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We use the Schwinger-Dyson equations as a starting point to derive renormalization flow equations. We show
that Katanin’s scheme arises as a simple truncation of these equations. We then give the full renormalization
group equations up to third order in the irreducible vertex. Furthermore, we show that to the fifth order, there
exists a functional of the self-energy and the irreducible four-point vertex whose saddle point is the solution of

Schwinger-Dyson equations.
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I. INTRODUCTION

Renormalization group (RG) and Schwinger-Dyson equa-
tion (SDE) hierarchies are widely used methods to study the
correlation functions of quantum field theories. The SDEs are
a hierarchy of integral equations'? for the Green functions
obtained, e.g., by integration by parts in the functional integral
representation. The simplest truncation of this hierarchy
corresponds to the Hartree-Fock equations and the next level
also includes loop corrections to the two-fermion scatter-
ing. Depending on the model, these equations may require
renormalization subtractions to be well-defined. Even after
that, the equations are typically singular integral equations,
allowing for solutions that exhibit symmetry breaking or
other drastic changes compared to the bare system. The
functional RG approach (for reviews, see, e.g., Refs. 3-5)
starts by introducing a scale parameter and a modification of
the theory that regularizes, i.e., smoothes out singularities, in
the propagator. The RG flow is obtained when the regulator
is gradually removed by taking a limit of the scale parameter
A (in this paper we use the standard Wilsonian convention
that the A corresponds to an infrared regulator which is
decreased to generate the flow, and eventually sent to zero,
A — 0). The resulting RG equation is a functional differential
equation which becomes a hierarchy of equations in the usual
expansion in the fields. Instead of a self-consistency, as in the
SDE, it describes a flow. This regularizing effect in the above
procedure (often corresponding to a localization in position
space) is the main reason for the good mathematical properties
of the RG equations. Terms that lead to symmetry breaking or
other singular behavior develop early on in the flow, without
any need for assumptions on their type, and gradually grow,
so that their effect can be taken into account scale by scale.

It is useful to make the relation between the two approaches
as explicit as possible. In the first part of this paper, we
formulate RG equations based on the SDE hierarchy, and then
relate Katanin’s truncation® of the RG hierarchy for the one-
particle irreducible vertex functions to a particular truncation
of the RG derived from the SDE. This is important because
Katanin’s truncation scheme has been shown®’ to generate
a flow that automatically satisfies certain self-consistency
equations exactly, and because this scheme has been used
extensively in RG calculations, both for fermionic and for
spin systems.> We then also exhibit the higher-order terms in
the SDE-RG.
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The full SDE hierarchy encodes all analytic and combi-
natorial properties of the vertex functions, and retains the
symmetries of the original action. Truncations of this hierarchy
usually violate Ward identities and conservation laws. In
the RG approach, the same problem arises, but in addition,
the regularization may violate some symmetries explicitly,
so that the restoration of Ward identities in the limit where
the regulator is removed requires proof. The most important
example of this are theories with local gauge symmetries,
e.g., QED.®Y A general theory of conserving approximations
was developed by Baym and Kadanoff'®!! in the context of
many-body theory, and later also used in high-energy quantum
field theory.'> An essential object there is the Luttinger-Ward
(LW) functional, which expresses the grand canonical potential
as a function of the bare vertex and the full propagator of
the theory. The field equations are obtained by a stationarity
condition as the propagator is varied. Similar constructions
using the self-energy as the variational parameter instead of
the propagator were introduced by Potthoff.'>4

It is a natural question whether there is a scale-dependent
variant of this functional, in which both the full scale-
dependent propagator and the effective two-particle vertex
(instead of the bare one) appear, and we here define a functional
which has these properties, in terms of an expansion in powers
of the effective two-particle vertex. In principle, the iteration
of the RG equations in their integral form (in a procedure
generalizing the derivations in Ref. 7) automatically generates
such an expansion; however, the so obtained expression for
the functional involves integrals over intermediate scales,
similarly to the Brydges-Kennedy formula,'> which provides
an explicit solution to Polchinski’s equation.

