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Abstract

We consider the partition function for Euclidean SU(N) super Yang-Mills on a squashed
seven-sphere. We show that the localization locus of the partition function has instanton
membrane solutions wrapping the six “fixed" three-spheres on the S7. The ADHM vari-
ables of these instantons are fields living on the membrane world volume. We compute
their contribution by localizing the resulting three-dimensional supersymmetric field
theory. In the round-sphere limit the individual instanton contributions are singular, but
the singularities cancel when adding the contributions of all six three-spheres. The full
partition function on the S7 is well-defined even when the square of the effective Yang-
Mills coupling is negative. We show for an SU(2) gauge theory in this regime that the
bare negative tension of the instanton membranes is canceled off by contributions from
the instanton partition function, indicating the existence of tensionless membranes. We
provide evidence that this phase is distinct from the usual weakly coupled super Yang-
Mills and, in fact, is gravitational.
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1 Introduction and summary

The gravity duals of nonconformal gauge theories can lead to new insights on both sides of
the correspondence. The duals of maximally supersymmetric gauge theories in flat p + 1 di-
mensions were first found by taking the near horizon limit of a stack of Dp branes [1]. Except
for p = 3, all such gauge theories are nonconformal. In order to make direct quantitative
comparisons between the gauge theories and the supergravity duals, it is helpful to put the
theory on a Euclidean sphere. The first direct check was made in [2], where the authors found
a consistent truncation of five-dimensional gauged N = 8 supergravity which correctly re-
produced the free energy of N’ = 2* SU(N) gauge theory on S* at large N and large 't Hoof
coupling [3-7].

Recently, further progress was made on gauge theories that preserve a maximal amount of
supersymmetry in dimensions other than four [8,9]. In [8] the supergravity duals, including
their ten-dimensional uplifts, were constructed for theories sourced by a stack of Euclidean
spherical p-branes for 1 < p < 6. The spherical branes have Euclidean SU(N) gauge theo-
ries living on them, so presumably the supergravity solutions are the gravity duals for these
gauge theories on SP*!. In [9] the free energies and expectation values of BPS Wilson loops
were computed using localization and were shown to match at strong coupling with the corre-
sponding quantities derived from the supergravity solutions in [8], up to possible identifiable
counter terms.

The most intriguing result was the p = 6 case, where the gauge theory is on S’ with radius
R. Seven turns out to be the largest dimension where one can preserve the supersymmetry
on the sphere [10,11]. Here the “strongly" coupled gauge theory corresponded to taking the

3 .
gflf = gf—N from +o00, which corresponds to the true weak
YM

coupling limit, through the normal strong coupling point at Agflf = 0 to the negative side.
The match with supergravity then occurs as )Lgflf — —o9, if one also analytically continues
the supergravity solution such that the dictionary flips the sign in the relation of the string
coupling to the Yang-Mills coupling.

A negative coupling is usually ill-defined in a gauge theory, but a similar phenomenon
occurs in five dimensions which has a well understood physical interpretation [12]. Consider
an N =1 SU(N) gauge theory in five dimensions with an adjoint hypermultiplet with mass
M. In this situation the gauge coupling is renormalized to

2 2
A 3w, (1.1)
&mv 8o

where g, is the coupling that appears in the bare Lagrangian. If we take M — oo then the

inverse effective 't Hooft coupling A

2
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hypermultiplet decouples and we have a pure A/ = 1 theory at energy scales much lower than
M. As one varies M, one can tune g, to keep gy fixed. Even with a positive g,, we can
tune gy to be negative. To probe the phases of this theory it is more appropriate to consider
the effective coupling g%, = gz),E, where E is the energy scale. The SU(N) gauge theory

flows to one of three different phases: the normal weakly coupled phase where - — ©o;
eff

the UV fixed-point phase at g% = 0,! where effective field theory breaks down and there is
eff

a nontrivial superconformal field theory (SCFT) [12, 14]; and a different field theory phase

at - — —oo, which could include five-dimensional Chern-Simons theories [15, 16]. For

exarenffple, for an SU(2N) gauge group at weak negative coupling the theory is equivalent to
an SU(N)y x SU(N)_y x SU(2) theory, where the SU(N) theories are pure Chern-Simons at
levels =N, and the SU(2) is an ordinary weakly coupled Yang-Mills theory. One thing that
distinguishes the different weak coupling phases are the massless particles. In the positive

. . . . 2
coupling phase the theory has massless W-bosons and instanton particles with mass m; = z%.

In the negative coupling phase the instantons are massless and exchange their role with soge
of the W-bosons.

Like this five-dimensional example, the gauge coupling of seven-dimensional SYM runs
linearly with the scale. Hence, the A¢¢ relevant for the localized partition function as well as
for the gauge-gravity dictionary is related to the bare coupling g, by

1 R3 R3 ng

Aoes l = - ~ 0 (1.2)
eff g%MN ggN 24

where ny > 1 is a cutoff of the spherical harmonic modes. Cutting off these modes corresponds
to imposing a UV cutoff A, which we can relate to ny by ny = AR. The cutoff A could represent
the string scale or an eleven-dimensional Planck scale. As in the five-dimensional example,
the effective coupling can be negative for various ranges of the parameters, even assuming a
positive bare coupling.

However, unlike five dimensions, the sign of the effective coupling can depend on R for
fixed g, and A, since their contributions in (1.2) come with different powers of R. This means
that Aes¢ ! = O cannot be a UV fixed point since the position of the zero is R dependent.
Of course, this is a good thing since seven-dimensional SCFTs do not exist [17]. We then
essentially have only two phases, the normal weakly coupled SYM as A;I}f — 00, and the
more mysterious phase as A;flf — —o00. Any consistent UV completion of the gauge theory
is expected to include gravity, and the main outcome of this paper suggests that the phase at
Agflf = —o0 is also gravitational. This is in line with the prediction by Peet and Polchinski that
there are two distinct phases for SYM in seven dimensions, one of them being gravitational
[18]. The relation in (1.2) shows that while the Agflf < 0 phase is at a higher energy scale
than the normal weak coupling phase, we can still reach this phase at a scale well below the
cutoff A. In fact this condition is required in our analysis.

We can analyze these different regimes by studying the localized partition functions of the
gauge theories on spheres, where the different phases are smoothly connected. For instance,

one can study the five-dimensional SCFTs by setting ng = 0 in the localized theory, as was
eff
done to great effect in [19]. Likewise, one can study the phase at weak negative coupling by

looking for the emergence of massless particles which are distinct from those in the normal

weak coupling phase. In the five-dimensional gauge theories these are the instantons.
Localization reduces the functional integrals to matrix integrals whose integrands de-

compose into a classical, a perturbative, and a non-perturbative contribution. For the five-

IThe term “UV fixed-point" is somewhat of a misnomer. A more proper way to think of it is as a nontrivial IR
fixed point that has the Yang-Mills Lagrangian as a relevant operator (c.f [13]).
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dimensional theory on a squashed S°, the non-perturbative contributions come from the world-
lines of point-like instantons that extend along circles fibered over the fixed-points of a two-

dimensional complex base. At weak positive coupling these contributions are suppressed by

42
factors of exp (—% 2nR
&m @i

), where R is the radius of the S°, n ; is the instanton number, and

w; is one of the three squashing parameters. This is the world-line contribution for n; instan-
ton particles with mass m; on a fixed circle. If g%M is large and negative, then the instanton
contribution appears to be exponentially enhanced. However, to see the emergence of the
massless instantons one needs to consider the contribution of the Nekrasov partition function,
which is derived from the quantum mechanics of the ADHM variables. Here one finds that
the negative instanton mass is canceled off by an exponentially suppressed piece from the
Nekrasov partition function, leaving a contribution one would expect from a massless particle.

In this paper we show that a similar phenomenon happens for supersymmetric Yang-Mills
on S’. If one examines the perturbative contribution to the partition function, one sees that it
has qualitatively the same behavior as in our five-dimensional example. One can then ask if
there is similar behavior when it comes to the instantons when crossing from positive to neg-
ative inverse coupling. Of course, in five dimensions the usual co-dimension four instantons

. . . . . . . 2
are particles while in seven dimensions they are membranes with tension T; = ;‘%, so the

seven-dimensional case will not have instantons and W-bosons exchanging roles. Yﬁowever,
one might still expect a cancelation of the negative tension of the membranes from the ana-
log of a Nekrasov partition function once the threshold between positive and negative inverse
coupling is crossed. We will show that this is precisely what happens.

In order to regulate divergences it is necessary to consider the squashed sphere and then
take the round sphere limit. The instanton contributions come from six S® subspaces of the S”.
In the round sphere limit the S7 is familiarly written as an S! fibration over a CP® base. The
six S® subspaces are the S! fiber over six CP! subspaces of CP. For each S® the instantons are
point-like on the co-dimension four space transverse to the S3. Hence, their contribution to
the partition function will be as a three-dimenisional field theory for the ADHM variables. The
structure of the instanton contributions are similar to the four- and five-dimensional cases [20,
21] and contain a sum over colored partitions represented as sums over Young tableaux. The

. . . 2
various terms in the sum each come with an overall factor of exp (—EZLVOI(S'S)HI), where n;
YM

is the instanton number and vol(S®) is the volume of the S3. Like the five-dimensional case,
when the inverse coupling is large and negative this exponential enhancement is canceled by
the instanton partition function and the resulting factor is that of a membrane with tension
T = %5 o, where 60 is a dimensionless scalar field. Hence, at the origin of 6 ¢ the tension
is zero.

