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Abstract

We construct a regularization-independent representation of the supercurrent—the Noether current
associated with supersymmetry—in the four-dimensional A" = 1 and N/ = 2 supersymmetric Yang—
Mills theories. For this, we employ the so-called gradient flow. The gradient flow is the evolution
of quantum fields along a fictitious time according to diffusion-type equations. A salient feature of
the gradient flow is that composite operators (i.e., local products) of flowed fields automatically be-
come renormalized ultraviolet finite operators under the ordinary parameter renormalization of the
original field theory. This implies that any operator represented by flowed fields (and renormalized
parameters) is independent of the regularization. We obtain such a representation for the super-
current in the above supersymmetric gauge theories by combining a detailed one-loop level analysis
of supersymmetric Ward—Takahashi identities in the Wess—Zumino gauge and the small flow-time
expansion. We believe that our representation of the properly-normalized conserved supercurrent
will be very useful, for instance, in the parameter tuning toward the supersymmetric point in the
future lattice numerical simulations of the above mentioned supersymmetric gauge theories.
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Chapter 1

Introduction

So far, the so-called Standard Model (SM) perfectly describes the dynamics of elementary particles
to the energy scale of O(10?)GeV. The SM is a renormalizable Quantum Field Theory (QFT) based
on the gauge principle and it subsumes three forces in nature; the electromagnetic interaction, the
weak interaction, and the strong interaction. It is quite conceivable, however, that the SM is not
the ultimate theory; we expect that physics Beyond the Standard Model (BSM) emerges in higher
energy scales. Omne of the reasons for this belief is that the gravitational interaction, which is
characterized by the Planck energy scale Mp ~ O(10*8)GeV, is not contained in the above list; we
do not know a renormalizable form of the quantized gravity [1, 2]. Another reason is that, assuming
the Planck scale provides ultraviolet (UV) cutoff (this implies that the SM holds up to very high
energy scale), the mass of the Higgs scalar m ~ 125GeV is unnaturally small [6]: Through radiative
corrections, the observed Higgs scalar’s mass m and its bare mass mg will be related roughly as

m? —mg ~ O(MB), (L1)

Since Mp ~ O(10'8)GeV and m ~ 125GeV, this relation requires extreme fine tuning of m3 in
~ 1073%%. Another strong suggestion for the BSM physics is the existence of dark matter [3, 4, 5],
the matter which interacts with the particles in the SM very weakly.

An attractive possibility that would answer the above three questions is supersymmetry (SUSY).
First, the superstring theory, the only known consistent theory of quantized gravity, (usually) re-
quires SUSY for its self-consistency. Second, because SUSY is a symmetry between bosons and
fermions (see below), there occurs cancellation of radiative corrections between bosons and fermions.
This weakens the cutoff dependence M3 in (1.1) roughly to In(M32/u?) and may solve the natu-
ralness problem. Lastly, supersymmetric theories contain bosons and fermions as pairs (SUSY
partners). Some of (many) unobserved particles in those pairs are candidates of dark matter.

Let us illustrate the idea of SUSY, by taking the simplest SUSY model, a system of a free
complex scalar field ¢(z) and a free Weyl spinor field 1, (z), « = 1,2 in the four-dimensional
Minkowski spacetime. The Lagrangian density is given by

L=—0"¢10,0 +i0" a6, (1.2)

where o* are the Pauli matrices (04, = 1). This Lagrangian is invariant under the following
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SUSY transformation up to the total divergence:

¢ = ¢+ V26, (1.3)
W = 1+ iV201ED,0. (1.4)

(The parameter &, of SUSY transformation is a Grassmann-odd Weyl spinor.) The above SUSY
transformation “mixes” the bosonic field ¢(x) with the fermionic field ¢, ().

More generally, SUSY is characterized by the algebra formed by the generators of SUSY trans-
formations, Q#, QBB’ AB =1,2,...N (N can be 1,2,3,4 in the four-dimensional spacetime).
These form a closed super Lie algebra with the generators p,,, M, of the Poincaré transformations
as [24].

{Q4, Q5 =20""p,ol (1.5)
[Q4.Q5) = 1Q4.Q5) =, (1.6
P Qal = [P, Q5] =0, (1.7)
(Mo @281 = 3o, Q1 (19

Note that since the momentum p,, is the generator of the spacetime translation, SUSY should be
regarded as a spacetime symmetry (although it is fermionic).

Now, we are interested in non-perturbative aspects of QFT. We know there exist important
non-perturbative quantum effects in nature, such as the spontaneous chiral symmetry breaking and
the quark confinement. In the context of SUSY theories, we are interested in a non-perturbative
spontaneous SUSY breaking (SUSY must be spontaneously broken in our physical world in some
way to explain non-degeneracy of bosons and fermions), the spectrum of bound states and so
on. The Lattice field theory [7] is the most well-developed method which enables to study non-
perturbative phenomena in QFT. In this framework, the continuous spacetime is approximated by
a discrete set of points (lattice). Then the functional integral that defines QFT is carried out by
applying the Monte Carlo simulation method [7, 8, 9]. This lattice structure, however, explicitly
breaks symmetries associated with the continuous spacetime, such as translational invariance. As
we have seen in Eq. (1.5), SUSY is a spacetime symmetry related to the translation. Thus SUSY
is explicitly broken in lattice field theory. If a preferred symmetry is broken by the regularization
(in the present case, by the lattice regularization), one has to generally tune parameters in the
Lagrangian so that the symmetry is restored in the continuum limit. More definitely, one has to
tune parameters so that the Ward—Takahashi (WT) identities associated with the symmetry broken
by regularization is restored. For example, when the Wilson lattice fermion action [10] is employed
to describe the four-dimensional (4D) N = 1 super Yang—Mills theory (SYM), one has to tune the
gaugino (the SUSY partner of the gauge boson) mass parameter. However, since the WT identities
contains the Noether current associated with the symmetry broken by regularization, one has to find
a correct expression of the Noether current at the same time as the parameter tuning. Note that
since the Noether current is a composite operator whose finiteness is guaranteed by the associated
WT identities, the construction of the Noether current is quite non-trivial when the regularization
breaks the relevant symmetry.

In this paper, we construct a regularization-independent representation of the properly-normalized
conserved supercurrent—the Noether current associated with SUSY—in the ' = 1 and N/ = 2 SYM
by employing the so-called gradient flow. Since this representation, which may be used with the
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lattice regularization, a precise form determined a priori of the supercurrent will be useful, first of
all, in the parameter tuning toward the supersymmetric continuum limit in future lattice numerical
simulations of the above mentioned supersymmetric gauge theories.

Relating to our analysis, there exists another complication in SUSY gauge theories. The full
linear SUSY multiplet of the gauge boson contains many non-dynamical auxiliary fields; the sole
role of these fields is to close the SUSY algebra without using the equations of motion. However,
some of these non-dynamical field has the mass dimension zero. If the regularization does not
preserve SUSY, we have to add counterterms to the action to restore SUSY, there exists a mass
dimension zero field, any function of this field may be a counterterm; it is not clear one can control
such a counterterm of an arbitrary functional form.

A natural way out of this complication is to take the so-called Wess—Zumino (WZ) gauge [30],
in which the SUSY multiplet contains only dynamical (ordinary) fields, the gauge field Aj, and the
gaugino fields A2, A\%. In our analyses in Chap. 3 and Chap. 4, we always take this WZ gauge. The
drawback of the WZ gauge is that with the WZ gauge SUSY transformations become non-linear in
fields; this non-linearity produces many composite operators in the SUSY WZ identities and makes
the renormalization of the supercurrent complicated as we will see in Chap. 3 and in Chap. 4.

Let us describe the gradient flow [11]-[15] in the pure Yang-Mills (YM) theory in the D = 4
FEuclidean spacetime, whose action is given by

Syup = _% / da tr [FW(x)Ew(m)], (1.9)
90
Fo = 0,A, — 0,A, + (A, A, (1.10)

where A, is the YM gauge field. The gradient flow is the evolution of the gauge field along a
fictitious time ¢t > 0. The evolution along the flow time ¢ is defined by the flow equation

0B, = D,G,, +ayD,0,B,, B,(t=0,z)=A,(z), (1.11)
where the flowed field strength G, and the flowed covariant derivative D,, are defined as
Gy =0,B, —0,B, +[B,,B)), D,=0,+[By,-] (1.12)

Here «g is a constant and does not affect gauge-invariant observables (see Chap. 2 for details).
When ag = 0, the flow equation is expressed as

5 0SvyMm

OB, (t,r) = *gom-
pll,

(1.13)

The right-hand side is the gradient of the action, so is the name of the gradient flow.

Liischer and Weisz [14] studied the renormalization property of correlation functions of the flowed
gauge field B, (x). They showed in all order of perturbation theory that any correlation functions
and composite operators (i.e., local product) of the flowed gauge field are UV finite without any
multiplicative renormalization, once the parameters in the Yang-Mills theory are renormalized in
the usual way (for the proof of this renormalizability of the gradient flow, see Refs. [14, 15, 16]).!
The proof of this renormalizability in Ref. [14] is briefly sketched in Chap. 2. Since composite

IPrecisely speaking, for matter fields such as the fermion field and the scalar field, even the flowed fields require
the wave function renormalization. We will encounter this situation in Chap. 3 and Chap. 4.
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operators of the flowed gauge field are UV finite, they are independent of the way of regularization;
they are thus regularization-independent.

One can further expand a composite operator of the flowed gauge field in terms of composite
operators of the un-flowed gauge field in the small flow-time limit ¢ — 0 [14]. This is the small
flow-time expansion and its general form reads

O(t, ) = ()01 (@) + G(t)Os(@) + ... + O(L). (1.14)

Since the flow time has the mass dimension —2, this series is an expansion in terms of local composite
operators with increasing mass dimensions. This expansion can be used, by inverting this relation,
to represent a composite operator of the un-flowed field by the composite operator of the flowed
field. Since the latter is independent of the regularization as already noted, using this expansion,
we can express any finite operator of the un-flowed field in a regularization independent way.

This sort of representation of a finite operator in terms of the gradient flow was first considered
for the energy-momentum tensor (EMT), the Noether current associated with the translational
invariance, in Ref. [18]. In the pure YM theory, the EMT is

1 1
TNV(aj) = ;g ng(x)Fl/ap(m) - Zéﬂl’Fﬁa(m)Fga(l‘> : (115)

This expression in quantum theory assumes the dimensional regularization. On the other hand, for
the following dimension 4 gauge invariant composite operators,

1
Uw(t,z) = Gy, (t,2)Gy (¢ x) — Zéﬂngg(t,x)Gza(t,x), (1.16)
B(t,) = 100, (1,265, (1,2), (117

the small flow-time expansion reads
1 a a
U (t,x) = er(t) Ty (x) + ch(t)%u{FngpU}R(x) + O(t), (1.18)
1
E(t,z) = ZCE(t){FgaF;)IU}R(m) + O(t), (1.19)

The coefficients cr(t), cs(t), and cg(t) for t — 0 can be determined by perturbation theory. Then
inverting these relations with respect to the EMT, we have

cs(t)

T ~er(t)es(t)

w(x) = U (t, ) S E(t,z) + O(t). (1.20)

cr(t)
Finally, we take the small flow-time limit ¢ — 0; this limit justifies the perturbative computation of
the expansion coefficients and also removes the last O(t) term in the representation. The resulting
representation is independent of the regularization and we can use it in lattice numerical simulations.
For example, we can use it for the computation of thermodynamic quantities of the YM theory at
finite temperature. Figure 1.1 is the result of Ref. [21] on two thermodynamic quantities, the trace
anomaly and the entropy density, in the SU(3) pure YM theory. The red symbols are obtained
by the finite temperature expectation value of the gradient representation of the EMT (1.20); it is
clear that the representation has the correct normalization.
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Figure 1.1: These two figures show the results of Ref. [21] on two thermodynamic quantities,
the trace anomaly (the left panel) and the entropy density (the right panel), in the SU(3) pure
YM theory. The horizontal axial is the temperature 7' in units of the confinement/deconfinement
critical temperature T,.. The curves are results of preceding studies, Refs. [22] and [23], which uses
completely different method to ours.

In this paper, we carry out a similar construction of the supercurrent.