Another generalization of the LW functional was given by
the Lund group where the bare interaction is replaced by the
screened interaction using the Bethe-Salpeter equation. The
resulting functional is variational in both parameters.'®!7 In
Sec. IV we derive from the SDEs a functional of the self-
energy and the irreducible four-point vertex, which is local
in the RG flow parameter, at least up to the fifth order in the
effective vertex. The stationary points of this functional satisfy
the scale-dependent SDE.

The scope of this paper is theoretical, i.e., we focus
on the question of the precise relation between SDEs and
functional RG equations in general, and on the problem of
generalizing the Luttinger-Ward functional, and we postpone
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the study of specific models to further publications. Since
the RG in Katanin’s truncation has had significant practical
success already and since this truncation appears as a particular
approximation to the hierarchy derived here, the main question
for applications is how the rearrangement of terms affects
practical calculations and how much additional information
can be obtained from the higher-loop terms appearing at
each truncation level. We shall discuss some aspects of this,
as well as the potential use of these equations for solving
self-consistency equations, at the end of the paper.

II. SCHWINGER-DYSON EQUATIONS AND
RENORMALIZATION GROUP

Consider a lattice fermion system described by Grassmann
fields v, ¥ and the action

Sl = —.C™Y) = VIy.yl, M
where C is the propagator of the noninteracting system and V
is a two-body interaction of the general form

VIvol= = D VygmaVaVo¥nle. )

X1,X2,X],x)

In applications, the labels x are often composed of several
variables. In momentum space with a single-particle basis,
one has x = (kg,k,0), where k is the Matsubara frequency,
k is the momentum, and o denotes the spin orientation.
Depending on the representation, there might be prefactors
such as volume or temperature, which are not shown here. v
is antisymmetric under independent exchange of its first two
and last two arguments. The bilinear form (f,g) is defined as
the sum ) f(x)g(x).

The generating functional of the connected Green functions
is given by

g1 =~tn [ duce!IFen G,
where dpc := N [], dyd . e¥-C€"'¥), with a normalization
constant N. The connected m-particle Green function is
obtained from the generator G by differentiating with respect
to the sources 7,7 and evaluating for vanishing sources:

G(Zm)
..... X sX s eees Xy
i G
3'7x1 anxmanx o anx{ n=n=0
(W Y ). )

Here (- - - ). stands for the connected average of the expression
between the brackets. The effective action is the Legendre
transform of G [n,7],

Ty, ¥1 = @.9) + @.n) + Gln.l, (5)
with ¢ = _8_n and ¥ =
irreducible (1PI) Green functlons F

By integration by parts,

0 —
-Yco [ dueg- . ©

,;g It generates the one-particle
2m)

/ ducy Fly, vl =
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every correlation function obeys a Schwinger-Dyson equation

/dﬂcl/fxl Y W U VvVl

d
= - Zcxl,y/dﬂcafwxz
y

(N
The correlation function on the right-hand side is in general
disconnected, but can be expressed by standard cumulant
formulas in terms of the connected Green functions, which
are in turn given by a standard expansion in trees that have the
full propagator G := G® associated with lines and the 1PI
vertex functions to the vertices . For m = 1, Eq. (7) gives an
equation for G,

Gxx’= x,x E CleGZ422 L1013Z4G3X’

2124
1
- — z “)
2 (CX»Z]le,ZZ,ZLZAGZL_VlGZAa)’ZFyl,yZ,,VS»_W
17024
Yi--- Y4
X Gy, 5,G 1), (8)

After rewriting in terms of the self-energy, one obtains ¥ =

C~!' — G 'is given by
Yoy =— § GV, 2
22,24
1 @)
- E E vx,Zz,13,Z4st,y1 GZ%Y’FW ¥2,X' )AGW'ZT ®
22724
yiy3