In five dimensions the instantons couple to a U(1) gauge field which is part of a vector
multiplet. Hence, in the weak negative phase this U(1) is enhanced to an SU(2). In seven
dimensions, if we follow our five-dimensional example, the light instanton membranes in the
weak negative phase should couple to a three-form field. The only supermultiplet containing
this field is the gravity multiplet, hence we expect this phase to consist of weakly coupled
gravity.

A useful check on our formalism is the cancelation of divergences. The instanton contri-
bution at each S? is singular in the round sphere limit. This is an indication that at the limit
the localization locus can move off the six three-spheres. Nevertheless, one should expect that
the overall partition function remain finite in the limit. We will see that at the one instanton
level the singularities are fourth order poles and indeed we find that the singularities cancel
when summing up their contribution over all six three-spheres.

The rest of the paper is organized as follows. In section 2 we review previous localization
results for round and squashed seven-spheres. In section 3 we consider the localized partition
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function for pure /' = 1 gauge theory on the squashed five-sphere, in particularly examining
the behavior of the theory when the effective squared coupling is negative. In section 4 we
study instanton contributions on the squashed seven-sphere, constructing an explicit partition
function that includes these contributions. Specializing to an SU(2) gauge group we show
that that negative tension of the instanton membranes is canceled by contributions from the
instanton partition function and that the tension then has a simple dependence on a scalar
field. In section 5 we conclude with some speculations about the nature of the SU(2) gauge
theory at weak negative coupling and its relation to seven-dimensional minimal supergravity.
The two appendices contain several technical details regarding the instanton contributions.

2 Preliminaries

In this section we study the SYM on the round and the squashed S”. We review the construc-
tion and the localization of the theory. We extend these results to compute the perturbative
partition function for small and negative 't Hooft coupling.

We realize S>" ! by an embedding in R?" = C" given by

r

>lal?=1, 2.1)

i=1
where z; are complex. The metric on the squashed sphere can be expressed as

r r

2

1

ds?, ., =R?> (dp?+p2de?) + R*—=—5— (Z aipl.zdtj)i) , (2.2)
i=1 1->., 4P i=1

where z; = p;el® and w; = 1+ a; are the squashing parameters. We further require that
>i.a; = 0. S can be seen as a fibration over CP"~! and this condition ensures that the
squashing acts only on the base CP"~! [22]. For a physical squashed sphere w; € R, but it
will be necessary to give them a small imaginary piece in order to have a well behaved partition
function.

2.1 The round sphere

For the round sphere, where all w; = 1, we can place the SYM on S’ while preserving 16
supersymmetries [11]. In this case we consider the Killing vector, v = Z?:l 94, which is
constructed from a Killing spinor £, v = ET#£J,,. The round sphere has a contact structure
with contact form k, where v acts as the corresponding Reeb vector satisfying t,x = 1.

The partition function can be obtained by localizing w.r.t to the supersymmetries generated
by £. The localization locus is given by

vWF,, = 0,
VUHO';M/}\ = 0,
4
D,u¢0 = 0, Km:_;¢O(VmA€),
o+ —
EY, = Dgd,,7,
f o= —5[®u ", 1dxt. (2.3)

Here K™, m = 1...7 are auxilary fields for the seven dimensional vector multiplet, ¢, is one
of the three scalar fields that make up the vector multiplet, ¢, are three forms made from
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the other two scalar fields,

1
q),u,v}\ = §¢A (gruvll—‘Aog) P (2-4)
and H is the field strength for ®,
Houvl = Doq)uvl_Duq)ovA_qu)uaA_DACPWU . (2.5)

The field strength has been decomposed into a vertical and horizontal part, F = Fy, + Fy, with
K AL, F =Fy and

~ ~ 1
Fy=F"+F ——fdx. (2.6)
12
The F* components are defined by
it 1oy
F™ ==, * (_EF A dK) . 2.7)
Because of the contact structure, the horizontal space has an almost complex structure,
such that ® decomposes into (3, 0) and (0, 3) forms ®*, while F™ decomposes into (2,0) and

(0,2) forms, and F~ and F = —1 f dk are (1,1) forms. In terms of the contact structure we
can rewrite (2.3) as [23]

wF = 0,
t,d,@ = 0,
dapo = 0,
Ft = xd,x®,
FAdkAde = 4[@7,87], (2.8)

where & is the (3,0) form and ™ is the (0, 3) form. The bottom three equations are those of
the six-dimensional Hermitian Higgs-Yang-Mills equations discussed in [24].

The perturbative contribution to the partition function has F = & = 0 and ¢ constant. It
is given by [11]

Zpert = fl_[dUrS( ) R ]_[ ]_[ {?+ o2y}, 2.9)

i<j n=—

where o; are the eigenvalues of R¢, 0;; = 0; — 0 and gg is the bare coupling that appears
in the Lagrangian. This partition function is divergent and needs to be regularized [9]. This
can be accomplished by multiplying and dividing by e~ within the curly brackets and then
instituting a cutoff, n, = AR in the mode numbers n. The cutoff is justified if the dominant
contributions to the partition function come from the integration regions where |o;| < ny.
Using that

2
Zal]—NZa —(Zai) =N> o2, (2.10)

i<j

we can rewrite the perturbative partition function as

N . 4R3 o2 (e%e] )
Zoert = f l_[dalﬁ (Z O'i) sm S l_[ l_[ {(n2 + Uizj)”zﬂe_aif} , (2.11)
i=1 i i<j n=—00
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where g%M is the renormalized coupling satisfying

44R3 _ 474 R3
& &

—2NAR. (2.12)

Note that while the bare coupling is positive definite, the renormalized coupling could be
negative.
We can solve the partition function in (2.11) by saddle point [9]. Extremizing the partition
function leads to the equations
gr# 2z

Tai = FZ(l—a?j)cothnau, (2.13)
j#i

where A is the dimensionless 't Hooft coupling A = g%MN R 3. These equations are very
similar to those found for pure N’ = 1 super Yang-Mills on S> [25] so we can borrow many
of the methods from there. We are most interested in having A be small and negative. To
simplify the discussion we assume that N is even. In this case the solution to (2.13) can be
well approximated by

g; = O'0+50'i, 1S1SN/2,
Oiynj2 = —0¢+060;, (2.14)
where we choose
N/2 N/2

D> 60;=>66,=0. (2.15)

(2.13) then becomes

874N N2
T (op+60;)= HZ (2 —2(60;— 5oj)2) coth(n(60;—607;)) (2.16)
J#
N/2
+ 7N —nN (40% +40,60; + (501‘)2) —27 Z(éc}j)z + O(e2m90),
j=1
If we sum (2.16) over i, we then find
L = 3. FA2 —2r0,
4O'O+TO'O—1+5O' +662=0(e ), (2.17)
where the averaged squares are defined as
o N/2 o N/2
so2==> 502, §62==> 562 (2.18)
N = N =
Dropping the exponentially suppressed term, we find for A — 0_
0T T 83 '
where
60=(1—-060%2-0652). (2.20)
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Substituting back into (2.16) we end up with

N/2
A _—
N (501.2 — 2—7[350501- — 502) = 77:2 (2 — 2(5oi—60]-)2) coth(n(60;—607;)), (2.21)
j#
One finds an analogous equation for 65;. Note that the validity of the cutoff requires that
0 < ny. Hence, the bare coupling in (2.12) needs to be tuned in order that 1 < —zlﬁ < ng.
As in the five-dimensional case, the term linear in 6¢; can be dropped for small negative

A. Moreover, in the large N limit & is suppressed by a factor of 1/N [25]. The remaining
terms on the left hand side of (2.21) can be generated by the free energy

N/2
1
F= nNZ (§(5oi)3 + x(éai)) ) (2.22)
i=1
where y = —602. We can interpret the §0; as the eigenvalues for an adjoint scalar in the

vector multiplet of an SU(N/2) gauge theory. The first term in F originates from the term in
the effective action

i

N
2873 fTr(aB)K/\dK/\dK/\dK, (2.23)

where we used that the volume form is given by Vol = —4i81< A (dx)3. (2.23) is part of the
supersymmetric completion [23] of

% J cs(A)AK, (2.29)

where c5(A) is the third Chern character

c3(A) = Tr(F AF AF). (2.25)

24m3
(2.24) is topological and equals Nk where k is an integer. Since we have assumed that N is
even this is a multiple of 27t and will not contribute to the partition function.

2.2 The squashed sphere

Under a general squashing, the sphere is a Sasaki-Einstein manifold which preserves two su-
persymmetries [23,26]. In this case the Reeb vector is

4
v=>"wd,, (2.26)
i=1

which for general w; does not generate closed orbits except in isolated cases. Localizing with
respect to the Killing spinor that generates (2.26) one finds the same form for the localization
locus as in (2.8) and a perturbative partition function given by [11, 23]

N 4t R3g 2 N
T 2. 0; . .
Zpert = dO'l'e YM S4(lO'ij,CO1,C()2,Ct)3,C()4)
i=1

i<j

(2.27)

X S4(—10j; w1, Wy, w3, w,),
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where S4(x; w1, w,y, w3, wy) is the quadruple sine, which in unregularized form is given by

o0

[] (wi+jws+kws+1lw,+2)
i,j,k,1=0
84(2; 601, CL)z, 0)3, (J)4) =

(2.28)

o0 B
[T (wq+jw,+kos+ 1w, —2)
i,j k=1

and o = (wywyw5w4)"! is the volume ratio of the squashed to the round sphere.

