PHYSICAL REVIEW D 108, 105002 (2023)

Spectral flow in instanton computations and the f functions
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We discuss various differences in the instanton-based calculations of the f# functions in theories such as
Yang-Mills and CP(N — 1) on one hand, and A¢* theory with Symanzik’s sign-reversed prescription for
the coupling constant 4 on the other hand. Although the aforementioned theories are asymptotically free, in
the first two theories, instantons are topological, whereas the Fubini-Lipatov instanton in the third theory is
topologically trivial. The spectral structure in the background of the Fubini-Lipatov instanton can be
continuously deformed into that in the flat background, establishing a one-to-one correspondence between
the two spectra. However, when considering topologically nontrivial backgrounds for Yang-Mills and
CP(N — 1) theories, the spectrum undergoes restructuring. In these cases, a mismatch between the spectra

around the instanton and the trivial vacuum occurs.
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I. INTRODUCTION

This note is meant to clarify certain confusion regarding
calculations of the g function by performing the path
integral around instantons—or more generally, classical
solutions—in theories supporting them. The confusion
arises from a specific relationship between the number
of zero modes and the asymptotically free contribution to
the f function. To provide more details, we present a brief
introduction.

In the 1950s, Landau and his students [1] provided a
general explanation for why all field theories known at that
time were infrared-free (IRF). The sign of the one-loop
graphs, which determine the coupling constant renormal-
ization, is in one-to-one correspondence with the sign of
their imaginary parts. This relationship can be demon-
strated using the Killen-Lehman representation for these
graphs. Unitarity implies the positivity of the imaginary
parts, which inevitably results in the first coefficients in
the f functions being positive, indicating IRF. In four-
dimensional theory, IRF was established in arbitrary scalar
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or Yukawa theories, as well as in Abelian gauge theories
with arbitrary matter, bosonic or fermionic.

For asymptotic freedom (AF) to occur, the first coef-
ficient of the f function must be negative. The first (and
only) theory in four dimensions that has been proven to be
asymptotically free is Yang-Mills (YM) theory, which was
observed in the late 1960s to early 1970s. The reason for
this remarkable phenomenon is the absence of an imagi-
nary part in relevant graphs in unitary gauges, such as the
Coulomb gauge, as illustrated in Fig. 1.

Two Feynman graphs for the interaction of (infinitely)
heavy quark and antiquark probes were calculated for
SU(2) Yang-Mills in [2]. In Fig. 1(a), a pair of transverse
gluons is produced, and this graph has an imaginary part
which can be seen by cutting the loop. As in QED, this pair
produces screening which leads to IRF. In Fig. 1(b), A
similar cut of the loop is impossible since it would go
through the Coulomb line, which is, in fact, an instanta-
neous interaction, leading to the vanishing imaginary part.

. .

(@) (b)

FIG. 1. The dotted lines stand for the Coulomb interaction, the
wiggly lines depict transverse gluons.
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This graph is responsible for anti-screening, i.e., AF. The
former contribution is 12 times smaller than the latter.

The fact that there are two distinct contributions, one
resulting in IRF and the other in AF, is also evident in
covariant gauges, such as the background field calculation.
If we split the SU(2) gauge field as

Ay = Af + ay, (1)

where Aj is the background field and af is the quantum
fluctuation, and fix the gauge of @, by adding to
Lagrangian the gauge fixing term of the form,

1
Egauge = _2_9(2) (Dﬂbabﬂ)zv (2)

together with the ghost fields ¢* term,

1 _
Lehost = —@C“(Dup”)“bcbv (3)
0

where the covariant derivative Dzb is defined as
szb — 5(1170” “rfaCb.Ac, (4)

then the Lagrangian up to quadratic order in quantum
fluctuations—we drop linear terms—takes the form

1
L, ag[n* (D, D) + 2f*“"Fy lay

T2
1 =a a
_z_g(%c <D},’Dy) be. (5)

Computing the effective action we see that there are
different contributions coming from gauge fields and
ghosts running in loops

1 11 4
— __TFa fuwa|__ 4 _— | _ _
Lo = =7 FiuF Lg+8ﬂ2< 8+3>
. 12 M
og————=log—
g 8723 gu
1 1 [822 M 2 M
= ——FaFmwa___ |20 _8log—+=log—|, (6
4= " 82[9% Ogﬂ+30gﬂ} (©)

where M is the UV cutoff scale and y is an arbitrary
renormalization scale. The magnetic spin interaction, rep-
resented by the linear term in ¥, in Eq. (5) [see Fig. 2(c)],
produces an AF contribution to the coupling constant
renormalization. On the other hand, the “electric” inter-
action of the gauge field combined with the contribution
from the ghosts [see Figs. 2(a) and 2(b)], gives rise to an
IRF part that is 12 times weaker. Despite the opposite sign
of the ghosts’ contribution compared to the “electric”

(=

(a) (b) ()

FIG. 2. Contributions to the one-loop effective action: (a),
(b) represent the “electric” interaction of quantum gauge and
ghost fields, (c) presents magnetic spin interaction of the quantum
gauge fields.

contribution, it should be combined with the latter, cancel-
ing the effect of longitudinal modes and preserving only the
physical degrees of freedom.