The SD equation for m = 2 gives the four-point vertex (two-
particle vertex) as

4
re
X1,X23X] X}
= 4 G. .G, . T
= Vx,mxxp T 5 Uxiizna Uz Uzl o g )
2124
- G... G, .,T? — (x3 < x4)
Uxiziix3.20 02421 U2p,23 23,X2,24,X) X3 X4
2124
1
+ E § Uzy.x1322.23 GZ% Zchz Z4GZ(7 21 KZ4 25,X2,26,X],X)
2126
! G.,..G., .G, .T®
+ B VaraieazsYaszs Vaa Uz oy 250 26,00 1)
(10)
where
o ) (€]
le.,sz;X[,xé,x; =983 § Fm X33 Zle QFX] 223%5,%%
21,22
(4) (€]
+ Z X1,X23X](,21 G, Z2Fzz,X3;x§,x;’ (1D
21,22

and the antisymmetrization operator S,, projects functions
Sxtvin g, 1O their totally antisymmetric part,

Sm f)q ..... X Xp e X, — (m')2 Z sgn(n)sgn(n’)
Y naeP,
X fx,,(l) ,,,,, Xr(m)> X, 2y x;,(m)~ (12)
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FIG. 1. The diagrammatic representations of the SD equation (10) is given in (a), (b) represents Eq. (11), and (c) corresponds to Eq. (20).

The second term in Eq. (11) cancels a contribution from the
first term which would otherwise lead to a reducible diagram
in Eq. (10). In a graphical representation where a vertex f is
depicted by

’
Im Ly,

fxl,...,x,,,;xi ..... )%Z : @ : (13)

T )
and where heavy lines represent propagators G,
Gy o~ L1~ (14)

Eq. (10) takes the form shown in Fig. 1.

If C =C, depends on a parameter A, the SD equa-
tions (9) and (10) determine A-dependent self-energies X5
and two-particle vertices 'Y, etc. We assume that C depends
differentiably on A and that the bare interaction V remains
independent of A. Following the standard convention in fRG
studies of condensed-matter systems, we arrange things such
that for some value Ag of A (the “starting scale”), the vertex
functions are given by the bare ones, and the full correlation
functions are recovered as A — 0. Moreover, we assume that
A is introduced in a way that has a regularizing effect, so
that ¥, and Fi\zm) are differentiable functions of A as well,
and derivatives with respect to A can be exchanged with
the summations occurring in the SDE. Note that this is an
assumption on the solution of the hierarchy, which will in
general contain singular functions in the limit A — 0, hence
checking it is important and nontrivial. However, for the
standard momentum space cutoff RG, it has been proven, '
and this proof extends to any RG flow that imposes a sufficient
regularization on C, in particular the temperature RG flow,?
flows with a frequency cutoff, or the 2 regularization.?! Thus
the assumption is satisfied in a large class of flows, for which
the SDEs hold at every scale A.

We have chosen to make C, but not V, in (1) [(3)] depend
on A because we want to draw a connection between SDE and
standard functional RG flows, and this choice of A dependence

is the same as in the derivation of the functional RG equation
in Refs. 3,5, and 19. One can think of many other useful
ways in which a parameter A could be introduced in the SDE,
and also in the interaction (or only there). A natural way to
check the differentiability assumption is then to truncate the
SDE hierarchy at successive levels, and within each truncation
verify the differentiability conditions by analysis of the right-
hand side of the flow equation.

To avoid overloading the notation, we drop the subscript A
from F%), YA, and G 5. The derivative of Eq. (10) with respect
to A (denoted here by a dot and written out explicitly only in
the particle-particle channel),

re
X1,X25X] X}
1 d
— (C))
= E Z Ux1,x2221,zza (GZthGZz,ZAt) FZ3,Z4;X;,)C£
202a
1 .
()]
+ 5 Z vxlsXZ;ZI,ZzGZI,Z3GZ2a24FZ3,14;X1’x£ +-, (15)
2124

gives rise to terms on the right-hand side where only propa-
gators are differentiated and ones where I'® appears. At each
order in an expansion in I'® it is possible to eliminate v and
I'® from the right-hand side of Eq. (15) by substituting v from
Eq. (10) and iterating Eq. (15). This results in

