x4=O,

2F6,x1, X2,X3,X4,X5,X¢ = 2 23 Z TI’[GRF4X”(]) X GR
TESg
X F4Xw(3)yx7(4) GRF A% 1(5)X m(6) Gr ]’
(13)

and
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for the first few coefficient functions.

C. Iterative solution

It is instructive to imagine the solution of the evolution
equation as the fixed point of the iteration I'V"1[¢]—

],
[N+1] V] i TR eh -
Il ] =g + 2 [Mg di Tr(W)

2 2
e (20)

The speed of convergence of the iterations depends on the
choice of the starting point. Let us assume in the spirit of
the perturbation expansion that the iteration reaches at least
a fixed point when the tree-level starting point, given
by Eq. (11), is used. The iteration in Eq. (20) becomes
well-defined at each step only after imposing the initial
condition (11) together with FCTM(z)[(ﬁ]:O for the

w2
BR/L(%—'MZ[UR/LZJ = f 'd
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h
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19)

Xar(1):X7r(2)> Xr(3)> X (4) R]

|
w’-integration, i.e., the dressing is assumed to be com-
pletely suppressed at u3.

For the sake of simplicity, we apply the local potential
approximation, i.e., we restrict the field variable to be

homogeneous, ¢, — @, in the effective action which
will be written as
FMZ[(I)] = V[URMZ((I)) + UCT,uZ((D)]' (21)

The starting point is a u>-independent potential,

ho(w .
2[4 3 [ V3 @G
I m=3J P

BCT;L(Z]—vMZ[UR/LZ’ UCT,H] =75

_ e
2/#2

with the help of the renormalized propagator

w2
Uil (@) = U (@) =202 +%<p4, Ul L(@)=0,
(22)
and the iteration (20) becomes an integral equation,
Ui@) = £ @2 + 20t 4 By, U]
4! Ho—m (23)
[N+1] [N] [N] 74N]
Ucr,: (®) = Ucru 2 + BCT,U,(Z)—'/LZ[UR 2 UCT,MZ]
for the local potentials which is written in d = 4 as
o U,, 0 Vel @ + [V ()G PG |
Jerem ]| N
2 2
2 S U@ T UL @) R UL (@) on
# (0= Vi @G + [V (@G PG |
dji? /,, [L = V(@G + [V (@GP 1o
ho(ug e 1 CT A(P) \m
- dMZf (_1)m ( i’ ) ,
2 fﬂz 11,112:"1 p2 + U%ﬂz(q)) p + Uzﬂz( )
1
(25)

Cri = 5307 0)
Pt URp(0)
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and the subtracted potential

Vi, (®) =

URMZ(q))

PHYSICAL REVIEW D 71, 025010 (2005)

S UL 002 (26)

The multiplicative factors 7 in front of the one-loop integral on the right-hand sides indicate that each iteration resums a
successive order of the loop-expansion within the local potential approximation. The result of the first iteration is called
independent mode approximation because the quantum fluctuations are treated independently. The main simplification in
computing in this order comes from the fact that the initial action is independent of u?,

0 (@) = P @2 + @4 + UlU(D: 42 o) — UN(D- 12 +h “5d~22 1) §02 i 1
Uit @) = B0+ ot 4 0@ ) — 0@y g g [Ta S o [ ()
_ l““_zq)z T §@4 + UM(D; w2, g) — UN(D: u2, g)
- 2 R sM )g R ’MO;g
E@2 \n ]
(1] e n 2
oL (@) = f e
CTu? Z A2+ al) PP+ Al
h PP+ u’ g 1 1 1/g 2 1 1
I ) S joo
2 ]p[ pPPrug 2 \pP+upr pPipg) 22 P+ w7+ w)?
|
where V] i o0
d,.:% o]l == (=1)™Tr| Gg ( E—
U@ 2 8) = 3 f In(p? + u? + %‘Iﬂ) (28) - m
P X F2nx3 X2y ¢X3 e ¢x2n : GR)
stands for the one-loop effective potential of the model of + l¢ - b, (31)
mass p and coupling constant g and 2
and
1l 2 1 2 h 24,2 v+l _E Sy v
UR(®; 2, ) = UM( @32 g) == | | In(p* + 1) 0,oTer Tel=3 > (=D)"TrGey | T
p m=0

8 32
+2d —
25 prHut 2

1 1/ 52 \2
A e

represents its UV finite, renormalized part. When the limit
w3 — oo is made then the O(P?/u2) terms become neg-
ligible and we find the standard result,

CI>4~I-U (P; u?, g),

h g 1
— | [In(p*> + pH) +2P>———
2][’[n(p p)+ 3 o

BN S
5(59°) (p2+,u2)2} G0

up to a constant in the renormalized potential. It is easy to
see that the subsequent iterations preserve the UV finite-
ness of Ug(®P).