This thesis is organized as follows: In Chap. 2, we briefly sketch the proof of the renormalizability
of the gradient flow in Ref. [14] in the four-dimensional (4D) pure Yang-Mills (YM) theory. The
reader who are mainly interested in the practical application of the gradient flow to the supercurrent
may skip this chapter. In Chap. 3 and in Chap. 4, we consider the 4D supersymmetric Yang—Mills
theory (SYM) with the N' = 1 supersymmetry (SUSY) and the A/ = 2 SUSY, respectively. The
Lagrangian densities for both theories are constructed in the Wess—Zumino gauge under dimensional
regularization. As already mentioned, this setup explicitly breaks SUSY and the construction of
the Noether current associated with SUSY, the supercurrent, becomes quite non-trivial. First,
we derive Ward-Takahashi (WT) identities associated with SUSY in terms of bare quantities.
These identities contain many SUSY breaking composite operators. Next, through one-loop level
computations, we determine the renormalization of various composite operators appearing in the
SUSY WT identities. Then, after reorganizing various terms in the SUSY WT relations by using
Schwinger—Dyson equations, we find that the expression of the renormalized supercurrent in the one-
loop level whose total divergence generates correct SUSY transformations on renormalized fields.
Then, finally, by using the small flow-time expansion, we re-express the renormalized supercurrent
in terms of composite operators of flowed fields. The resulting expression of the supercurrent is
independent on the adopted regularization. In Chap. 3, the small flow-time expansion is calculated
by using the background field method [17] and, in Chap. 4, the small flow time expansion is
calculated diagrammatically (the flow Feynman rules are summarized in Appendix B). Chap. 5 is
devoted to Conclusion. There are five appendices that contain various elements needed in the main
text.

Our expressions for the correctly-normalized supercurrents in terms of the gradient flow will
be useful in lattice simulations of those supersymmetric gauge theories. For example, the result
in Chap. 3 should be useful for the parameter tuning in lattice simulations of the 4D A" =1 SYM
(see Refs. [31]-[53] ) toward the SUSY point. The result in Chap. 4 should also be useful for the
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parameter tuning toward the SUSY point in lattice simulations of the 4D N =2 SYM [28, 54, 55].
It will be interesting to further generalize our results to more realistic supersymmetric systems that
contain matter fields—our study here may be regarded as the first step toward such an enterprise.



Chapter 2

Proof of the renormalizability of
the gradient flow

As already noted in Introduction, our construction relies on a renormalization property of the
gradient flow; local products of flowed fields become UV finite once bare parameters in the original
action are renormalized. For matter fields such as fermion, wave function renormalization of flowed
elementary fields is also necessary. Such UV finite composite operators are independent of the way
of regularization (when the cutoff is sent to infinity). In this section, we briefly sketch the proof of
this renormalizability of the gradient flow in the case of the 4D pure Yang-Mills (YM) theory [14].

2.1 Action of the YM theory and the flow equation

We consider the pure Yang-Mills theory in the D-dimensional euclidean spacetime. The action is

/d 240 [F () o (2)] (2.1)

Fuw(x) = 0y A — Oy Au(z) + [Au(z), Ay (z)]. (2.2)
For this system, the flow of the gauge field A#(x) is defined by
A,(x) > B,(t,x), where B,(t=0,z)=A4,(z), (2.3)
atB/,L = DZIGVM + aODuauBua (24>
Guv = 0uBy = 0By + [Bu, B, Dy =0y + By, , (2.5)

where «q is a constant.
First, we show that the value of oy does not affect any gauge-invariant observables. Consider
the following (D + 1)-dimensional gauge transformation in the flow equation (2.4),

0B, (t,x) = Dyw(t, x). (2.6)
If we assume that w(t,x) obeys

Ow — ag D, 0w = =000, By, (2.7)
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then the flow equation (2.4) is modified so that
o = ag + dap. (2.8)

This means that a shift of g can be induced by the (D + 1)-dimensional gauge transformation that
leaves any gauge invariant quantities intact. Thus, any gauge invariant quantities are independent
of the parameter . In Chap. 3 and in Chap. 4, we choose ay = 1.

Now, we can decompose the flow equation (2.4) into the linear part and the non-linear part:

0B, = 0,0, B, + (g — 1)9,0, B, + R}, (2.9)
R =2f" B0, B, — f***BL0,BS + (ag — 1) f*** By, B + f** [ B, By By,. (2.10)
The solution for the linear part (obtained by setting Rj, = 0) is given by
B (t3) = [ Py Kile — ), A2(0), (211)
eip:r: 2 7tp2 —a t;u2
K@) = | —5 {(5Wp —pupv)e” " 4 pupve” } , (2.12)
p
where we used the abbreviation fp = %; we use this notation throughout this paper.
The solution to the full flow equation can be formally written down as
t
Bitta) = [ |Kite =it + [ dsKise- i) @13
0

One can easily see that this is actually the solution of the flow equation (2.4). In this formal solution,
the non-linear term R, contains B, itself. Thus, by substituting the zeroth order solution Bga =
[ dPy Ki(z — y)uA%(y) back into R, as the solution in the first order of R%, we have

Bit(tn) = [ Py Kife ) AL0)
t
+ /dDy / ds Ky (2 — y) [2f“b°’33b(8, Y)0, B (s,y) — [*°BY(s,4)0, By (s, y)
0
+ (040 - 1)fabCB2b(sa y)auBBC(Sa y)

+ febe fete B (s, y) BY (s, ) BY (s, y)} :

Repeating this kind of iteration, we can obtain the perturbative solution to any order.
The quantum correlation functions of the flowed gauge field BZ(t, x) are defined by the functional
integral over the original gauge field (the non-flow field) Ajf(x). For example, perturbatively, the
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two-point function (the propagator) (Bj;(t, :E)Blp’(u, z)) is computed as
(Byi(t, ) By(u, 2)) =(B,*(t,z) By’ (u, 2))

/dD /dsKtS:rf)

(2B (5, )0, B (s, y) B (1, 2)) — (2B (5,4)0, B, ) B (u, 2)
+ (a0 = 1)(F*IB};(5,4)0, By (s,9) By’ (u, 2))
T B o) B 5, B ) B 0, + (0.2 5 (0.2
= (Boa(t x)BOb(u z))

/dD /dsKtsm—) [

X (2f* 1B (5,y)0, By (s,y) By (u, 2)) — (f*“' B)(5,9)0, B, (s,y) By (u, 2))
+ (a0 = D)(f*IByc(s.9)0u By (5,y) By (u, 2)), (2.14)

where we have noted that the quadratic and the cubic terms in Rj, (2.10) are respectively given by

X =20 Bby, BE — fBL, BE + (ap — 1) B, BS, (2.15)
X}(F)a = fabCdeeBngBZ~ (216)

For the first term in the above expression, for example, we have

t s
(B (t,2) B (s,1)) ¢ = / dt, / ds, / Pz, / iy,
0 0

X Kty (T — 1) pp Ks—s, (Y — y1)p<A$($1)Ag(?J1)>tree

_ 1 _ 2
= g0 [ e o {0~ )
p

1
+pﬂpye‘“0(t+5)1’2} : (2.17)
Ao

where we have used the tree-level propagator of the original gauge field.

a ree a wp(x— 1 1
<AH($)AZ(y)>t — 9(2)5 b/ e P( y) (p2)2 |:((5Myp2 — pupy) + )\Opupy] . (218)
p

For this, we have assumed the following gauge-fixing term and the Faddeev-Popov ghost term:
o D
Sef = 7 d-ztr|0,A,(x)0, AL (x)], (2.19)
0

See = 2 / dPxtr [@LE(J:)DHc(x)]. (2.20)

The perturbative expansion such as the one in Eq. (2.14) can be represented diagrammatically.
First, we represent the function K;_s(x — y),. (called the heat kernel) as an arrowed line (called
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the flow line) in Fig. 2.1. This appears only in the combination such as [ dPy fot ds K s(x — )
and so the flow time ¢ is always greater than the flow time s; the arrow in the flow line indicates this
direction in the flow time. Another line is the flow propagator in Fig. 2.2. This simply represents

S Y,V L t, T,

Figure 2.1: The flow line with arrow represents the heat kernel. The arrow from s to ¢t shows
that ¢t > s.

the Wick contraction of B-fields in Eq. (2.17).

Figure 2.2: The wavy line (flow propagator) represents (B3 (t, z)BY’(s, y))"™* in Eq. (2.17).

Beside these two types of lines, there are two types of “flow vertices” in Fig. 2.3 and Fig. 2.4
indicated by white blobs. These flow vertices arise from Xl(f)a and Xﬁg)a in Egs. (2.15) and (2.16),
respectively. There also exist “ordinary” vertices that arise from the action of the original gauge
theory S = Sym + S + Sce. In the next section, we construct the action of gauge theory in the
(D + 1)-dimensional spacetime, introducing a new field L, (¢, ), that reproduces the flow line, the
flow propagator, the flow vertices, and the ordinary Yang—Mills vertices.

2.2 (D + 1)-dimensional gauge theory that reproduces the
flow Feynman rules

For later discussion, we construct the (D+1)-dimensional action that reproduces the above Feynman
rules for the flow Feynman diagrams. We then argue the property of needed counterterms for this
(D + 1)-dimensional theory that removes UV divergences.

First, we consider the flowed gauge field B, (t,x) as if it is an independent degrees of freedom
in a (D 4+ 1) dimensional gauge theory. The action consists of two parts, Sp and Sp41:

S = Sym + Sgf + Sce + Sa + Syg, (2.21)
——— ——
Sp Spt1

1

Sym = “og dPatr [Fy,(z)Fu(x)], (2.22)
0

A

Sgf = —g—g dPztr |:8#A#(I)ayAu(l’) , (2.23)
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Figure 2.3: One of flow vertices arises from Xf?)a in Eq. (2.15).

Figure 2.4: One of flow vertices arises from X;Sg)a in Eq. (2.16).

=2 / P tr [(%E(x)Duc(x)} (2.24)
90
S = _2/ dt/detr [Lu(t,x)(ﬁtBM - D,G,, — a9D,0,B,)(t, z)], (2.25)
0
Suq = _2/ dt/detr [d(t,x)(@td—aoDua,Ld)(t,x)]. (2.26)
0

The first part Sp is just the D dimensional Yang-Mills theory with the gauge fixing term in
Egs. (2.19) and (2.20). Sa contains the (D + 1)-dimensional freedom L, (t,z) and B,,(¢,z), where
L, (t,z) is a Lagrange multiplier. After integrating over L, (¢, z), the functional integral over B,,(t, )
is restricted to the solution of the flow equation 2.4; the boundary condition B, (t = 0,z) = A, (z)

has to be assumed later. S, is on the other hand composed from d(t,z) and d(t,z), where d(t, )
is a (D + 1)-dimensional ghost and d(t, z) is a Lagrange multiplier that imposes the flow equation,

O0vd = a9 D, 0,d(t, x), d(t =0,2) = c(x). (2.27)

We can easily show that this (D + 1)-dimensional action S reproduces the Feynman rules for
flow Feynman diagrams in the previous section. The rules of ordinary vertices (denoted by black
blobs) are read off from Sp. The flow vertices come from Sg, especially from LB?, LB? terms:

e L BB vertex
Joodt fdPeLex D

e LLBBB vertex
Joodt [dPeLex "

These flow vertices are denoted by white blobs as noted already. The flow line (the heat kernel)
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now corresponds to the LB propagator, the inverse of the coefficient of LB term in Sjg.

(6up0t = 0,p0505 — (a0 = 1)L05)(By (t,x) Ly, (5,9))'"* = 6“0, 6(t — 5)8(x — )

(By(t, )Ly (s,9))" = 60t — ) Ki—s(@ — Y (2:28)

The LB propagator is denoted by an arrow that goes from L to B. One can see that any flow
Feynman diagram drawn with these vertices and lines has a same value as the flow Feynman diagram
drawn with the rules in the previous section. From S, we also have the following additional vertex
and propagators for the flowed ghost fields,

e the flow line for the ghost field= dd propagatozr
<da(t,x)db(s,y)>tree — 5“b5(t _ S) fp e—ao(t—s)p

e the flow propagator for the ghost ﬁeld2
(88, 2)d" (5, )75 = 6 [ e~ 20+ ¢ina=) L

e ddB flow-vertex -
fooo dt f dPz aof“”“d“Bzaudc

These are necessary only to keep the BRS symmetry in the (D + 1)-dimensional theory.

It is possible to show that counterterms that are needed for the cancellation of UV divergences
arise in Sp only and Spyi does not need any renormalization. As the example, let us consider
the two-point function of Bj in the one-loop level. The flow Feynman diagrams that are rele-
vant for (Bg(t,z)B}(s,y)) are depicted in Fig. 2.5. After calculating these diagrams according

O O = e

(d) (e) (f) (g)
Figure 2.5

to the Feynman rules, (B (t,x)B}(s,y)) to the one-loop level turns out to be in the dimensional
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regularization D = 4 — 2¢ (this is the expression for the gauge group G = SU(N)),

(Bt 0B s, ) e = 2o [ e
p (%)

Bo o peaye
% {(5yup2p;¢pu)(1+eog2)e (t+s)p

—b
AT - °g?>pupue“°““>”2} : (2.29)
€
N 11
N /13 1
0= 1672 <6 - 2)\> (231)

In addition to this, we also have the counterterm that arises from the substitutions (the one-loop
level renormalization),

. b
% = n*g’? <1 - 6092> : (2.32)

No = (1 - %092) A, (2.33)
in the tree-level propagator,

(Bt 0B s, )™ = g0 [ e (G = pap)e” G 07

) (p°)2

(2.34)
We see that UV divergences in (B (t,z)B.(s,y))!'°°P are precisely cancelled by the counterterm.
This shows that in the one-loop level the parameter renormalization make (B (t, x)Bb(s,y))!1oop
finite without any wave function renormalization.