. 1 d
4) _ = (e ]
Fxl,Xz:X{,XQ ) Z Dixina (dA GZ%ZSGZ%“) an,u;)d,xé

21724

— (ph. —ex.) + O(T'®)>, (16)

Taking the A derivative of Eq. (9) gives

. . 1 d
Yy = — Z Gt Vxsoxzs — 2dA Z Ux.22.23.24
22,24 2200024
Yoo y3
X Gy G TY G, ... A7)
3: V124,027 yy,y0,x0 y4 T Y422
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Consider the system of equations obtained by dropping the
second term in this equation, which leaves

xl xl = Z GZ4 zvx sz 2349 (18)

22,24

and combining it with the modification of (16) where all third-
order terms in I'™® are dropped.

In the first term in (18), v could be replaced by T'® up
to orders (I'™)2, but as it stands, this term can be directly
integrated, hence combined naturally with the resummation of
the four-point function implied by keeping only one of the three
terms in (16). This is at the basis of recovering self-consistent
ladder summations.®’ Because G = GXG + S, where S is
the single-scale propagator appearing in the standard RG
equations for the irreducible vertex functions,> we see that
by substituting for v in (17) by reinserting the SDE for I'®,
the standard 1PI equation for the self-energy,

4
S == Sl e (19)

22,24

is obtained when terms of third and higher order in I'® are
dropped. At first glance, this may be surprising, because the
error terms seem to be of second order in I'®. However,

(6) ~
FXI,Xz,xz;x;,x;,xg ~S| -6 Vxi xpszr,z 1

21726
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the calculation shows that the second-order terms cancel.
This must be so by a more general argument: because the
two hierarchies are equivalent, their expansions in I'® must
coincide at every order in I'®. Thus, provided the right-hand
side equation for I'® contains all second-order terms in ¥,
the error made in ¥ is at least of third order. The combination
of (16) (with terms of third and higher order in FX‘) omitted)
and (19) is Katanin’s truncation of the RG hierarchy. Within
the 1PI RG hierarchy, (19) has no additional terms of higher
order in I'®. Equation (17) contains no approximations, hence
it can be used as a replacement of (19) in the 1PI hierarchy,
without introducing any additional approximation.

III. HIGHER-ORDER CONTRIBUTIONS TO THE
SELF-CONSISTENT FLOW EQUATIONS

Higher-order contributions can be computed in a similar
way by taking into account the higher-order terms in the SD
equations.

The six-point vertex in Eq. (10) can itself be expressed in
terms of the interaction v, the four-point, the six-point, and the
eight-point vertices. At lowest order one obtains from Eq. (7)
form = 3,

“) “)

. 4 oy ’
23,X3324,X3 25,265X1,X)

GZI;ZS GZZ,ZB GZ%ZG

E % )
-3 X1.x2321,22 V23.X3324.%5 Fzﬁ 263%), ,\ZGZhZS GquZ3 GZst

2126

7126

In the last step we have replaced v by T'® + O(I'®)?
according to Eq. (10). Following this procedure, we obtain an
equation '® — v = ..., where the right-hand side consists
of diagrams involving both the vertex I'® and v. In this
case, v can be eliminated from the right-hand side by
means of iteration. This leads to a self-consistent equation
I'®» — v = @, as follows. Denote the particle-particle bubble
propagator by I,

(HG)xl,xz;x§,x£ = le,x{ ze,xé’ (21)
and the particle-hole bubble propagator by Y,
(TG)xl.xz;xi,xé = le,xé Gxi,xza (22)

and define

(f © g)lexz;stm = Z thXz,Zl,Zngl,Zz,XLM (23)

21,22

and

(f * g)xl,xa;m,)q = Z f21,xz,Zz.mgm,zl,x;,zZ- 24

21,22

~ — “) “4) “
~ 98 Z FX] X2321 ZzFZ3 X3324, xzr‘z5 Z65X] X}

GZ] 525 GZLZ} GZmZ() N (20)