It is worthwhile mentioning that the split of the iteration
of Eq. (20) into a renormalized and a counterterm part,

[1] _H
UR/.LZ((I)) - 7

(1] —
UCT/LZ ((I)) -

- 1
+ - F[N]
Z (2}’1 2)'( 213,00 X

m
+ F[CA;JZHM ..... xz,,)¢X3 T ¢X2n :|GR}

E [oe]

o0

( 1);nTI'GR|:ZZ(2n — 2)|

m=[d/2]+1
m
xTH x2,¢x3-~~¢xz,,GR] (32)

realizes a particular BPHZ renormalization scheme. In
fact, FERN][Q’)] is a finite functional for each N and the
counterterms in F[CNT][(b] correspond to the full subtraction
of the overall divergences at each order N which are
defined by the expansion of the integrand of the loop
integral, the trace on the right-hand side of Eq. (32).

I11. 2PI EFFECTIVE ACTION

Our goal in this section is to derive the evolution equa-
tion for the 2PI effective action for the model defined by
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the action (4). This is achieved by generalizing the standard
procedure, presented briefly in Sect. II, for the bilocal field
@, ¢y. For this end we introduce the generating functional

S/MWLI] — f Dlgle-1/Mslel+(/2mer0 (33

together with its Legendre transform, the effective action
for the two-point function,

_ 8w
Gx,y - <T(¢x¢))> - S%Jx’y: (34)
which is given by
[Ggl=-w]+ %Trgf - . (35)

The inverse Legendre transformation is based on the rela-
tion

TG 1, 6

G, 2
Since the source J,, is symmetrical, so is G, . Another
important symmetry, translational invariance is supposed
to be recovered in the limit J — 0, therefore the propagator
in the vacuum is taken to be translation invariant,
(T(@x®y))1=0 = Gyxy = Gyx—,-. For the sake of simplicity
we shall assume that the bare action is always chosen in
such a manner that there is no condensation, {¢,);—o = 0,
as in Sect. II.
The relation

1 8G.
[(lexz),()’l,)’z) = 5(6161,)’16)62&’2 + 6)61,)’26)‘2,)'1) 86 - 2
YiY2

(37)

cf. Eq. (72), can be used to establish the identity |

00
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WL _ 841Gl _ roIiglv
6%]8%J_[8§66} '1_[5g5g} CL

where the inverse A~/ = A~!:] with respect to the opera-
tor / was introduced. The matrix [ acts on the two-particle
subspace by projecting into the symmetrical subspace and
plays the role of the identity operator for indistinguishable
particles.

A. Evolution equation

We shall use the coupling constant g to control the RG
evolution in internal space and let it go from zero to its
physical value. The corresponding evolution of f[g] is
governed by the evolution equation

9,I1G] =
— G- 1/MWL] f D10, S[ple-V/SLel+(1/2mp ¢

N % x[hc:gf([s(g)u,:,u,x) " (g“)z} 39)

It is worthwhile mentioning that the onset of the conden-
sation is signaled by the vanishing of the restoring forces to
the equilibrium position, acting on the quantum fluctua-
tions, i.e., by g;‘ = (. Therefore, the exclusion of the
condensation induces the restriction g;l # 0.

