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Introduction

Supersymmetric Yang-Mills theories on spheres are useful for investigating aspects of the

AdS/CFT correspondence. Because of the supersymmetry, it is possible to localize the

partition function and hence compute certain observables exactly. These can then be

compared to predictions coming from the supergravity dual of the theory. In the case of
d=4 N =4 SYM, Pestun proved [1] a conjecture of Erickson, Semenoff, and Zarembo [2]
and Drukker and Gross [3] by showing that the theory localizes to a Gaussian matrix

model. Pestun’s results are powerful enough to generalize to N' = 2 SYM as well, albeit

with a more complicated matrix model.



Generalizations to other dimensions are also possible. In [4, 5] it was shown how to
localize N’ = 1 in five dimensions with a vector multiplet and hypermultiplets in arbitrary
representations. In [6] it was also shown how to extend this to N = 2, the maximal case
for d = 5. Going down a dimension, there are an impressive number of results for three
dimensional Chern-Simons theories that are derived using localization, starting with the
work in [7] and to more general theories in [8].

We can construct supersymmetric theories in other dimensions as well. The main
guidepost is the existence of an acceptable superalgebra, which turns out to be closely
related to Nahm’s classification of allowed superconformal theories [9]. Basically, if there
can be a superconformal theory in d dimensions, then one can have supersymmetry on a
sphere in one higher dimension, given the close relation between the d-dimensional confor-
mal group SO(2,d) and the S%*! rotation group SO(d + 2). Since d = 6 is the maximum
for a superconformal theory, then d = 7 is the maximum for a sphere with supersymmetry.

One concern in these constructions is that unless the theory is also superconformal
it cannot be supersymmetric without giving up reflection positivity [10] (see also [11]).
Formally, one can get a real supersymmetric Lagrangian by assuming that the R-symmetry
group is non-compact and the masses of hypermultiplets are imaginary. In this case, the
Fuclidean action is unbounded below. However, one can analytically continue the scalar
field with the wrong sign and end up with a well-defined answer. This is the approach we
take here.

One goal of this paper is to give a more unified approach to localizing gauge theories
in different dimensions. We mainly consider those theories with maximal supersymmetry,
which can be obtained by dimensionally reducing ten dimensional super Yang-Mills. We
follow the approach in [1] where the dimensionally reduced directions include the time
direction. The gauge fields are Euclidean, but the scalars are Lorentzian. One advantage of
this method is that the fermions retain their real character from the original ten-dimensional
theory.

With this approach we can consider spheres for arbitrary dimension d, with d < 7.
Localization requires an off-shell formulation, which can be nicely generalized to any d.
Once the partition function is localized, we can evaluate the action at the fixed point lo-
cus and determine the contributions of the fluctuations. There is a qualitative difference
between the computation of the fluctuation determinant in odd as opposed to even dimen-
sions, namely because the former has a nowhere vanishing vector field while the latter does
not. We will also show how one can reduce to 8 and 4 supersymmetries for low enough
dimensions by modifying the actions and off-shell supersymmetry transformations.

We focus on the determinant factors for d = 7 and d = 6. In flat space 16 super-
symmetries is the minimal amount for d = 7 but for d = 6 it is possible to have only 8
supersymmetries. However, it is not clear how to localize without having at least one scalar
mode in a vector multiplet, so we are effectively limited to 16 supersymmetries for d = 6
as well. We will find that the determinant for d = 7 (d = 6) is similar to the determinant
for the pure vector theory with 8 supersymmetries in d = 5 (d = 4). This further means
that the behavior of the eigenvalue distribution as a function of the coupling is also similar
to the vector theories in two fewer dimensions.



In the cases of d = 7 and d = 6 we also find the full localization locus, including
instanton factors. In the d = 6 case the locus appears to allow for two types of instantons,
point-like and extended co-dimension two instantons. However, we will conjecture that in
the end only the point-like instantons contribute to the partition function. A similar story
holds for the d = 7 theory. Here there can be instantons that are concentrated along closed
U(1) orbits, as well as extended co-dimension three instantons. We conjecture that only
the former contribute to the partition function.

The paper is organized as follows: in section 2 we construct the on-shell supersymmetric
transformations and the Lagrangian for maximally supersymmetric Yang-Mills on S with
d <7. We also show how to reduce to 8 supersymmetries if d < 5 and 4 supersymmetries
if d < 3. In section 3 we generalize this construction to an off-shell formalism. This makes
it necessary to introduce seven auxiliary fields and their corresponding pure spinors, with
appropriate reductions when the supersymmetry is reduced. In section 4 we rewrite the
supersymmetry transformation in cohomological form. In section 5 we specialize to the
case of the seven-sphere. We present the detailed calculation of the determinants for S”
with all equivariant parameters turned on. Moreover we conjecture the form of the full
answer based on the factorization properties of the perturbative answer. In section 6 we
present the detailed calculation for S and following an analogy with S* we conjecture the
full answer. In section 7 we briefly discuss the properties of 6D and 7D matrix models
and argue for N2-behaviour at large N. In section 8 we summarize our results and discuss
some open problems.

2 On-shell supersymmetric gauge theories on spheres

In this section we construct gauge theories which preserve maximal supersymmetry on-
shell. This was first done by Blau in [12] but we include it here for completeness. We will
closely follow Pestun’s construction [1] by starting with a 10-dimensional theory and do a
Scherk-Schwarz compactification down to a d-dimensional sphere.

In 10-dimensional notation, the fields will consist of a gauge field Ay;, M =0...9, and
a Majorana-Weyl fermion field, ¥, with « = 1...16. The ¥, are assumed to transform in
the adjoint representation of the gauge group. We also use 10-dimensional Dirac matrices
™% and fg/[ , where all T™ and T'™ are real and symmetric. More properties and
conventions are found in appendix A. From now on we drop spinor indices.

The 10-dimensional flat-space Lagrangian is given by [13]

1 1
L=—Tr (FMNFMN — \I/lD\I/) : (2.1)
910 2

This action is invariant under the supersymmetry transformations

(5€AM = €FM\I/,
1
50 = §FMNFMN6, (2.2)



where TMN = TIMPN - We will later need the reverse combination, TMN = TIMPN],
The bosonic supersymmetry parameter € is any constant real spinor, hence there are 16
independent supersymmetries.

We next dimensionally reduce to a d-dimensional Euclidean gauge theory. Hence, we
will have gauge fields, A,, p = 1...d, as well as scalar fields ¢; = A;, where we choose
I =0,d+1,...9. We assume that all derivatives along compactified directions are zero,
so that the field-strengths become,

F,u[ = [D,LH(Z)I]
Fry = [¢r.¢4]. (2.3)

Since the O-direction is time-like, ¢ will have the wrong sign for its kinetic term. Assuming
that the d-dimensional space is flat Euclidean, the scalars transform under the vector
representation of an SO(1,9 — d) R-symmetry group. We can also decompose the fermions
W under the reduction, but it will not be necessary for our purposes here, at least while
maintaining maximal supersymmetry. The coupling in the dimensionally reduced theory
is g%,M = 9%0 /Vio—d, where Vig_4 is the volume of the compactified space.

We next assume that instead of flat-space, our d-dimensional space is the sphere S¢
with radius r. In 4 dimensions the gauge theory is superconformal, which means that we
must add to the action the conformal mass term

S = d*zy/— ( Tr¢]¢1> (2.4)

gYM
In other dimensions the theory is not conformal, but we still include a similar term for the
scalar fields

Sps = 97 ddwf( T Trg; ¢I) (2.5)

YM

where the index I is summed over and Ay is the analog of the dimension for ¢;. We will
see that we need further terms to preserve the supersymmetry.

On the sphere we can no longer have supersymmetries defined by constant spinors. To
find the desired spinors we instead consider conformal Killing spinors (CKS) that satisfy
the equations

1
Ve =T€, V,€=——=T €. (2.6)

2

Note that I', = ewfﬂ, where T'# is a Minkowskian 10-dimensional I-matrix along the
sphere directions. Following [1], and writing the sphere metric as

a general solution for (2.6) is



where €5 and €. are arbitrary constant spinors. Hence, there are 32 independent CKS'’s.
We can reduce these to 16 spinors by also imposing,

Ve = BT Ae, (2.9)
where 8 = 5. Consistency with (2.6) requires that ATHA = —T*. Shortly we will find
that in order to build a supersymmetric Lagrangian for d # 4 we must set AT = —A. The

simplest choice that satisfies these conditions has A =T’ 8f9F0, allowing this construction
for spheres up to dimension 7. With this additional condition, the constant spinors in (2.8)
satisfy €. = BAes, and thus reduces the number of independent spinors to 16.