In this notation,

' —v=0:=S{ir%oMfgol'™® —2r® %« Y xT®
— i T®oTgoT®ollgol™®
MY Yk T® 5 Y % @
+ 4T @ oMg ol ollgol™®oMgol'™
—2T™® & Yg * '™ Yo * '™ x g * re
—4Q0(G,T} + o®y. (25)
At this order, up to the last term, ® consist of particle-particle

and particle-hole ladder diagrams. The last term Q(G,I'®) is
given by

[Q(G. Ty, s

— Z r r r r“
X1,21:22,23 Z4 X2325,26° X7,285X3,29 Z10,211:212,X4

21212

X Gz,2G23,2002,5020,2, G262, Gz - (26)

Equation (25) is interesting by itself and will be used in the
next section to construct a functional whose stationary points
are solutions of the SDEs.
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The flow equation for the vertex I'® is now given by '@ =
-4 ©®. Derivatives of I'® which appear on the right-hand side
can be eliminated by iterating the result. The interaction v
does not appear in the flow equation, since it was assumed
to be independent of A. It serves as the initial condition
for the integration of I'®. In the limit A — oo where all

PHYSICAL REVIEW B 88, 155131 (2013)

fluctuations are suppressed, I'® = v. Although Eq. (25) has
a rather simple structure, the process of resubstituting I'®
when it appears on the right-hand side mixes and proliferates
the terms. The fourth-order corrections are too long to be
presented here. Up to third order, the flow equation is
given by

FX|,X2ZX3-X4 = le,xz;X3,X4 ( § FX1,Xzzm,erzs,Z4;x3,X4GZ1,Z3 GZ2,Z4 —4 E FZl,Xl§x3,z2FX2,13;Z4,X4GZ4,Z1GZ2,Z3

2124

+4 § FZl,X1;X3,12 FZ3qX2;Z4,Zs FZ@,Z7:Z3,X4

21728

2124

GZ&Z] GZLZ} GZ4st GZSYZ7

+ 8 E l-‘z1 »X13X3,22 Fzs,Xz;Zzt,Zs FZs,ZﬁZs,M 24,21 GZz,Z(, GZs,Zs GZs,Z7

21028

+8 § :FZI,Xl;X3,22FZ3,X2;24,15FZ(quﬂZs,M Z4»Z]G22,25G28,Z3G25727

71028

+ 2 § FX] »21322,23 F24,/‘62 325,26 FZ7,Z:§;X3,X4 GZle GZZ7Z4 GZz’Zs GZs’Z7

2128

-4 2 :FX1,11;12,X3FX2,13;24,X4FZ5,Z6;Z7,18

21728

GZ7»Z] GZ?.»ZS GZS»ZS GZ4»ZG

-4 § FX] 521322,X3 FX2y13§Z4,X4 FZS,Z();Zst 27,21 GZz,Zs GZS,Zs GZ4,ZG

7128

+ 2 § : FXZ,XI;Zl,ZzFZ3,Z4;X3,15FZ(»,U;ZS,MGZ1»24G22»25G28,23 G25,27> . (27)

21728

The first term remains unaffected by the antisymmetrization
operator and is the same as in Eq. (16). The result can in
principle be extended to any order, but the computational effort
grows rapidly. This RG scheme can also be derived from the
1PI scheme by replacing the single scale propagator by the G,
and taking care of the difference up to the desired order in the
irreducible vertex.’

IV. A STATIONARY POINT FORMULATION OF
THE SCHWINGER-DYSON EQUATIONS

We return to Eq. (25), set I® — v = @, and study O :=
O(G,T'™) as a functional depending on I'® and G. For the
solution of the SDE, G itself depends on C and X, so that
the equations for G and I'® are really coupled, but we now
consider I'® and G as two independent variables. To avoid
confusion, the solutions of the SDE will be hatted from now
on, i.e., denoted as G and ['®. The functional ® can be
written as a gradient with respect to I'®. The integrability
of ® is a nontrivial property and rather interesting. It allows
us to formulate the Schwinger-Dyson equations in term of a
stationary point problem, as will be shown below.