It is easy to understand the evolution equation for the
functional W[J] graphically. In fact, let us assume the form

—3,WlJ1

- © 1
W[J Z n—W”XIy-.-,X,,JX] P JXn) (40)

where the repeated double-indices X; = (x;, y;) are inte-
grated over and the evolution equation reads as

1 . > 1 h ~ 1
Z()n' agI/V”XI ~~~~~ XHJXI T JX" N Zom 31 x Wn*2(%/“)»(%)‘):)(1w,XnJXl e JX” * 3!
e
[ Z m‘n' m+1(xx)X1 X JX] JX,,,Wn+1(x,x),Y1,...,Y,,JY1"'JY,,- (41
X m,n=0

Consider the contribution @(J*) on both sides. On the left-
hand side we find 9, acting on the Green function with k
pairs of field variables which is connected as far as the
cutting of two-particle lines are concerned. This Green
function is the sum of Feynman graphs and the dependence
on g appears through the factors g multiplying the vertices.
Therefore, the right-hand side is supposed to be the sum of
these contributions. We turn now the four internal lines
attached to the vertex on which 9, acts into external lines
and consider the leftover graph. The first and the second
terms on the right-hand side stand for graphs whose left-
over graph remains two-particle connected or falls into two
disconnected components, respectively.

Motivated by the Hartree-type optimization of the trun-
cated functional Callan-Symanzik equation presented in
Sect. II we split off a quadratic term from the effective
action,

gl =[Gl + %axl,x2 Gx, Gx,, 42)

where « denotes a g-dependent coefficient function which
is vanishing for g = 0. The corresponding evolution equa-
tion is
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d,Ig] = % L[ig([sggﬂ " QLI;,W)

+ Q(%L —%aga>:g, (43)

with Ly ) v) = 6xy0,,40,,. It is furthermore useful to
separate the effects of interactions in the effective action by
means of the parametrization

Ilg] = I'[g] + UlG], (44)

where the first term corresponds to the free theory cf.
Appendix B,

2

and the “potential” U[G] stands for the effects of the
interactions. The initial condition, U[G] = 0, for the evo-
lution equation is imposed at g = 0.

. 5zs[o]> I

Tee _ h _ "
[free[g] = ETr(Q 5650 TrinG,  (45)

B. Expansion around the vacuum

We return now to the evolution Eq. (43) which cannot be
solved exactly. Its usefulness depends on the possibility of
finding a good enough truncation, a projection into a
restricted functional space. This latter should be, on the
one hand, simple enough that the truncated equations can
be solved either analytically or numerically and on the
other hand, rich enough to incorporate the important effec-
tive vertices of the theory. The natural procedure is the
functional Taylor expansion of the type Eq. (40) for U[G],

truncated at order N, i.e., we retain the N-particle effective‘

PHYSICAL REVIEW D 71, 025010 (2005)

interactions. In order to render the Taylor series faster
converging and to recover the 2PI vertex functions the
Taylor expansion will be organized around the vacuum
by splitting the propagator as G = Gv + H where Gv is
the propagator in the vacuum and writing the effective
action as

[[H]=Tr"[Gv + H] + y[H] (46)
with

N
1
7(3{) = U[gV+ g-[] = Z;F)/nXl ,,,,, Xng'[xl . '3‘[Xn.
n=0"""
(47)

The coefficient functions are symmetrical with respect to

the exchange of any pairs of their variables, vy, x,  x, . =
Yoo X X and are translation invariant because they
correspond to the functional Taylor expansion around the

translation invariant vacuum. This justifies the notation

= Op +g++pat a0 V(01 (por)

(48)

Yu.(p1.g1)s(Prga)

in momentum space. The functional Taylor expansion for
the full effective action thus reads as

> 1
F[g-[] == Z ;F"XI"'UX”}[XI A ‘7-[Xn’ (49)
n=0"""

where the first few coefficients are

h 525[0] I/ h 8%S[0] &
Fy==Tr . — =TrinGv + 9%y, Tiy == — =G 9 x + P10y
075 (GV 6¢8¢> 3 Gv+ 7 ey = 5 56,00, zgv X+ Vi)
Lyx, x, = gg{},xz + Y2x, %,
h (50)
- _ -1 -1 -1 5
F3§(X1,y1),(xz,J’z)v(xs,%) - 2.3 Z gv(yﬂ(l,,xﬂ(z))gv(y,(2>,x,,(3))gv(yﬂm,xﬂ(l)) + V3,31 (12,32), (x3,93)
T TES;
h
_ -1 -1 ~1 -1 5
F4;(X1,yl),(Xzy)'z),(xs,}’3)’(x4,Y4) T 941 Z gv(yﬂ(,),xﬁ(z)) gv(y,,(z),x,,(3))6\’ (y7T(3)’ x7T(4))gv(y“(4),xﬁ(l)) T VG0, (2,92), (63,33), (x4, 3
TTES,
where Gyl — 825[0] LS 52)
- 52I‘free[ ] 6¢5¢ ’
—~1—1 _ g—l _ g
Glenwn = Gunwn = 5656
5 ! ’ where the self energy is given by
= 261G + 636G, (5D
R T S = 2a:Gv + 29,. (53)