The supersymmetry transformations in (2.2) need to be modified. To this end, we
propose the ansatz

0Ay = ey,
1
6 = TN Fyy e+ %F”IQS[VM&, (2.10)
where the index [ is again summed over and the constants a; are given by

4(d — 3

ayp = (7), 1=28,9,0
d

4

ar =, I=d+1,...7. (2.11)

To distinguish the different types of internal indices, we will use ¢4 and ¢;, with A = 8,9, 0,
and i =d+1,...7. For d = 4, we see that this is precisely the modification in [1]. With
these modifications the change to the Lagrangian, including the extra term from (2.5), is

G 6L = Tr { — (d— 4)F"™ e,V — (d(2 — af) — 4)F7el 1, ¥

d (d
—d (1= pliep g - C (Y A gl w |, (2.12)
2 r2 \ 4
up to total derivatives. If d = 4 then ay = A; =1 for all I and the Lagrangian is invariant.
For d # 4 we need further modifications to L.
We start by adding the term

1
Lyy = —5—(d—4)TrVAV, (2.13)
9ym
which is nontrivial only if A” = —A. Under a supersymmetry transformation (2.13) changes

by
G2 y0Lyy = Tr| — (d — 4)F" Bel ,, AU — 2(d — 4) BF VT 1, AW
—(d —4)BF el J AT + (d — 4)B2ard preATTAY| . (2.14)

Using (2.9) we see that the first term in (2.14) cancels the first term in (2.12). Using
ATy, =
in (2.11).

—Ta,A and AT;, = +T;A we see that the second terms cancel given the aj



The relations Al';; = +fijA and AT;4 = —T;aA lead to the cancelation of the third
terms for the 75 and iA combinations. However, the AB combination has a leftover piece

—A(d — 4)BTx [FABef‘ABA\II] = 4(d — 4)BTr [[¢*, 6P)erW] e ap0 (2.15)

where €399 = 1. This term can be canceled by including the extra term in the Lagrangian

Lape = ——— o (d — HTe([6*, 0P16%)e anc (2.16)
IUM 3r

Finally, the fourth terms from (2.14) and (2.12) combine to give

%Tr [(Aa — aa)pael W + (A; — (d/2 — 1)) el T] (2.17)

This is zero if Ay = a4 and A; = 2(d — 2)/d. Hence, the complete supersymmetric
Lagrangian is

1 1
Tr| = FynFMN — 0 DPU +

gYM 2

(d— 4) (d 3)

Lgs = DAY + = 4 + ey

(d—2)
r2

—%(d —4)[p*, ¢"]¢ eanc | - (2.18)
Notice that for d # 4,7 the R-symmetry is broken from SO(1,9 — d) to a smaller group
that contains an SU(1, 1) subgroup. In the case of d = 5, (2.18) is equivalent to the N' = 2
Lagrangian in [6], after a Euclidean rotation of ¢°.

If d < 5, we can split up ¥ into parts that are eigenstates of I' = I'09 with the
even eigenstates, ¥ = +1'¢ making up the fermions in the vector multiplet and the odd
eigenstates, y = —I'y making up those in an adjoint hypermultiplet. The scalars ¢,
I = 6...9 are the bosonic fields in the hypermultiplet. The gauge fields A, and the
other scalar fields, ¢;, I = 0,d + 1,...5 are the bosonic fields in the vector multiplet. By
also assuming that e is chiral, ¢ = +I'¢, we reduce the number of supersymmetries to 8.
Note that this reduction does not work for d = 6, even though it is possible to have 8
supersymmetries, at least in flat-space. In this case one would have to use I'07% but its
square is —1, and since W is assumed real, it cannot split into eigenstates of T'0789,

The breaking of the R-symmetry to SU(1, 1) can also be understood from the available
superalgebras. In the case of S% the superalgebra is the exceptional Fy which has 16
supercharges and an SO(7) x SU(1,1) bosonic subalgebra. This can be compared to the
5-dimensional superconformal algebra which has the bosonic subgroup SO(2,5) x SU(2).
Similarly, for S7 we have the superalgebra OSp(8|2, R) which also has 16 supercharges and
is closely related to the 6-dimensional (1,0) superconformal algebra OSp(2,6/2).

With this reduction we can relax the conditions on the additional terms that are added
to the Lagrangian. If we replace ¥ with 1 in (2.12) and (2.14), there are only contributions
from terms with an even number of hypermultiplet scalar indices. This leaves the values
of ay and Aj; unchanged for the vector multiplet indices. In fact, the only place the
hypermultiplet scalars enter into these transformations is in the third terms, where the



constants come in pairs ay+ay in (2.12). This suggests modifying the transformations such
that ay + a stays fixed, at least for some combination of the I and J. To this end, we let

2(d—2)  diormr

Qag ] + 7 6...9
or=+1 I1=6,7
or = —1 1=8,9, (2.19)

where m serves as the hypermultiplet mass. In the case that I, J has one index from the pair
6,7 and one index from the pair 8,9, the linear combination o+ a s is unchanged from the
maximally supersymmetric case and the third terms cancel. If I, J =6,7or I,J = 8,9, then

—d <1 - Oq_;a‘]> L1y = or(d — 4+ dioymr)el%%) . (2.20)
The corresponding term can be canceled by adding to the Lagrangian

oo = o (B i ) 11 o)) - (52— aim ) (10867 )
(2.21)

In 5 dimensions we see that if mr = i/2 the first term goes away and the second term
matches (2.16).
If we now replace ¥ with x, we see that the first terms in (2.12) and (2.14) do not

contribute, hence the restriction on the coefficient of the yAy term is removed. The only
terms that contribute from the rest of (2.12) and (2.14) contain exactly one hypermultiplet
scalar. Tt is easy to check that with the assignment in (2.19), the Lagrangian should contain
the hypermultiplet mass term

1
Ly = —— (=imTrxAy) , (2.22)

Iym

in order for the second and third terms to cancel (with the coefficient 3(d —4) in (2.14)
replaced with —im). In order to cancel the fourth terms we must choose

2 d(d — 2
Ar = p <mr(mr +ior) + (4)> . (2.23)
Hence, the complete Lagrangian with an adjoint hypermultiplet is the dimensionally re-

duced version of (2.1) and supplemented with
Loo + Logs + Ly + Loy, (2.24)

where the terms are defined in (2.5), (2.21), (2.13) and (2.22), and where Ly, replaces ¥
with + in (2.13). This is of course equivalent to the construction in [14].

If d < 3 we can follow a similar procedure to reduce the number of supersymmetries to
4. We define a second matrix IV = I'*®in which case ¥ can split into I¢p = T'p = 44,
and x(jy, j = 1,2,3 where I'x(;) = (—1)52(j)x(j), x) = (—1)51(j)x(j), and where Sk (j)
are the binary digits for j, i.e. j = 2-82(j) +B81(j). The x(;y are the fermionic part of chiral



multiplets while the v is the fermionic part of the vector multiplet. The supersymmetries
are reduced to 4 by also setting I'e = I''e = e. With these choices we can then set
2(d —2) oG mr
R R R
4y = 5 = OC(l) y Qg — 7 = CK(Q) s ag = (g = 04(5) . (2.25)

o) = (_1)520)510)

The other a; keep their same assignments. The A; change in the same way as in (2.23)
and become

2 . d(d—2)
A = b <mjr(mj7' +ioy)) + 1 > ; (2.26)
while the mass terms for the chiral multiplet fermions are
1 .
Ly = —— (—im; Trxy Axgy)) - (2.27)
Iym

Freed from the vector multiplet we can add more chiral multiplets, or change their repre-
sentations, etc.

3 Off-shell supersymmetry and localization

In order to localize we need an off-shell formulation of the supersymmetry transformations.
A Euclidean version of this was done for the maximally supersymmetric case in [15]. An off-
shell formulation does not exist for all 16 supersymmetries, but it is only necessary to go off-
shell for one particular e. The choice of ¢ is specified by how one chooses the vector field v

oM = erMe. (3.1)

In the appendix it is shown that v vy, = 0. Again following [1], for a choice of ¢ we also
choose seven bosonic pure-spinors vp,, m = 1...7, and an accompanying set of auxiliary
fields K™. The pure-spinors satisfy the orthogonality relations

My, =0

v My, = §pmo™ . (3.2)

The off-shell supersymmetry transformations are then modified to

0Ay = ey,
1
60 = STV Fygye + %Fﬂf@vue + K™y,
5.K™ = —umPU 4 AK™ (3.3)

where the coefficients o have the same values as in the previous section. The transforma-
tion term AK™ is an extra piece that is required if d # 4.

It is necessary to show that the transformations in (3.3) close up to a symmetry of the
action in order for the supersymmetry to hold. Starting with the A, fields, we have that

1 1 ~
02A,, = 6(el, W) = §FMNeerMNe - iﬁdafgbIeFMFIAe + K™l v, . (3.4)



The last term in the r.h.s. is zero by (3.2) while the second is zero if I is one of the A
indices, since two € spinors sandwiching three distinct T'™ matrices is zero by antisymmetry.
Hence, after contracting some I'™ matrices we can write

62A, = eITNeF, N +2¢7eT!V e
= —0"Fy, + [D,, v 61]. (3.5)

The first term is the negative of the Lie derivative along the vector field v, while the second
term is a gauge transformation, hence this closes up to symmetries of the action.
A similar calculation shows that

§2¢1 = —v'Dyér — v/ ¢, ¢1] — %alﬁd eLryheq” (3.6)

where the first two terms are again the negative of the Lie derivative and a gauge transfor-
mation. The last term is an R-symmetry transformation. Notice that this term is non-zero
only if I and J are both A type indices or both i type indices. Hence, this is the unbroken
part of the R-symmetry on the sphere, and so this too is a symmetry of the action.