We are again interested in small negative g%M, where the eigenvalues split into two groups
separated far from each other. In this case, it is convenient to write the quadruple sine in
product form [27],

i
Si(z;d) = exp| —By(z;d
4(z;3) P(24 44( ))
- (1 _ eZni(ﬁ+jZ—i+kz—i+lZ—i)) (1 _ ezm(wi2+j2—;—(k+1)$—2—(l+1)2—‘2‘))

|1

Ny . w9y wy S z . w9y w3 wy
iKi20 (1 _ eZm(w—3+]w—3+kw—3—(l+1)w—3)) (1 . eznl(‘*’_1_(]+1)‘°—1_(k+1)w_1_(l+1)‘0_1))

i .
= exp (—2—4344(2; 60))

(2494 @3 92 ol 24t ©2_ 14191
o (1_e—2n1(w1+]wl+kwl+lwl)) (1_6 Zm(w3+]w3 (k+1) 22 (z+1)w3))

X

K120 (1 _ e—zm(wiz+j3—‘2‘+kj—§—(l+1)g—;)) (1 _ e—2ni(wi4—(j+l)z—i—(k+l)Z—i-(“.l)Z_i)) )
(2.29)
where By4(z; ¢) is a multiple Bernoulli polynomial whose odd terms are given by

1 N N 223 + 2(wqw, + perms
~(Bys(z;3) —Byy(—2;8)) = — (01003 + PETS) () + o + 03 + )
2 w1w2w3w4

4 223 + 2(wq w, + perms)

(2.30)
W WoW3zWy

The products as written in (2.29) are well-defined only if the w; are given small imaginary

pieces such that Im(w;/w;) > 0 (and so Im(w;/w;) < 0) if i < j. For large positive or negative

imaginary z, we then see that

10g (S4(2; 3)S4(—2; &)) (2.31)

T
R —?Q (2|Im (2)]® —|Im (z)l(w1w2+a)1w3+w1w4+w2w3+wzo)4+a)3w4)) .

From this and (2.27) we learn that for small negative A, the saddle point equation for the
partition function (2.17) is modified in the squashed case to

8m3 W1 Wo+wWiwWa+wiws+wowa+wows+waw _— =
4Ug+ . 00_( 1W2 1W3 1 46 23 204 3 4)+502+562 2.5
= 0(e™29), '

The perturbative partition function is well-defined for small coupling. For positive cou-
plings, the non-perturbative effects are exponentially suppressed. For negative A, instantons
can no longer be ignored and one needs their contribution to find the total partition function.
We will return to this problem in section 4.
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3 A five-dimensional detour

Before confronting the problem of negative 't Hooft coupling A, let us first consider the similar
problem for 5d N’ = 1 SYM with an adjoint hypermultiplet. In this case we have an under-
standing of what happens at negative couplings due to [12]. Our aim here is to explore the
negative coupling regime using localization and learn lessons which will then be applied to
the seven dimensional case.

3.1 The localized partition function

On S° localizing with respect to the Killing spinor that generates the Reeb vector one finds for
the locus [28]

Lv(*F) = —F,
dé = 0, 3.1)

where ¢ is the real adjoint scalar that is part of the vector multiplet. Notice that the first
equation also implies that t,F = 0. It then follows that £,A = d(t,A) + [A,t,A], i.e. the Lie
derivative of the gauge field A along v is a gauge transformation. As in the case for seven
dimensions, the orbit generated by v does not close for generic toric data (|21, |25], |23]) and
squashing parameters ;. In this case the orbit is dense on the three-torus over (|21, |25], |25]).
This suggests that for these orbits, in order to avoid singular configurations t,F = 0 im-
plies F = 0 [29]. Hence, the only nontrivial contributions can occur at the fixed points
(1211, I2al, I23]) = (1, 0,0), (0, 1, 0), or (0, 0, 1) where the orbits close and there can be point-like
instantons along the orbit. The space transverse to each closed orbit can be replaced with a C2,
and in circling the orbit the transverse space is twisted. For example, at (0,0, 1) we have that
(21,29) = (1 ezmz_é,zzezm% ). Hence, the nonperturbative contribution from each fixed point
to the partition function is the Nekrasov partition function [20,21], Z,(io,iu, B;, €1, €2,),
where f3; = %7:, the equivariant parameters are given by the other two squashing parameters
and u = MR where M is the mass of the hypermultiplet.

This then fits with the factorization hypothesis in [30], where the authors exploited the
resemblance of the perturbative partition function to partition functions in topological string
theory to conjecture a full nonperturbative partition function on the squashed sphere. For the
case with the adjoint hypermultiplet this is given by

43 Rgs Z

Sl

53(101], w1, Wy, W3)S3(— 10j; W1, W2, w3)

i<j Ss(iUij"‘j"‘l.u; 0)1,0)2,603)53(_101‘]""5"‘1“; w1, Wy, W3)
.. 2m .. 2@
X Zinsi | 10, iU, —, wq, w3 | Zing | 10,10, —, w3, (3.2)
w1 wy
.. 2m
><Zinst o,1u, —,wy, Wy |,
w3

where A = w;+wy+ws =3, 05 = (wywyw3) ! and S3(x; @) is the triple sine, which we can
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write as

- Tl -
S3(z;3) = exp (—3333(2; w))
oo (1_ Zm( +]w3+k )) (1_ Zm( —(]+1) (k+1)$—?))

X
Jk=0 (1_ 2ri( & +J——(k+1)—))

i N
= exp (+€ng(z; co))
oo (1_6—2n1(w1 +]m1 +k )) (1—6 Zm( —(]+1) (k+1)$—;))

<[] , (3:3)
jks0 (1_6 Zm( +j 52 —(k+1) 5k ))
with B33(z; &) given by
B N _ ZS 3(6()1 +(,¢)2—|—a)3) 9 w?+w%+w§ + 3(601(1)2+6020)3+6()3601)
1(zd) = - 25+ Z
[ORROLYE 20)1(1)2603 26()10)2(.03
_(Cl)]_ +0)2+w3)(0)1w2+w2w3+w30)1) (3 4)

40.)1 Wy s
The explicit instanton partition functions are given by [20,21]

4|7
.. 2w S Lg”zﬁfl—“—[
Zinst 1o, 1u, »Wo, W3 | = 0
w1 -

Y i,j=1s€Y;

S (ia~-+é+i,u—(v~(s)+1) wyth;i(s)ws; wl)Sl (io~+%+i,u—(hj(s)+1) w3+V;(s)ws; col) }
Sy (lO‘ —(vi(s)+1) wy+h; (s)a)3,a)1)81 (10' (hj(s)+1) a)3+vi(s)a)2;a)1) ’

(3.5)
where S;(x, w) is the “single" sine function, defined as
Si1(x,w) = l_[(nw+x)l_[(nw—x) IZSin(EX) . (3.6)
w
n=0 n=1

The sum in (3.5) is over the colored partitions, with ¥ representing the N-tuple {Y;,Ys, ... Yy}.
Each Y; refers to a Young diagram, with |Y;| the number of boxes for that diagram, and
Y| = > 1Y;| which is the instanton number. The product over s refers to each box in the
particular diagram while h;(s) measures the horizontal distance to the edge for box s in dia-
gram Y}, and v;(s) measures the vertical distance to the edge for box s in diagram Y;. Since
s €Y; is not necessarily a box in Y, h;(s) can be negative.

Let us take the adjoint mass parameter u to infinity such that the theory reduces to a pure
N =1 SU(N) gauge theory. Using the product formulae in (3.3), up to an overall constant
one can replace the partition function with

N 47137295 Z
| I i9i I |
f dO- e gYM Sg(lo'l],(,l)l,C()z, w3)83( lO'U,a)l, W, 603)

i<j

27 / . 21 / . 21T
><stt wl’wz’w3 Zinst 1o, w2>w3:w1 Zinst lo':w_g,wbwz 5

3.7
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2 2
where 2= = 4T _ NM and

&m 8o
2t 4112\Y|M N
Zi/nst (ia’ w_’wZ’wB) :Z s 1 l_[ l_[{
1 V4 i,j=1s€Y;
1 }
S1 (iaﬁ—(vi(s)—l—l) wyth;(s)ws; wl)Sl (iaij — (hj(s) + 1) w3+V;(s)w,; col) '

(3.8)

3.2 The theory at negative coupling and instantons

As in the seven-dimensional case, we can have g%M < 0 in 5d. But here we have an under-
standing of how to interpret the theory at negative coupling. For the sake of simplicity let us
consider the case of SU(2). At generic positive coupling there is a global U(1) symmetry com-
ing from the instanton current x (F A F). On the Coulomb branch the mass of the W-bosons
is m,, = ¢, where ¢ is the expectation value of the real adjoint scalar in the vector multiplet.
The instantons have charges +1 under the unbroken U(1) gauge symmetry and their mass is

=¢ + . At the origin of the Coulomb branch both the W-bosons and instantons become

massless at 1nf1n1te coupling and the global U(1) symmetry is enhanced to SU(2) [12,14,31].

Under a Weyl reflection for the global SU(2) the parameters transform as 2—"2 - —42i2 and
YM YM

¢ —¢d—F > and the roles of the W -bosons and instantons are reversed.

One can descr1be the above using (p, q) webs of five branes [15,16], as shown in figure 1.
Here the web has 4 fixed external branes with (p,q) charges (£1, 1), along with two parallel
NS5 branes and two parallel D5 branes orthogonal to the NS5 branes. The separation between
these two sets of branes can change. Figure 1 (a) shows the positive coupling case. The W-
bosons correspond to strings stretched between the two D5 branes. The separation of the
branes ¢ leads to their mass. The instantons correspond to D1 branes stretched between the
two NS5 branes whose separation is ¢ + ‘g‘T”z. Figure 1 (b) shows the negative coupling case.
Here the separation between the NS5 brarfe/[s is ¢ and the separation between the D5 branes
is ¢ — 55—, so that the roles of the two particles have interchanged.