see Appendix C. The propagator in the vacuum satisfies the
equation

The evolution equation can now be written as
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> 1
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& m 1
d I = 2 Z(—l) /;{K:[(,;i(” — oy iz .’1’-[23 -5’-[Zn + a):K:| }(x,x),(x,x) + G(ZL — aga>:g
Z nZl Zy, 2, 5-[22 : j—[Z,,agGVZI + GV:a:agGV’ (54)

by using HH as an independent variable and suppressing the first two double-indices of the coefficient functions I',. Here

Kyy = Gix\ + Paxy (55)

stands for the inverse of the two-particle propagator and the separated O(G?) term in the effective action is treated by the
expansion. The identification of the coefficients of different powers of JH{ on the two sides up to O(H ?) yields

L _h h " 1 1
ag’y() = 47 LK(X,X),(X,X) + E ];[K(O{K) ](x,x))(x,x) + gv<mL - zag

a):gv + (Fl + GV:a):agGV’

ho4 h X 1
deV1x = — EKZI,ZZF&ZZ,ZI,X + ETrK:(a:K:F&X + I'sx:Kia) + gLX,ngz —deax7Gyz + Ty z + ax7)9,Gyz
h
Y2 x,x, = ) Z Kz1 U3z, 25,0 K22V 5.2,20%,0 — Vazazix, o x00) — 95@x,.x, T T3x,x,20,G0Z, (56)
TES,
with

Y =jKX,(u,u)K(L¢,u),Y- (57)
u

C. Iterative solution

We follow the general strategy of Sect. II and rewrite the
evolution Eq. (43) as integral equation, used for iteration,

N+ _ V] E (e g 19
FgN l[g] = F,fio[@ +Eﬁ dg TrL.((sgng
v "rahe-tnye o

We choose o = gal /12 with a g-independent constant a
in the Hartree-term which guides the evolution and seek
the effective action in the form

rig=o061+5 Va6 9
The iteration of the functional €} [G],
o1 = ol + Bl (60)

is realized by
h g 529 /[g] g/a -1
B[Q,]=— "TrL:| —£2—=—+2-L| . (6l
[0 =g [ asme] S+ e | on

The starting point is the g-independent effective action
QI = Pfree and iits first iteration,

Bl = gTr{[ln<Gl Ll f;)
- ln(GI_lle)}I}, (62)

yields
Qll[G] = ree[g] + gTr[I: 1n<11 + %L:Gﬂ. (63)
The expansion of the logarithm on the right-hand side gives
g1 = r=(g] - 3 z (5

g(l - a)

)T[(Lg)]

—— G:L:G, (64)

since I:L = L. This effective action corresponds to the
sum of ring diagrams where the two-particle propagators
are joined by the vertices g.

For the choice a = 1 the right-hand side of Eq. (58) is
O(F) and each iteration resums a successive order of the
loop-expansion to the effective action, c.f. Eq. (53). This
resummation explains the infinite series in F[gl][g]. When
a = 01is chosen then the right-hand side of Eq. (58) is O(g)
and each iteration resums an order of the perturbation
expansion in g only. For any other values of a an effective
interaction strength is used in the partial resummation of
the loop-expansion (second terms on the right-hand sides
of Egs. (58) and (64)) which is corrected order-by-order in
the perturbation expansion (third terms on the right-hand
sides of Eqgs. (58) and (64)).
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IV. RELATIONS BETWEEN FUNCTIONAL
EQUATIONS

We comment in this Section first the relation of the
evolution equations with well-known, nonperturbative iter-
ative methods and next the similarity of the derivation
leading to the evolution equations for the 1PI and 2PI
Green functions, Eqgs. (14) and (44), respectively.