We want to show that the above UV finiteness of the correlation functions of the flowed gauge
field without the wave function renormalization persists, not only in the one-loop level, in all orders
of perturbation theory.

First, we note that possible UV divergences occur only at the “boundary” of the (D + 1)-
dimensional spacetime, i.e., at the zero flow time ¢ = 0. This follows from the observation that in
any loop in a flow Feynman diagram, if at least one of the flow times of flow vertices is non-zero, then
the loop integral absolutely convergent, because of the Gaussian damping factor in the heat kernel
or the flow propagator. For this, an important fact is that there is no loop consisting only of the
heat kernel, (BS(t,z) L5 (s,y))™* = 6*°0(t — s) Ky s(x — y) i because of the step function 6(t — s),
such a loop is measured-zero and can be neglected. All UV divergences in the (D + 1)-dimensional
field theory occurs at the boundary at ¢ = 0.

Another crucial observation is that the 1PI diagram that contains the flowed gauge field B should
always accompany L at least at one of external vertices. This follows from the above Feynman rule
(the vertices containing B always accompany one L) and again from the fact that there is no loop
consisting only of the heat kernel (BL). The only way to make a loop without any external L
vertex is a loop consisting only of (BL) lines, but this is impossible.

A similar statement holds for the (D+1)-dimensional ghost d; possible UV diverging 1P vertices
are at the zero flow time and it must accompany at least one Lagrange multiplier d at least at one
of external vertices.
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From these considerations and from the fact that the divergent part must be a local polynomial
of fields of the mass dimension 4 and the ghost number 0, we see that the most general form of the
divergent part which contains (D + 1)-dimensional fields is (in the I-th loop level),

2¢% /dDIC tr {zlL# (0, 2)Aur(w) + 22d(0, z)cr(z) |, (2.35)
where we have noted the boundary conditions, B(t = 0,z) = Ag,(z) and d(t = 0,z) = cr(x).

On the other hand, it turns out that the above (D4 1)-dimensional gauge theory S = Sp+Sp1
is invariant under the BRS transformations of the form,

Sprs B, = D,d, (2.36)
6prs Ly = Ly, d], (2.37)
dprsd = —d*d’T*T?, (2.38)
Sprsd= D,L, —{d,d}. (2.39)

We now show that the counterterm (2.35) cannot exist by the restriction implies by the BRS
invariance. From the BRS invariance, we have following Ward-Takahashi (WT) relations:

Mo(Bji(t,2)0, A7 ()0, A5 (2)) = —((Dyud)* (£, 2)e" ()9, A5 (2)), (2.40)

because the action and the functional integration measure are BRS invariant. Under the standard
renormalization in the original Yang—Mills theory,

MBy(t,2)0, Ay p(1)0, A0 R (2)) = —((Dud)® (¢, 2)ck (4) D Ap p(2)) (2.41)

The counterterm (2.35) further contributes to both sides of the WT identity (2.40) through the
tree-level diagrams in Fig. 2.6. From Fig. 2.6, we see that the counterterm (2.35) contributes to
the left-side by 321¢% while to the right-side by [(z1 + 22) + (21 + 22) + 22]9% = (221 + 322)g%".
Thus the WT identity for the BRS symmetry in the [-loop order implies z; = 29 = 0. There
is no need of the counterterm of the form (2.35). Only counterterms needed is the counterterms
in the original ordinary YM theory. This shows in particular that there is no need of the wave
function renormalization of the flowed gauge field. It can be seen this UV finiteness persists even
for composite operators (i.e., the local products) of the flowed gauge field. The crucial point is
again that there is no closed loop being consisting the heat kernels.

In Ref. [14], it is claimed that for ¢ — 0, where ¢ is the flow time, any composite operator
(i.e., the local product) of the flowed field can be expressed by an asymptotic series of composite
operators of the un-flowed field with increasing mass dimensions. This small flow-time expansion
works, for example, for the following gauge invariant dimension 4 operator,

E(t,z) = iGzy(t,x)Gzy(t,x). (2.42)
E(t,z) = (E(t,x)) + CE(t){iFﬁuFﬁu}R(x) +O(1). (2.43)

The first term is the unit operator and the second term is a renormalized operator of the dimension 4
at the zero flow time. The last O(t) represents the contribution of operators of the dimension 6
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t,z, p,a t,x, 1, a
y, v, b 2, p,C Yy, b Z,pyC
(a) (b)
t,x, 1, a t, T, 4, a
;
/// [}
4 -
yyb // Z,psC y,b -7 O\l\’\’\'\-z,p,c
(c) (d)
t,z, p,a

yb-="" %\’\'\’\- z,p,c
(e)

Figure 2.6: The tree diagrams that are relevant to the contributions of the counterterm (2.35) to
the both sides of Eq. (2.40). The diagrams (a) and (b) show the contributions to the left-hand
side, while diagrams (c)—(e) show the contributions to the right-hand side. If the diagram has
a B,(t # 0,2)A,(y) line, it can be decomposed into B, (t # 0,2)L,(0,z) line and A,(2)A.(y)
line by using the two-point vertex g*'z1L,(t = 0,2)A,(x) in the first term of Eq. (2.35). The
diagram with this decomposed BA line has the contribution of ¢*z; times the value of the
original diagram. For example, the diagram (a) has two BA lines and gives the contribution
Qgglzl)\O(Bﬁ(t, x)BUAf,(y)apAf)(z»“ee to the left-hand side of Eq. (2.40). Similarly, if the diagram
has a d(t # 0,2)c(y) line, it can be decomposed to d(t # 0,z)d(0, z) and ¢(2)é(y). The diagram
with this decomposed dé line has the contribution of g? 2, times the value of the original diagram.
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or higher. This small flow-time expansion provides a possible way to represent an operator in the
original gauge theory in terms of composite operators of the flowed field that does not require the
wave function renormalization. In Chap. 3 and Chap. 4, this technique will be fully utilized to find
the expression of the supercurrent in terms of flowed fields.



Chapter 3

The 4D N = 1 super Yang—Mills
theory

In Introduction, we mentioned the application of the gradient flow to the constructing of a regularization-
independent expression for the energy—momentum tensor (EMT). In this section, we consider the
construction of a regularization-independent supercurrent in terms of flowed fields in the simplest

4D supersymmetric gauge theory, the A/ =1 SYM.

3.1 Action, super transformations, and BRS-invariance

We consider the A" =1 SYM in the D dimensional Euclidean spacetime. The action is given by

_ i D a a 1 D . Ja ab /b
S = Ig2 /d x Fy, (2)F, (v) + 2/d x Y ()P Y° (), (3.1)
where
DY =579, + A% (x), AW = focbAc, P =Diby,, (3.2)
Fi(x) = 0,A%(x) — 0, A, () + f*°AD () AS (). (3.3)

As explained in Introduction, this is the expression in the Wess—Zumino (WZ) gauge and only the
gauge field and the gaugino field exist. The SUSY transformation in the WZ gauge is non-linear
and its explicit form is given by

S A, (x) = go&yuh® (x), (3.4)
1

dep(x) = —T%Uuyé-Fsy((E)7 (3.5)
_ 1 _

oe*(z) = Tgoﬁngﬁu(fC)- (3.6)

When D = 4, noting the fact that both the gaugino field and the SUSY transformation parameter §
are the Majorana spinor 1) = ¥ (—C~1!), one can see that the action is invariant under the above

19
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SUSY transformation up to the surface term. Thus, if we make the transformation parameter
local & — &(x), the variation of the action takes the form of [dPz 9,£(z)S,. The supercurrent in
the classical level is then given by

1
Su = _%0p07u¢a(x)F;}o($)' (37)

For the following perturbative calculations, we need to introduce the gauge fixing term and the
Faddeev—Popov ghost term. We set

)\0 D a a

Sgt = 2—9(% d m@MAM(x)G,,AV(:U), (3.8)
1

See = 7 dPx 8H5a($)Dzbcb(x). (3.9)
0

We note that S + Syt + Sce is invariant under BRS transformation

SpAl(z) =D’ (x), (3.10)
Bt () = — Vo (@) (o). (3.11)
it () = — Ve (@) (). (3.12)
e (2) = — 5 f ) (), (3.13)
5" () = A0y, A% () (3.14)

This means that the expectation value of a BRS-exact operator dgO is zero since (05O) = (=dp(S+
Sef + Scz)O) = 0 under the functional integration.

The above gauge fixing and the Faddeev—Popov ghost terms are however not invariant under
SUSY:

A _
GeSua = =22 [ 4P20,0, 43 @)% ()

- f/dDg;ngf(x), (3.15)
0¢See = 1 /de f“bcﬁﬂéa(x)cb(x)f_’yﬂwc(x)
90
_ / 4P EX (), (3.16)
where
Xitle) = 20,0, 430 2, (3.17)
Xeo(w) = = 20,8 (@) ), (). (3.18)

We note that the combination Xy + Xz is BRS-exact

Xot + Xee = 0B (;\Sauc“(x)’y#wa(xg . (3.19)
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This combination thus gives no contribution in correlation functions of gauge-invariant operators.

When D # 4 as assumed in dimensional regularization, also the classical action .S is not invariant
under SUSY. This occurs because the Fierz identity in D = 4 does not hold for D = 4—2¢ with € # 0.
The explicit SUSY breaking term is

0:S = 7%‘70/de f“bcfwil)“(ff)i/;b(ﬂf)%wc(w)
—/deEXFierz(x)7 (320)

where
Kriers(2) = 3003 (20 (@) (). (3.21)

Thus, for D # 4, considering the SUSY transformation with a localized parameter {(z) in the
functional integration containing A% (y)1°(z), we have the following SUSY WT identity,

<[au5u (x) + XFierz (73) + ng(m) + Xcé(x)] Ag (y)z/j“(z»
= —6(z — y) (9o7a¥" (W)¥°(2)) — d(z — 2) <Ag(y)2;0’ﬁwF§—y(3)> (3.22)
and similarly, the functional integration containing 1’ (y)c¢(2)e(w),

([0S, (2) + Xisers(2) + Xet() + Xoal)] P (9)e()e ()
= —ie — ) ( 5-0m P eI w)). (3.23)

These are our basic relations.
Now, we first note that the effect of Xpjer,(2) can be canceled by the counterterm

S =— /dDacF‘L Fi(z). (3.24)

This can be seen by calculating the follovvlng one-loop diagram. The calculation shows that inserting

Figure 3.1: diagram X-fierz

XFpierz () into the first WT identity amounts to inserting the following operator in the tree-level
expectation value

(K ) A )12 = (5 CalC) S0, (a0 (@) AL )°(2) ™ + O(A2).  (3.25)
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The same operator appears also in the second WT identity in one-loop level. The last abbreviated
term O(A?) stands for higher order terms in the gauge field that cannot be determined in the
present analysis. The variation of the above counterterm is

(X" (@) A (Ve ()" = —(Xpiera () Ag ()9 (2)) 1P + O(A7), (3.26)

where
S —/dDacf_(x)X’(x). (3.27)

Thus the counterterm S’ cancels the effect of Xpier,(2) up to O(Aﬁ). We will discuss the form
of O(A2) later.
Thus, under the presence of the above counterterm, we have the following SUSY WT identities,

(10,S,u(@) + Xge () + Xee(@)] AL (1)0°(2))
1

— 5 — 1) (07t @) (=) — 8 - ) <Aa<y>2900nggw<z>> , (3.28)

and

([0S (@) + Xye(x) + Xea(@)] D0 (y)ct () (w))
=—0(zx—y) <2;00ﬁ7ng(y)cc(z)cd(w)> , (3.29)

where the prime ' indicates that we use the action with the above counterterm S + Sgt + Scz + 5.