Because of the SU(2) global symmetry at the superconformal fixed point, or by the SL(2, Z)
duality of the type IIB string theory that the (p, q) branes live in, we see that the SU(2) gauge
theory with coupling g%M is equivalent to the one with coupling —g%M. One should be able to
see this in the partition function in (3.7). This is not obvious from the form of the instanton
partition functions, but it is guaranteed to work from the conjectured structure of the partition
function in [30] and the relations shown in [32] between the instanton and topological string
partition functions.

Let us sketch how this works when the coupling is small but negative. At the saddle point
the eigenvalue o, = —0, is large, hence we can make the approximation

_4713‘Rg5 i
e w7 S5(i0yy;@)S3(—ioy; &)
413 Ros ofz nos [, wi’+a)§+w§+3(w1w2+a)2w3+w3w1)
X exp ——g2 —2 — _3 0'12 — 5 012
Y™
4m3Rps 50> s 5 co?—l—w%—l—co% + 3(wiwy+wyws+wsw)
= Cexp - 607 — so ],

2
gy 2 3 2

(3.9
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1,1 1,1
(1,1) 1.0 -1,1)
1,1 -1,1 ¥
(1,1) (1,0) (-1,1) I
\‘\ 477,'2 I,, 4”2
(0,1) T —' (©,1) 1| g, |01
|
(1,1) (1.0 (1,1
1,0
(-1,1) (10 (1,1
(@) g2, >0 (b) g2, <0

Figure 1: (p,q) web for V" = 1 SU(2) gauge theory at positive and negative coupling.
D5 branes are (1,0) branes and NS5 branes are (0,1). The coupling is determined
by the positions of the fixed (+1, 1) external branes.

where 60 = 019 + 4;#. Hence, the last line of (3.9) has the same form as the line above,
except it has the oppo?fte coupling term.

Let us now consider the instanton contribution. Note that the argument of the exponential
in (3.8) is the negative of the world-line action of |Y| instanton particles with mass ;Tnz along
the Reeb orbit. However, the mass is missing the contribution of the Coulomb branch which
lurks in the rest of the expression in (3.8). To flesh this out, if we examine this expression we
see that there are essentially two types of terms, depending on whether or not i = j. For a
given Y = {Y;,Y,} the contribution from all terms where i # j is

l—[ }} csc |:£ ((v1(s1)+1) wz_hz(Sl)w3+i012)]
w1

$1€Y;

X CSC [wl ((hy(s1)+1) ws_V1(51)wz—i012)]
1

X l_[ %r csc |:w£1 ((va(sp)+1) wz_hl(sz)ws_iglz)]

$9€Y,

X CSC [wll ((h1(s2)+1) w3—vy(sg)wy +i012)]

~ l_[ exp I:o_)ll (l (2V1(51)+1) COz—i (2h2($1)+1)a)3—2012)1|

$1€EY]

<[] exp[wll(i(2h1(52)+1)w3—i(2v2(52)+1)w2—2012)]

$9€Y,

37 -
8nor|Y| _ 2n|fl50

=efm@le 1 l_[ exp[wii ((2v1(sl)+1)w2+(2h1(51)+1)w3):|

S1€Y; 1

<[] exp[—wﬂi ((2h2(52)+1)a)3+(2v2(52)+1)o)2)], (3.10)
$9€Y, 1

. . 2 . .
where we have again expanded around the saddle point ;5 = —4g"2 R in the small negative

Ym
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glz, » limit. The last step involves the identity shown in appendix A. The contribution from the
terms where i = j is

[ %csc[i((v1(51)+1)wz—hl(sl)wg)]csc[L((h1(31)+1)w3—v1(51)w2)]
w1 wq

S1€EY,

X l_[ %CSCL%((V2(52)+1)0)2—h2(52)0)3)] CSC[O%((hz(sz)‘i‘l)ws—"z(sz)wz)] . (3.11)

$9EY,

From (3.10) and (3.11) we see that we can write the instanton contribution in (3.8) as the
factorized product

. 2m
Zl (10', w—1, w7, 603) ~ Z(60|wq; wy, w3)Z(00|wq;—wy, —w3), (3.12)

where
Z(60|wq; wy, ws)
' ivioe Texp[ Zi ((2v(s) + 1wy + (2h(s) + Devg) ]

=;e w—ll—[

sev sin| Z (v(5)+1) @y — h(s)ws) [sin [ Z ((h(s)+1) w—v(s)w,) ]

1
= Y]
; q l_[ (yV(S)+1 — xh(s)) (yv(s) _ xh(s)+1) > (3.13)

s€Y

_ 2méa0 _ P W2 . @3 .
withg=e ©1 ,y=e MG and x = e »1, Note that all dependence on the coupling has

dropped out and the only §o dependence is in q. In fact ¢ = eI, where S; is the world-
line action for the instanton particle with mass §0R~!. Hence, S0/R™* plays the role of the
Coulomb branch scalar and at its origin the instanton particle is massless.

While we won’t explicitly demonstrate it here, one can show that
Z(60|wq; wq,w3) =(q;X,Y)eo, Where (q; X, ¥)oo is the shifted g-factorial [27,29],

2mi

oo o0
@x 0 = [ [[Ja=ax"y™, x| <1, lyl<1, (3.14)
n=0 m=0
and its generalization to other regimes for x and Y. This, and the fact that

S3(—x; ) = S3(x + A; &) is enough to show that

3,2, .2
o Wi+ w5+ w; + 3(wwy+wyws+wswy)
exp (—ﬁ (503 -1 2 3 oo

3 2
XZ(60|w1; wy, w3)Z(60|w1;—wy, —w3) Z(00|wy; w3, w1) Z(60|wy; —ws, —w)
X Z(60|ws; wq, w)Z(60|ws; —wq, —w,)
=85(60,d)S5(—60,d). (3.15)
Hence, summing over all instantons reproduces the perturbative contribution to the parti-
tion function. Note that the instanton partition function in (3.13) is not invariant under

60 — —60. However, the complete expression in (3.15) is invariant, which is a consequence
of the Weyl symmetry for the instanton SU(2) gauge theory.

4 Instantons in seven dimensions
In this section we analyze the negative coupling region of the 7d SYM in light of what we
have learnt from the five dimensional case. The first step in this undertaking is to understand

what kind of non-perturbative contributions exist on the squashed sphere and which ones are
of importance in the considered limit.
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4.1 The instanton partition function

Inspired by the previous section, we start from considering whereto instantons localize. The
first thing to note then is that for generic squashing parameters almost all Reeb orbits do not
close but are dense on the T* over the toric base. This might suggest, as in five dimensions,
that nonperturbative configurations should live on the closed orbits over the fixed points on the
six-dimensional base. As in the five-dimensional case the space transverse to each closed orbit
can be replaced with a twisted C3. Their contribution is then given by the partition function of
the ADHM quiver quantum mechanics associated to the DO — D6 brane systems [33-35]. The
classical contribution of these configurations is zero. One could introduce the term [11,24]

487I3JFAF/\F/\K 4.1)

to measure these instantons. However supersymmetrizing this term would lead to a Tro>
term in the localized action and thus we choose to not include it. Moreover, the quantum
contribution of these instantons is independent of the Coulomb branch parameters. Hence,
these instantons contribute an over all g%M-independent-factor to the partition function and
are not of interest.

In seven dimensions there can be other non-perturbative configurations. A simple scaling
argument shows that only co-dimension 4 configurations can contribute to the Yang-Mills ac-
tion. We are thus led to consider configurations that live on the squashed S c S7 invariant
under the action of the Reeb vector. That is to say, the non-trivial BPS solutions have support
on the subspaces

zP+lz> =1, i#j, ,j=1,2,3,4. (4.2)

We then conjecture that any of the forms in the localization locus in (2.8) that have components
on the S° are forced to be zero. This sets ®* = F = 0. From the fourth equation in (2.8) it
follows that F* = 0. Hence, we find that only contact instantons satisfying

1
*F=5F/\K/\dK, (4.3)

supported on a fixed three-sphere are allowed. These describe membranes wrapping the S*
which are point-like on the four-dimensional space transverse to the S®. In Appendix B we
show how such membranes can be obtained by uplifting point-like instantons from four di-
mensions.

To determine the instanton contribution to the partition function let us recall how one
derives the instanton partition function in (3.5). Instanton solutions on R* were classified in
[36] in terms of a set of equations for the ADHM variables. Supersymmetrizing and assuming
an Q-background for the R*, the instantons become point-like [20]. Once the space gets lifted
to R* x S!, one ends up with a supersymmetric quantum mechanics on the circle for the ADHM
variables [37-40]. Due to the twisting on the R* this quantum mechanics describes instantons
point-like in the directions transverse to the circle. From here the partition function in (3.5)
can be computed, where w, and w3 play the role of Nekrasov’s equivariant parameters &; 5
and f)—’: is the circumference of the circle.