The same phenomenon takes place in two-dimensional
sigma model, say, CP(1), see Appendix A for details. It is
known that the model is asymptotically free. However, as
we will show below, if we take into account only the
Feynman graph which does have imaginary part, the result
will be IR free. In much the same way as in 4D Yang-Mills,
to make the first coefficient of the f function negative (to
ensure asymptotic freedom) we need to add something else.
In CP(1) this “something else” is the tadpole graph with no
imaginary part.

Thus, in both cases mentioned above the “Landau
theorem” is still valid: if we include in perturbation theory
only the diagrams for polarization operator with non-
vanishing imaginary parts, the f function turns out IR
free. It is the diagrams with no imaginary parts which
convert IRF into AF. For brevity, we will refer to the latter
contributions as extra.

There exist an alternative method of calculation of the
function—using instanton background instead of flat.
Technically, it is more cumbersome but also more instruc-
tive. For the BPST instanton this calculation was carried out
by ’t Hooft in great detail. Needless to say, both methods
give one and the same f function. The instanton calculation
shows that it is the zero mode contribution which is
responsible for asymptotic freedom. Exactly the same
happens in the CP(1) instanton analysis.

It is worth recalling ’t Hooft’s instanton measure
calculation [3]. For the SU(2) gauge field, the measure
takes the form

d*x,d 872\ 4
dping = const x / x(; P (Mp)? <lz)
P 9%

87’
X exp <— ? + Agl + Agh) s (7)
0

where the exponent 87%/g3 is the action of the classical
solution (the instanton), g3 is the “bare” coupling constant
at the UV scale M, which is the Pauli-Villars regulator
mass, and p is the instanton size. All preexponential factors
in (7) come from the zero modes. Furthermore, A, + A,y
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in the exponent represent the bona fide quantum correc-
tions in the instanton background, which take into account
only nonzero modes

2
Ag + Agp = —glog Mp. (8)

The zero modes emerge due to the spin term in (5).
Combining (7) and (8), we conclude that at one loop the
renormalized coupling is given by

87>  8x? 2
———=——8 log Mp + =log Mp, (9)
7)) % 3

which, corresponds to the AF and coincides with (6), as
expected.

Here comes an interesting peculiarity of the last com-
putation. We observe that the anti-screening contribution,
coming from graphs without an imaginary part [Fig. 1(b)],
is given exactly by the zero modes in the instanton
computation.1 The determinant of nonzero modes, on the
other hand, coincides with the “normal” screening con-
tribution given by the graphs in Fig. 1(a), which can be
easily reconstructed from the corresponding imaginary part
(that is in turn positive). It was also observed, although it
was left without an explanation, in [5], that the contribution
of nonzero modes can be computed via a small field
expansion (1) if one disregards the spin-dependent dia-
grams, Fig. 2(c).

A technical reason for the phenomenon occurring in
four-dimensional YM theory is provided by ’t Hooft in [3].
He showed that the nonzero eigenvalues for fluctuations
around the instanton do not depend on the spin. Therefore,
computing the product of nonzero modes is equivalent to
computing the determinant for a 4 —2 =2 component
scalar (remember, we are considering pure YM theory
without fermions).

The above two examples refer to topologically nontrivial
classical solutions. A nontopological instanton (more
precisely, bounce) exists in the Symanzik version of the
A¢* theory (to be referred to as SA¢*). The Symanzik
version differs from the bona fide A¢* by an artificial
change of the sign of the coupling constant A in the
Lagrangian. Thus, SA¢* has no ground state.

However, in the Euclidean space it does have the Fubini-
Lipatov instanton. The nonphysical nature of Si¢* is
irrelevant in perturbation theory near ¢p = 0. The one-loop
graph for 1 renormalization is unique and has one and the
same positive imaginary part, both in A¢* and Sig*.
However, artificially changing the sign of the tree A¢*
vertex we reverse the running law of the renormalized

"This fact is especially remarkable for supersymmetric theories
[4], where nonzero modes’ contribution is absent, therefore, the
zero modes provide the full result.

coupling, from Landau’s IR freedom to AF. This is a “fake”
asymptotic freedom, though.