3.2 Renormalization of the supercurrent in the one-loop level

Next, we determine the renormalization of S, (z) in the one-loop level. We first re-express all bare
quantities in the SUSY WT identities by renormalized ones. We define
2
g 1
A= ——=0C(G)- 3.30
(47’(’)2 2( )6 ( )
for notational convenience. In the minimal subtraction (MS) scheme, we have following relations
between the bare and the renormalized quantities:

6o = i (1 - ‘;’A) 90, (3:31)
Mo = (1— A)A, (3.32)
Al(z) = (1 = A) Ajg(2), (3.33)
V(@) = (1 - ;A> @ (2), (3.34)
() = (1 - iA) o (), (3.35)

o (x) = (1 — ;A> (0, A5 g (z) — 0, A% R(2)) + (1 — 141A> F{ AN (@) AL (2) )}, - (3.36)
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We further consider the renormalization of composite operators Xy and X.z. Re-expressing
bare quantities in Xg¢ and X .z by renormalized quantities, we obtain

A a a
Xgt(z) = (1 - A)Eaﬁuz‘lm(!ﬂ)%%(fﬂ)a (3.37)
3 1 aoc =a (&
Xea(x) = (1 — 2A> gf b 8MCR($)C%(JJ)’YM¢R(]J). (3.38)
Compared to a simple product of elementary fields, the composite operator (i.e., the local product)
such as 9,0, A% ()7, % (x) and f2°¢0,6%(x)c% (z)y, 0% (z) produces additional UV divergences

which require further renormalization. The UV divergences are determined by evaluating following
one-loop diagrams. The sum of these diagrams tells that

MI\@—» \§L ’\/\/\‘\/ ®_>_
\~//

Figure 3.2: a Figure 3.3: b Figure 3.4: ¢
R \
\ \
\ AN \
\ N \
\
\ \
1 ]
/ il /
// 4 /
! // /
7 /
Figure 3.5: d Figure 3.6: e Figure 3.7: f

A 1
[gauauAﬁR(x)wwifz(x) + Ef “bcaué‘iz(x)cliz(x)”mw&(x)]

1PI, divergent part
1.1

A
= 287 00y Ar (@) R () + 5 A S 0,k (@) ch() 1R ()

1
A0, {2gawwm>[apAzR<z> - aaAzR@)]}

1
1 oA (_92> OOy AyR(2) 91V (2)
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+ %A%[aquR(z) — O ALR(2)low PPR(x)
+$@ﬂﬂﬂm%w+Z%MM@%@ﬂ+Aomﬁ) (339

From this, we see that the completely renormalized composite operators ngR(a:) and X zr(x)
are given by

ng(x) + XCE(x)
= (1 —+ A)ngR(iE) + (1 - A)XCER(x)

+ Aa { 21 Jpa’Y#wR( )[aPAgR(x) — aUAZR(x)]}

+2A< )aﬁWﬁR@m%wym
+g [8A r(®) = 0, Al g ()]0 PR (x)

+ @@{[AZR(I)%M + 245 (2)) PV (2)} + AO(AL ). (3.40)

For the later argument, it is convenient to express this in the following form using the equations of
motion

Kot () + Xee()
3S

= (1+ A)(Xyer (@) + Xeor(@)) + 2Agmw%sz)
+ A, S, (z)
5(S + Set)
+ 2Ag7y MﬁR(ST(g);
3 58t
+ iA%[aﬂAzR(x) - aVAZR(x)]UMVW
1 o a 95" 2
+ Qa“ (AVr(@) oY + 2AMR(I))W +AO(ALR)
= (14 A)(Xger(@) + Xeer ()
+ 80,8,()
. 8st
+ ZAQ'YM'(/JRW
3 1. . 5t
+ §A%[8MAVR('T) - 8VANR('T)]UMVW
1 55t
+ Zau (Apr(T) vy + QAZR(QU))W + AO(AZR)’ (3.41)

where S denotes the total action, S* = .S + Set + Scz. To derive this, we have noted the relation

such as Agv,¥%6Sez/(0A) = —AXcer. The explicit form of the (’)(A2 ) term in this expression is
different from that in Eq. (3.40).
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b

Figure 3.8: g Figure 3.9: h

Next, we determine the renormalization of the supercurrent S, (z) in a similar way. First by
substituting the relations (3.31), (3.33), (3.34), (3.35), and (3.36) into S, (z), we have

1 a a a aoc c
Su(x) = —@Upa%%(x) [0pAG r(x) — O AL () + f@{AY(2) A (2)}R] + AO(ALR).  (3.42)
The composite operators in S, (x), such as ¢¥%(x)0,A%(x) and ¢“R(a:)f“bc{Ag(x)A§(a:)}R produce
further UV divergences. These can be determined by the computation of the diagrams 3.2, 3.3, 3.5
and the following new diagrams. Sum of these diagrams shows that

1
—52000 M ¥R(@) [0, A5 R (7) = 0s Afp(w) + FOAY () AG (2)} )
g 1PI, divergent part

= A AL ()7 + 24D ) + AO(AL). (3.43)

From this we see that the renormalized supercurrent S,g(x) is given from S, (x) as

Su(e) = Sur(x) — A%[Aﬁzz(x)%w + 245 5 ()]0 (¢) + AO(A] ). (3.44)

This can be rewritten as

5S¢
(@)Y + 2A% p(2)] ——— + AO(A2 ). 3.45
AR+ 2450 s + AO(ARR) (3.45)
Thus we have obtained the renormalized supercurrent S,r(x) in dimensional regularization in the
one-loop level.
Using all the above relations between the bare quantities and the renormalized ones, we obtain
the SUSY WT identities among renormalized quantities:

Su(@) = Sun(z) — A%

([0,Sur(x) + Xger(z) + Xear(z) + O(A2R)] AZR(ZUW%(Z»I

= 5z — ) (g1t b W) Pa(2))

b= 2) (M) oo [03450() — 0, A50() + FULAYAAS D] ) (340
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and

([0,S,r(2) + Xgir(@) + Xeer(z) + AO(A2 )] P (y)ch(2)ch(w))

1 e e C = '
= b0 = ) 50 [05%(0) = 0, Abalo) + (T A5 AT )] r(Ichlw)) . (3T
In deriving these, we have used the following relations holding in the tree-level approximation,
/
6St b ab
<5AZR( )ApR<y)> = 0"6,,0(x — y), (3.48)
45"* > >/ b
=460 3.49
(57 ) (@) (3.49)

VR
(Xeer(@) AL (Y)P5(2)) =0, (3.50)
<( 0,00 A8 () g U () By () e () (w0 >> (Xeo@) P ()eh(w)) . (3.51)

Equations (3.46) and (3.47) show that the combination Xy rent () = 0,Sur(x)+Xgrr(2)+Xezr ()
generates the properly normalized SUSY transformations on renormalized elementary fields. For
renormalized composite operators, however, whether X ,;rent(x) generates the correct SUSY trans-
formation or not is not obvious. If we focus on “on mass-shell” correlation functions, where all
composite operators and Xurrent(z) are separated to each other in position space, we can still
argue that X yrrent(z) has the correct normalization because any new UV divergences arise from
the equal point limit between X,y rent(x) and the composite operators.

If we consider only such on mass-shell correlation functions containing only gauge invariant
operators, we can further simplify X, rent as follows. We first note that in on mass-shell correlation
functions we may use the equations of motion. Thus, Eq. (3.41) yields

KXot + Xez = Xgtr + Xeer + A (0,5, + Xt + Xez) + O(A“R) (3.52)

Furthermore, since in the one-loop approximation, we can use the tree-level relation, 0,5, + Xgr +
X.z =0, under A, we can set

Xgt + Xeo = Xgir + Xeer + O(A2R) (3.53)

within on mass-shell correlation functions. From the discussion around Eq.(3.19), however, X, ot +Xcz
is BRS-exact and thus can be neglected in correlation functions with gauge invariant operators.

This shows that now Xcyrrent() is reduced to 0,5, r(z). However, the usage of the tree level
equations of motion in Eq. (3.45) tells

Sur(x) = Su(x) + AO(AiR), (3.54)
we see that Xcyrrent(2) is further reduced to 0,5, r(x) with
1
Sur(z) = Su(2) =~ -0 (0) iy (o), (3.55)

where we have required that the supercurrent is gauge invariant to fix the ambiguity of the A(’)(AZ )
term.
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The above one-loop analysis thus shows that, within on mass-shell correlation functions on gauge
invariant operators, the combination,

1

5o O () (&) + Olg}). (3.56)

Sur = —

can be regarded as a properly normalized supercurrent.

3.3 Small flow-time expansion of the supercurrent

Our next (and last) task is to re-express the renormalized supercurrent (3.56) in terms of flowed
fields. To obtain the relation between composite operators of flowed fields and composite operators
of un-flowed fields, we employ the small flow-time expansion.

The flow equations for gauge and gaugino fields are

B (t,x) = DG, (t, %) + DD, B, Bi(t=0,z) = A%(x), (3.57)
aix*(t,x) = (DuDy — a0duB) X (t,z),  x“(t=0,2) = ¢*(2), (3.58)
Ox(tr) = X (t.2)(D, D+ 000, B, Xt =0,2) = (), (3.59)
where
Dyt = 69, + B, (3.60)
D, = 58, — B, (3.61)
Bl = f*’ B, (3.62)

The value of ay is arbitrary as long as we focus on gauge-invariant operators as explained in Chap. 2.

To obtain a small flow-time expansion for the supercurrent (3.56), we start from the small flow-
time expansion of the gauge invariant operator x*(¢,z)G%,(t, ). From the consideration of the
Lorenz covariance, the gauge invariance, and the mass dimension (recall that the flow time possess
the mass dimension —2), the most general form of the small flow-time expansion is

X*(t, 2)G, (8 2) =G ()" (z) F, (x)
+ G (t) [1o70¥" (2) Fag (2) — 1o7at" (2) Fa,(2)]
+ 3(H) 000 (2) Fs(z) + O(1). (3.63)

The coefficients (;(t), ¢ = 1, 2, 3 are expanded in the loop order,
GO =1+ +..., O ="O+.... GO =¢"®)+.... (3.64)
Noting that Eq. (3.63) can be inverted as
V(@) Pl (2) = 1 g“(t)} (1, 2)Ge, (1)

() 17X (8 2) Gy (8 7) = Yovax” (t 2)Ga, ()]
— Cg(t)aaﬁapax (t,2)Gop(t,z) + O(1) (3.65)
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to the one-loop order, we can obtain the expression for the renormalized supercurrent

Sun(a) = = o= [1= (70 = 2D = 3)6f7 () + (D = (D = 9" (0)] 7o (t.2)G 1,2)
- 220 [4(D = )¢V (1) = 4D = 5)(D = D ()] px (8 2) Gt 2)
+0O(t) + O(g3)- (3.66)

Thus, once one-loop coefficients Ci(l), 1 =1, 2, 3 are obtained we have the regularization-independent
expression of the supercurrent in terms of flowed fields (for this we should finally take ¢ — 0).

Here we use the background field method [17] to compute CZ-(U, 1 =1, 2, 3. In this method, all
the fields are decomposed into the classical background fields and the quantum fields:

Au(z) = Au(@) + au(2), By, (t,z) = Bu(t,z) + bu(t, ), (3.67)
() = () + p(x), x(t, ) = X(t, ) + k(t, z), (3.68)
U(x) = ¥(z) +pla), X(t,x) = X(t, ) + k(t, ). (3.69)

Background fields are denoted with the hat”. In the background field method, we modify the “gauge
fixing term” in the flow-equations as

O Bl(t,x) + DGY, (t, x) + ao(DuDy) " b (t, ), Bi(t=0,z) = A%(x), (3.70)
" (t) = { (D) = aof* ' Dubu(t, ) f " (ha), Xt =0,2) = v%(),  (3.71)
X" (o) = (o) { (D +aof U Dubult, )}, X =00) =d%@).  (372)

It can be shown that any gauge invariant quantity are not affected by the value of aq [17].
The flow of the background fields is taken as [17]

QB (t,x) = DG, (), Bji(t = 0,2) = Aj(x), (3.73
X (t, ) = (D?)**XO(¢, 2), Rt =0,2) = %(2), (3.74)
~ 2 A
% (t,7) = X' (t)(D )", Rt =0,2) = 9 (x). (3.75)

We further assume that the background fields satisfy the equations of motion
~Nab b
DPEY, =0, (3.76)
~Nab b
Dy’ =0, (3.77)
. .~ ba
WD, =0. (3.78)

With this assumption, the background gauge field does not flow Bﬁ(t,x) = flﬁ(x) Also, for the
tree-level fermion tadpoles, (p®)© = (52)(9) = 0, where the superscript (*) stands for the tree-

level approximation. These assumptions also imply (a®)(©) = O(:)?) and by the flow equation for
quantum fields, we see that (b%(t,z) — a®(2))(®) = O(t, 4?), and (k%)) = (k*)(©) = O(t,43).
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In the background field method, the gauge fixing term is chosen as

Sbegt = ;2 / d”xD,al(x)Dyal(x). (3.79)

In this background gauge, the total action is invariant under the following background gauge trans-
formation,

§A% (z) = Dab6"(x). (3.80)
Substituting the decomposition (3.67)—(3.69) into Eq. (3.65), we have

(X" (t @) + K (¢, )] [F'w) DY (1) — D (1) + Fu) (8, )b (8, )|

[ . } {Fa”(@ + Ditay(x) = Dilay,(x) + fa, (x)af,(m)}
00 @) Fiy (@) + GV [yl @) F (@) = 2o (@) F ()]
+ 65" (07000 (@) Fy, () + O(F). (3.81)

Thus the coefficients Ci(l)(t) in Eq. (3.81) can be determined by calculating the expectation value of
the left-hand side in the presence of the background fields and comparing it with the right-hand side.
Since the right-hand side of Eq. (3.81) does not have the terms O(¢)?) or O(D1)), such contributions
in the left-hand side can be neglected. Noting that there is no one-loop diagram that contributes
to fobe(ka(t, ac)bl;(t, z)be(t,x)) and faobe <p“(x)al;(;v)af, (z)), all the expectation values are now linear
(i.e., the tadpole) or quadratic in quantum fields.