From this brief review of the five-dimensional case, let us give an intuitive argument for
the instanton contribution in seven dimensions. A more technical explanation is given in
Appendix B. Here we have membrane-like instantons on R* x S, which wrap the S* and
are point-like on R*. Of the four squashing parameters on the S7, two squash the S® and the
other two twist the R*. The choice of which parameters do what depends on which fixed
three-sphere is being considered. Moreover, on S’ there are 16 supersymmetries so we expect

15


https://scipost.org
https://scipost.org/SciPostPhys.14.3.028

Scil SciPost Phys. 14, 028 (2023)

some similarity to (3.5) at u = 0 where the five-dimensional theory is enhanced to N = 2
supersymmetry.

The difference on S7 is that the ADHM variables are not the fields for a supersymmetric
quantum mechanics anymore, but instead the fields for a three-dimensional supersymmetric
field theory on the squashed S®. The k-instanton contribution is then given by the partition
function of an U(k) gauge theory. These theories can be localized and the partiton function
can be written as a matrix integral involving the double sine function S,(z; w;, w5) [41]. Com-
puting the matrix integrals requires a contour prescription. Using the same prescription as in
4d and 5d, the instanton contribution can then be computed and it involves the same sum
over colored partitions as in 4d and 5d.

Hence, the discussion of the last two paragraphs naturally suggests, based on (3.5), that the
instanton partition function coming from the squashed three-sphere defined by |z, |?+|z,|2 = 1
takes the form

4n2|Y\ 2R3
e . E w1@3 | | | |
Zinst (10',0)1,0)2,603,0)4 € i {

i,j=1s€Y;

4.4
Sy (iO' »-+é—(vi(s)+1) co3+h i(8)wy; w1, a)z)Sz (ia- ~+é—(h <(s)+1) w4+ (s)ws; wi, wz) } “9

Sy (10' —(vi(s)+1) w3+hj(s)wy; wq, wz)Sz (lO' (h (s)+1) w4+vi(s)ws; w1, coz)

where now A = w;+w,+ w3+ w4 = 4. Notice that the instantons come weighted with the

2 . . . . . . . .
usual gauge factor Z%, which in seven dimensions has units of a tension, multiplied by the
YM

volume of the squashed S3.
In product form the double sine is given by the expressions

. [} (1_62711( +]w2))
i
exp ("‘3322(2’; w1, wz)) l_[

>0 (1 Zm ——()+1 w—z )

52(Z§ wl,wz)

2m ——+j
i o) (1—@ wl wl)
= eXP(__z BZZ(Z;wlawZ))l | oy (4.5)
>0 (1_ —2711(——(]-4—1 w— )
2 2 2
4 w1+ w wi + w5+ 3w w
By (2501, w9) = — =1 2,4 1 2 Lty (4.6)
w1wWo wW1wWo 6(1)10)2

where we have assumed that Im (w;/w5) > 0. Using this, it is straightforward to establish
that

Wi+ wtw
Sy (z+ %;wl,wz)sz (—z+ %;wl,wz) =1. 4.7)

This allows us to simplify (4.4) to

41r2|Y\ 22 R3
W . — ww2
Zinst(lo-,wlfw25w3:w4)_ 2 : M | | | |{

v i,j=1s€Y;

1
Sy (10' —(v;(s)+1) w3+h; (8)wy; w1, wz)SZ (lO‘ (h (s)+1) w4 +Vi(s)ws; wq, wz)}

Z 4;:1\‘,[” 23;7)323 l_[ l_[ S, (4+lO'l] h (s)+1) w4+v-(s)w3;w1,w2) . “*8)

i,j=1s€Y; SZ(lUU (h (5)+1)w4+v (S)wg,col,wz)

Note that the original “hypermultiplet” term in (4.4) is equal to 1, which is pleasing since
N =1 super Yang-Mills in seven dimensions only has a vector multiplet.
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4.2 Instantons at small negative coupling

Let us now see how instantons contribute when the coupling is small but negative. As in
the previous section let us specialize to the case of SU(2) and assume that we have a small
negative coupling. From the saddle point equation in (2.17) we see that we should set

313 313
Oy = —ZZZR + 60, where we assume that [60| < —ZZTR. As before, we have two types of
YM YM

terms, depending on whether or not i = j. For a given ¥ = (Y3, Y,), the contribution from all
terms with i # j in Z;, (io; W1, Wy; W3, w4) is

Sy (4+i012—(h2(51)+1) w4 tv1(s1)ws; w1, wz)

ser, OS2 (io12=(ha(s1)+1) st vy (s1)ws; @1, @)

Sy (4_i0'12_(h1(52)+1) w4 tVy(sy)ws; w1, 602)

ety S2(—io12—=(My(s2)+1) wa+vy(s5)ws; w1, )

~ e (—2—”(201Z—i(2v1(31)+ 1) s +1(2ha(sy) + 1)w4))
S1€EY w103

X l_[ exp (—2—7-[ (20'12 +1 (2V2(52) + 1) w3 — i (2h1($2) + 1) CI)4))

$9€Y, W1y
8§4R3|17\ _ anlf| 5o Ii
= efm“12e o192 l_[ exp (+ ((2v1(s1) + 1) w3 + (2h1(s1) + 1) w4))
)
s1€Y;
2mi
X l_l exp (— ((2va(s2) + 1) w3 + (2hy(s2) + 1) a)4)) , (4.9)
$9€Y, W1

where we made use of (A.1) to get the last expression. The terms with i = j are

l_[ Sy (4—(h1(s1)+1) wy+vi(s1)ws; w1, ;)
s, 52(—(h1(51)+1)w4+v1(sl)w3;a)l,wz)
y l_[ S (4—(hay(s2)+1) w4 +vy(5)ws; w1, w5)
syEY, Sa (—(ha(s2)+1) wa+vy(sy) wg; w1, w5)

_ l_[ S (2—x(s1)+252; w1, w;) S (2—x(52)+ 2525 w1, w5) (4.10)
- +w +w ’ °
1€, SZ (—2+X(Sl)+ wlz Z;wl,a)z) $,€Y, Sz (_2+X(52)+w12 Z;wl, C()z)

where we have defined x(s) = (v(s) + 1/2)ws — (h(s) + 1/2)w,4. Note that in the last line in
(4.10) every factor is invariant under x(s) — —x(s), and hence under the explicit substitution
w3 4 — —ws3 4. Therefore, in the negative weak coupling approximation, we can factorize the
instanton contribution as

Zinst (ia; w1, Wsy; W3, co4) ~ Z(00 w1, wy; w3, W) Z(60|w1, we; —ws,—wy), 4.11)
where

Z(60|wy, wy; w3, wy) =

1635 ( 27 (2v(s)+1) w3 +(2h(s)+1 )
192 —— (4.12)
EY e !eylexp oo, ((2v(s)+1) w3+(2h(s)+1) w,)

So (2+x(s)+ wl;wz ; W1, coz)

So (—2+x(s)+ wl;wz 501, wz) '
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The argument of the exponent in the leading term has the form

260

—vol(S3)|Y ,
vol(S?)| In_Rg

(4.13)

which is the contribution one expects from a membrane with tension T = %5 o wrapping
the three-sphere |Y| times.

As in the five-dimensional case, the instanton partition function in (4.8) is not an even
function of 6. However, we suspect that when combined with the dominant contribution of
the perturbative partition function in (2.27), which is given by

2mR3
Zpert ™~ €Xp %5"2_%9 260° =60 ) o ||, (4.14)
8ym i<j

the full partition function will be invariant under 60 — —d0.

The expression in (4.12) is divergent at the round sphere limit where w; — 1 for all i. This
is expected since at the round sphere limit there are zero modes, reflecting the enhancement
of supersymmetry and hence the freedom to choose new Reeb orbits. However, we also expect
the complete partition function to be convergent when summing over the contributions of all
three-spheres, since the divergence is really an artifact of the localization. If we consider the
one instanton contribution in (4.12), where x(s) = %(C{)s — wy), we can rewrite the double
sines as

52 (2+%+ wl-;uz 51, C()z)

52 (_2+—w3;w4 + wl;wz O 602)

= Sy(wztwi+wy;wy,wy)S, (w4+a)1 +wq; wy, wz)

_ Sy (w3; w1, w3) Sy (w4;a)1,w2)
- 16si Tw3 . MWy . TwWg . TWy * (415)
sin —* sin <= sin <= sin =%

In the last expression, as w; — 1 for all i, the numerator approaches 1, while the denom-
inator has a fourth order zero. To see that these poles cancel when summing over all six
three-spheres we can expand wj; about w; and w, about w, and then use the fact that
Sy (w13 w1, w5) Sy (wy; w1, wy) =1, along with the relations for the derivatives

Sylwi;0,0)) 1 (1_1(1+”—2)52+0(54))

52(0)12601,0)2)_ w1wWy 3\8 6

2
S;’(wl;wl,wz)_n_z 5 (Sé(wl;wl)wz))
Sy(wyswy,w3) 3 wiw, So(wyswy,wy) )

S;”(wl;wl,wz) _ 1 (27‘[2
Sylwi;01,02)  (wywy)3 \ 3
3
Sél(él)l;(l)l,él)z) Sé(wl;ﬁ)l, Cl)z) (Sé(él)l, (1)1,602))

Sy(wy; w1y, wy) Sy(wy; wy, wy)

+ 0(52))

Sy(wy; wy, wy)

S5 (w1 w1, w3) 4t 5 S5/ (w15 w1, w3) S5(w1; w1, w3)
Sy(wy; w1y, wy) 45 (wqwy)? Sy(wy;wy,wy) Sywy;wy, wy)

3 (Sg(wﬁ w1, 602))2 1 SQ/(‘UU w1, W) (Sé(wﬁ w1, 602))2

Sy(wy; wy, wy) Sy(wq; w1y, wy) \ Salwy; wq, ws)

S/ (wq; wq, w.)\*
+6(—2( Ll 2)) , (4.16)
Sy(wq; w1, wy)
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where 6 = wi)_lzi Derivatives for the argument at w, are found by making the substitution

w1 <= w, in (4.16). Using this, one can show after a tedious computation that the divergences
cancel in the round sphere limit and that the one instanton contribution in (4.11) at negative
weak coupling is

L0 o ameol., 785 11 11677
Zipg(1031,1,1,1) =~ e [12 7202 " 12m T\ 33 187 )0°
1
_(E_l)((; 2+ 0(50-)3+§(50')4 . (4.17)
3 3r 3

5 Concluding remarks

The main results of this paper are (4.8) and (4.12). At present we are not able to significantly
simplify either expression by carrying out the sum over all instantons, as one can do with
the five-dimensional analogs. Nevertheless, we have seen that the instantons for the SU(2)
gauge theory behave like membranes wrapped around the squashed S* with a non-negative
tension T = %72350. This is reminiscent to what happens for the instanton particles in five
dimensions. However, in five dimensions we have seen that the SU(2) theory at negative
coupling is equivalent to the same theory at positive coupling. This is certainly not the case
in seven dimensions. In the remainder of this section we offer a plausible scenario for the
seven-dimensional negative coupling regime.