The closure of ¥ is more involved. Using the triality identity in (A.4) and the last
relation in (A.7), we can reduce the transformation to

520 = —oNDNT — B(eATHT N W)L ve — 2(d — 3)B(el aW) T Ae — 2B(eT; 0)T Ae
+AK™ v, . (3.7)

Using the triality identity again, we can further manipulate this to
1 1
620 = N DyT — 1 (Vo) = iﬂ(eAFUE)FU\P
+(d—4)8 ((eA\IJ)e + (DN T)PV Ae — (GFA\IJ)fAAe) F AR ™. (3.8)

The first two terms combine to give the Lie derivative of a spinor, which includes a spin-
connection, and the gauge transformation. We also have that

1 ~
5’1)NAFN\I/. (3.9)

(LN U)TN Ae — (DA U)TAAe = — (el yU)AT Ve =
The form of the first term in the second line of (3.8) suggests that one should set
AK™ = 3(d—4)v" AV, (3.10)
in order to put (3.8) into a nicer form by using (A.7). Indeed with (3.10) for AK™, we find
1 Lo
620 = — VDU — 1 (Vo) — iﬁ(eAFUE)FU\P
+(d — 4)B(eT T4 AT
1 v
= —v" DN W — (V)
1 =AB 1 =i
_i(d —3)B(el'*ZAe)L' 4V — §ﬂ(ef‘ TAe); W . (3.11)

The last term is consistent with the R-symmetry transformation in (3.6).



Finally, the closure for transformations on K™ can be confirmed using (3.10), where
one finds after similar manipulations of the expressions,

K™ = —oMDy K™ — (VmTAY K, + (d — 4)B(vIm AV K, . (3.12)

The last two terms combine to generate internal SO(7) transformations amongst the K™.
Hence, the off-shell action should be invariant under these transformations.

We now look for the Lagrangian invariant under these transformations. In 4-dimensions
one modifies the Lagrangian by adding the auxiliary field piece [1]

1
Loz = ——5— TrK" Ky, (3.13)
9ym
which is invariant under the internal SO(7) symmetry. We take this as an ansatz for
all d and add it to the Lagrangian in (2.18). The only terms we need to check in the
transformation are those that are linear in K™. To this end, we need to verify that

SE (—UDV + (d — 4)BUAT) — 5(K™K,,) = 0. (3.14)

This is clearly true based on the transformations in (3.3) and (3.10), hence the Lagrangian
Lgs + Loue 18 invariant.
We now turn to localizing the off-shell action. We follow the usual procedure of mod-
ifying the path integral to
Z = / DPe 51V (3.15)

where () is a fermionic symmetry generator, and D® represents the functional integral
measure for all fields. Since @) is assumed to be a symmetry of the action and the measure,
an elementary argument shows that the path integral is independent of . One then takes
t — oo so that the fields in the path integral localize onto the zeros of QV'.

For @Q we choose the supersymmetry generated by e, §., while for V' we use

V= /dd:m/—g\I/(SE\I/. (3.16)

0.V is the conjugate of the transformation in (3.3),

1
5% = STVVFyyTOe + %F“I $ TV, e — K™TOy,, . (3.17)

Therefore, the bosonic part of §.V is given by

0V

_ / /=g Te(5,0 5.0). (3.18)

bos

Carrying out the expansion of the integrand, we find that many terms are zero. Those
terms that are left-over can be written as

1 1 -
6V 50 = §FMNFMN — ZFyn Fap o (eDMNMINO )

4
Bday

+ = Fan (A (ETTMNEY — POpITMN) )

,10,



52 d2
4

K"K, 0° — Bd agdo K™ (vmA€) + Z(aj)qumSIvo . (3.19)

1

At this point we assume the consistent choice v? = 1, v®% = 0, in which case the last line
in (3.19) can be written as

BQdQ

— (K™ +28(d — 3)¢o(vmAe))? + P CHRICE (3.20)

J£0

where we used (A.7) to write the first term as a square. (3.20) then leads to the fixed-point
locus

K™ = —28(d — 3)do(vmAe),  d;=0 J#0. (3.21)

The first term in (3.19) contains the kinetic terms for ¢g, therefore the localization restricts
¢o to be covariantly constant on the sphere. The rest of the fixed point conditions allow
for generalized instantons, but we will return to this point later when we specialize to the
various dimensions.

If we now substitute the values at the fixed point into the Lagrangian £, we find,
assuming the gauge fields are zero,
1 (d—1)(d—3)

L= g Te(60d0). (3.22)

Hence, the action is

Tro?, (3.23)

where Vj is the volume of the sphere, ¢ is the dimensionless variable o = r¢g and Sy_4 is
the volume of a unit d — 4 sphere. Note that action is 0 for d = 3, which is why one needs a
Chern-Simons term to get interesting behavior from localization in three dimensions. Also
note that the action is unbounded from below if d > 3 (or d < 1), and therefore we must an-
alytically continue ¢ to the imaginary axis when doing the path integral for d in this range.

To study (3.19) further, we note by either antisymmetry or the conditions on v*, that
in order for the second or third terms to be nonzero none of their indices can be 0. To this
end we assume that the I and A indices are not 0 and write the second term as

1 I\
—ZFMNFM/N/(EFMNM N OE) ==

1 1
= Fur Fap(eDM20€) — Dy Fyp(eDH30€) + <DM¢1DV¢J ~ 5Ewlor, ¢J]> (eTH1I0¢)

—Dybr[dy, pr) (el E0) — %[Gﬁb ¢1)[¢x, pr)(elTHH0e) (3.24)
= —iFWF,\p(EF‘“’ApOe) — aDy 1 Fy,(el"e) — 28(1 — a)(d — 2)pr Fy,(eDTA78%)

+26(d — 1)¢r Dy (eI 7%%)

_l;d@ (67, pxc) (DT F¥e) — %[@, ¢1)[¢x, pr](eD /K e) | (3.25)

— 11 —



where we integrated by parts and used the Bianchi identity. For the second term on the
right hand side of (3.24) we split it into two pieces with coefficients a and 1 — a, and only
integrate by parts the second piece. This will be useful when we consider the localization
locus on S%. We next write the third term in (3.19) as

Bdog
4

Frunér(eA(TITMNTO _ pOpIpMNy )

=28 (@-[qu, Ok (D*96) — (2d — 5)¢;[pa, ¢plePv’ + 2(d — 3)paDppe Pt

—2¢; D, (eTH989¢) 4 ¢Z-FW(6FW896)> : (3.26)
Combining (3.25) and (3.26) together, we arrive at
1 / ! d nd
— - Fan Fpponer (VNN 0¢) 4 g aIFMNgZ)](eA(FII‘MNFO TOT/TMN)e) =

L Far A TPN0) — 211, 0rc, o) (7T

+24(d —5) <¢ADM¢35ABU” — Gilda, ¢B]€ABvi)

+26(d - 3) (¢iDu¢j(€ij896) - %@ (b5, cbk](efijkgge))
—aD,rFy, (T 0e) —28(d — 3 — a(d — 2)) i Fu (eTH3%) (3.27)

We will further simplify these expressions in the next sections after specializing to specific
dimensions.

The off-shell construction for theories with reduced symmetry can be modified in a
straightforward manner. Without going into detail, for 4 supersymmetries we can split
the auxiliary fields and the pure spinors into sets kg, g and /ﬂl( NRLONE with s = 1,2 and
J = 1,2,3. The pure spinor 1 has the same chirality as e while vy ; has the same chirality
as X(j)- The transformation in the last line of (3.3) is then modified to

6 Ko = —voIDy + B(d — )y
0K () = —ij)ﬂ)X(]) im v Ax ) - (3.28)

The transformations for the fermions stays the same as in (3.3), taking into account the
modifications to the a; and matching the different chiralities to each other. If we set mo =
ms and my = i(d — 4) then we have 8 supersymmetries and the off-shell transformations
in d =5 are equivalent to [14].

4 Cohomological complex

The spinors € in (2.9) can be used to build other quantities which will be of great use to
us. We have already mentioned the vector vield v™ = eI'™

vMuyr = 0 (see appendix for details about deriving this and other properties.). As in the

€, which can be shown to satisfy

previous section, we choose an € such that v = 1. In what follows, we need to distinguish
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between odd and even dimensional spheres. For odd dimensions it is also possible to choose
vl =0, I # 0. It then follows that viv, = 1, hence there exists an everywhere nonzero
vector field on the sphere. We can identify v,, as a contact 1-form r,, which we can then
use to construct a two-form,

1 - 1
Viuky = f;eFWAe == W, (4.1)

where we used (2.9) and the antisymmetry of A. It is also straightforward to show that
v'wy, = 0 and Vi,w,y = 0, hence wy, is the Kéhler form in the space transverse to the
vector field v*.

In even dimensions it is not possible to set all v, I # 0, everywhere to zero. However,
we can choose an e such that v@+!
while v/ =0, I > d+ 1.