The evolution equations, Egs. (9) and (39) represent
exact relations for the generating functionals which, as-
suming the proper initial conditions, lead to the determi-
nation of the 1PI and 2PI Green functions, respectively. It
is natural to raise the question about the relation of these
equations to the Schwinger-Dyson functional equation
which is another exact equation satisfied by the Green
functions. Both share a common mathematical origin,
they express the way the path integral for the transition
amplitudes transforms during the change of certain varia-
bles [22]. The Schwinger-Dyson equation, overviewed
briefly in Appendix D, is a hierarchical set of equations
as the evolution equations. The Schwinger-Dyson equation
for the two and four-point irreducible functions, Eq. (D14)
and (D21), could be converted into an evolution equation
by acting on them by the operator d,. But the difference
between the resulting equations and Eqgs. (9) and (39) is
that the formers contain the derivative of the Green func-
tions with respect to the control parameter in an implicit
manner. The evolution equation scheme is organized in
such a manner that the derivatives are all explicitly ex-
pressed in terms of the Green functions themselves.

There are a few advantages when the evolution equation
method is used. One problem with the Schwinger-Dyson
equations is that it is not clear if its solution is unique. Their
iteration may have different basin of attraction and the
identification of the physical solution might be rather
difficult. As long as the initial conditions are properly
given in a nonphysical, but perturbative domain, the evo-
lution equation method produces a unique solution.

Let us now compare the evolution equations for the 1PI
and 2PI functions more carefully. A remarkable property of
the evolution Eq. (9) is that it does not lead out from the
space of quadratic functionals. Because of this reason it is
essential to keep the interaction term in the initial condi-
tion. Another way to characterize this feature is to notice
that the structure of the evolution equation reflects the
choice of the u?-dependent part of the bare action only.
The information about the bare interaction is contained in
the initial conditions to the evolution equation. The 2PI
evolution equation, Eq. (39), on the contrary reflects the
O(¢*) contact interactions only and is independent of the
O(¢?) part of the bare action. In general, the evolution
equation for the n-linear expression of the local field
variable ¢, contains the @(¢"*!) and higher order pieces
of the bare action whose terms up to O(¢") appear in the
initial conditions only. An important consequence of this
structure is the UV finiteness of Eq. (39). In fact, the

PHYSICAL REVIEW D 71, 025010 (2005)

integrand of the formal one-loop integral on the right-
hand side is given in terms of the independent variable G
and as it stands, Eq. (39) is a formal expression and
recovers the well-known divergences for the choice G, =
O(p~?) only. The counterterms to the 2PI effective action
depend on the choice of the independent variable G. It was
due to such a complicated renormalization that we left the
discussion of the 2PI evolution equation on the bare level
in Sect. III and counterterms like in Sect. II were not
introduced. As of the initial conditions are concerned,
they must fix that part of the effective action which is not
represented in the evolution equation, in particular, the
bare interactions or the free part in the 1PI and 2PI cases,
respectively.

Finally, the similarity between the 1PI and 2PI evolution
equations represents an opportunity to find an alternative to
the matching strategy for the introduction of effective
theories. This similarity suggests to replace the composite
operator ¢, ¢, by a bilocal effective field ¢, , and inquire
about the corresponding effective theory given by the
action S.[¢/]. The construction of an effective theory for
local composite operators is well established by means of
the perturbation expansion [23], or of nonperturbative
scheme [24]. Our starting point for the derivation of the
effective theory for the bilocal field #, , is the generating
functional W[J] of Eq. (33) for the connected Green func-
tions of the composite operator ¢, ¢,. The free bare effec-

tive action, S'[], is chosen in such a manner that it
reproduces the free propagation of two identical particles
controlled by #, ,,

f Dlgle /" [ 12000001/ +(1/20¢ T

= f Dl ple=V/MSalo1+(1/2007, 65)

The interactions can be incorporated by adding the piece
g [ ¥i./4! to the effective action. The equivalence of the
interactive theories, expressed by the relation

/MWL — / DI~ V/MSGU-8/4th [ R+1/280]
(66)

can be verified by acting with the differential operator

o fis/A [ 82/16(1/2)7,,8(1/2) ] (67)

on both sides of Eq. (65).
The first step of this argument, the construction of the

free action SSI[(I/] is far more complicated than the second
step, the inclusion of the interactions. This is not by
accident, the noninteracting dynamics of equivalent parti-
cles has to include the symmetrization/antisymmetrization
of the quantum states. This step introduces long range,
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topological correlations among the otherwise noninteract-
ing particles. These correlations represent a far more diffi-
cult problem than the local interactions. This difficulty is
particularly explicit in the construction of the density func-
tional [16] for noninteracting particles when the effective
action has strongly nonlocal vertices of infinitely high
order without natural small parameter to justify any trun-
cation. When the noninteracting particles are fermions this
procedure amounts to bosonization.