The R dependence in the tension suggests that d o is not part of a vector multiplet. Since a
membrane is minimally coupled to a three-form field, the scalar is expected to lie in a multiplet
that also contains this field. In seven dimensions the only such multiplet is the N' = 2 gravi-
ton multiplet [42].2 This contains the graviton, a three-form field, an SU(2) triplet of vector
fields, and a real scalar. Since we wish to place the theory on S’ we should consider a Euclidean
version of this supergravity theory, where also the SU(2) symmetry becomes SL(2,R). To pre-
serve supersymmetry on-shell this requires that the SL(2,R) symmetry be gauged [43-46].
However, since the theory will be localized which requires it be off-shell, we will assume that
it is possible to keep the SL(2,R) global symmetry on S’ and still maintain off-shell super-
symmetry.® This has the advantage of matching the global symmetry for the usual Yang-Mills
theory at positive coupling.

The bosonic part of the Euclidean action for the ungauged graviton multiplet is [43-46]

1 1 /2 1 5, /2 1
S = oo 22 d’x [f(—R+ Ze\/zﬂ’n”1~"fmlﬂ””+ T 2\/ZPGWMGW“ + Eaupa“,o)
—%nUCAF’/\FJ], (5.1)
where

=dAl, 1=1,2,3, 1y = diag{—, +, +}, G=dcC. (5.2)

The various effective couplings on S’ are easily read off from (5.1), with

243/5 2
gz (ZK ) \/—P g2 ~ R 62 %p g2 ~ & (5.3)
17 R3 3 (2K§)1/5 ’ P RS’

2In the supergravity literature minimal supersymmetry in seven dimensions is called N' = 2, reflecting the
underlying R-symmetry.

3Progress in localizing supergravity theories has been made in [47-50]. The localization requires that the theory
have a boundary where the fluctuations are zero. Since S” has no boundary, this suggests that a proper localization
will also require the H, ,/Zy internal space of the supergravity dual described in [8].
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where g; is the coupling for the three U(1) gauge bosons, g5 is the three-form coupling and
g, is the scalar coupling. Note that the three-form field C,,, couples to the three U(1) instan-
ton terms. Normally there are no U(1) instanton solutions but here we are considering the
localized action on S’ where the twist allows for nontrivial point-like solutions [20,51].

By shifting p by a constant and absorbing it into F,, and G,,,, we can normalize the
instantons such that

f F'AF' =8n2(2«2)*°k,  kez,. (5.4)

Notice that there is a preferred direction in the R-symmetry space, corresponding to the pre-
ferred direction taken for the localization Killing spinor. If we assume that one should take
another Euclidean rotation, as one does for the scalar field in the super Yang-Mills multiplet,
then the tension of k membranes is

472e Vip k
(2K§)3/ 5 ng3

> (5.5)

which we can see directly from the action in (5.1) or by computing the ADM tension for the
classical solution sourced by the instanton [52,53].

Equation (5.5) and the previous expression for the tension suggests that we identify
2r®R® 7, 1

5P~ — (5.6)

60 =————¢
O

From (5.6) we then have that

2( 2R3\ L2
au508M5U:g(W) ez\/;paupaup’ (5.7)

which leads to the effective coupling for the 6o field,

RO 5 2K2
2 2¢/2p 207 2

850 ™ (ax2yels v RS " e )

7
If we compare this to (4.14), we see that
2
8

g2~ —% . (5.9)

Since we assume that 6o < —gRTs, (5.6) and (5.9) imply that g:,z, < gf. Furthermore, we can
YM

. 2k2 . .
write g§ ~ =% 81 4 so we must also choose g% < 1 if the three-form coupling is to be stronger

23\
than gravity. If we write gf ~ (%) , then the couplings satisfy

2
2K‘7

=5 < g<gi<l, (5.10)

ifo<a<1/3.

2
In the region where —%—g‘ < 1, we can approximate the partition function as
2n‘;723 o2
Zde&re &M Z4(60), (5.11)

20


https://scipost.org
https://scipost.org/SciPostPhys.14.3.028

Scil SciPost Phys. 14, 028 (2023)

where Z,(60) contains the coupling independent terms in (4.14) and the contribution of the
instantons in (4.12). If we know Z,(60) we can solve (5.11) by saddle point and find §o. At
present we do not know the behavior of Z,(60), but if it had the same behavior as in the five-

2
dimensional case with Z,(60) ~ 50?2 for |§0| < 1, then at the saddle point §o ~ \ —%—1‘3".
This would correspond to having a = 1/4, which is inside the desired window. It would be
interesting to explore this further.
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A An identity

In this section of the appendix we show that

D Qhys)+ D)= D) Rhy(s) + 1) = D (2hy(s) +1)— Y. (2hy(s)+1),  (AD)

S1€EY; $9€Y, $9€Y, S1€EY

where Y; and Y, are two Young diagrams, s; and s, the respective boxes in the diagrams, and
h;(s) is the horizontal distance to the edge of diagram Y; from box s. Let the rows for Y; be
given by {1, ,,...,A,} with A; > A;,,. Likewise let the rows for Y, be {17, 15,...,A],} with

/ /
Ar = Al
We then have that

n A n
D Cha(s)+ 1) =D > (204 =)+ 1) = D 24— 42, (Aa.2)
51€Y; k=1j=1 k=1

where we use that A; = 0 if k > n’. Likewise, we have that

n/
D@ (s) +1) = > (A AL — 25,5). (A3)
$€Y, k'=1
Hence,
n’ n
DIRhy(s)+1)— D @h(s)+1) = DAL= 42 (A4)
5,€Y, $9€Y, k=1 k=1

Next, we have that

n/

A, v
Dlhy(s)+1) = D> (2 —i)+1) = D45
k'=1

$5,€7, K'=1j'=1

n o A n
DlEhE)+D = D> (24 —N+1) =D 42 (A.5)
s1€1 k=1 j=1 k=1

Hence, (A.1) is true.
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B Technicalities regarding instanton contributions

In this part of the appendix we give additional details about the instanton contributions dis-
cussed in the main text. We will not attempt to find the full set of solutions to the BPS equations
(2.3).

We start by assuming the vanishing of the three-form . Then the only non-trivial compo-
nent of the gauge field strength is F~. Thus, we look for solutions to the equation

1
*FZEF/\K/\dK. (B.1)

A set of solutions can be found by uplifting point-like instantons from four dimensions by
wrapping them on a unit S* ¢ S7. Treating S” as an S° fibered over S* it is clear that the
gauge field configuration for a point-like instanton on the base can be lifted to the S” by taking
it to be constant along the fiber. The field-strength of the lift will be non-zero only on a single
S® fiber and will only have components that are transverse to that fiber. By squashing the S7,
the three-spheres the instantons can wrap are the six invariant under the action of the Reeb
vector.

It is possible to explicitly check that these uplifted contact instantons satisfy the equation.
We choose coordinates (6, ¢, y,x') fori =5,6,7,8, on the S’ and embed it into R® by setting

xt=pjcos¢p =+ 1—r2cos(8)cos(¢p),

x2=pysing = v 1—r2cos(0)sin(¢),

x3=pycosy =V 1—r2sin(6)cos(y),

x* = pysiny = v 1—r2sin(0)sin(y),

1>r?=p2+p;=(x")+ (%)% + (x7)* + (x®)?.
This choice explicitly distinguishes between the S® coordinates (8, ¢, y), and the transverse
space (x°,x% x7,x®). In these coordinates the Reeb vector for the squashed sphere takes the
form
R"9, = w10y + w30, + w3 (xsaxe —x68x5) + wy (x73Xs —x83x7) . (B.2)

This form of the Reeb vector makes it clear that the supersymmetry approaches that of
S:ful X Ri o that is a squashed three-sphere times the Q-background, as we go to

w2

x> = x% = x7 = x® = 0. For the metric on the squashed sphere we take

2
ds? = guvdx“dxv = _Z dpl —I—plquﬁ ) /32 (Z ipizd¢i) , (B.3)

where a? = 1— D aiz,ol.2 and B =1+, q p? £. This metric is conformally equivalent to the
metric in (2.2) and ensures that the Reeb vector has unit norm. With this metric, we have the
contact-metric structure [54-56] on the squashed sphere,