In any dimension we can decompose the 16 independent fermions W as

= cos @, where 0 is the angle away from the north pole,

9 7
U= 0y MW 4 T, (4.2)
M=1 m=1
and so using (A.7),
Uy =Ty ¥, Ty =, 100, (4.3)
Note that
9 9
Up= Lo == > (Fye) ™ == 0y ", (4.4)
M=1 M=1

and hence, is not independent. The supersymmetry transformations in (3.3) then become

0Ay = Yy
N (67) d ~
0V = —v" Fnyr — [¢0, Am] — Trd)](GFMIAﬁ)

_ 1 -

8 = Hy, = K,y + vmAedo + §FMN(1/mFMNOe) — %fl(umrorf/\e)@,
d—4

ScHyp = —0"Dy Y0 — [h0, Ton] — (0 THV ) Y™ + (VmAvy) YT (4.5)

where all M, N, I # 0. The algebra of course still closes onto a combination of Lie deriva-
tives, gauge transformations, R-symmetries and internal SO(7) transformations.

In the following sections we apply these constructions individually to the case of seven
and six dimensions.

5 The seven dimensional theory

In this section we specialize to the seven-dimensional sphere. In many respects the seven-
dimensional case is analogous to the five dimensional construction [4, 5], which is a general-
ization of Pestun’s original calculation on S* [1]. Therefore, we will be brief with the more
obvious elements of the calculation while stressing the seven dimensional peculiarities.
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5.1 The 7D cohomological complex

Our aim in this subsection is to study the cohomological complex (4.5) in seven dimensions.
We first define the fermionic two-forms Y,

T = Lo (V" TH ) (5.1)

In seven dimensions the vector field v# satisfies v/ v, = 1, v = 0, and using (A.7) it is
straightforward to show that
oY, =0. (5.2)

Hence, the indices of Y,, lie in the six-dimensional horizontal space orthogonal to v*.
Using the triality identity and (A.7) it is straightforward to show that

Wi Wop = —(Guv — Vuty) - (5.3)
By extensively using (A.4), (A.7) and the 10-dimensional chirality of €, which leads to
1
DA — —56‘“/)\/)01025(.4}01021}5 , (5.4)
we then observe that

(tox (TAW)) o = Yo — T (v Ae)wp

=T +Twu, (5.5)
where
-1 N
T= ETpr P (5.6)
Hence, the Y, can be divided into
T =T + Y, (5.7)

where w”?Y,, = 0. The TW satisfy the self-duality condition on the 6D plane transverse
to v#
(o (TAwW)w =+Tp, (5.8)

while the piece proportional to w,, satisfies
(to * (Tw A W) = +2Tw,, . (5.9)

There are 6 independent two-forms that are self-dual in six dimensions, and one whose dual
is twice the original, namely the Ké&hler form. Hence, this accounts for the seven indepen-
dent degrees of freedom in T,,. The other 8 two-forms in six dimensions are anti-self-dual.

The vector field v# generates a free U(1) action on S which corresponds to the Hopf
fibration over CP3, where Ku = guv” is the natural connection one-form on this principal
bundle. Hence, the T, are the horizontal two-form on S7. On the horizontal plane we
can introduce the complex structure that naturally splits the horizontal forms into (p, q)-
forms with respect to this complex structure. The horizontal self-dual two-form T,, can
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be decomposed to (2,0) and (0,2) forms and the (1, 1)-form which is proportional to w,,,.
Indeed the pull-back of the standard Kéhler form on CP? to S” coincides with Wy -

We can next show that the R-symmetry terms in 552Tm have the right form to make
627, into a Lie derivative plus a gauge transformation. We first note that

—Ef(Tm(VmFWOe)) = —(,Cme)(VmFWOG) — 07V, (V" TH*0¢) + v, VH (1™ T7V0) + v, VY (1™ TH0)

1 ~
= (LT (" TH706) = 7 (Vor™ )T — v T4 Ae
T

f%(EFMf‘”Ae) (v™TYOT pre) + %(EFM]::WAE) (T pre) (5.10)

where E{j‘ is the covariant version of the Lie derivative, Ef = dyty + tyda. We then take
the explicit transformation in (4.5) to write

(VmI‘WOe)dsz = (VmFWOe) <—£me — b0, Y] + ;—r(umAun)T” — (VmFUng/n)T">

= (LT + [0, T (7 TH06) — o (P A"

1 ~ ~ 1 ~ ~
—— (eI pTHA€) (1, DT 1) Y™ + = (€D s TV A€) (1 THOT pe) Y™
T T
1 _ _
—— (T pfAT v €) (v Dy THOT7 ) Y™ (5.11)
,

We can rewrite the last term in (5.11) as

1 < ~ 1 - -
— 5o (DarALoe) (r Dy DL 7€) Y™ = = (1, A T™ + %(yerAe)Tm, (5.12)

hence, by comparing terms in (5.10) and (5.11), we see that
— LT ) = [f0, Y] = (V"TH0€)627 . (5.13)

Therefore, the transformation of the two-form Y, is the negative of the Lie derivative plus
the usual gauge transformation.
We can next define the bosonic three-form fields

1
(D#V)\ = i(z)A(EF,Lw)\FAOG) > (5.14)

where we again find that the field is horizontal, satisfying v#®,,, = 0. The Lie derivative
of @, is then

2 E;?(I);w)\ = (£v¢A)(6FuVAFAOE) + ¢A£S(GFMVAFAOE)
= (’C?(bA)(EFuV)\FAOe) + ¢I (UOVJ(EFHV)\FAOG) -3 UUV[M(GFVA}UFAOG))

= (L2640 nT6) + 6425 (Tl ™)
- <UUDU¢A — isAWB) (€T AT "% . (5.15)
In (3.6), the transformation on ¢4 for d=7 becomes
264 = 0" Dora — [0, 64] — - (FapAe) 67

= —v7Dypa — [bo, Pa] + §€AB PP (5.16)
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Comparing (5.16) to (5.15), we see that the R-symmetry transformation is precisely what
is needed to turn the field ¢; into a natural 3-form under the Lie derivative.

It is also not hard to see that the @, split naturally into (3,0) and (0,3) forms
under the complex structure of the horizontal space. The square of the horizontal dual is
(t,%)2 = —1, hence a general three-form can split into 10 independent forms ®* and 10
®~ with ¢, * ®T = 443 d*. In this particular case, we can explicitly write the forms as

i = i«bg F i) [(Lual™€) i (FpaI™e)] (5.17)

The self-dual forms (eigenvalue +i) are either (3,0) or (1,2) forms, while the anti-self-dual
forms (eigenvalue —i) are (0,3) or (2,1) forms. By making liberal use of the identities in
the appendix, we can further establish

w, PE = +idF

e UV (518)

which restricts the forms to be (3,0) or (0,3). Analogously we can define the superpartner
of ¢
1 A0
Nuv\ = iq]A(fr,uu)\F 5) 5 (5.19)

with similar properties as ®.
Let us now discuss the fixed point locus in the case of 7 dimensions. We take from the
first line of (3.25) (prior to the integration by parts),

]_ ! !

—ZFMNFM/N/(EFMNM N 06) = (520)
L B By (eDP06) — F (D3 4) (794%€) + 20 D)8 Dyiby — [, 0]
4MV)\P u \APA)\E € uwP8L/y P9 8, P9lJ »

where f = F,,w"”. Using (5.4), we can rewrite the first term in (5.20) as

1 1
— EFWF,\[,(EF“”APOE) = iF,w(LU « FAw) . (5.21)
If we decompose F},, as
A 1
Fu =Fu + gfw,w , (5.22)

then (5.21) combines with the gauge kinetic term to give

1 1
3 Fu ™ = LBy (D 20)
1. o, 1,01 \
:Z(F—FLU*F/\W) —|—Zf +§F,MF“,)U (U (5.23)

We also can see that only the third term in (3.26) contributes in 7 dimensions, and is
found to be g
—pav*Dyppe? . (5.24)
r

Combining this with the scalar terms contributing to (5.20) and %F N FMN | we find that
the complete bosonic part of (3.19) is

1, - 1 1 )
T+ wx A w)? + 1f2 + §FM)\F‘MPUAUP — 2 F,, DA®""* — D, o D" by
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1 8
+D,¢aDy b5 (g" 6P 4w etB) — §5AB[¢A7 ¢B] f + ;¢AUAD)\¢B6AB

2
(B + Lonmd) ) + 5004 + o, 007

1 1 2 9
= (F, — Dx®u,*)* + i ( f— g[%m @M”U]MU) + §Fu,\F“pU>‘vp
4 ? 1 o VA
_D;LQSODMQSO —( K + ;QSO(VmAE) + EU UpHam/)\ HP“ ) (5'25)

where

Fr =, % (FT Aw)
Ha',uu)\ = DU(I),W/)\ - D,u,q)cn/)\ - DV(I)uov\ - D/\(I),ul/a . (526)
In deriving the second line in (5.25) we made use of (A.14) and (A.15). Next, we Wick

rotate ¢g — i¢g and K, — K, to make the entire supersymmetric action positive definite.
Hence, the complete fixed point locus is

4
K™ = —;gbo (vmAe), D,¢o =0

El = Dy®,,°
f = é[q)ul/ka(p“ya]w)\g
v F,, =0
0" Hypn = 0. (5.27)

The F* in the second line is a (2,0) plus a (0,2) form. These equations are the seven-
dimensional lift of the Hermitian Higgs- Yang-Mills system which previously appeared in [16]
(see [17] for a nice overview).