Comparison of the calculations of the f function in the
flat and FL instanton backgrounds reveals this fact
unequivocally—there are no extra contributions and FL
instanton zero modes play no special role. The conceptual
difference is due to the fact that in SA¢* one can see that the
spectral flow is continuous in passing from the flat back-
ground to that of the FL instanton.

So far, the calculation of the S function in the FL
instanton background was not carried out. Although it was
analyzed many times, in works [6,7] and others the A
renormalization in these analyses is just taken from the
perturbation theory over the flat vacuum. The calculation
we perform below is the first one performed in the FL
instanton background.

Our study was initiated by observing the difference in the
relationship between the zero modes and beta functions in
the case of the Fubini-Lipatov (FL) instanton compared to
the BPST and Polyakov-Belavin CP(1) instantons. We
discovered that this difference arises due to the nontopo-
logical nature of the FL instanton.

Before concluding the introduction let us make two
remarks. The most transparent way to trace the spectral
flow is through introduction of massless fermions. The
external anomaly in the divergence of the axial current
serves as a detector of level crossing. The chiral anomaly is
present in Yang-Mills theory and in CP(1); on the other
hand there is no analog of this phenomenon in A¢*.
Moreover, if we supersymmetrize the theories under con-
sideration, all nonzero modes cancel each other in the
instanton background—zero modes fully determine the
function.” This is explicit in Yang-Mills and CP(1). It is
important to realize that SA¢* cannot be supersymmetrized
(as opposed to “normal” A¢* which can be supersymme-
trized but has no instantons.)

Our second remark concerns three-dimensional Yang-
Mills theory in Euclidean space (equivalent to static
Georgi-Glashow model). As was noted by Polyakov, it
has instantons usually referred to as monopole instantons in
this context.” They are topologically nontrivial solutions
and do have zero modes. However, the theory is super-
renormalizable and regularized in IR by the vacuum

“By introducing Dirac fermions and observing the presence of
an external chiral anomaly in the given background, we can
determine the index of the Dirac operator. If the index does not
vanish, it indicates the appearance of extra fermion spectral
modes in the topologically nontrivial background. Upon super-
symmetrization and given the background field preserving at least
a part of the supercharges, the extra fermion zero modes will be
accompanied by extra boson zero modes. In logarithmically
renormalized theories, the boson zero modes will exhibit asymp-
totic freedom (AF), while the fermion modes will contribute to
infrared freedom (Landau zero charge).

In fact, the monopole instantons lead to the Polyakov
confinement in 3D.
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expectation value of the scalar field.* There is no bona fide
running in the UV too.

The organization of the paper is as follows. In Sec. II,
we address the A¢* theory and explain how the
Fubini-Lipatov (FL) instantons contribute to the analysis
of the f function. To do this, we compare the instanton
computations in this theory with well-known examples
such as the BPST instanton in YM theories (see
Refs. [4,5]) and the Polyakov-Belavin instanton [8] in
the two-dimensional CP(1) model (see Appendix A). A
key feature of the latter spectra is the emergence of zero
modes in the instanton background that are treated as
“extra” in the sense explained above. The necessary
condition for the generation of extra modes is the
nontrivial topology of the instantons under considera-
tion. The FL instanton is, on contrary, nontopological.
We demonstrate that in this case there are no extra
emerging modes. The spectrum in the flat vacuum is
continuously deformable into that in the FL instanton
background. There are no nondispersive graphs in Si¢*.

To this end we discretize the spectrum of the
eigenmodes in the FL background by putting the theory
on a sphere, which is the simplest and most transparent
way of discretization for the problem at hand. This is
discussed in Sec. III. Our conclusions are summarized in
Sec. IV. Appendix A highlights the similarities between
the instanton calculations of the g functions in four-
dimensional YM theory and the two-dimensional sigma
model. Appendices B and C provide some technical
details.

II. SETUP

We are studying an O(N) invariant Euclidean scalar field
theory in d = 4 dimensions

L= %(6(]50)2 ~R@2P a=1..N. g>0. (10)
Despite the negative potential, this theory is well
defined perturbatively, meaning that there are no insta-
bilities arising at perturbative level. At the same time
such a nonstandard choice of the coupling leads to an
interesting feature of the theory, it is asymptotically free
[9]. There are several ways to compute the f-function,
for instance, using Feynman diagrams. For our pur-
poses, though, it is more instructive to show explicitly,
how to find the one-loop f-function by computing the
effective potential.
Expanding fields around a nontrivial profile

¢N:¢O+¢N7 ¢a:(pa’ a#N, (11)

*Note that chiral anomalies are only present in two and four
dimensions, as there is no chirality in three dimensions.