The covariance of the expectation values under the background gauge transformation tells that
the tadpole (bfi(t,x)) is O(t) and can be neglected; note that (bf,) behaves as the adjoint rep-
resentation under the background gauge transformation. Then the lowest dimensional candidate
is t@ﬁbﬁ‘fﬂ and this is already O(t) and can be neglected. These arguments considerably simplify
the calculation.

Using the results in [17] on the tree-level propagators in the background fields,

(b (1, o) (5,9) = 02 / f 06 (53 )0 5 — ) + O(?), (3.82)

.2 1 ac R foe) R .
(k" (2, 2)by(5,9)) = —g5 (eﬂpzzﬁ et / du(e"2)0(x = y) + O(DY, %), (3.83)
and the formal solution to the flow equation (3.71),
Bt 2) =) (@)

t
—8 2 a Fal o e -
_|_/0 ds [e(t )D ] b [becdbz(s’m)pﬁe +fbcdfdf b;(&l‘)bi(&l‘)}

x {1e P[99 (@) + (s, 0) } (3.84)
where

Aab :5 (D2)ab+2]_-ab

pvo

r-ab acb
Fob = focbfe,, (3.86)
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we can calculate the expectation values of flowed fields as (the superscript (1) stands for the one-loop
level calculation),

(k{0 () = (8 2) BiFrule) = B CalC) g Bt P i) (). (387)
()bt 2), by (1,2)] = Dl@)lan(e) a2 = 7255 C2(C) )P () B (),
(3.88)

_ % Co (G 2 Smt)2—D/2
RRSER T Ty
< { D (3@ Ep (@) = 320 (@) (@) + 20100, (@) Fpr (@)} (3.89)

Substituting these into Eq. (3.81), we obtain

(V) = (497(?)2 CQ(G)D;_24(87rt)2_D/2, (3.90)
2
0) = B Ca(6) =gy B0 (391)

2
4
V) = L

)2 (@) 50O -2 1) (87t)>~P/2, (3.92)

Recalling Eq. (3.66), we obtain the supercurrent in terms of the flowed fields

2 _
Sun(e) = — ZLQO [1 + 8 0(6) %Z) _13)) (878272 0,0, (1,2) G2 (1, 2)
8(D — 10)

1 g
2go (4m)? C2(C)

Finally, since the flowed gaugino field x*(¢, z) itself requires the wave functional renormalization,
we replace it by the following “ringed variable” [19] (see also Appendix C),

(87t)> P2y, X (t, )G, (t, ) + Ot) + O(g3).  (3.93)

D(D - 2)

o 7dlm(G)
(t.a) = (t.2)
' $ am2e (x(t2) Palto))

1 g° 31 3

1+ Ca(G) | ==+ =

(8mt)e/2 { (4m)? 2(G) {2 e 2

This variable is convenient because it does not require the wave function renormalization. The
coupling constant gy also requires the renormalization as Eq. (3.31),

In(87pu?t) — ;111(432)] + 0(94)} x(t,z).  (3.94)

2

8= 1g* |14 L Cu(E) L (-3) + 0l (395)
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We thus rewrite the supercurrent in terms of these renormalized quantities as

Sur(r) =— % {1 + (fT)ZCg(G) —g - %111(871'“27,‘) + ;ln(432)] } apgwu)%a(t,a:)Gza(t,m)
- (497r )202(G)3'y,,>0<a(t, )G, () + O(t) + O(g?). (3.96)

Since this is manifestly UV-finite, this is independent of the regularization. By the fact that the
supercurrent in Eq. (3.44) is completely written by bare quantities, we can replace the coupling
constant by the running coupling consonant with an arbitrary mass scale u. We may take y = —=.

V8t
Then,

___ v ) eQ/vEy A SN o
Sur(T) = 29(1/\/@) {1 (47)2 C2(G) B 21 T+ 21 (432)] } OpoTuX (t,x)Gpa(t,az)
_ 9(1(1;/;?)2 Co (@37 % (2, 2)GS, () + O(t) + O(g(1/V8t)?). (3.97)

Since g(1/+/8t) goes to zero in the ¢ — 0 limit thanks to the asymptotic freedom, the ¢ — 0 limit
can eliminate both O(t) and O(g(1/+/8t)3) errors in the expression. In this way, we have

I OB, [T 81
SHR(JL’)%]_I;I(IJ< 29(1/ 50 {1+ (4m)? C’Q(G)[ 5 21 7r+21 (432)]}

oa
X OpoVuX (t> .’)S)GZU (t’ 3?)

_W@(G)?’%%a(t,x)egu(am)> . (3.98)

This is a regularization-independent expression for the supercurrent we were looking for. If one
prefers the MS scheme instead of the MS scheme, it is sufficient to make the following replacement
in Eq. (3.98)

x>~ —2In2, (3.99)

where v denotes Euler’s constant.



Chapter 4

The 4D N = 2 super Yang—Mills
theory

In this chapter, we consider the Yang—Mills theory with the extended AN/ = 2 supersymmetry
as our second example for which a regularization-independent expression of the supercurrent is
constructed. Following almost the same line of arguments as in the previous chapter, we find the
renormalized supercurrent in dimensional regularization in the one-loop level and then express it
in terms of the flowed fields through the small flow-time expansion.

4.1 Action, transformation, and symmetry

The action of the N' =2 SYM in the Wess—Zumino gauge is

1 - a
L :fggFﬁy(x)Fﬁu(x) + 9% (2) Pyt ()
1
+ Dy () Dup™ () — 505/ @1 (@) (2) 0™ (2) 0 ()
+V2g0 f 9 (x) (P’ (z) — Pop®(2)) (), (4.1)
where

FY, = 0,A% — 0,A5 + [ AL A, (4.2)
Dzb _ 5@!78# + 'AZb’ ,pab — ’Y#’D,Zb’ (43)

Azb _ faCbAZ'

As the name N = 2 implies, there are two Weyl (or Majorana in four-dimensional spacetime)
supercharges in this theory and these can be combined into a single Dirac supercharge. Similarly,
the gaugino field 1 (x) is a Dirac fermion instead of Majorana. Thus the N' = 2 theory requires
further boson fields to balance the degrees of freedom between bosons and fermions. The complex
scalar field ¢(z) does this job.

32
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The above action is invariant under the following A/ = 2 SUSY transformation:

Oy Aj, = %go (X8 = 0 x) 5 (4.5)
dyp” = —% [XP-y* —9*P_x], (4.6)
Sy = % [XPi9® — ¢ Pix], (4.7)
" =~ =X

1 a a
-7 [VuPeXDup® — ¥ P XD

1 aoc C
— 59075x ] bebiee, (4.8)

Ta 1 = a
5Xw = 4gOXUHVF#V
1 - a = a
— ﬂ[wawa — XV Py D™

1 = aoc C
— 590X begPtepe, (4.9)

Considering the variation of the action under the localized SUSY transformation § — § (r) and € —
&(x), we have the classical supercurrents,

1 a a
Sp = _%Uw'ﬂﬂl’ Fpa
+ L%%P“/;“Dygp“ — i%mP_w“DM“ + lgof“bc“ys”yui/ﬂaﬁbwcv (4.10)
V2 V2 2
S =~ go V" W0o Fi

S

a a 1 7,a a 1 abc,ja
0w PDog" + S50 W P-Dup® = S g0 f* P 56"

be. (4.11)

These are the “canonical” supercurrents. From the perspective of the theory that has the classical
scale-invariance, it is natural to use the following “improved” supercurrents

V2

S = Sy 500y (P " — Py ™), (4.12)
aim: = \/i a a Ja a
SIP = 8y = S0, (0 Prp® — P10y (4.13)

The added terms do not affect the conservation law 8MSL“‘D = QLSLHW = 0 because 0,0,0,, = 0.
Using the identity v,0,,7, = 0 in D = 4, we see these currents are 7-traceless:

VuSP = Sy, =0, (4.14)

under the equations of motion. In the following oe-loop calculation, however, we will find that
these currents are not finite and require the renormalization, unlike the canonical supercurrent in
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the ' =1 SYM. These can be made UV finite by further adding terms being proportional to the
equations of motion:

S = e — Q\rw(P Poe" — Pyl — vVago [ s o), (4.15)
=~. —. — <—
S = 5+ (PPt — B PPyt — Vag [ sy (416

2V2

Some calculation shows that these can be expressed in simpler forms,

1

Svlitmp — _Tgoo—pg,yﬂ,l/)an

1 /1
2\[( O —5W> (PyD,%p — P_D,1p%%)

1 /1
-5 <SUW - 5W> (Pyap®D,p®* — P_9*D, o), (4.17)

~. 1 -
SI = = 1 U W F

1 a a a a 1
- ﬁ(IDuw P+(p - Dy Pfng ) <3UVH - 6z/u>

1 - - 1
+ ﬁ(wap+pysoa _ ,ll)apipygoira) <30-V:U' — 61/“) . (4.18)
In these forms, it is clear that these are y-traceless for D = 4 even without using the equations
of motion, because v,0,07, = 0 and 7,[(1/3)0u, — du] = 0 for D = 4. We take these classical
supercurrents as our starting point for our argument in the one-loop level.

For perturbative calculations, we introduce the gauge fixing and the Faddeev—Popov ghost terms
as before,

Sy = 2o [y AL (2)8, Al (), (4.19)
293
1 D a
See = 2 d”zc*(x)0,Duc’(x), (4.20)
0

These terms breaks SUSY and give rise to the following SUSY breaking terms:

655gf = _/de (ngf + ngg)a (4.21)
0gSce = —/de (EXee + Xeet), (4.22)
where
Ao
Xgt = 5— 1" 0,0, A7, (4.23)
290

Ay -
Xy = —QJWWaNaVA‘;, (4.24)
9o
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and
Xee = fabcau Cb'}//ﬂ/}ca
X7:_7 abca ~a b c ..
ce 290f uC C P Vi

We now derive SUSY WT identities starting from

A(y))
<55 H ) } W(Z)] > =0,
e (y)

(8 [0* () (2)ed(w)]) = 0.

and

35

(4.25)

(4.26)

(4.27)

(4.28)

Under the dimensional regularization D = 4 — 2¢, there is an additional explicit SUSY break-

ings Xriers(z) and Xier, () arise from 0eS = — de (8 S+ Xriers) +
same reason as in the N/ =1 SYM. The SUSY WT 1dent1tles thus become

([0 (@) + Xriens (@) + Xet(a) + Xoalw)| AL )P (2) )
= —d(x — y)%go (¥ (y)9°(2))

= 8(0 = 2) o (AL Pl (2)) + 80 = 250 (AL S0 (2) ()
+8(0 = 2) 75 (AL, [P-Dp ()~ PyD ()]

— 0,0(x — Z)ﬁ (AL W) [P-9°(2) = Prot(2)])

=iz —y)— <P7¢b(y)&c(z)>

+ (0,5, + Xriers)€] for the

(4.29)

(4.30)
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= =80 — ) (P )P°(2)
= 80 = )70 (W0 () + 3 = )00 (o (S () (2)
+8(r = 2) 7 (W), [P-Dy(z) — PeDyoi*(2)])
~ 0260 — 2) = (@) [Po*(2) — Pre(2)]). (1.31)

and
([0u55mw (@) + Xrera() + Xis(@) + Xeela)| 6 () (2)2" ()

=—d(z —y)

1 00 Fla ) ()2 () + 60 — ) 590 (1571 () () ()2 (w))
do

8z — )= (7 [PoDye"(2) — PyDyg(2)] (2)e (w))

V2

— o6(z - y>$ (1 [P (0) — Pro®(y)] ¢“(2)e(w)) (4.32)

We will rewrite these identities in terms of renormalized quantities at the one-loop level. Before
going to this, let us study the effect of Xpier, and Xriers.

4.2 Effect of Xgie, ()

As for the N' =1 case, the effect of XFier, can be absorbed into an appropriate counterterm. The

one-loop level contribution to (Xriers (7) A% (1)1¢(2)), (XFiers (2) 0% (¥)1°(2)), (XFiers (7)1 ()¢ (2))
arises from the diagrams in Fig. 4.1. These yield

L

Figure 4.1

= (4‘97?)202(G)5bc ]_"(D) F(Q—D/2)(—1)(D_4)/ezp(z—y)/elq(x_z)
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2\P2 [ 910(*172%1 + Ppa) | 11
(47T> 75113*_12[(19 = 1) +3%lp i (4.33)
—5palD—1)=3ylp
This shows that the one-loop effect of Xjer, can be represented as
2
D—4 gO 1 1 1 1
Xrierz — ——5C2(G) | W0 F], — —=Py*0,0,0" + —=P_1%0,,0,¢" | . 4.34
F (477)2 2( )(3907 UJ 227 \/i +¢ 12 /J,SO + \/5 1/1 123 MSD ( )
This effect thus can be removed by adding the following counterterm to the action,
2
— 9 1 a pa 1 a a ta ta
;C/ = WCQ(G) <_Gg(2)Fl“’Fl“’ + 58;“90 #QO + 8/180 (r“)#go . (435)

In what follows, the symbol () stands for the expectation value with respect to the action with the
above counterterm, £ + £'.