For a four-point function f, define C as the operations

C(f) = Z fx,y;y,xv (28)

which consists of closing the diagram and results in a scalar.

Then the SD equation (25) is equivalent to 45 F1(G,T'®) = 0

with
Fi(G,T®)
=A@ olgol®) — ('@ o Mg o)
— iMool oT®ollgol'™)
— 2@ %Yo xT@ % Y x T'W)
+ &M@ oMl ol® oG ol oG o I®)
—A@@ 5T« TW % T+ @ % T+ TW)
— 5T @oTlgoT®olgol™®ollgol™®
x oIlg o I'®)
—3T® %Yo xTW % T+ ' % Tg
x @ 5T % W)
+3HQ(G T o g o TH)} + 0@, (29)

Note that the components of the gradient with respect to '
are already antisymmetric. More precisely, we restrict I'® to
have the desired antisymmetry, meaning that the components
of '™ are not independent. The total derivative of a functional
F(I'™) with respect to ' is then given by

X1,X23X3,X4
dFT®)  aFT®) IF(TW)
dr)(f??xzixmm 8 FJ(CARXZJLM 8 Fg?xl SX3,X4
AF(T'™) AF(I'™)

(30)

o 4 4 :
aril?xz;xmxs 81-‘)((2?161:)64%3
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The factor 1/4 in Eq. (29) is the same as the 1/4 hidden in
the definition of the antisymmetrization operator in Eq. (25).
The stationary point of F;(G,T'™) is already a solution of the
Schwinger-Dyson equation (25). In the next step we want to
use F) to define a new functional F(X,I"®) whose stationary
point is a solution of both Egs. (25) and (9). Consider G as a
function of the self-energy ¥ [since G = (C~! — ¥)7!], and
let ' (G) denote a solution of the equation ﬁ]—' (G,T®W) =
0 for a given G. We take the derivative of F,(G(%),['™®(G))
with respect to £ and make the following helpful observation:

d @
( . ﬂ) (G(E).TPGE)

1 -
I § (C))
- 2 (le,m vzn,12113,Z4G23’)’1 GZA,MF

217024
Y14

X [G(D)y1 393,94 Gyt Gy ) + OCDP. (31)

The right-hand side looks very similar to the last term of
Eq. (8). If we define F; as

1
FIGE)] =- Z Gzz,z;(cil)m,zz - 5 Z Vz1,20323,24
21

21,22 Dy 24

X GGz +1n(detG), (32)

and add this I'®-independent term to Fj, the stationary
point of

F(Z,I'Y) = F(G(X),I'P) + H[G(D)] (33)

with respect to X at ' = '™ is a solution of Eq. (9). Since
F, is independent of ', we conclude that the solution of the
Schwinger-Dyson equations (9) and (25) is a stationary point
of F,

d
dr®

The diagrammatic representation of F is shown in Fig. 2.
The solution of Eq. (34) satisfies

dd
de;;M

FEI =0 (34

d
—FE. I =0,
S ( )

Exlgxi - (35)
with ® = —%sz + F1, hence the self-energy is ®-derivable.
The stationarity of F at the true solution opens up—in
principle—variational methods for the search of solutions for
G, which, as mentioned in Ref. 14, need not start close to
the free fermion propagator Gy = C. Indeed, the functional F
is a polynomial in G and I'®, hence it can be studied on a
rather general domain of definition for G and I'®. One should
keep in mind, however, that the derivation of F does assume
that an expansion in I® makes sense and that G~ — G,
is regular enough for a Dyson self-energy to be defined. This
is not special to our derivation; the same remark applies in
general to derivations of Luttinger-Ward-type functionals by
diagrammatic methods.