2
a 1
V=R, k=g(n)=g > p2de; + BZaip?chp gt =di,. (B4
i i
As we zoom in on the chosen S?, by taking the limit r — O the metric becomes
1—a?

dSZ — 1
(1 + a; cos2 0 + a, sin 9)

(alcos 0d¢ + a, sin? de)
(1+a1c0520+a251n 0)

cos? 6 — a2 sin® 6

(d@2 +cos? Od¢? + sin? 9dxz)

+6;;dx'dx’ . (B.5)
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On this same S? the lifted four-dimensional instantons have a field-strength which satisfies

F=—spF, (B.6)

i.e., it has no component along S, while on the transverse R* it satisfies the usual anti-self-
duality condition. It is then straightforward to show that this field strength satisfies the seven-
dimensional contact instanton equation,

1 1 1 ij ; P
EF/\k/\dk:_EF/\VOIS3:E‘/_SOMMF dO Adp Ady Adx' Adx) = *F. (B.7)

We have thus argued that at least some of the seven-dimensional contact instantons wrap
these six distinguished S*’s in the S”. Moreover, we noted that the form of the Reeb vector sug-
gests that the supersymmetry approaches that of twisted R* times squashed S® as we approach
these loci. This leads than to the following two conjectures:

1. On the squashed seven-sphere all contact membrane instantons localize to the six dis-
tinguished three-spheres.

2. The instanton contribution of each such three-sphere can be computed from ADHM data
on this squashed S°.

In the rest of this section we build upon these conjectures to derive two formulas. First the
ADHM data on the S® will give us an integral formula for the instantons,

52(_0)3_0.)4) - LSl 1
(52(—w3)52(—w4)) Jkl( l:[,!\:[ Sy (i —an) Sy (—; + ay— (w3 + wy))
1—15 2(91j)S2 (i) — ws — wy)

i S2 (¢ _w3)52(¢ij_w4).

(B.8)

Note that here and in the rest of this appendix we will be suppressing the two squashing
parameters w;, w4 for the three-sphere when we write the double sine function. The unusual
normalization factor for the contour integrals is because S,(0) = % In the second step
we evaluate this integral by giving a prescription for which poles should be enclosed by the

integration contour, giving us the k-instanton result

1
. (B.9)
Z l_[ l_[ lO'ji_(Vi(S)"l‘].) (1)3+h](3)(1)4) 52 (lO'lJ—(hJ(S)+].) CO4+Vi(S)CL)3)

|Y|=ki,j= 1s€Y

B.1 ADHM construction

The ADHM data consists of two adjoint chiral multiplets B, , as well as two chirals I,J re-

spectively in the representations (N, k) and (N, k) of U(N) x U(k). They are subject to the
constraints

pg =[By,BI1+[By, B+ 11T —JTy =0,
MCE[BI’BZ:|+IJ:O (B.].O)

This ADHM data parametrizes the instanton moduli space. Regularization of this moduli space
requires modifying the constraints to s = (ug—¢, uc) = 0. In addition, we have the U(k) vector
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multiplet (A%, ¢, a, D). Twisted supersymmetry of the vector and chiral multiplets is

QA=1), QY = 1gLp +[¢,A],
Q¢ =0,
Qa=D, OD =gda+[¢,a],
OBi1s=vY12, QY15 =1gdBy 5 +[¢,B1 5]+ €12B1 5,
Qx12="Y12, QY1 =igdy12+[¢, x12]—€12%12, (B.11)
QI:’l,bI, QTPI:LRdI'Fd)I—Ia,
Qv =Y, QY =tpdy; + ¢ xr— x1a,
Q.]zlpj, Ql/)J=LRdJ—J¢+aJ—(61+62)J,
Qs =Yy, QY =wgdy;—xs¢ +ay;—(e1+e€3)xy,

where we have used the cohomological fields in [57,58]. In addition, we need a projection
multiplet to lift from ,u&l(c )N ,uEl (0)/U(k) to ,u&l(ij )n uEl(O), and Fadeev-Popov ghosts to
gauge fix. We do not focus on these latter points here. Instead we concentrate on the effect
of the ADHM constraints as this is the only thing that is nonstandard for three-dimensional
localization. To impose them we could simply introduce a delta function §(5) into the path
integral. As is done fort gauge fixing, the delta function can be replaced by an insertion of the
Gaussian factor

1
exp (—J d3ngr(sH2§ + |sC|2))
H
= J DHgDH¢ exp (— J d3x (‘%HTr(Hﬂi + |H¢|*) +i Tr(Hgsg + Hgs@)) : (B.12)

Obviously we should do this so that supersymmetry is preserved. However, it is straightforward
to deduce which fields to include to make it supersymmetric. Namely, the density in (B.12)
should be part of a positive definite Lagrangian density of the form

8 .
QTr (f(m Oz + 2£Qxc) +ilxrse + chsC)) : (B.13)
It is then clear that we should require the following SUSY transformations,
Qxr = Hg, OQHg = trdyg + [, xrl,
Qxc=Hc, OQHc = gdxc + ¢, xcl+ (€1 +€2)xc- (B.14)

This way we make sure that Q% = Lp+ Gy + G, ¢, SQuares to the sum of bosonic symmetries.
Note that y., Hp transform under the torus action on the R* such that H;('L:sc is invariant. Diag-
onalizing Q?, it is easy to see that the (yg, Hg) multiplet does not contribute to the partition
function, after taking care of its zero mode.

The other ghost multiplet needs more work, as we have to extend the multiplet to
(xc,He, &c, D). This can be seen by remembering that so far we are using a twisted ver-
sion of off-shell N' = 2 supersymmetry. Then the field y is still a fermionic scalar in the
non-twisted formalism, while Hs comes from a bosonic spinor H*. Twisting this spinor gives
the desired H as well as the auxiliary De. Matching the number of bosonic and fermionic
degrees of freedom in the non-twisted formalism introduces the fermionic auxiliary scalar &,
which becomes £ after twisting. Schematically, the SUSY transformation rules of the multi-

plet (X(C:Ha) g) are
{Qa: XC} =H* P
[Q*HP1=(r")*P o, + ek, (B.15)
{Q% &} =(y")* D, Hy .
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We observe that this multiplet is a ghost version of a chiral multiplet, viz. with the statistics
reversed. Consequently this multiplet will contribute the inverse of a corresponding chiral
multiplet to the partition function. Hence, the respective contributions to (B.8) are

Ay, ¢,a,D) - Sa(¢ij),
(xc,He,€c, De) - So(¢ij — w3 —wy),
(B1,¥1, 21, Y1) - Sz(¢ij_w3)_1;
(B2, %2, X2, Y2) - So(ij—wa) ™, (B.16)
(LY, 21, Y1) - Sy —a))",
s, 255 Y) - So(—¢; + ay— (w3 + wy)) .

B.2 Towards k-instantons in the abelian theory

In this section we sketch an argument that provides more evidence for the general validity
of our conjecture. Here we focus on an abelian gauge group and look at the k-instanton
contribution coming from a particular Young diagram, Y. From here we can find a k + 1-
instanton contribution by adding a box to Y at an appropriate place to obtain a new Young

. Z
diagram, Y,. We now show that =-**
Ziy

computed from our conjecture matches the ADHM
contour formula.

We label the position of each box s in the Young diagram by a pair of integers (n, m). We
add a box at a position (f1,m) to the diagram Y to obtain Y,. The horizontal and vertical

distances to the edge for boxes in Y, are related to those in Y as follows:

B .
by ()= {7 &), mEm, . (B.17)
* hy(s)+1=hf—n, m=rm,
and
v ()= v @, nE . (B.18)
* vy(s)+1=m—m, n=nm,
with
hy, (fi,m) = vy_(fi,m)=0. (B.19)

Using this and our conjecture we can write the ratio as

Zis1y+ _ 1

Ziy  Sy(—w3)Sy(—w,)
A Sy (—(YT—1i+1) wg+(i—n—1) w,) Sy (—(i—n) w4+ (YT —1) ws)
g Ss (—(YnT—r?l+1) w3 +(fi—n) w4) So (—(ﬁ—n+1) w4+(YnT—rﬁ) co3)
M Sy (—(h—m) w3 + (Y —11) w4) So (~ (Vi —1i+1) wy+(i—m—1) ws)

Sy(—(—m+1) w3+ (Y —11) 04)Sy (~(Vyn—A+1) wy4+(hi—m) w3)
(B.20)

m=1

where Y,, is the number of boxes in row m of Y and YnT is the number of boxes in column n
of Y. The first term in (B.20) comes from the square (7, 1), the first product comes from the
squares with m = m, and the second product comes from the squares with n = fi.

Many terms in the products in (B.20) cancel. To see the cancellations we can visualize the
products in a diagram, as shown in figure 2a. The key thing to note is that the boxes (n, YnT
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and (Y,,, m) are on the edge of the diagram and the product over n moves us along the bottom
edges from the left until n = 1 — 1 and the product over m moves us along the side edges
from the top until m = /i — 1. We can then represent each term in the product of (B.20) as
four boxes, with each box representing an S, in the product. If we define the position of a
box at (n,m) as nw4 + mws and the distance between two boxes as the difference in their
positions, then the arguments of the S, are plus or minus the distances between boxes in Y
and the new box at (1, m). The boxes are further labeled by a ‘+’ or a ‘—, indicating if the S, is
in the numerator or denominator. As we move along the edges most poles and residues cancel
between adjacent values of n and m.

m=1 A — w3 —wy
2 =i =4
Ai
iy =4
____________ =] +
- +
i =3
i
Yopym) <1 |TTTTT T = * =
. +|- =2
m_ 1 \9 + 1
iy =2
(o) +
¥
io=1
n,Y,")
v ‘
EIF:IIE iy =1
- - +
—_——— 1= /‘ + B; + w3 + wy
n:172,---7ﬁ—1 ==0 B;
(a) Before cancellations (b) After cancellations

Figure 2: The left figure is a diagrammatic representation of eq. (B.20). Each term
in the products in (B.20) are represented by four boxes along the edge of Y, with
a ‘4’ box representing an S, in the numerator and a ‘—’ box representing an S, in
the denominator. After various cancellations the leftover factors in eq. (B.21) can be
expressed in terms of the distance of the boxes from the extra box as shown in the
right figure. The red dashed lines indicate the division into n, rectangles.