4.3 Renormalized supercurrent in the A/ =2 SYM

In this section, we will write Eqgs. (4.29), (4.30), (4.31), and (4.29) in terms of renormalized quan-
tities.
First, we summarize the renormalization of parameters and basic fields:

9o = p(1—A)g, (4.36)
Ao = A, (4.37)
Af = (1— A)ALy, (4.38)

wa B B 77[_}a
{ol—a-m{) (49)

v\ _ ¥k

(23
= (1 - ;A> s (4.41)
& = (1-A)cy (4.42)
Fi, = (1 - 2A> (OuAGR — B AGR) + (1 - 141A> {f" A} AL Y - (4.43)

These renormalization factors can be determined from the renormalization in the N' =1 SYM by
doubling the contribution of the fermion field and further computing the contribution of the scalar
field; the Feynman diagrams required in the latter computation are summarized in Appendix D.

We also need the renormalization factors for the following gauge covariant composite operators
appearing the SUSY WT identities:

Freotet = (1= A){F*" "¢ R, (4.44)

3 15
D, = (1 — 2A> Pk + (1 — 8A> {F*c AL} R, (4.45)

3 a 15 aoc C
D#@T“ = (1 — 2A> 8,@}% + (1 - 8A> {f b AZ<PT }r- (4.46)
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Next, we consider the renormalization the composite operators X,r and X.z. Substituting the
above renormalizations and computing the UV divergences arise from the 1PI diagrams A01-A06
in Appendix D, we find

Xot + Xeo = (1 + A) Xger + (1 — A)Xoor
+ Ad, [ 190;;0%%%(3 Ak — 0sAQR)
A (_;) WO AL
+ A%UWWMA‘;R — 0, A% p)
ag 0y (AL + 242 )05
( ) (PO, 0% Pﬁyso?)%w%]
+A ( ) (Proh — Pol)0,0,0%
+Ag0f el T k)
A <_3> 05D (1L 0%)

A(=1)gf Pl vh

+ H1, (4.47)

where H; denotes the possible “higher order terms” of the form,
A [O(YrAR) + O(brARYR) + O(YrEER) + OWR)] | (4.48)
which cannot be determined from the analysis of the present WT identities; later we will fix these

ambiguities.
For later convenience, we re-express the above relation by using the equations of motion:
ng + Xcé
= (1 + A) (ngR + XCER)
+ A9, SmP 4 ALy (A% Yoy, + 2A° )‘551
o 89 12 vR IV Ip nR 5,(/)

t

58
+ Ag%ﬂl)Rm
m

+A gauu(a WALR — 0, ASR) — g5 { "0 R

3 a 58t
- ﬁ'm(au@RP— aMPR P+)} S

55t 55t
+ A(—ﬂ)P—wﬁﬁ + A\/§P+WRW
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+ Ha, (4.49)
where
S'= 8 + Sgr + Sez (4.50)
is the total action.! Here, Ho denotes the possible higher order terms again. In deriving the above
expression, we have noted the relation Agy, 9% ‘giﬂf = —2AX .

We next consider the renormalize of the supercurrent S’me itself. Combining the results in the
N =1 case, Egs. (4.36)—(4.43), and calculating the UV divergences arising from the 1PI diagrams,
A01, A02, B02, B03, B04, C01, C02, and C03 in Appendix D, we have
Slmp S;Z%p + A U,ocr'y,uw?%(apAgR - aUAZR)

1 a a a
82 (b ) sta-ata

1 " §S?
+a (g ) Ut + 245 5
+Hsy
Simp 1 u 5S¢t
=S,k +4 35 (AL RV + 2455 )M + Hay, (4.51)
where we have noted the identity for D = 4:
1 1
gauo - 6uo '7p-Apo— = _ggpa')/uApo‘- (452)

Then, Eqgs. (4.49) and (4.51) tell that
0S4+ Xgp + Xeo

— (1+A) (aus““l’ + X + X05R>
. 8"
+ AQWMZ)RW

+A[aWwA C0,A%) — v et g

3 a 55t
- ﬁ'Yu(aﬂSDRP— 8#‘»01{ P—&-)} e
. 051 . 05"
+ A(f\/ﬁ)P_wa - A\/ime(SW
+ Oy Hsau + Ho . (4.53)
———

Ha

Substituting Eq. (4.53) and Egs. (4.36)—(4.46) into the SUSY WT identities, Eqgs. (4.29)—(4.32),
we obtain the SUSY WT identities in terms of renormalized quantities.

We should add Eq. (4.35) to S*, but its effect in Eq. (4.49) is higher order and is negligible.
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For illustration, we explain the detailed calculation for Eq. (4.29). After substituting Eq. (4.53)
in Eq. (4.29), the left-hand side of Eq. (4.29) becomes

(1= 8) ([0, 55 (@) + Xygn (@) + Xean(@) + Ha(w)] AL (m)P5(2) )
- 200~ ) (=3 ) 9 (uvh)T()

- 580 = 2) (=) (ALal)oe (0,45 0(2) ~ 0, A51(2))

~ 206z — 2) 59 (AL ()10} (=)
- 386 =)= (Abuluy [P-0,eila) — Proe()]). (4.54)

where we have noted Schwinger—Dyson equations

(P20 g AV ) = 0o = ) (P (). (1.55)
sst [Aaw)) AL (y)
<fa<x> e R () wc<z>>=6<z—z>< ) fc<z>>, (4.56)
v (y) ¢ (y)
(P s 5 ) = ol = ) (P))). (4.57)
(7 (@) o () ) = 0o = ) (P (2). (158)

After using (4.36)~(4.46), the right-hand side of Eq. (4.29) becomes
(=380~ ) =3 ) 0 vk )5 (2)
+ (1 - gA) 8(z — 2) (—419> (AY ()0 po [0pAGR(2) — 0sASR(2) + H! (2)])
+ (1= 3A)5(x — )59 (AL ()35 16 ()
+(1-38) 00 )5 (Aal)ry [P-0pi(e) = Prdyelite) + 112
+ (1= D)(1)028( = 2) 7= (Abalu, [Pi() = Prfi2)]) (4.59)

Then after we transfer the last four lines of the left-hand side to the right-hand side, we find that
every terms have the common factor 1 — A. In this way, we have

< [aﬂéﬁp(x) + Xgir(2) + Xeer(z) + 7‘[4(35)} Aﬁg(y)¢%(2)>

== 9) (=3 ) 8 uvhTH)
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1

o ) (—49) (A ()0 [0 AR (2) — B0 A () + H(2)])

+ 6z — )29 (AL p(W)s {F 0T (=)

2
+ 3= 2) 5 (Abnlw)y [P-0,ils) ~ Pryeli(a) + ()] )
— 950(e = 2)5 = (Anlu, [P-cls) ~ Pagli(2)]). (4.60)

In a similar way, from Eqgs. (4.30)—(4.32), we have
([0 ) + Xaan() + Xeen(2) + Ha(2)] () F5(2) )

—w— y)% (P_b(y) (=)

= 8 = ) () [0 45 m(2) = Dr Aglz) + H'(2)])

+8(z — 2)50 (G306 A (2)

+8(0 = 2) 7 (ehlo), [P-0,() — Proyels(a) + 7 (2)])

—0%6(x — 2)

28(o = 2)5 = (Pl [Pila) - Peck)] ). (4.61)

and

(|0uSi @) + Xytr (@) + Xeon(@) + Ha(@)| ol )05 (2))

- - y)% (Prh(y)vi(2))

— 8o = 2) - (PR 10,45 1(2) = 0 Asw(2) + 7 (2)])

+6(z — Z)%g <s0§§(y)75{f6des0”<f}za(2)>

+ (e = 2) = (R, [P-0eh(e) = Pyl () + ()]

— 95l =)= (el [Peic) — Poelf(2)]). (462

and

(|2uSi @) + Xytn (@) + Xeon(@) + Ha(@)| Pr(y)eh(2)ch(w))

— 5w — y% (0o [0p AL (Y) — O AL () + H' (4)] a(2)eh ()

+8(0 = 1) 30 (U7 1% Y r(y) (=) ch(w)

(e = 9) = (3 [P-0scilw) = Pyl 0) + /)] l2)eh(w)
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- 95000 = 1) 3 (o [Pclw) = Pecf )] che)ehtw)) (463)

From the above SUSY WT identities, we can infer that the combination
aug,iinflzp + Xgtr + Xeer +Ha (4.64)

generates the correct SUSY transformations on renormalized elementary fields. Also in the on mass-
shell correlation functions with composite operators, this combination can be regarded to have a
proper normalization because no new UV divergences associated with the equal-point limit arises
in on mass-shell correlation functions.

Now we simplify the expression (4.64) by considering its insertion into the on mass-shell corre-
lation functions with gauge-invariant operators.

First, since the equations of motion hold within the on mass-shell correlation functions, Eq. (4.49)
reduces to B

Xt + Xee = Xgtr + Xeer + A (@ﬁ;mp + X + Xca) + Hs. (4.65)

We further note that auébmp + Xgr + Xez = 0 under tree-level equations of motion. Thus, to the
one-loop level,
ng +Xee = gfR + Xeer + Ho. (466)

This combination, however, vanishes inside correlation functions with gauge-invariant operators,
because Xgf + Xz is BRS-exact according to Eq. (3.19). Then Eq. (4.64) can be replaced by

8M§Lnép + Hqs — Ho
= 0, (S + Hsyp). (4.67)

Since Eq. (4.51) shows that Sme = S'Lr%p + Hs,,, the combination (4.64), when inserted in the on

mass-shell correlation functions of gauge-invariant operators, can be replaced by 8#5’2}“".
The bottom line of the above analyses is that as far as the insertion in the on mass-shell
correlation functions of gauge-invariant operators is concerned, the bare supercurrents

Simp - gime (4.68)

are properly normalized.

4.4 Small flow-time expansion of the supercurrent

In the previous section, we have found that the correctly normalized supercurrent in the N = 2
SYM theory in the WZ gauge (under the dimensional regularization) is the bare supercurrent Sme
itself. Our next (and final) task is to express this supercurrent in terms of the flowed fields. For this,
we again calculate the small flow-time expansion of relevant flowed operators. Unlike the case of
the N'=1 SYM theory in Sec 3.3, we do this without using the background field method, because
the tree-level propagators in the presence of the background scalar field are rather cumbersome; we
do calculations using flow Feynman diagrams.
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The flow equations in the present system are defined by

Oy Bl(t,x) = DPGY, (t,x) + aoDP0, B (¢, x), B,(t=0,2) = A,(2), (4.69)
Ox*(t, ) = (DuD, — a0, B )“b b(t, x), X (t=0,x) =% x), (4.70)
8ix°(t,z) = X°(t,2)(D D + a0d,uB,)* Ot =0,2) = ¥(), (4.71)
0,9 (t,x) = (DuDy aoauBﬂ)“%b(t»w)v ¢t =0,z) = (), (4.72)
0,07t (t,2) = ¢!t (8, 2)(D . D, + a0, B,)", 67t (t = 0,2) = ¢t (2), (4.73)
D’ = 5"°0, + By, (4.74)

%Zb _ 6ab<5u - B, (4.75)

By = f*’By,. (4.76)

The supercurrent S’me contains the following composite operators:

fz/} o (4.77)

w%w ; (4.78)

P, (4.79)

Yo', (4.80)

gof P, (4.81)

Similar to Chap. 3, we have to calculate the small flow-time expansion of the flowed version of these
operators

Or(tz) = gioxa(t,x)cw(t 2), (4.82)
Oq(t,z) = x*(t, )D, ¢ (t, z), (4.83)
O3(t,x) = x“(t, 2)¢" (¢, x) (4.84)
Ou(t,z) = POs(t,z) = x(t, z)p1*(t, z), (4.85)
Os (ta 13) = gOfabCXa (t’ x)(bTb(t’ x)(bc(t’ 'I)7 (486)

where P is the parity transformation defined in Appendix A. For this, we compute the expectation
values,

(Oi(t, 2)Oex1 (Y1) Oex2 (y2) - - ), (i = 1,2, 3), (4.87)

with all the possible un-flowed external fields Oqx(y) in one-loop level. We do this by diagrammat-
ically. The rules for the flow Feynman diagram are summarized in Appendix B.