OO0

FIG. 3. Divergent graphs for the determinant computation in
external field.

leads to (we tacitly assume the presence of necessary
sources)

1 1
S:S0+/d4x|:§<()(ﬂ1v)2+_

g
2 (a(pa)z - ZO 45%(/)[2\]

D] azw (12)

As a result the effective action becomes

1 2
Flgo] = So + 5 Tr log {—az - 907‘1’0]
— 2
+N 1Tr log {—62—907%} (13)

Computing determinants is tantamount to summing all one-
loop graphs in external field.

Only the first three graphs in Fig. 3 are divergent. When
considering a constant background ¢, = ¢., the compu-
tation becomes straightforward. However, it is necessary to
regularize determinants. We introduce Pauli-Villars regu-
lators @, ,—three regulators for each ¢, (including a = N),
with statistics ¢, ; and masses M, ; (where i = 1, 2, 3). We
choose the same masses and statistics for any index a and
denote them as M, ; = M; and c,; = c;. Consequently, the
regulated effective action is given by

4
Trlo] = - / d*x g(fc

——Zc Tr log < 0? — 9o —|—M2)

1
+§Tr log( - — 90;]%)
-1
— E ¢;Tr log (—62 9o +M2)
N-1 Y] 9045%
+ Tr log | —0° — c ) (14)

Using the fact that
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A d*k
= " log (R + m?
1(27[)4%( + )

1 1
=—— ¢ A*( log (A? 2) —=
327:2{ <Og< o) 2)
1
—ﬂ4<10g (ﬂ2+m2)—§>
A2 2
+ m?(A? = p?) — m* log ﬂ} (15)
U

2+m2

and taking the A = oo limit we arrive at (for y > g¢? and
omitting finite terms)

er[cbc]z/d“x[—‘%(ﬁé1 (1+ 0 N+810gA:>

4! 327 3

+ byM* + szzgfﬁ%} ; (16)

where b, and b, are numerical constant and we used that

Zcizl, ZC[M%ZO, ZciM;‘:O,

log Mdéchi log M;. (17)

The terms proportional to M* and M? are absorbed in the
cosmological constant and mass counter terms. The log M
dependence means that the renormalized at a scale p
coupling is given by

g N+8 M
— g 14+ -2 P 0e ), 18
glu) go< el 3 0gﬂ> (18)

which corresponds to asymptotically free behavior

g N+8
167> 3

By(9) = (19)
Fubini-Lipatov instanton There is a classical solution
[10,11] in this theory

/3 p
= =44|————,
¢N ¢FL 90F2+P2

which is called the Fubini-Lipatov instanton (in fact it is a
bounce). Similarly to Yang-Mills theory, parameter p is the
size of the instanton, which is not fixed classically. When
computing the path integral around this configuration, that
we schematically denote as

¢i:O7 l?éNv (20)

IFL = /D(pe_s[qﬁll‘l’(/)]’ (21)

one should be careful, for there are several zero modes.
Namely, there are five zero modes corresponding to the

broken space-time symmetries. Classically, the Lagrangian
(10) is conformally invariant, which means that the
instanton not only breaks translations but also dilations.
Additionally, there are zero modes associated with the
breaking of the internal symmetry SO(N) — SO(N — 1),
with a total of N — 1 such modes. Furthermore, there is one
negative mode with eigenvalue A_. By factoring out these
modes, as usual replacing the zero modes with integration
over moduli dX, the regulated integral becomes

(M2 +2_)c ¢
Ip = / \/@ "XHMEN*‘” ‘exp{—Txl¢rl}.

(22)
with
1 go(f’er
TrldrL] = /d4x > (0prL)?
2 4!
1 2
- EZC"Tr log ( o 9091 + M%)
+=Tr log (—(32 go(g”)
N -1
- TZC"Tr log < & 90Pr1 + M%)
N — 2
+ Tr log (—02 - go(ﬁ%) (23)

This expression illustrates the point we discussed in the
Introduction. If we were to assume that the leading log M
behavior of (23) could be obtained by neglecting the spatial
dependence of ¢, (x), we would arrive at an expression
identical to (16). However, there is an additional contri-
bution to the log M dependence arising from the zero and
negative modes in (22). Therefore, this naive treatment
would fail to yield the correct result in (19). Consequently,
we need to exercise more diligence when computing
determinants around the instanton background. In the next
section, we discretize the spectrum by putting the theory on
a sphere.5 This will enable us to accurately perform the
necessary computations.

III. MAPPING ON A SPHERE

We find it beneficial to temporarily keep the number of
dimensions d general. Our theory can be obtained from the
following (Euclidean) Lagrangian on R?