V. CONCLUSION

We have derived RG equations by making the bare
propagator in the functional integral defining the theory

PHYSICAL REVIEW B 88, 155131 (2013)
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FIG. 2. The diagrammatic representations of the functional F
defined in Eq. (33).

dependent on a parameter A. (We have discussed A as a
scale parameter, but that specific choice is not needed in
the derivation.) This makes the standard SDE hierarchy of
equations A-dependent, and taking the derivative with respect
to A gives a hierarchy of RG flow equations. An approximation
to second order in the A-dependent vertex Ff) allows us to
rederive Katanin’s truncation of the usual RG hierarchy for the
1PI vertex functions. By solving the hierarchy iteratively in a
systematic expansion in 'Y, we then constructed an analog of
the Luttinger-Ward functional, to a fixed order in an expansion
in graphs with vertices Ff) and full propagators G 4.

Because A is introduced in the same way here as in the
derivation of the functional RG (see, e.g., Refs. 3 and 5),
the infinite hierarchy has exactly the same combinatorial and
analytical content as the infinite 1PI hierarchy. However, the
two hierarchies are not identical, an essential difference being
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that the bare vertex v appears in every equation of the hierarchy
based on the SDE. It is only in an iteration of substitutions that
v gets replaced by the scale-dependent vertex Ff) everywhere,
so that the equations take the form of the 1PI RG equations
after expanding in Ff).

To generalize the LW functional to one for scale-dependent
quantities, one first has to decide upon which vertex functions
this functional is to depend, since at any intermediate scale
A, all the higher irreducible vertex functions are nonzero. We
have constructed an extension that is minimal in that only FXD
appears as an independent variable besides the full propagator
G A (or the self-energy X, ). Obviously, the higher irreducible
vertex functions must be expanded in FK‘) to achieve this.
Thus this “minimal” extension is possible only in terms of an
expansion in I‘%); otherwise, the higher irreducible functions
F%é) would appear and require separate equations. Compared
to the form of the standard LW functional, the explicit terms
involving det G and Tr(C ~1G) are the same, as is the structure
of the higher terms as an expansion in vacuum graphs. The
combinatorial factors differ from those of the LW functional
due to the just mentioned substitution of Ff\%) by expressions
involving G and FX‘). However, as a functional of G and I'¥,
it is universal, i.e., given by a diagrammatical expansion with
fixed weight factors. The renormalization group flow leads to
the stationary points of F.

That a bare vertex v appears in every equation may be
advantageous in the numerical application to specific models,
e.g., in the two-dimensional models on which the RG has been
extensively used for instability analyses, simply because the
bare vertex is known explicitly and in many cases has better
properties than the effective vertex function Ff). For instance,
in the Hubbard model, the bare vertex is local in space, which
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restricts summations in a position-space implementation of the
RG equations (and equivalently, the bare vertex is independent
of momenta and frequencies in Fourier/Matsubara space). We
expect that (27) (or its analog where v is kept explicitly) is
tractable in one-dimensional models or two-dimensional patch
models, and that it will be useful for understanding deviations
from the lower-order approximations. A significant other
difference from the 1PI flow equations is that the flow equation
obtained from (9) by A-differentiation contains a two-loop
diagram of “sunset” type, so that the self-energy obtained from
this flow contains a nontrivial frequency dependence even if
a frequency-independent approximation is used for I‘f). The
tadpole-like equation in the 1PI hierarchy does not have this
property.

It is a natural idea to use such flow equations also to
solve self-consistency equations, as an alternative to iterative
solutions. While we do not find it likely that using a flow
equation will reduce the numerical cost generically, we
do expect that some issues of convergence of iterations
encountered in the unscaled SDE (due to the singular nature of
the integral equations) may be avoided in an RG flow toward
the solution of these equations, so that the method may be
useful for that purpose.

The same strategy of deriving RG equations from the SDE
can be employed for theories where the interaction between
the fermions is mediated by boson exchange, and where both
the fermionic and the bosonic propagator are made to be A-
dependent.
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