We next evaluate the supersymmetric action on the localization locus. The bosonic
part of the Lagrangian (after the Wick rotation ¢g — i¢g and K,,, — iK,,) can be written as

1 1 1, 1 1
Lss+ Lavw = 5—Tr|=(FL)? + 5(F)? + = 12+ ~ (e P[da. 65])* + (Do ®,u”)?
N ) 2 12 4

8
~weAB D, daD,bp + v Dydav Dy + ﬁ(f)Aéf)A
8
+DudoD o + 5 d0do + K™ K (5.28)
The topological term in (5.21) can be written as

1 L1 1, ., 1
§F,LLI/([”U * F /\W)H = i(F/j_u)Q - §(F[Al/)2 + 6f27 (529)

hence, using this and the fixed point locus in (5.27) we can rewrite (5.28) as

1 1
Los+ Laww = ——Tr|2F5, Do®,,7 — = Fpp(ty * F A W)
Iym 2
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1 6
+ <2w“”FW [pa,dB] — W' DypaDydp — T¢AUMDp¢B> e4B

+ﬁ%m] (5.30)

The first term in (5.30) is zero after integrating by parts and using the Bianchi identity.
The second line is also zero after integrating by parts the second term in that line and
using (A.10). Hence, at the fixed point the Lagrangian reduces to
1 24 1
Lpp=——Tr {2¢0¢0 — = Fu(tw* F A w)’“’] ) (5.31)
9yMm r 2
i.e. the term written in (3.22) plus an instanton contribution. The integral over (5.31) can
be rewritten as follows

1 |24
/Efp\/§ d'x = - [ﬂ/Tr(d)g)Volg —l—r/Tr(F/\ FARA d/{)} , (5.32)
9ym

where we have used (4.1) and the relation ¢, (*wp) = (—1)P(k A w,) for p-form wy.

5.2 Calculation of determinants

Let us summarize in a coordinate free way the supersymmetry transformations from the
last section and calculate the one loop determinant around the trivial connection A = 0.
The present discussion is very similar to the 5D case [4, 5] and we refer the reader there
for some basic definitions from contact geometry.

Using the projectors kA, and (1 — Kk Ai,) we can decompose the differential form into
vertical and horizontal parts

Q°(S7) = QY(ST) @ Q3 (5T) -

Furthermore using the complex structure on ker k the horizontal forms can be decomposed
further into (p, g)-forms, Qg’q)(sﬂ).

Using the field redefinitions from the last subsection and after the Wick rotation of
¢o the supersymmetry transformations (4.5) can be rewritten in terms of even and odd
differential forms as follows

0cA =1,
0cth = —iy ' —idago,
deo = iiy1),
0P =1, (5.33)
derp = —L{\® — i[go, ],
5T = H.

OH = =LA —i[¢po, Y],

where d 4 is the de Rham differential coupled to the connection A and Ef = fpda+dai, is a
gauge covariant Lie derivative. Here A is a connection and all other fields are in the adjoint
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representation. Wy, goes to an odd 1-form v and to an odd horizontal (3,0)+ (0, 3)-form 7,
¢o is an even scalar, and @ is an even horizontal (3,0) + (0, 3)-form. T is an odd horizontal
self-dual form (i.e., a horizontal (2,0) + (0,2) plus a (1,1) part proportional to w) and H
is an even horizontal self-dual form.

The original supersymmetry dictates that the vector v is along the Hopf fibers if we
think of S” as S'-fibration over CP3. However once the transformations are written in
the form (5.33) we can choose v to be any combinations of four U(1)s acting on S7. The
seven-sphere is defined by the following equation in C*

|21]? + |z2]” + |23]” + |z = 1. (5.34)
There is the following T* action on C*
z — €%z, i=1,23,4, (5.35)

which descends to S”. Let us denote by e; the vector field on S” for the corresponding
4

U(1) action. Then in general we can consider v = ) wje; corresponding to a so-called
i=1

squashed sphere. If w; = 1, i = 1,2, 3,4 then this v corresponds to the S* Hopf fibration of

a round sphere. Allowing v to be general toric will help us conjecture the full answer for

the partition function.

Before we start to calculate the path integral, we have to gauge fix the theory. This
is a standard topic in localization and thus we will be brief. We follow closely the original
work [1] by Pestun. We introduce the standard ghosts ¢,¢ and Lagrangian multipler b.
Moreover we have to introduce the even zero modes (ag, ag,bg) and the odd zero modes
(co, ). We also introduce the standard BRST transformation and combine it with the su-
persymmetry J. into a new transformation ). This can be done in the standard way [1]. For
the actual calculation, it is important that Q% = —L£, —iG,, and Q acts as an equivariant
differential on the supermanifold with even coordinates (A, ®, ag, by) and odd coordinates
(Y,c,¢). Here G, is the gauge transformation with constant parameter ag. We impose
the Lorentz gauge and the parameter ag is identified with ¢q.

The localization locus is given by equations (5.27). If we choose the isolated solution
A =0, =0 and ¢y = constant = r~'o then the 1-loop contribution around this locus
corresponds to the full perturbative answer. Thus the full perturbative answer is given by

2 2 2))3
/da 6*855;3%2) \/detgg,m(Q Jdet02 (Q%)(detqo.0 (@)
\/detQ1 (Q2)d€th,0) (QQ)deth),g) (Q?)(det o (Q?))?

(5.36)

g

where the denominator comes from integration over the even coordinates (A, ®, ag, by) and
the numerator from the integration over the odd coordinates (T, c,c). Here all forms are
Lie algebra valued. Decomposing Q! = Q% @ Q%’O) & Qg’l), cancelling some pieces and
taking the square root (we ignore the phase of the determinants, we are interested in the

absolute value only) we are left to calculate the following superdeterminant

Sdetgg,o)(—[w —ilo, ]). (5.37)
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Following [18] and [19] the calculation of the superdeterminant (5.37) for generic toric
v can be reduced to counting holomorphic functions on the metric cone over S7, which
is just C*. Let us sketch the logic here and later we present a different approach for the
calculation of (5.37) for the case of the round sphere. Since the complex structure on
ker k is integrable, we can introduce the horizontal Dolbeault differential dz. Since L,
commutes with dy then the calculation of the superdeterminant over Qg,o) descends to
the calculation of the same superderminant over the cohomology H[(;}g) with respect to Ox,
the so-called Kohn-Rossi cohomology. The calculation of the Kohn-Rossi cohomology and
the decomposition into eigenspaces for T* can be reduced to the study of homolomorphic
functions on the metric cone, C*. The seven dimensional calculation is a straightforward
generalization of the 5D case and further details can be found in [18] and [19]. The final
answer is given by the following matrix model

— 822 y(o2) .
/da e 9m detyq; sdetgg;,())(—ﬁv —ilo, ]) =

g
— ST (o)
/da e 9Ym HS4(i<O’, a>;w1,w2,w3,w4) > (538)
t (0%
4
where « are the roots for the Lie algebra g, t is the Cartan subalgebra, v = ) w;e; where
i=1

the e; correspond to the T%-action on S7, and p is the ratio of the volume of the squashed
sphere to the round sphere. The quadruple sine is defined as follows (see [20] for further
details)

oo
H (iwl + Jjwo + kws + lwy + :C)

Sa(zy w1, w2, w3, wa) = =5 (5.39)
H (iwl + Jjwo + kws + lwy — .%')
i,k =1
and the triple sine as
o0 o0
Sa(r;wi,wo,ws) = [ (iwr +jws + kws +2) [ (iwr + jws + kws — ). (5.40)
i?jakZO i,j,k‘,l:].

For the convergence of Sy one has to require that Re(w;) > 0 (the same is required for v to
be a Reeb vector for some toric contact structure). The contribution of the numerator in
S4 comes from counting in H}?}g)(S 7y = H°(O(C*)) and the denominator from counting in
H}?}S)(Sm = (H}?}?(SU)* (with some shifts in the allocation of U(1)-charges). All other
cohomologies vanish. In this section we assume that all infinite products are appropriately
regularized. The details of the regularization will be discussed in section 7.