>This approach is similar to what is done in [3] for Yang-Mills
theory and in [12] for the CP(1) sigma model. Mathematically, it
means that we appropriately choose the measure with respect to
which eigenfunctions are orthogonal.
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_ 1 2 9o 23\ 2+4a(d)
4—d
a(d) = FEL g0 > 0. (24)

The Fubini-Lipatov instanton in this case can be written as

. [d@=2)_(2d \TF( p !
w=on= [N (G)] 75)

$.=0. a#N. (25)

For each single choice of p, using the power of conformal
invariance, we put the theory (24) on a sphere S? by
employing the standard stereographic projection

0
+xi=p cotfd. (26)

x% + o e
To simplify notations we will set p = 1, which can be easily
restored simply using dimensional analysis. As a result the
theory becomes

si= [ dszd[ (v + 2422 g
-G j——Z(x) ((/,g{)zw(d)}, (27)

where integration runs over d-dimensional sphere with
volume
2 ld+1)/2

Q)= T%l)' (28)

In this case the instanton is just the maximum of the
potential

dd-2 2d \ 1%
ay=oh = [NT(25)]

$. =0, a#N (29)

which is clearly in agreement with (25).

It is beneficial to first compute the effective action for an
arbitrary constant profile. Expanding the action we get at
quadratic order

{d(d 2) g

Salge + o] = &G TI(5+ 2a)

¢4+2a(d):|

1 1
+ de|: (Vooy)? E(tha)2

mn*(d m?(d
+ I D g0 g (30)

where a # N and ¢ .- and d-dependent masses for fields are

_d(d-2) _ gps

T d+2
4 r(53)

(31)

_d(d-2) gt

Ty

(32)

Using that eigenvalues of the Laplacian on a d-dimensional
sphere are give by

Jo(d) = (¢ +d—-1), (33)

we find the spectrum
Ae(d) = J o(d) + my (). (34)
Ae(d) = T o(d) + mi(e). (35)

with multiplicity

6 +d-1)(£+d-2)!

veld) = A(d—1)!

(36)

Pauli-Villars regularization leads to the following expres-
sion for the effective action

Laldpe] = Sald]

%i d) [logZ,(d) + (N = 1) log A,(d)]
/=0
-5 Zc,- i v(d)[log (A,(d) + M?)
F
+ (N = 1) log (4:(d) + M7)]. (37)

By defining

oulate) =3 3 veld){logli (@) +

=t

- Zc,- log [J,(d) + a + M,?]}, (38)

we can rewrite the effective action as (neglecting finite
terms)

Fd[¢c] = de)c] + Ud(ﬁ/li’ l’ﬂ()) + (N
£o—1

—Nlog M v(d). (39)
=0

— oy(m2. ¢p)

Clearly, (39) should not depend on ¢, because it was
introduced artificially by splitting the sum of eigenvalues
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into the bottom #;; modes and the rest. This split is meant
for illustrating that the final result does not depend on
whether we treat the zero modes separately or not.

The divergent part of (38), which we are interested in,
can be computed using the Euler-Maclaurin summation
formula, giving

—-4) 29
oy(a,ty) = byM* + byM* — {%-F%} log M
1
Using that
o (26 +d=2)(f+d-2)!
;”f(d) - d\(£—1)! - (D

we see that, indeed, £, dependence of the effective action
disappears and we obtain

872 Gor* N+8 g
N 4 2

90

We conclude that, as before, the renormalized coupling is
given by (18). Therefore, the beta function is the same as
in (19). Other terms can be absorbed into renormalization of
operators involving the curvature and cosmological constant.

Computing the path integral around the instanton con-
figuration in this case is not technically different from
computing the effective action for a constant profile. The
only complication, compared to R¢, arises from the presence
of other operators contributing to the log M dependence, as
we can see from (42). Evaluating the effective action on the
instanton background (29), modulo polynomial terms, we
have

1672 N +8 N
s, | =—————log M +—log M 43
s[PyL] 7 3 o8 + % og (43)

It is evident that the coefficient in front of log M does not
correspond to the coupling renormalization. To circumvent
this minor issue, we observe that the problematic term in (42)
is not field dependent. Therefore, normalizing the determi-
nant to that of the trivial background would resolve the
problem. Physically, this procedure corresponds to calculat-
ing the relative free energy, similar to what was done in [3].
Simple computation reveals

1672 N+38
Ty[pyr] —T4[0] = 2 Tlog M,  (44)
0

which can now be used to find the beta function.

IV. DISCUSSION AND CONCLUSION

To analyze the result let us take a closer look at the
structure of our computation. The fluctuations around
the Fubini-Lipatov instanton for N = 1 are encapsulated
in the following preexponential factor

det' (My + M?)
_ 6
PrL _/dXM [ det’ M

det MO 1/2
det (MO + M2) ’
(45)

where M, and M7 are the corresponding differential
operators around the trivial profile and the Fubini-Lipatov
instanton, respectively. It is important to note that this
expression is only schematic, for it neglects the presence of
several regulator fields. Nevertheless, it serves to illustrate
what is going on.