The difficulty of obtaining the free effective action is
avoided when one uses the evolution equation method and
pays the price of having an effective action for a bilocal
variable G, , rather than the density functional which
depends on the local, diagonal part G, , only. The compli-
cations mentioned are then hidden in the logarithmic func-
tion of the initial condition Eq. (45).

The generalization of this construction for higher order
composite operators is possible, as well. The only condi-
tion is that the interaction Lagrangian for the elementary
fields must be expressible in terms of the composite fields.
The difficult question, the issue of the choice of the inter-
actions in the effective theory can be hidden in the initial
conditions for the effective action for the composite fields.
This latter can partially be taken over from the elementary
theory without interactions (aspects of the statistics) and
partially be generated by the evolution equation (aspects of
the interactions) which provides an iterative improvement
of the effective theory (cf. Sect. III C).

V. SUMMARY

The functional renormalization group strategy was
studied in this paper in the internal space in the framework
of the scalar ¢* model where either the mass or the
coupling strength can be evolved. The mass-controlled
suppression of the amplitude of the fluctuations realizes
the functional generalization of the Callan-Symanzik
scheme for the bare Green functions. The appropriate split
of the evolution equation into the sum of two pieces
provides a nonperturbative BPHZ-like renormalization of
the 1PI Green functions.

The control of the amplitude of the fluctuations by the
interactions leads to the evolution equation generated by
the change of the coupling strength. This scheme was
exploited in order to obtain the evolution equation for the
2PI effective action.

Finally, the similarity of the evolution equations in these
schemes was used to construct an effective bilocal theory
for the connected propagator.

The advantage of the method, compared to the tradi-
tional external space renormalization group schemes, lies
in its flexibility in choosing the parameter to evolve. This
feature allows one to trace the dependence on certain scales
in a model possessing several scales or on any of the
coupling constants.
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APPENDIX A: NOTATION, CONVENTIONS

The space-time and Fourier-space integrals are defined

.- /ddx_“dz f ]277)" o
- [ e

and the Fourier transform of a translation invariant propa-
gator G, , is defined as 6,.,0G, = G, ,. The composite
index X = (x, y), proves to be useful, e.g. [, A, B, =
[x AxByx. The integration is frequently shown as scalar
product, f-g= [, fcgw AB= [  F.,G., The re-
peated indices are automatically summed/integrated over
unless written explicitly otherwise.

The functional derivative is defined in d-dimensional
lattice as

(AD

o 1 9 (A2)
8¢, a’ gy
where ¢’ is the lattice field variable where the factor a ¢
is needed in order to satisfy the relation
1)
_ £l
sq | 169 =r16) (A%
In an analogous manner we have
o _ 1% 9 (A4)
8¢y gy

Our convention for the derivative with respect to a sym-
metrical matrix G%™ is

1 J
1) _ W(agnon—symL + aG symL) X+ Yy, (72)
S oSym
6g %d agsym[ X = y
1
a ELMJC =y, sym (73)

where G""”Y™ ig a nonsymmetrical matrix. It allows us
the use of the chain rule

o oB,, 6
0A,, ﬁ,v 8A,, 6B,,

(A6)

APPENDIX B: ONE-LOOP EFFECTIVE ACTION

The evolution equation for the 2PI effective action re-
quires the knowledge of initial conditions imposed at
vanishing or infinitesimal coupling strength. The loop-
expansion for path integral Eq. (33) has two nonvanishing
orders for g = 0, therefore these orders will be retained
below.
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1. O(r°)

The generating functionals are given by

WOLT = =STo)] + 5 bal 1+ J - bl )

FOIG] = S[po()] — 5 bol1-J - ol/] + S ThG' -,

(B1)

in the tree approximation where the stationary point ¢y[J]
satisfies the equation

oS[¢]

o lomoln =7 “ ¢olJ] (B2)

and the source J is related to the Green function G via

Gx,y = ¢0x[']:|¢0y[-l]’ (B3)
ie.
¢0x[‘l] = V g,\c,x‘ (B4)

Notice that ¢¢[J] is nonvanishing and is given by this
equation in the phase with broken symmetry only. The
elimination of the source J yields

fwtree[g] — S[¢0(J)]
- f[ - é (InG, )0, G,

% g
+ 7 GJC,x + Z(GX,)C)Z}' (BS)

In the symmetrical phase without tree-level condensate
I'"*¢[G] = 0 holds.