Taking Oq (t,z) = Q%XGGZV as the example, we illustrate the calculation of the small flow-time
expansion. We first consider the cases of the external fields, Oux1 Ocxa = O(AY), O(AAY). These
correlation functions in the one-loop level are already calculated in the N' = 1 case and because there
is no one-loop diagram with a scalar propagator loop, the expansion coefficients in Egs. (3.90)-(3.92)
for the A/ =1 SYM can be used without change.
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Next, we have to consider the cases of the external fields containing the scalar field. The rele-
vant diagrams in the one-loop level are A01-A06 in Appendix D. Two diagrams, A0l and A02 con-
tribute to the correlation functions of the form, (O1(t, ) Oex1 (¥) Oex2(2)), where Oex1(y)Oex2(z) =
O(¢p). The remaining four diagrams A03-A06 give rise to (O1(t, )Oex1 (Y1) Oex2(y2)Oex3(ys3)),
where Ocx1 (Y1) Oex2(¥2)Oex3 (y3) = O(Avhp), O(pp'). According to the Feynman rules in Ap-
pendix B, we can explicitly calculate the small flow-time expansion of diagrams A01-A06. Combin-
ing Egs. (3.90)-(3.92) and somewhat lengthy calculation of AO1-A06, we obtain the small flow-time
expansion of x“Gy,,,

Xt 2) GO (¢,

)

[ ] e

2 1 .

+aﬂ&D_®w_mggm%wm><> A (8) ()]

4 1
4)(D 2D g

+D
V3] g5 W [P0 @)Dy (0) = Pt (D7 0

90

= oot (1) (o)

+Gfﬁﬁ”ﬂ¢UuW@—wamwwﬂ

2

T DD =2
2D + 4)

(D—2)D(D 12

i m%w“(m (0% (x) + w*“(x)]} ~(nev)
8

(D _ 4)(D . 2)D90.fabco'uu75'l/)a(I)@Tb(l‘)gpc(:c) —+ O(t)’ (488)

Y [PeDu* ()¢ (x) — P-Dyty* (z)"* ()]

WDt () [ (@) + ¢ (2)]

+£(1)

where £(t) = (i Co(G)(8mt)> P/,
A similar calculation on x*D,,¢® yields

X (t, 2) Do’ (t, )

~ 1+ gm0 v @Pe@

+£(1) { Mﬁauu¢a(m)pu@a($)
2D — 1)

+W D, ()¢ (x)

—2 a a
+ mauﬂ%w (z)p (17)}
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0] g @D @)

8 . a
T o—nm-yp -V @Pee)
4 a a
+ mpfp;ﬂ/’ (z)p"(x)
’ mP (@) Dy [ () + o1 ()]
—4(D +4)
(D—2)D(D +2)
\/5 -2 1 P a Fe
+£(t) {(D_4)(D_2)Dgomapg Y (@) Fy (2)
8 1
(D-4(D-2Dg "

(D j)?ﬁf )2>Dgof"%P-w“<x>d”<x>¢<x>

P_D, (@) [¢(2) + ¢ ()] }

+

Pyt (x)Fg, ()

— abc a tb c ot
+ ol s @ @) (@)} + 00,
where diagrams B01-B20 and C01-C07 in Appendix D are relevant.
The flow Feynman diagrams, B01, B04, B06, B10, and B12, give rise to

)t = [1+ 5 Do) vt

+ f(f){(l)_zl)ég(D_mP—¢a($)<ﬂa(I)

8

gV @) [ + @) |+ 0l

(D-2)
Applying the parity transformations in Appendix A, we have
4(D—1)
t a ta
TS0 @@

+&(¢) { mpﬂba(m)@m(@

-8
2

x“(t,w)qﬁm(t,x) = [1 +

+(D—7

)
Finally, for gof®*x%¢t¢°, from the diagrams D01-D11,
gOfabCXa (ta ‘T)QZ)Tb(t, z)¢c(t7 1')

2 3D St s e )

+£()V2

2
D -4(D-2)

5P [0 + (@]} + 0l

Y [PrDutp®(2)¢" (2) + P-Dyp® () o' ()] + O(t).
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(4.89)

(4.90)

(4.91)

(4.92)
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We now have the small flow-time expansion for all the flowed operators relevant to the representation
of the supercurrent.

By inverting the above relations on the un-flowed composite operators, we obtain the operators
in the supercurrent in terms of the flowed fields. For example, Eq. (4.90) gives

W) @) = |14 S0 X e

+ g(t){M(SDZ)PXa(t, x)p(t, )
* ﬁﬂx"(i» z) [¢°(t,x) + 6" (¢, 2)] } +O0(t). (4.93)

The flowed gaugino field and the flowed scalar field in these expressions, however, require the wave
function renormalization [15]). We thus express these field by the UV-finite ringed gaugino field
and the scalar field. The relations between the original flowed fields and the ringed fields are shown
in Appendix C.

Finally, by substituting the composite operators in the supercurrent by flowed operators and
re-express it in terms of the ringed flowed fields and the renormalized gauge coupling, we have

Sime
2 9 1 1 °oava
- {1 + @97)202(G) [— In(87p°t) — 1 + 5 ln(432>} } <_49> TpoTuX Gpo

g °a a
- WCE(G)%X Guu

2
g 19 1
+{1+ (477)202(G) { 1 +41n2+21n(432)]}
x L (Lo, — 6, ) (PDxd - P_D,xed1)
92 \37m T O ) T EeX -
S Co(G)(Py DX 0" — P-Dux ')

2

7)?
g

7(
{ +4n2+ ;111(432)] }

1 1 °oa ‘a °a ita

7( 2 C2(G) (;)O'W, - 5W) DX (6" + ¢1)

1 g° 1 ca ‘a | Sta
FWCE(G) (30'Mu - 6uu) V5 X Du(¢ + ¢ )
i—( OO X1 + 0. (4.94)

The conjugate of the supercurrent §me can be obtained from the charge conjugation S'me —
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C’(é}jmp)T as

i

= {1 + (497;2C'2(G) [ In(8mp’t) — Z + iln(432)} } <419> X V0 ps Gy

g 2a a
+ WCQ(G)X ’YuGuu

4 {1 + (497:)202(61) {—149 + 424 ;m(m)] }

1 o ° o o 1
——— ) (D, X*P.¢* — D, XP_' [ Z6,, — 6,
X(2\/§)( guo) X ¢><30M u)

Co(G)(DuX P19 — DX P-_¢'?)

g> 1 1
+4q1+ 5 Ca(G) §+4ln2+§1n(432)

1 o o . o 1
X E(P—FXWDVQ#Z - P—XQIDVQ&TQ) <30yu - 5yu>
1 92 2q ‘a Q‘I’a 1

E (47‘(‘)2 CQ(G)DVX '75(¢) + ¢ ) go'u,u - 5u,u

R S
2v/2 (4m)?
1 93 abc 2a 71b lc

+ZW02(G)J[ X V50" 0 + O(1). (4.95)

. . o 1
Ca2(G)X 5D (9" + ¢Ta) <30v,u - 51/#)

These are our main results on the supercurrents in the 4D N = 2 SYM. Expressed only in
(ringed) flow fields and the renormalized coupling, these are manifestly UV finite as they should be
(as the Noether current operators). Thus these expressions are regularization independent. Since
both sides of Eqgs. (4.94) and (4.95) are independent of the renormalization scale p, we can set it
arbitrary. Taking u = 1/4/8t, both the higher loop corrections and the last O(t) terms can be
neglected in the limit ¢ — 0 since the theory is asymptotic free (the beta function in N' = 2 SYM to

— 10

all orders in perturbation theory 8(g) = 4 z,9(1) = —293C5(G)/(4m)? (Refs. [56, 57, 58, 59, 60])).



Chapter 5

Conclusion

In this thesis, we constructed a regularization-independent expression for the supercurrent (the
Noether current associated with supersymmetry) in the four-dimensional A’ =1 and A = 2 super-
symmetric Yang-Mills theories by employing the gradient flow. Our primary motivation for this
study is possible non-perturbative analyses of supersymmetric gauge theories by lattice numerical
simulations in the future. For numerical simulations the field contents in the so-called Wess—Zumino
(WZ) gauge should be advantageous. So we adopted this WZ gauge. With this WZ gauge, however,
the SUSY transformation becomes non-linear. Elements in our (perturbative) analysis, the dimen-
sional regularization, the gauge fixing and the Faddeev—Popov ghost terms, break supersymmetry.
For this reason, first of all, we had to find a correct expression of the supercurrent (under the
dimensional regularization). Through a rather lengthy analysis at the one-loop level, we found the
expression of a properly-normalized supercurrent at the one-loop level that works within on-mass-
shell correlation functions with gauge invariant operators. We then express this in terms of field
variables obtained by flow equations by using the small flow-time expansion. The resulting expres-
sions are manifestly UV finite as should be for Noether current operators. In the small flow-time
limit, the expression is expected to be exact, providing a regularization-independent representation
of the supercurrent. Since this representation is regularization independent, this can also be used
with lattice regularization. We believe that a priori knowledge on the properly-normalized super-
current will be quite useful in future lattice numerical simulations of supersymmetric gauge theories
because the conservation of this current can be used the parameter tuning toward the supersymmet-
ric point. Also, it must be interesting to generalize our construction to more general supersymmetric
models which include matter multiplets. It must be also interesting to give a further understanding
on the mechanism behind the UV finiteness of the gradient flow. A consideration on the possible
relationship between the gradient low and the Wilsonian renormalization group [61, 62] may give a
clue on this issue.
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Appendix A

Notation

Throughout the thesis, we adopt the following notational conventions.

We always assume the natural system of units in which ¢ = h = 1.

Repeated indices are always summed over with g = 0,1,2,3. When we are considering the
Euclidean spacetime, the upper and lower Lorentz indices are not distinguished.

The generators of the algebra of the gauge group G are all anti-Hermitian:

[T, T = fabere, (A.1)
and the Dynkin index T'(R) and the Casimir Cy(R) are defined by
tr(T2T°) = —T(R)5%, (A.2)
TT* = —Cy(R)1. (A.3)
In particular, for the adjoint representation A, the generator is (T'%)p. = — f¢*¢ and for G = SU(N),
T(4) = C3(4) = C2(G) = N, (A4)
i.e., fabefdbe = Oy (G5!, We note the identity,

chafaYbbec _ 7%CQ(G)fXYZ- (A5)

This follows from a consideration of tr(T4T4T).
The gamma matrices obey {v,,7, } = 26,,, and all the gamma matrices are Hermitian. The
trace over the spinor indices is set tr(1) = 4 even under the dimensional regularization D = 4 — 2e.
For fields in the adjoint representation, ¢*(z), we also use the notation ¢(z) = ¢*T®. The
covariant derivative for ¢ and for ¢® are thus defined respectively by

Dy =0, + [A;n 1, (A.6)
Dzb — 5abaﬂ + AZfwa
= 60, + AL, (A.7)

The abbreviation D, ¢* = Dzb b is also used.
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We define the chiral matrix and the chiral projections for any D = 4 — 2¢ by,

V5 = Y0V17V2735 Py =-(1£s). (A.8)

N | =

Then we have
46#1/;)(77 W, v, p,0 € {0717273}7
0, otherwise,

(Vs VYo VpVo) = { (A.9)

where the totally anti-symmetric tensor is normalized as €g123 = 1. We also use the definition

1

O = ihu,fy,,}. (A.10)
The charge conjugation matrix C satisfies
C_IVMC = —75, (A.11)
and thus

C o, C = —05,,, ClysC =A7. (A.12)

The charge conjugation transformation for fields is defined by
U(x) = CYT(x), d(x) = T (x)C 7, (A.13)
Ap(z) = Au(), (A.14)
p(x) > —p(2), Pl (@) = o' (), (A.15)
c(z) = e(x), é(x) — e(x). (A.16)

The charge conjugation on the flowed fields is defined similarly.
The parity conjugations for the fields are, on the other hand, defined by

¥(x) = 0¥ (), P(x) = D(E)70, (A.17)
Ao(z) = Ao(Z), Ai(z) —» —A;(2), (A.18)
p(z) = —o1(@), l(z) = —p(@), (A.19)
c(z) = (), c(z) — (), (A.20)

where the 7 denotes the spatial directions and & = (xg, —z;). The parity transformation on the
flowed fields is defined similarly.



Appendix B

Flow Feynman rules in the

N =2SYM

In Chap. 4, we consider the calculation of the flow Feynman diagrams in Appendix D. Here, we

summarize the required flow Feynman rules.
The flow equations for the fields are defined by

BtB“( ,x) =D Gw(t z) + D,0,B,(t, ), B,(t=0,2) = A,(z),

atX (t,z) = (DD — a0 B,) " X (t, ), X (t=0,z) =¢"(z),
8 (t,x) = X°(t, x) ‘5 D, + aedB,)", Xt = 0,2) = (),

019" (t,x) = (DuDy — 08uB,) 9" (t, x), P*(t =0,2) = (),

8% (t, ) = ¢>bT t) % D, + apd,B,)b ¢ (t = 0,2) = o (2),
(D)™ = 6“0, + By f*" = 6"°0,, + ng

<_
(D)t =69, + Befboe = 6bg, — B fhee,

where «q is a constant that can be chosen arbitrarily as far as gauge-invariant observables are

concerned (see Chap. 2).
With the choice ag = 1, the exact solutions to the flow equations are

r t
B(t,z) = / Py | Ku(z — y)As(y) + / ds K;_o(z — y) R (s, )
L 0

o= [ Py K ey / ds Ko (z — ) A (s, )3 (5,9)]
el = [Py Koo - / s K- D)) A )],

o(t.0) = [Py 'Kt<x—y>w<y> / ds Ko (z — ) A (s, )¢ (s, y) ,

0

500 = [ @y [Kite e @)+ [ ds Koo = 9)A" (5,06 s10)|.