Thus the full equivariant answer for the perturbative partition function for maximally
supersymmetric Yang-Mills on squashed S” is given by the matrix model (5.38). The
full answer will contain the expansions around every non-trivial solution of the hermitian
Higgs-Yang-Mills system (5.26) and (5.27). In the next subsection we conjecture the form
of the full partition function.
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Now let us concentrate on the case of the round sphere where w; = 1 for i = 1,2, 3, 4.
This case is important for our study of the matrix model and moreover yields an alternative
derivation of the determinants. We use the short hand notation, Sy(x) = Ss(z;1,1,1,1)
and S3(z) = S3(x;1,1,1). We then derive some identities for Sy(x). We have the following

ﬁ (i+ji+k+i+2)=]]]] ﬁ(t+x), (5.41)
k,l=0

i,k l= t=0j=0 k=0 =0

t t—jt—j—k
1 11 t+ 1)t +2)(t+3
> Z1:453+1t2+—1t+1=(+)(+ )+ ), (5.42)
j=0 k=0 (=0 6 0 0
where we used the identities
Zk— n+1 B n2;—n’ znszZ n(n+1)6(2n+1) _ 2n3+fén2+n' (5.43)
k=1
Thus we get
s > 1.3 2, 11 1
II G+i+k+i+a)=]J¢+z)s" " Farrt (5.44)
i3,k l=0 =0
Analogously, we find
O ad 1 11
3 2
[T Gritrb+i-—a)=][C+4-aerrert, (5.45)
i,5,k,1=1 t=0
This leaves the following expression for Sy(z)
= 148142411
S et 2ot e Oy (8 +a)s PG 5.46
@) = = [Tt xH (t— )%tgft”%t*l ' (5.46)
H (t +4 — q:) 6 6 t=1 Z
t=0

The appearance of the expression (5.46) can be explained through the decomposition of
the horizontal differential forms in terms of the eigenfunctions of the operator £,, where
v corresponds to the Hopf fibration. For the round sphere where v goes along an S'-fiber
we can Fourier expand the horizontal forms

Q0 (s, g) = QO (P, g) P <@Q J(CP?,0 ()®g)>, (5.47)
10

where O(1) is line bundle associated to the S'-fibration. Up to some numerical factor
corresponding to the normalization, t is the eigenvalue of £,. To control the cancelation
between the numerator and denominator of (5.37) we have to use the index theorems for
the Dolbeault complex twisted by an O(¢) bundle. All necessary information is encoded in
this twisted cohomology,

(t+1)(t+2)(t+3)
6 )

H(CP?,0(t)) = t>0, (5.48)
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H(CP3,0(t)) =0, t<0 (5.49)
HO3)(CP3 0(t) = HOO(CP?, 0(-4) ® O(—t))* (5.50)

and thus we arrive at (5.46). In (5.46) the linear term in front of the whole expression
comes from the Vandermonde determinant (changing the integration from the whole alge-
bra to the Cartan) and the rest comes from the determinant calculation. The calculation
here is similar to the one-loop calculation for the round S°. More details about this case
can be found in [4].

Indeed the matrix model for the round S7 can be simplified further due to the reflection
symmetry, « — —a, of the product over the roots. Thus using the expression (5.46) we get

[ 84(i(o, a)) = T](ila, o)) T] (¢ + ifo, 8))* 2. (5.51)
«@ t=1

«

Using the following expression for the triple sine

o0

_ xH t+ z)2t Tt H )3t 3t (5.52)

and for the ordinary sine

oo oo

sin(rz) = x H(t +x) H t—x) (5.53)
t=1 t

=1
we find

[I5:Ge,8) =] (Sm Z::Zl)) : (5.54)

[0}

Therefore, the matrix model (5.38) for maximally supersymmetric Yang-Mills on the round
S7 can be rewritten as follows

2
s 2 (Sg(i((f, a>)>
Znp = /da ¢ AN (5.55)

/ sin(im (o, o))
We will discuss the properties of this matrix model in section 7.

We conclude this subsection with the following remark. The supersymmetric Yang-
Mills action is not the only observable which is invariant under the supersymmetry transfor-
mation (5.33). One can construct a 7D supersymmetric Chern-Simons action [4]. The only
difference in the matrix model will be the appearance of a Tr(c*)-term in the exponent.
While the supersymmetrization of the Tr(FAFAFAk) term will lead to a Tr(o?)-term in the
matrix model. Almost nothing is known about the dynamics of higher dimensional Chern-
Simons theories and thus it will be interesting to study these models through localization.
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5.3 Factorization and the full answer

In the previous subsection we have calculated the full perturbative partition function (5.38)
for S7, in particular the full equivariant version of the answer. In order to derive the full
answer we have to expand over all non-trivial solutions of the system (5.26) and (5.27).
At the moment we do not know how to do it from first principles. However one would
expect that only T*-invariant solutions of those equations will actually contribute to the
final answer. For a generic v (which is a combination of the four U(1)s) there will be only
four closed orbits and thus the solutions will tend to concentrate around these orbits. We
may be forced to introduce the term Tr(F A F A F Ak) to measure the contributions of these
configurations since due to a simple scaling argument the 7D Yang-Mills action will be zero
on such configurations. In principle the PDEs (5.26) and (5.27) may have other extended
solutions (e.g., membrane-like solutions), but since there are no non-trivial 3-cycles that
they can wrap, we believe that they do not contribute to the path integral. Thus this logic
may allow us to conjecture the full answer for S”. In this we follow the logic applied to the
localization results for 5D supersymmetric gauge theories [21] and [19].

Let us start by introducing the special functions and discuss their relation to the
quadruple sine. For the regions Im ¢; > 0 we define the following special functions

)
(Z|61, €, 63) _ H (1 o 627rize27riel5627ri62n627ri53k) (5.56)
s,n,k=0

and for the other regions it can be defined as follows

e . . . .
(1 _ 6277226—277161(s+1)627r152n627r163k)—1 , Im €6 < 07IH1 € > O,Im €3 > 0
s,n, k=0
o0 . . . .
(zler, €2, €3) = T a- 627”26_27”61(S+1)6_2WZ€2(n+1)€2W163k) , Ime; <0,Im ez <0,Im ez >0
s,n,k=0
o . . . .
H (1 _ 627'rzz6727r151(5«&»1)67271'162('n«&»l)6727”,63(194»1))717 Im 61<0,Im €2<O7 Im €3<0

El

s,n, k=0

The quadruple sine was defined in (5.39) with w; assumed positive real. However
Sa(x;wi, we, w3, wyq) is also well-defined for complex w; € C as long as Re w; > 0. If
we allow non-zero imaginary parts for w; then the quadruple sine admits the following
factorization formula [22]

i - T Wo W3 Wy T W] W3 w4
Sa(z; w1, we, w3, wy) = €24 44(2]) < - == = S = 2 ) x
W2 Wy W2 w2

T W] W2 W4 T wp w2 W3
ottt | rimmberd %50
where Byy(z|d) is a multiple Bernoulli polynomial, a fourth order polynomial in x whose
concrete form is not important for us.

The perturbative partition function for C? x S! for the maximally supersymmetric
theory is given by the following expression [17]

Zyl (058, e1,€0,63) = [ [ (B(0, )| Ber, Bea, Bes) , (5.58)

o
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where we have ignored the o-independent part and assumed Im ¢; < 0. Here [ is the
radius of S*. Combining the factorization of the quadruple sine (5.57) and the perturbative
answer (5.58) on C? x S! we see that upon analytical continuation in the w; the perturbative
1-loop result is factorized into four pieces corresponding to C? x S! with the following
identifications 8 = 1/w1, €1 = wa, €2 = w3, €3 = w4 plus cyclic permutations on w;.

The instanton partition function on C? x S! will count the 6D version of the equa-
tions (5.26) and (5.27). For U(N) the instanton corrections can be written in terms of
colored three dimensional partitions [17]. Let us denote the instanton partition function
on C? x S* by

ZID (08, €1, €2,€3,q) (5.59)

where ¢ is the instanton counting parameter. The explicit form of (5.59) is not important
for us here. On S7 it is natural to conjecture that the full instanton answer will be given
by four copies of Zi7£t with the same identification of parameters as in the factorization
of the perturbative answer. Thus the full answer can be written as an integral over four

copies of the flat answer for C? x S! in the following manner

4,3
quni d *89277 pTr(UQ)Z';D . 1 Z7D . 1 lic i
ip = [doe M pert | 107 w—l,wg,w3,w4 st | 1o w—l,wg,W3,w4,q (cyclic in wy23.4)
t
(5.60)

It would be interesting to derive this formula from first principles.

6 Six dimensional theory

In this section we derive the perturbative partition function on S® for the maximally
supersymmetric Yang-Mills theory. The calculation is similar to the case of S*. The
case of a round S* was studied in [1] and later generalized to a squashed S* (i.e., the
fully equivariant answer on S?%) in [23]. Since in many aspects our calculation for the
determinants is similar to [1] and [23], we will be brief in this part of our exposition.

6.1 Localization locus

Analogous to the supersymmetry on S*, the supersymmetry transformations on S% do not
admit any simple cohomological description in terms of differential forms. Thus we will
work with the original fields used in section 3. We start by analyzing the localization locus
for the theory on S°.