After cancellations we are left with 2n, boxes contributing to the denominator and 2n,
to the numerator, where n, is the number of stacked rectangles that make up Y, as shown in
figure 2b. Fori =0, ---n,, let A; be the positions of all allowed boxes that can be added to Y.
We assume that i = x represents the position of the box that makes Y,. Then the positions of
the ‘" boxes are at A; and A; — w3 — wy, i # x. If we also let B;, i = 1,...4, be the position of
the bottom right corner of each rectangle, then the positions of the ‘4’ boxes are located at B;
and B; + w3 + wy4. With these definitions we can write (B.20) as

nr
1_152 (Ax = Bi — w3 — w4) S5 (B —Ay)
Zrsty+ 1 i=1

Zey Sy (—ws)sz(

) n (B.21)
_w r
! 1_152 (A —A) S3 (A — Ay — w3 — w4)

i=0
i#x

We now show that the ADHM contour integral in (B.8) gives the recursion relation in
(B.21). We start by assuming that Z; y follows from (B.8), where the contours are chosen so
that ¢; has a pole at (ﬁi = a; + C; — w3 — w4, where C; is the position of one of the k boxes in
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Y. It then follows that

Zipiye  So(—wz—wy) f di+1 1
Ziy - Sy (—w3) S, (—co4) /103 Sy (Pr1—a1) S, (—¢k+1 +a; — w3 — wy)
l_[ l_[ So (N1 —8)) Sz (b1 — i) — w3 — w,)
i=1 n=+1 52 (n(Prs1 — b)) — w3) Sy (N(Prsr — i)_w4)

(B.22)

Each term in the product involves eight terms. There are many cancellations which happen
after performing the product. A diagrammatic approach allows us to track all cancellations.
This is shown in figure 3. Note the resemblance to figure 2b. Thus the final expression takes
the form

Zrrys _ 2 (—w3—wy) f dpror L1, So(brsr —Bi— w3 — wy) Sy (Bi — pryr)
Ziy Sy (—w3) Sy (—wy) 2mi [T So (s —A) S, (A — Prr1 — w3 — wy)
(B.23)

We now perform the contour integral over ¢ picking up the residue associated with the
additional box corresponding to Y, . If A, is the position of the additional box then it is easy
to see that we get the ratio (B.21).

Figure 3: Representation of the integrand for general k. We divide the diagram into
rectangles as indicated by the dashed red lines. Factors in the numerator correspond
to a box at the bottom right corner of each rectangle and a box shifted by w3 + w,.
Factors in the denominator correspond to each allowed box that can be added to get
a valid k + 1-instanton diagram and a box shifted by —w3; — w,. We highlight in blue
factors with ¢y, while those in green have —¢y., .

B.3 Towards k-instantons in the non-abelian theory

In this subsection we extend the argument from the previous subsection to SU(N) super Yang-
Mills.

We start with a vector of N Young diagrams ¥ = (Y7,...,Yy) with |¥| = k. Now, Y, is the
set of diagrams where we have added to the diagram Y; a box at position (71, ). The changes
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for the horizontal and vertical distances are

hy (s)+1=n—n, m=manda=a,
hy, (s)={ " ) (B.24)
‘ hy, (s), otherwise,
+1=m—m, =fiand b=4d,
vy, (s)=1{ % ) e nEnanes = (B.25)
vy, (s) otherwise,
hY+é (ﬁ: rh) :vY+a (ﬁ7 ﬁl) =0. (B26)

Starting from our conjectured expression (B.9), the first thing to note is that we only have to
keep terms with either index i or j equal to d. Also, plugging in expressions for the horizontal
and vertical distances, it is clear that only the contributions from boxes in row m or column 7
do not cancel. With these simplifications we find

Zy X 1
(] A . i (B.27)
Z? bra 52000 — s+ (Y = M)w4)Sa(i0ap — (Vo i — i+ 1ewy)

S

-1s, (iab,d —(Mm—m)ws + (Yp;m— ﬁ)w4) Ss (ioa,b —(Ypm—fi+Dwy+(—m— 1)w3))
SZ (iO'b’& - (T?l —m+ 1)(,()3 + (Yb,m - ﬁ)a)4)82 (iO'&’b - (Yb,m —A+ 1)(,()4 + (Tﬁ - m)(,()g)

3
Il
—

Yai (10& a (YaT’n —m+ 1wy +(i—n— 1)0)4) S, (ioa’a —(A—n)w, + (YaTn — r?l)co3)

[]

4 n=1

Q

Sz
Sy (iaa,a — (YHT,n —m+ Dws +(A— n)o)4) So (iO‘a a—(—n+Dw, + (Y — m)wg)

1 Sy ( —(Mm—m)ws + (Ya,;m — ﬁ)w4)52 (—(Y&,m —fn+1)ws+(M—m— 1)a>3)

met So (= —m+ Dws + (Yam — M wy) Sy (—(Yam— 1t + Dy + (h—m)ws)

12 Sy (—(Yan — M+ Dows + (R—n—1wy) Sy (—(h —n)wy + (Y, — M) ws) 1

T 185(— (Yo, —m+ 1wz +(A— n)ws) Sy (—(A—n+ Dy + (Yan— M)ws ) Sa(—w3)Sy(—w,) '

The first factor comes from i = @ and all contributions are from column #i. The second factor
is from j = a and all contributions come from row . In the last two lines, where i = j = @,
contributions come both from column # and row i, and the box at (i, 11). Y} ,, denotes the
length of the m-th row in the diagram Y3, and similar YbT:n is the height of the n-th column in
Y. The ranges of a and b are the same, so we can just use one multiplication. We also note
that the last two lines are the abelian expression for the diagram Y3, hence we have

o N
r. _ Zr L (B.28)
Zy 2y, yu So(iop s — w3+ (Yp 5 —M)wy)So(iogp — (V5 — i+ 1)wy)

i";[l Ss (iab,d —(h—m)ws + (Yp 1 — ﬁ)w4)52 (ioé,b —(Ypm—fi+ 1wy +(—m— 1)w3)
m=1 82h (lo-b’a - (ﬁ’l —m+ 1)6()3 + (Yb’m - ﬁ)a)4) 52 (lo-é’b —_ (Yb’m - ﬁ + 1)(04 + (T/T\'l - m)C()3)
Yot S, (i, — (V) = th+ Dewg + (R —n— Dy ) S5 (1,4 — (A — )y + (¥, — 1h)evg )

n=1 S (106, — (V) — i+ Deg + (A—n)ay) S5 (1045 — (A—n+ Dy + (Y], —1i)eos )
As for the abelian case, many of the factors actually cancel against each other. We can write

the expression in terms of boxes Aj, ; which can be added to the diagram Y, as well as the right
lower boxes By, ; of the rectangles making up the diagram Y},. Tallying up the factors, we end
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up with the following expression

Zy, 1 [1:S2(Bai —Aqx)S2(Agx — Bai — w3 — w4)
Zy  So(—w3)So(—wy) [ L1y S2(Ani —Agx — w3 — ©4)S2(Ag x —As i) 8.29)
. . B.29
A TT:S2(i0p,4 + By i —Aa x)S2(i074, +Agx — By — w3 — w4)
brg L 1iS2(0 b0 +Ap; —Ag = 03— 04)S5(i070,p +Ag e —Aps)
where A; , is the position of the box that takes us from Y to ?+.
Now let us compare (B.29) against the ADHM integral
7= _ _ N
oY _ So(—w3— wy) ddis l_[ 1
Zy  Sy(—w3)Sy(—wy) | iy@1@y 5 1 Sal@rs1 —aa)Sa(—Pri1 +aq — w3 —wy)
k A A
S —¢;))S —@;))—w3—w
% l_[ l—[ 2(N(Prs1— P:))S2(N(Pri1 — ¢1) 3 4) . (B.30)

i=1 n==%1 So(n(Prs1— qgi) — w3)So(N(Pr41 — qgi) — wy)

where (ﬁi, i=1,...,k, is the pole picked up by the contour integration of ¢; according to the
Young diagrams Y. Explicitly they are at a, +(m—1)ws +(n— 1), for box (n,m) in diagram
Y,, b =1,...,N. Then, we can convince ourselves once again by considering the diagrams
that most factors cancel, leaving us with the integral

Zy,  Sy—ws—wy) ddis
Zy  Sy(—w3)Sy(—wy) | 2mi
o N TT; Sa(@rar — aq —Baj — w3 — 04)S2(ag — drsr + Bai)
e 1 T1iS2(Prr1 —Ani — a0)S2(ag — Pry1 +Ag; — w3 —wy)
(B.31)

The different poles that we now can pick up (or want to allow to be picked up) are at
¢r+1 =Aqi +a,. If we do this for a = a and i = x and set a, —a;, =io,),, we find eq. (B.29),
confirming our conjecture.
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