As we can see, there are two sources of the UV cutoff
(M) dependence of the preexponential factor. The first
contribution, M°, arises from the zero (and the negative)
modes, while the second contribution comes from the ratio
of products involving only the positive modes.

det/ M?)]1/2
€ (MI + 2) (46)
det (MO + M )
As a result the relevant part of (45) is given by
det' (M7 + M?)]1/2
Rpp =M |———=— = 47
FL [det (M, + M?) (47)

The ratio of determinants should be understood as the ratio
of products with a common cutoff. Namely,

det' (Mg + M?)
det (Mo + Mz) B

Sy G + M)
o () M

(48)

The mismatch in the number of modes in the numerator and
denominator (products starting from # =2 and ¢ =0
correspondingly) is precisely compensated by the M°
factor. Indeed, with one # = 0 mode and five £ = 1 modes
we have

1
TT (A2 + M2yl = (23 + M) 2 (A9 + M?)3/% ~ MC.
=0

(49)
Hence, with log M precision we get

Poo (A7 + M2)er
Peo (A + M2)el2

Ry = (50)

The above consideration demonstrates that the spectral flow,
when moving from a trivial background to the instantonic

one, supports the continuity of levels. No new levels appear;
instead, a few low levels from the trivial background shift
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downwards to become zero or negative modes. However, this
is not always the case for all theories. In the case of YM
theory and the nonlinear CP(1) model, the zero modes
around the instanton are genuinely “new,” meaning they do
not have counterparts in the spectrum around the trivial
background. As a result, there is no one-to-one correspon-
dence between the modes as in Eq. (50).

When all modes are paired as in Eq. (50), the
M-dependence can be easily determined by analyzing the
asymptotic behavior of the products. In particular, if we are
interested in the log M contribution, it is sufficient to
identify the terms proportional to #~! in the summand
(see Appendix B)

%uf log AZ°. (51)

Let us return to three-dimensional Higgsed YM (more
exactly, the Georgi-Glashow model), where, as was
mentioned in Introduction, one can consider instanton-
monopole as a background field. This three-dimensional
example has no infrared problem since all physical fields
(except “photon”) acquire masses. Since it is superrenor-
malizable, it has no scale anomaly. If we added fermions
there would be no chiral anomaly too since chirality is not
defined in three dimensions. We expect that studying the
structure of the level flow we will see that the spectrum in
this model is similar to the one around the FL instanton: no
extra levels appear in passing from the flat vacuum to the
instanton background. An indirect indication of the essen-
tial difference between the spectra is the fact that the BPST
instanton in 4D and the Polyakov-Belavin instanton in 2D
can be supersymmetrized leading to complete cancelation
of all nonzero modes. The FL instanton cannot be
embedded in any supersymmetric model.

The final comment concerns performing computations
directly in flat space. There is no conceptual obstacle to
evaluating Eq. (47) without mapping the theory onto the
sphere. However, it should be noted that, in general, this
computation does not simplify to merely computing the
effective potential around a constant background and then
evaluating it on the instanton. The coordinate dependence
of the instanton background necessitates computing the
effective action, rather than just the effective potential. In
four dimensions, due to a peculiar feature—at one loop the
field ¢ is not renormalized—only one operator (¢*) in the
Lagrangian receives log M corrections. Hence, the full
log M dependence can be extracted from the effective
potential. However, it is easy to see that evaluating only the
effective potential in six dimensions leads to incorrect
results (see Appendix B).
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APPENDIX A: CP(1) SIGMA MODEL

In case of CP(N — 1) the N-dependence of the one-loop
beta function is just a simple proportionality to N. So
consideration of CP(1) sigma model (N = 2) is sufficient
for our purposes.

The model in question is given by the following
Lagrangian in two-dimensional Euclidean space

Introducing complex coordinates
7= Xo + ixy, 7= Xy — ixy, (A2)
it is straightforward to find the instanton solution
a
o= (A3)

with a and b complex parameters. Thus, there are four zero
modes. As a result the instanton measure is given by

47\ 2 4
dXcp = const x /Jza d*b M* (—Z) exp (——7; + A’) ,
9 90

(A4)

with A’ representing the contribution of nonzero modes,
see [12],
A'=-21log M. (A5)

Collecting all log M contributions we get that the renor-
malized coupling becomes

dr  4rx

—=——4log M +2log M.