To find the localization locus, we can take (3.19) and (3.27), specializing to six dimen-
sions. In this case we find that

1
0V Y = o Fu F* — Dpdo Do + Dy aDP¢™ + D,,p7 D 7 — (o, da) (6.1)
—iFWFAp(eF“”)‘pOe) + 2B¢ 4Dy pePoP — aD, b1 Fy (el A0¢)
—2B(3—4a) 7 F,, (T ™%) — (K™ 46800 (vmAe))? + 48%(9p a0 +dro7)

where the index p runs from 1 to 7 and the index A from 8 to 9. In six dimensions we have
that eHA0¢ — —%5’“’ ’\p‘mfbm, where @y = €[5 I'"8%. We then assume that e, defined
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in (2.8) satisfies I'%7¢; = —¢, in which case we can decompose @y, into

1 1
Qgr = COS> 56’ w4 sin? 59 WS, (6.2)

where 6 is the angle away from the north pole of the six-sphere. The whS are given by

w},\L = e,y Aes and wgn = —(Bx) %€, Aé. After some algebra one can show that the
two-forms are ij = gup(JN)Y and wsy = g,p(J5)) with JNS being two almost complex

structures and g is the round metric which is hermitian with respect to both almost complex
structures. We also have the closed form

1 1
W = OS> 59 wN — sin? 59 wS . (6.3)

With these definitions we can then regroup (6.1) as

2
2 . 2 1 2 1 v 1 N pv
9(1—2(1 sin 50—(3—4a) ) (EFM,,F“ +§FW*(F/\w )" )

(3—4a)® (7FWF‘“’ + %FW «(F A ws)‘“') —26(3—4a)BF,uwS ¢7 + 45%?)

.2
4+ sin

+D3paD?¢* + (VP Dppa + Bo ean)® + 358°¢pad”
+DpoDPdo + (K™ + 6B¢0(vmAe))® + [do, pa]®, (6.4)

where we have Wick rotated ¢g and K", used p to indicate components orthogonal to v?,
and used the identity in (A.16).

We then observe that the 15 components of F},, can be decomposed with respect to
either wﬁ,’s in the form

1
N N— N N
F,, = FW+ +Fo + G flwg,
1
=F5F+Fy + G f5uh, (6.5)

where the six independent components of FN-St and the eight independent components of

FNS— gatisfy
FNSE — 4 o (PNSE A NS (6.6)
We can then write (6.4) as
0V =
a 200 \\2 . 2 Ao "
(Dudr = SFAL,T)) + > 0™ Fn ¥
2
+ cos” %9 <(¢7 - 3_24afN> + i (1—2@2 sin’ %9—(3—4&)2) (N2 + (1—2@2 sin” %9) FE+FN+“”)

[\

2
+sin® 149 <(¢7 _ ¥f5> + % (1—2(12 cos’ %9—(3—4@2) (f5)? + (1—2(12 cos’ %9) FE;FS'W”)
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+DppaDP¢" + (VP Dpdpa + Bd ean)® + 358°pad™
+Dppo D do + (K™ + 680 (vmAe))? + [bo, pal”. (6.7)

All terms in (6.7) are positive definite, except perhaps for the last two terms in the second
and third lines. However, it is straightforward to show that these terms will be positive
definite for all 0 only if we choose a = 2/3. With this choice, (6.7) becomes

1 2y
(Dm? - SFAp(eFjAPOE)) +3 v F 0 F*,

2
+ cos? %0 <<¢7 — 1fN> + gcos2 %H(fo + (1 — gsin2 ;0) FE,*FN*””>
2
+DppaDPO + (VP Dyda + BdPeap)? + 3562pa0"
+Dp¢oDP o + (K™ + 680 (vmAe))? + [do, pal® . (6.8)

1 1\ 2. ,1 1
+sin? Z0 <<¢7 - 6fs> +3 sin? 50(]”3)2 + <1 - gcos2 29) FEjFS+“”>

Examining (6.8), we find that ¢4 = 0 everywhere. We also see that fN = FN+* =
except at the south pole and fS = FS* = 0 except at the north pole, which forces ¢7 = 0
everywhere. We also have that v*F,, = 0, which along with the previous conditions
are enough to ensure that F ,\p(eFu”pOe) = 0. Finally, we find that ¢g is constant and
K™ = —68¢o(v™A¢).

These conditions allow for point-like anti-instantons on the north pole, defined with

N and point-like anti-instantons on the south pole, defined with respect to wS.

respect to w
Between the poles the situation is quite interesting. Here we would need F' = FN— = FS—,

This then leads to the equations
F=—%x(FAQ), 0=FAw, (6.9)

. One can show that

where we define @ = N w9

2w
Lw=1tgw =0 (6.10)

and that @ spans the four-dimensional horizontal space defined by (6.10). One can also
show that
dw = 3sin0do N @ . (6.11)

Hence, using the Bianchi identity, the first equation in (6.9) leads to
dax F=—=3sin0F NddNw=0, (6.12)

where we applied the second equation in (6.9) to do the last step. Thus F' satisfies the
Yang-Mills equations. It also follows from the second equation in (6.9) and (6.10) that
tgF' = 0. Therefore, we find for 6 # 0,7 that there can be extended anti-instantons with
respect to w that lie in the co-dimension 2 horizontal space orthogonal to v* and the 6
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direction. However since there are no non-trivial 2-cycles we conjecture that these extended
instantons do not contribute to the path integral.

The Yang-Mills action is zero for the point-like anti-instantons at the poles [24], which
can be argued by using a simple scaling argument. One could also consider extra terms in
the Euclidean action with the form

ia/Tr[F/\F]/\w—l—iﬁ/Tr[F/\F/\F], (6.13)

where « and 8 are constants. The first term is zero for the point-like anti-instantons. It
is also zero for the extended instantons discussed above, since w is odd about the equator.
However, the last-term is proportional to the third Chern class. Since the anti-instantons
are point-like, on each pole this is equivalent to the third Chern class on S°. Hence one finds

z’B/Tr[F/\F/\F] = 24713 B (6.14)
We will discuss the contributions of the instantons further at the end of this section.

6.2 Calculation of determinants

Now we consider the calculation of the determinants around the trivial solution A = 0,
¢o = constant and all other fields zero. The one-loop contribution around this configuration
gives us the full perturbative part for the partition function on S°.

The present calculation parallels Pestun’s original calculation [1] on S* (for the full
equavariant version see [23]). Thus to avoid unnecessary repetition we mainly point out
the differences between S* and S%. In our presentation we follow the notations from [1].

We have to extend our supersymmetry complex (4.5) by the gauge fixing complex.
Once this is done we can think of the extended supersymmetry as an equivariant differ-
ential acting on a supermanifold with even coordinates (Aus, ag, bp) and odd coordinates
(Y1, c,¢). As explained in [1] the calculation of the determinants boils down to the calcula-
tion of the equivariant index (with respect to rotation generated by v) of the operator Dg.

But before proceeding we must show that Dig is transversally elliptic in order for the
index theorem to be applicable. This is accomplished in a way that parallels Pestun’s
analysis [1], although we give a somewhat simpler method. Effectively, D1y appears in the
expression

7
1 !/ !
3 > Ay DM N Oy s+ EVEA, — VPLLA,, (6.15)
m=1
where the primed indices exclude the 0 component and the terms involving the ghost fields
fix the gauge. Since the ellipticity of an operator is determined by its symbol &, we

only need consider the leading derivatives, where we replace all V# with p*. Upon doing
this (6.15) reduces to

7

Z TmW#LN/pHAN/ +cptA, —cept'piu AL+ CPQUM,AM/ , (6.16)

m=1
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where W#LN/ = 1, TN 0¢ = 1 TETN'TO¢ with this last equality holding because of the
properties in (A.7). Using that vy WM = vy WEM = 0, we can rewrite (6.16) as

7
Z TmW#LN/pule/ + (e —cp’u,)(p"A, + vup“leAM/) + ep?o™ Ay
m=1

8
= Z TmW#LN/puAN/ + Tg’l)'upu’UM/AM/ + CPQ’UM/AM/
m=1

= {c, T} {vN Anr, Ay} T, (6.17)

where we have defined

AM’ = AM’ — ’UM/’UN/AN/
Tg =c¢—cp’u,
WEN = i N'T0e = i (6.18)

The symbol & of Djp has the form of a 9 X 9 matrix and it is clear from (6.17) that
det(&) = p?det(T), where T, = WY Pu- We now consider the product

(TTT)MN = Wi Wy,
1 S e
= §(erN6)(er°rM pINpIV10%) (6.19)

where we used the last equation in (A.7) to get the second line in (6.19). Using (3.1),
oM Ay =0 and vl + vZ = 1, it is straightforward to show that

~M M’

(TTTYMN =~ (p? + v, (p2 — pl) +v2p?) §

DN

= (2 + (1 — v )ph)g™ ™, (6.20)

where gM'N' = gM'N" _ ,M',)N" and pt = p!l 4+ pf with p/| the component orthogonal to

v*. Hence TTT is diagonal, and thus we have
det(T') = (det(TTT))l/2 =2 + (- v“vu)p%)‘l. (6.21)

Hence, Dqg is not elliptic at the equator, but is transversally elliptic with respect to the
U(1) action along v.