2. O(h)

We write ¢ = ¢y + n, expand the exponent of the
integrand in powers of 1 keeping the terms up to O(n?)
and find

- 1
W] = —S[¢o(N] + Eﬁbo[]] “J - dolJ]
1 8%S[¢]
— —hTrl —-J| B6
2" n[ 80P 4,001 } B
We define the connected two-point function G by
swLJ
GX,y = ¢0x[‘]]¢0x[‘]] + ﬁGx,y = 317[]
5°S[4] =
= dolJ J1+nh -J B7
ool A Sss  =a| @
which gives
8°S[¢] -
G, = -J| , B8
™ |: 6¢5¢ [polv] :|y,x ( )
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and
[ — Ttree h - h ‘. 525[¢]
rorg) =rre[g] +§TrlnG 1 +§Tr[G 6¢5¢}
(B9)

up to a G-independent constant cf. Ref. [13]. In order to
avoid the problem of nonconvexity, we assume that the
vacuum has no condensate, ¢y[J] =0, i.e. G = iG.

APPENDIX C: INVERSE OF SYMMETRIC 4-POINT
FUNCTIONS

The quadratic part of the free effective action is

[ g;lg;l(eip(y—u)+iq(v—x)
p.q

+ ¢!~V Figu=2))

G (oo =
(C1)

for the translation invariant case. Therefore we seek the
inversion of the operators of the form

1
Ay, ) = D) j;)qA

+ eip(x—v)+iq(y—u)),

n (eirb—utigly=v)

(€2

with symmetries A(x,y),(u,v) = A(u,v),(x,y) = A(x,y),(v,u) which
require A,, =A_,_, = A, ,. It is easy to see that A"
cannot be written in the form (C2). But such operators can
be inverted when they are acting on the space of symmetric
matrices. In fact, the relation

(6xu yu xv )u) L quApl(eip(y_U)"'iq(u—X)
+ eiPO—uw)+iglv— x))
(C3)
yields7,, =1, A, 11 =1/A,,
G lz‘gp G, G =26,4, (C4)

for the free two-particle propagator.

APPENDIX D: EQUATION OF MOTION

The Schwinger-Dyson equation is obtained in this
Appendix for the two- and four-point 1PI functions. The
absence of the condensate is assumed, in order to simplify
the expressions.

1. Elementary field variable

The path integral
2= M= [ Diglesieles o

yields the Schwinger-Dyson equation
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8S[d] 7 wrs In order to express the last term on the right-hand side in
—ie"=o D2) f the effective acti ts with th t
8D |9=s/si erms of the effective action, one acts wi e operator

which can be written as

5 _8¢ & _WL & _( 8T \1 &
[55@5] —j]]l=0 (D3) 8j  8j b4 5jdj O ( >

5pod) o
Ob 19=(0/0)+(WLjY/2)) (DY)
by means of the identity
i, WUl | = 6 W[.j] WUl (D4) on the identity
8] 8j
For 2w 2
oW o-T
1 1= 5 .5[{] 5 ([;ﬁ] (D10)
S=§¢"G51'€D+E o (D5) JoJ po¢
Eq. (D3) yields the Schwinger-Dyson equation and finds
&8I -1
o 08 fonf ot 50,219
y o= [V STl S
W1 } (G- ). (D6) <8j56j50j: 6686, )13 8j, 5],
29201501y SI¢] W) o)
The first functional derivative of this equation is 8¢, 6,60, 6j.,6j,
s*wlo] g j‘ 8*w[0] 82wI[0]
. . 0Ox,) - A 0z o: o+ . .
0jx0Jy b2 )88y 8):0): where the shorthand notation [, = [, has been in-

g [ 5*wWI0] troduced. Multiplication by the second functional deriva-
6 J:

0% 5.6).67,0), (D7) tive of W[/] in the index x5 gives

for j = 0. We shall express this relation by means of the

IPI vertex functions. By multiplying with G;! and the Fwiil 8*WLjl 8°wlj] &8°Wli]
inverse propagator we first arrive at 0jy, 6,0y, {246y, 0Jz 0Jjx,0]z, 8jy, 0],
2 2 4 3
OTIO] _ (o1 85 OWIOL 8 STWIOL S U (D12)
8¢,y Y2 7 6)6) 6 ):6).:6).8),8), 6¢.,6¢.,60,
8°170
L] . (D8)
6.0, A further derivation leads to
|
Swijil f [_ SWIjl Wil 8°Wljl 8*Wi/] 5'T¢] L WL WL S2WLJ]
0Jx,0)x,0)x,0)x,  Jl  8)x0Jz 6)x,0)z 6)x,6)z 0jx,0)y 04, 00,00, 00, b8j )y, 8jy, ) 8 0]

Sl Wl &whjl  &T[4]
6., 6$:;6¢: 8)x,0)z, 8)x0Jz 6b:6¢:,8¢,

+ (o —xs) + (xl‘—vm)} (D13)

which finally allows us to write Eq. (D8) as

8°170]
689,

—+

0 |09

=il 3(5500).s & Jul5350).0 5950)-(5900). 5, 5..5655,
2 — 2 — 3 2 — 2 — 3
[ (5900)..(5330)... 550,50 5398)...(5990).. 59,5050

X, 21 X,22

(D14)

X, 24 X,2p
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2. Product of two field variables

The path integral

Z[J] = "] = ]D[¢]6—S[¢]+(1/2>¢-J~¢ (D15)
leads to the relations
sW[0] 82W[0] 82W[0]
= =G, = , B I ’
0 %JI,Z 5.]16.]2 12 GVI’Z ) %Jl,zﬁ%.]&“ (1.2)G3.4) DI6
S3W[0] _ 870 (D16)
517,005,005
51712517546 Usg == 1223[63 28— Ka2,64Gvs6 — K12,65.6Gv3a — Ka.,560Gvi2 — Gv1.2G34Gose

where the two-particle propagator
8T -1

«_ (2T16.]

8GoG
has been introduced. (For the sake of simplicity the space-

time coordinates x, are replaced by the corresponding
indices n.) The analogue of Eq. (D12) is

Fwll  _ (8TIGN (STIGN !

831x,03x,831x, <5656> <6666>
(TGN &TIG]

<5656>X3,Z3 362, 66226GZ3 .

(D18)

(D17)

X1.Z, X2,Z,

Therefore, we have

Giz = GVI,Z) Giz,3,4 = K(l,z),(3,4) - Qv(l,z),(3,4),

G¢ =—K12,2,K34,2,Ks6 2116,
= 2286928602 56 565G,
123456 DB LERCOL 56, 5G, 6G,,

—[K(12,65G46 + K1.2,45GC56

+ K(I,Z),(3,6)Gﬁ,5 + K(LZ),(4,6)G§,5 + Gi3,4,5G§,6
+ G§,3,4,5G?,6 + G?,3,4,6G§,5 + G§,3,4,6G§,5

+ Gi‘,3,5,6G§,4 + G§,3,5,6Gi‘,4 + Gi4,5,6G§,3

+ G5 456G 3] (D19)

|
with va,y the free two-particle propagator. The first func-

tional derivative of the Schwinger-Dyson equation can be
written as

2y =

NSReS]

8 > _
6x,y GV)C,X + g j(K(x,x),(x,z) - GV(x,x),(x,z))6vz,1y'
Z
(D20)

Notice that the leading order perturbative result is recov-
ered for K = G, only. When the two-particle sector is
nontrivial by the choice of the independent variable G
then the one-particle sector of the theory is naturally
modified.

In a similar manner the third functional derivative of the
Schwinger-Dyson equation reads as

> 8
K(x,y),(u,v) = GV(x,y),(u,v) + g f GOx,z<K(z,z),ZlK(z,y),Zz K(u,v),Z3

5°'T[G,]
Xsm—sm et K(z,z), (z,u) GVy,u

0G2,6G,0Gy,
+ K2, gVy,u — K2, sz,y

- K(z,y),(u,v) gvz,z + gvz,z GV(z,y),(u,v)) (D21)
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