7 %

We would like to compare this with the usual perturbative
computation around the trivial background. To this end we
turn to the one-loop calculations given in the Appendix C
of Ref. [13]. Referring for details to [13] let us note that
there are two pieces of one-loop addition the original
Lagrangian (A1), see diagrams in Fig. 4.

(A6)
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(a) (b)

FIG. 4. One-loop diagrams in the effective Lagrangian: (a) tad-
pole and (b) dispersive. The bold blobs refer to the full CP(1)
Lagrangian, external lines are not shown.

The first one produced by just a tadpole, Fig. 4(a), has
the form

6pp 2 11 M
(1+ ¢ o

A‘Ctaldpole = 0}4(}0}4¢ 1+ &54) Z 4

(A7)

where M denotes the regulator mass—upper cut-off in the
loop integration—and u denotes the normalization point—
the lower cutoff in the loop integration. The second piece
comes from from the dispersive loop, Fig. 4(b), where two
vertices are connected by two propagators,

499 ]ilog%. (AB)

A‘Cdispersive = dﬂ(ﬁaﬂqb [—W o

The sum,

‘CCP + A'Ctadpole + A‘Cdispersive
1 0,40, [4 M
= _M [—”— 2 log—},
2z (1 + ¢)

demonstrates the AF result for the one-loop running of
coupling. But we would like break it into tadpole and
dispersive part to have an analogy with the instanton
derivation. To this end let us extract the operator
0,40,d¢, which refers to the scattering amplitude, from
(A1), (A7), and (A8). Then we get

(A9)

.- - [4 M M
——0,00,ppb |~ — 4 log— + 2 log— (A10)

T 9 H H
in clear analogy with the instanton breaking in (A6) into
zero and nonzero modes contributions.

Mapping the theory on the sphere S?, we can establish
that the spectra of positive modes around the instanton and
the vacuum are given by [12]

=7(¢+1) -2,

£=23,... (All)

and
/1(} =/7(¢+1),

£=12,..., (A12)

with multiplicities

vy =206 +1). (A13)

Furthermore, there are four (not six) zero modes around the
instanton background. Therefore, computing the analogue
of (50) leads to

R M4 Hf 5 (/11 +M2)2f+1
Hf 1(’10 +M2)2f+1

— MAM6 H C; i ;‘;’2) MH, (A14)
Now using that
(2¢ +1) log [f(f+1)+a]ffm'--+27a+~'-, (A15)
we conclude

Rep = M*M~M* = M?, (A16)

consistent with (A6).

APPENDIX B: THE HARD CUTOFF
REGULARIZATION ON A SPHERE

In this case in order to find the effective action (37), we
simply truncate the product at a certain large value £ = A
and omit the contribution from regulators

Laldpe] = Sald]

A

Z d) [logA,(d) + (N

—1) log 4,(d)].

(B1)

To find the divergent (in A) part, we expand the sum
above for large . Let us focus on the case N = 1.
Evaluating the sum in (B1) leads to the following expres-
sions in d = 3, 4, 6, where we write explicitly only the
log A terms, giving other coefficients schematically,

3
Talde] = Sslgol + ) - Tad+ilog A, (B)
Lile] = &%+ZwM1¢% A2
1 2 4
+ (3 42;) > log A, (B3)
4
Tslpe) = Ssldpol + > ar* +
k=1
g gh

105002-9
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Several comments are in order. First, the presence of all
powers of A is an illustration of the fact that the cutoff
regularization breaks diff invariance. Otherwise powers of
A would be only d, d—2, d—4 etc. Second, as is
evidenced by different powers of ¢,., there are multiple
contributions to the log A coefficient. Moreover, in three
dimensions (and formally in any odd number of dimen-
sions, although for d # 3 those theories cannot be formu-
lated perturbatively around a trivial vacuum), this
coefficient does not correspond to (¢?)3, which is in
one-two-one correspondence with the vanishing beta func-
tion at one-loop order.

In d = 4 using that

87 gop?
] =2 - —Z¢€ B
Silp] = g2 -2 (B5)
the coupling should be substituted by
39
=gl14+-—=5log A |, B6
IR g( + 62 08 ) (B6)

which correctly reproduces the running. Including also
N — 1 transverse modes, we get

Cylde] = Salpe] + -

1 N-1 1¢¢* N-15¢
+<§+ . lgge g(h)logA’

2 4 18 4!
(B7)
leading to
N+8 ¢
= B8
ﬂ4(g) 3 1671'2 ( )

Imagine that we computed the effective action around the
instanton background® we would obtain

167> N+38
F4[¢;]=7”+Nlog A-

log A, (B9)

which does not reproduce the correct running of the
coupling. Clearly, the reason for this discrepancy is the
second term on the right hand side of (B9), which didn’t
come from g¢? operator. In this case an easy fix is to
compute the ratio of determinants around the instanton and
the trivial background (relative free energy). Then we
would get

162> N +8

Y T g A,
3 08

Laldpr] = T4[0] (B10)

We neglect for the moment the existence of zero modes. As
usual, those get converted into integrals over moduli.

which is correct. The reason is that even though there are
other dimension 4 operators, namely, R? and ¢*R, that can
potentially contribute to the log A term in the effective
action, only one of them, namely R appears in (B7).’
However, in general, this procedure will work in a more
sophisticated way.