0
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(B.9)
(B.10)
(B.11)

(B.12)



APPENDIX B. FLOW FEYNMAN RULES IN THE N =2 SYM 93

where the heat kernel K;(z) and the non-linear terms of the flow equations Rf(t,), A'°(t, z),
A'*¢(t, x) are defined by

D 2
Ky(z) = / (;iﬁ)pD Tt (B.13)
RZ(t,x) = 2f“bCB,Ij(t,x)8VBﬁ(t,x) — fachg(t,x)(?MBﬁ(t,m),
+ (ag — 1) f* B} (t, 2)0, By (t, x) + f*° By (t, x) By (t, x) By, (t, x) (B.14)
AN'(t,z) = 2f*°BY,(t, )0, + [ [““B)(t,2) By (t, x), (B.15)
A (t, ) = —2fP9, B + fodb e i ge. (B.16)

The non-linear terms R (t,z), A"(t,z), A"*(t,x), are represented by following flow vertices:

e B, B,x three-point vertex
[ dPy [ ds Ko—(x — y)2f B (s,y)x" (s, y),
e B,B,B,x four-point vertex
[dPy [y ds Ko—s(x — y) fo0 4B (s,y) B (s, y)x(5,9)
e B, B, ¢ three-point vertex
JdPy fy ds Ki-o(@ = y)2f "Bl (s,1)¢"(s, ).
e B, B,B,¢ four-point vertex
JdPy fy ds Ki—s(w = y) fo £ B (s, y) Bii(s, )¢ (s, )
e B, B, B, three-point vertex
[y J3 ds Koot = ) (21 BL )0 B 5) — Bl 00,55 (0) )

e B,B,B,B, four-point vertex
JdPy [} ds Ky s(x — y) £ feBY (s, ) B (s, y) B (5, )

These flow vertices are denoted by white blobs in figures in Appendix D.

For the flow lines (i.e., the heat kernels), we use doubled lines in figures in Appendix D; this
convention differs from that in Chap. 2. The flow propagators are denoted by single lines

Besides flow vertices, ordinary vertices come from the original N' = 2 SYM action with the
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gauge fixing and the ghost terms
S = SN:QSYM + ng + ScEa
1 - a
Svssv = [ 070 | L FL0F (@) + 50D 00e)
0
a a 1 aoc pfaae C €
+ Dy () Dy () — 590 f bepateott (@)t (2)e™ ()¢ (@)

+ V290 f P () (Prop®(x) — Pop™(x)) () |,
Ao

St = 52 | 470 Oy (@)D, A} (),
1

Sz =—— dPx & ()8, Dy (x).
90

Vertices that can be read off from this action are listed below.

e gauge field three-point vertex
—é [dPx f“bCOQA%(x)Ag(x)A%(x)

e gauge field four-point vertex
ke [ dPa febe foe AD () A% () AS () A ()

e gauge-gaugino-gaugino three-point vertex
-[dPx et (2) AL (x)vat(x)

e scalar-gaugino-gaugino three-point vertex (Yukawa interaction)

~V2go [ dPx [Py (2)(Prgb(2) — Pog® ()0 (x)

e scalar-gauge-gauge three-point vertex
—f dPx [0, () Ab ()¢ (x) + h.c.

e scalar-gauge-gauge-gauge four-point vertex

-J dPw fae fote AL (2) AL (2) 0T () ¢ (@)

e scalar field four-point vertex
+398 [ dPx fore feteptt(x) o () ot (x) 0 ()

e gauge-ghost-ghost three-point vertex
+gi2 [dPz fobect(z)0y (AL () (x))
0

o4

(B.17)

(B.18)

(B.19)

(B.20)

These vertices are denoted by black blobs in figures in Appendix D. Here, operators at the vertices
are multiplied by a minus sign, because we consider the functional integral with the weight e=.
The tree-level propagators that connects the above vertices and external fields are (in the Feyn-
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man gauge, \o = 1),

de e—(t+s)p2

a b _ gcab ip(xz—
<Bﬂ(t,x)Bl,(s,y)>0 =00, ) Te pla—y), (B.21)
dPp e (t+s)p”
a(t. )5 _ gab ip(e—v)
()P (s.)), = 6 [ G, (B.22)
a a de e—(t+s)p2 ip(x—
(6°(t, 2)8" (s, 1)), = 0 b/ 2 p(z—y) (B.23)

In Chap. 4, we calculate flow Feynman diagrams in Appendix D by employing the above Feyn-
man rules. For this, we need the integration formulas in Appendix E.



Appendix C

The ringed flow fields

Unlike the gauge field, the fermion and the scalar fields require the wave function renormalization
even after the flow [15]. The required renormalization factors are regularization-dependent and not
quite convenient for our purpose of a universal representation of composite operators. To avoid
this, we introduce the following “ringed fields”. For the flowed fermion fields, the ringed fields are
defined by [19],

. - —2dim(QG)
(t,z) = (t, ), (C.1)
' anpe (et Pt

t,x

N - —2dim(QG) B
(mp2e2 (xa(t,2) P xa(r,) )

— >
where D, =D, — %H. The factor <)2“(t, x) D x*(t, x)> in the denominator cancels the wave func-

. >
tion renormalization factor of x and y and makes y, x UV finite. The correlator < X(t, ) D x°(t, x)>

in dimensional regularization D = 4 — 2¢ in one-loop level is calculated as [19]

(0 Pre(t,2)
_ —2dim(G)
o (4m)2e2

{(sm)ﬁ +7 4gj)2c2(a) [—‘: — 8In(8xt) — g + 111(432)} } . (C.3)

Similarly, for the flowed scalar field, the ringed variable is defined by [20]

o(t,x) = \/ dim(G) o(t, ), (C.4)

2(4m)?t (1o (t, )" (L, x))

) B dim(G)
¢T(t7x) = \/2(47r)2t (pta(t, x)pa(t, z))

The denominator (¢'*(t, x)¢* (¢, x)) in dimensional regularization in one-loop level is obtained from
calculation of diagrams E01-E07 in Appendix D. The results are summarized in Table C.1. These

ot (t, ). (C.5)
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Table C.1: Contribution of EO1-E07 to (¢4 (t, 2)¢%(t, x)) in units of G _9_c\(@),

2(4m)2t (4m)?

Diagram
1

EO01 (e
2

E02 2 4 4In(87t) + 6
€
2

E03 2 4 4ln(8at) +6
€

E04 —2—-4In2+61n3

EO05 12In2 —-61n3
4

E06 —— —8In(8nt) — 6
€
2

E07 2 4t —7
€

yield
(o1(t, )9 (t,2))
dim(G) 1 g8 2
= —-- ¢ —(8mt)° Co(G) |—— —4In(87t) —3+8In2| » .. C.6
2(477)%{1—6(71-) +(47r)2 2(@) € n(8rt) o (C.6)

In the calculation of the two loop diagrams in EQ01-E07 in the D-dimensional spacetime, we
sometimes encounter the Feynman parameter integrals that cannot be calculated analytically; we
need some trick. For example, in the calculation of the diagram E03, we have following integrations:

4C,(G)dim(G)gj x m
t oS —s)(s+u s+ u)s + s(2t — s)] P/
></0 dS/O du (20 = 5)(s )+(25+—|—1)A e D
and
205(G)dim(G) gj m
Er (26— s)(s + ) + (s +w)s + s(2t — 5))' =P/
X/o dS/O du 2 +u ' ()

First, we re-scale the integration variables so that the structure of possible divergences becomes
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manifest: Equation (C.7) becomes
405 (G)dim(G) gl X ———
? 97 4mP(D —2)

oy T A A LR RN R LR LS

and while Eq. (C.8) becomes
205(G)dim(G)gR X ——
: P amP(D 2

[ s [T aupppp Qo (s s 2o )0 (©.10)

For the first integral, we see that it diverges as D — 4 at s = 0. Since the integral for any D
cannot be computed analytically, we proceed as follows: First, we “model” the singularity in the
integrand f(s,u) by a simpler function g(s,u) such that whose integral can be computed exactly
for and D while the integral of the difference f(s,u) — g(s,u) is finite for D — 4. We can choose

_ [3-D1-D/2 [2(1 +u) + 2]1_D/2.

g(s,u) = T (C.11)

Then, the integral of g(s,u) for D =4 — 2¢ is

1 1

ny & + 2+ 2In(8nt) |, (C.12)

while the finite integration of the difference f(s,u) — g(s,u) in D = 4 can be computed as

/ ds/ dut’—Pst= D/z[(2—s)(1+u)+(;Iz)sﬂz—s)p—m

/ ds dut3 Dg1- p/2[2 (1+u) 421072
0 0 2+u

ifp=4 1 1
(4m)*

(1—6In2+3In3). (C.13)

S
~

In this way, Eq. (C.7) is evaluated as
2
(4m)P(D —2)

/dS/ -2 -ppC A0 ) £ (Lt s (2 0

40, (G)dim(G)g2 x

= 4Cy(G)dim(G) g2 {(41 441t(1 —6In2+3In3) + (41) 4i {1 +2+21n(87rt)”

)
1 1|1
n { + 21In(87t) +3—61n2—|—31n3] . (C.14)
€

= Oy(@)dim(G) g} e
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On the other hand, Eq. (C.8) does not diverge at s = 0 for D — 4 and we can set D = 4 to
yield

/1 s /°° dupi-Dg2-02[2= )1+ u) + (1 +w)s+ (2— )]~/
0 0 24 su
if D=4 %(61n2—31n3). (C.15)

Therefore, Eq. (C.8) is

QCQ(G)dlm(G)gg X m
< s [ auspa-on 200 H (s (2 NP
0 0 24 su
2= 00 (@)dim(G) gR (4;)4 %(6 In2 —31In3) + O(e). (C.16)

Summing these two results, the contribution of the diagram E03 is given by

1 1|1
Os(G)dim(G) g2

0(47T)4¥ z+21n(877’t)+3 . (C.l?)

Other entries in the table C.1 can be obtained in a similar way,



Appendix D

(Flow) Feynman diagrams with
scalar fields

In this Appendix, we present the Feynman diagrams which are necessary in the computations
in Chap. 4. The Feynman rules for drawing and calculating these diagrams are summarized in Ap-
pendix B. The ordinary vertices are denoted by black blobs and the flow vertices are denoted by
white blobs. The wavy lines and the straight arrowed lines indicate the flow propagators for the
gauge field and the fermion field, respectively. The broken lines represent the flow propagator for
the scalar field. The doubled wavy lines, the doubled straight arrowed lines, and the doubled broken
lines indicate the heat kernels for the gauge, the fermion, and the scalar fields, respectively. The
x-marks represent composite operators under consideration.

- s
- -
s s
- -

(a) AO1 (b) A02

Figure D.1
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(a) AO3 (b) A04 (c) A0S (d) A06

(i) B09 (j) B10 (k) B11 (1) B12

(m) B13 (n) B14 (o) B15

Figure D.3
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(a) B16 (d) B19

(e) B20
Figure D.4
(a) CO1 (b) C02 (d) Co4

(e) CO5

Figure D.5
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(a) CO6 (b) CO7

Figure D.6
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(b) D02 c) D03

Figure D.7

(e) D08 (f) D09 (g) D10 (h) D11

Figure D.8
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Appendix E

Integration formulas

In this Appendix, we list some integration formulas that are used in the calculations of the flowed
D
Feynman diagrams. Note our abbreviation, [ = [ 4B for the momentum integration.
P (2m)

—sl? 11 2-D/2
= — 4 E.1
/l e = S (D)
—s2 1 11 2 2—-D/2
— - 4 E.2
/le E= s@mEp 2o (E-2)

2 1 1 4
—sl _ 2-D/2
[ @ = mro—amog (5)
2 1 1
—sl _ —D/2-2

/le l#ll, = 5861“,@(4778) / s (E4)

e 1 1 —P/o_
/le l lp,lulpla = Z((Swjépg + 5/_1‘p§1/0‘ + (S#U(Syp) (471' 5 (4773) D/2 2 (E5)

The first one is just the D dimensional Gaussian integration. The following two are obtained by
integrating Eq. (E.1) by s. For the last two follow from

1
[ e = / F2)26,0, (E.6)
/f l Llyls D+2 /f l2 5,“,(590 + 0uplvo +5M05W1) (E.7)

We have also used the following double integration formula in the calculation of the two-loop
diagrams in Appendix C

efsk27ul27v k+l)2 1 1_D/2
p— - . E-
/k/l 12 (4W)D(D/2_1)(u+ﬂ)(su+uv+vs) (E.8)
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