For the d = 6 case (only N =1 is considered), we see
that the operator ¢*R does contribute to the log A part
in (B4). Keeping only the log A terms and the bare
potential, we have

2
_ 2 g
Ce[go] = Q6 [3450 (1 + 384,80 log A)
_9h

3!

2
g 3
1 log A)| +log A (BIl
<+647r30g )}Jrloog (B11)

it is clear that the divergent part in ¢>R is removed by
introducing a counterterm for the wave function renorm-
alization

2 g 1 2 g 2
—(1+ L " og A} = (1 log A ) ¢?.
R < 12020, ¢ )‘/’ < T 3gan 8 >¢

(B12)

Combining it with the log A contribution coming from gzqﬁg
term leads to the following redefinition of the coupling

7
gR:g<1+ 10g/\> <1+

38473

-3/2
= log A> . (B13)

corresponding to the beta function
3

25673

Pe(g) = (B14)

If we were to compute the relative effective action directly
as before, we would get

76873 347
=Tl = "o (1- 5 shoe ). (B15)

consistent with (B14).

APPENDIX C: THE HARD CUTOFF
REGULARIZATION ON A PLANE

For illustrative purposes, we also include here the
computation performed directly in flat space. Let us denote
by f,.(r) and f, ,(r) the eigenfunctions corresponding to
the positive eigenvalues 4, , and ;1,1,/

"The reason is that the relative coefficient between the kinetic
term and @’R is fixed by conformal invariance, therefore, since
there is no wave function renormalization at one loop, the
coefficient in front of ¢>R is not renormalized as well.
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3 4 f—|—2 9>
- ’,:,,1—; T ( )fn/l Ff 2 =Mefns  (C1)
4 f—l— 2 g%
fnl__fn/1+ ( )fn/l_—fn/l_ nffni' (CZ)
Introducing new variables
Xnt 7 )(n 4
fn.f:r3/27 fnf 3/2’ (C3)
we get an equivalent system of equations
£(¢+2)+3/4 9>
_)(Z,i + %){n.ﬂ - TFZn,/l = /In,t’)(n,ﬂ <C4)
. £(6+2)+3/4 9PF . 5
~Tna %){n = Ty = IniCnse (C5)
r 6
As a result we have for the integral
N-1
Ip= /l l/zdﬂ e—l6ﬂ2/g Hl_l/z <H . ﬁz;lfﬂ)
nt,m o
(Co)
:/ﬂ:l/zdﬂe_lﬁﬂz/g
d2 £(6+2)+3/4 gpr\ )2
det —_— ==
* H < r? 2
d2 f(f+2)+3/4 g% (#)(N-1)/2
r 6
(€7)

The radial determinant can be computed using the Gelfand-
Yaglom method. Namely, using the following formula for
the ratio of the two determinants

with F;(r) the solutions of

A2 ) 4+ U, Fi() = 0.

—F(n) + 5

(€9)

with the following boundary conditions F (&) = F,(¢) =
0 and F(¢) = Fy(e) = 1.
For the case at hand, we normalize with respect to the

determinant without any potential. Doing that leads to

) _det[ d2+ (f+z)+z/4 g(%;} -

T e [_dd_+w} NEPIEDX

(C10)
and
det [ £ (f+2)+3/4 @} p
R() = = , (C11)
det { £ 4 <f+2>+3/4] 42
allowing to rewrite the integral as
1672

Ip = det(—dz)‘N/z/ﬂZ'/zdu exp [——
g

—%Zv( Zv log Ry (¢ ]
7

(C12)

) log Ry (¢

Expanding summands for large £ as (see [14] for more)

3

Eu(f) logRN(f)f: -3/-3- 7 +0(£7%), (C13)
and

! (¢) logR(¢) = —¢—1 i+ o(r™2), (C14)

2’/ 08 f—_>oo 37 ’
and using the cutoff L, we conclude that

2\-N/2 [ 4172 167°
I = det(=0*)~N/? | 222du exp |-
N +38
e L+ byL? + blL} . (C15)

Thus, we indeed reproduce the running of the coupling

1622 N+8 1672
og A = .
g 3 9r

(C16)
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