For the index, only the north and south poles contribute and the appropriate index
for SO is given by the following expression

ind(Dig) = 2+ [—ML n [_(HAQ] _

(L=A)? 1—=A)3]_
=2 (1+ M)A +30+6X2+.. ) -1+ A +30 T +602+..) =
== ) 3N (6.22)
t=—0o0
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It means that one-loop contribution is given by the following infinite product

T +ite 8%, (6.23)

a t=1

where o are the roots and the radius of S® has been absorbed into the dimensionless
combination o = r¢gy after Wick rotation. Moreover it is a straightforward exercise to
write the fully equivariant answer when we take into account the full 7% action on S°
(see [23] for the analogous calculation on S*). Thus the full equivariant perturbative result
is given by the following matrix integral

pert %T\I‘(O’ ) .
Zg /da e m HT(Z<O’, a);wi,wa,ws) , (6.24)

t

where we have introduced the following function

o0
[T (Gwi + jws + kws + x)
04, k=0
o0
[T (iwr +jws + kws — z)
1,7,k=1

Ts(x;wy,we,ws) = (6.25)

with the w; corresponding to the T action on S (in other words, they are squashing
parameters for S®). The case w; = wy = w3 = 1 corresponds to the round sphere. We use
the notation Y3(z) = Y3(z;1,1,1), where we find

o0 24 3141
t
:xIIE+$¥ﬂ§H1 (6.26)
G (t—x)2" "2
t=1
and thus we have
o

(6.27)

H T3(i<0’, a
B

The term (o, @) comes from the Vandermonde determinant when we reduce the integration

QEJ
Ej
_|_
q
Q

from the whole algebra to its Cartan subalgebra t.

6.3 Conjecture for the full answer

At this point it would be natural to conjecture the full answer. In analogy with four
dimensions we would think that the full partition function on S® is given by gluing two
partition functions over R® which count the point-like instantons (the solutions of the
hermitian Yang-Mills-Higgs system) whose configurations are labeled by the 3D partitions.
In order for this conjecture to be valid we would need to show that F' = 0 everywhere
except the poles of S6. However in the previous section we showed that the localization
locus allows for extended instantons which have a nontrivial contribution to the action. In
six dimensions extended instantons can wrap non-trivial two cycles, as was used in [24]
to establish the equivalence between a twisted U(1) gauge theory on a toric Calabi-Yau
and the topological vertex [25]. However on S® there are no non-trivial two-cycles, so
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the extended instantons that we find are not precisely of this type. Instead, these are
instantons that are complementary to the point-like instantons, as they are well-defined
everywhere except the poles where their defining conditions break down. From this point
of view the instantons are extended along a cylinder and hence can be non-trivial. In the
future it would be interesting to find a nice expression for their contribution to the partition
function, or alternatively, find some subtlety that rules out their existence.

7 Matrix models

We next discuss the large- N behavior of the matrix models derived in the previous sections.
In the 't Hooft large- NV limit the instanton contributions are exponentially suppressed. Thus
we have to concentrate only on the perturbative part of the partition function on the round
spheres.

7.1 7D matrix model

The perturbative part of the partition function on the round S7 is given in (5.55) which
we can rewrite as the matrix integral of the infinite product

>)%t3+t2+%t+1

Zpert — /do 6_8;%\;3%(02) H i(o, a) ﬁ (t+ilo,a (7.1)
v = TS T

«

where « are the roots. Thus the one-loop contribution is given in terms of the following

infinite product
o0 (t+x)%t3+t2+%t+l

P(x) = mH

i (t—z

This product is divergent where the divergent piece is give by the following expression

)ét37t2+%t71 : (72)

(1, 5 211
logP(z) = Z (335 —z° + 37 + 3x> + convergent part . (7.3)
t=1

Thus the regularized version of our infinite product is given by the Weierstrass represen-

tation of the quadruple sine [20]

o0

Sy(z) = 2rze ¢ e AT H

3 2, 11
)t+t+6t+1 S,e 2, n
e 9 TETTEY L (T4)

3_42 114
t —tit+gi—1

One way to think about this regularization is that it introduces a cut-off in the mode
expansion of of the divergent part, stopping the expansion at ng = 72A%r3. Thus summing
over the roots we have

Zlog P(i(o,a)) = —m?A3r 32 o, ))? + convergent part, (7.5)

where the cubic and linear terms in (7.3) are equal to zero due to the Weyl reflection
symmetry. Using the identity > ({0, a))? = 20 (adj)Tr(c?) we get
«

Z log P(ilo,a)) = 2m2A3r3Cy(adj) Tr(0?) + convergent part (7.6)
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where Cy(adj) is the second Casimir of the adjoint representation ( Cs is normalized to
1/2 for the fundamental representation). The divergent part of the infinite product is
proportional to Tr(c?) and thus can be absorbed into the redefinition of the coupling

constant as
1 1 A3

% = g—g — @Cg(adj). (7.7)
where gg is the bare Yang-Mills coupling. From now on we assume that all products are
regularized and use gyn to mean the effective Yang-Mills coupling.

Under the product over the roots the quadruple sine collapses to a function involving
only triple sines and standard sines, as in (5.54). Furthermore using the properties of the
triple sine (e.g., see [26] for a summary) we can rewrite the matrix model as follows

_ et

Tr(o? .
Zpert — / doe % [ sinh(n (o, a)e ) (7.8)

t

where the function f(x) introduced in [4] is defined as follows

. 3 .
_wr 2 2wz LT, omig Lo omiey ¢(3)
f(z) = 3 + a7 log(l —e )+ - Lis(e )+ —27T2L13(e ) Py (7.9)
with the property
d
J;(;:) = wz? cot(mz) . (7.10)

By looking at the large o asymptotics of the integrand (see [26]) we see that the integral
is convergent and that (7.8) is well-defined.
We next discuss the large N-behaviour of our matrix model. Introducing the seven-
dimensional t Hooft coupling as
NV
\ = Jym
-3
r

(7.11)

and specializing to SU(N') we can rewrite the matrix model (7.8) in terms of the eigenvalues

i

N 8riN
/ [T dé:exp ( == DG+ ) D log(sinh(n(¢i — 65))) + (il - @))) . (1.12)
i=1 7

it i
In large N limit the partition function is dominated by the saddle point
167N
0= 21 Y (1= (61— 6)°) coth(m (61 — ) (7.13)

i#]

This matrix model is very similar to the 5D matrix model for a pure vector multiplet and
has qualitatively the same behavior. In [27] the matrix model for the 5D vector multiplet
with any number of hypermultiplets in the fundamental representation was considered. It
is a straightforward exercise to generalize that analysis to the present matrix model. There
it was argued that the eigenvalues are spread over a finite extent as A — oo due to a long
distance attraction between the eigenvalues. Therefore, all ¢; and ¢; — ¢; are finite in this
limit and thus the free energy scales as N2.
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7.2 6D matrix model

Using (6.24) and (6.27) we can write the perturbative part of the partition function for 6D
super Yang-Mills on the round S% as the matrix integral of the infinite product

1671- r2 Tr(o2 0
Zpert — / doe A YT |ito,a) [Tt + o, e | (7.14)
t=1

t «

where « stands for the roots. The log of the infinite product is logarithmically divergent,
and thus requires regularization. As before we can regularize the product by introducing
a cut-off for the modes ng = Ar in the divergent part and absorb this divergent part by an
appropriate redefinition of the coupling constant

1 1 3C%(adj
5= o 72?2‘” log(Are?), (7.15)
9 95 8mor
where gg is the bare coupling and ~ is the Euler constant. From now on we assume that
the product is regularized and the divergence is absorbed into the Yang-Mills coupling.

Following [1] and [28] we introduce the function H(z) as

H(z) = i[l (1 + f;)e—’”f . (7.16)

Thus the 6D matrix model for round sphere can be written as

1671' r2 T 0.2
zi5 = / doc o [Lilo ) H((o0)). (7.17)

This matrix model is similar to the matrix model for a pure N = 2 vector multiplet on
5% the only difference being the power of the H(x). The Barnes function H(z) has the
following asymptotics at large real x

log H(z) ~ —2%log \a:|67*% + O(log ) . (7.18)

Therefore we can conclude that matrix integral converges and the matrix model is well-
defined.
Next we look at the large N-limit. Introducing the 6D 't Hooft coupling

A= g%;‘gN (7.19)
and assuming the gauge group to be SU(N) we can rewrite the matrix model in terms of
eigenvalues

N 167r3N Z 2
285 = [ L done TTTT(6: — o m*2(6: — 6. (7.20)
i=1 i#j

This can also be solved by saddle point. Exploiting the similarity with the pure 4D N = 2
theory we can borrow the results from [28] to study the behavior of (7.20). One clear
feature is that at large N the free energy behaves as N? for large \.
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It is also possible in the 6D theory, as in the pure 4D N = 2 theory, to have an
effective square coupling which is negative. One can see this in the 4D case by starting
with a massless adjoint hypermultiplet, which enhances the supersymmetry to N/ = 4.
Turning on the mass, it acts as a UV cutoff and runs the square inverse of the effective
coupling downward, until it eventually crosses zero. But the corresponding matrix model
is still well-defined. In the 6D case we do not have the luxury of a field mass to serve as
a cutoff. Nevertheless, we can still push ge_f? into negative territory in (7.15) by choosing
A large enough, and still have a well-defined matrix model. Recently, it was argued that
a similar phenomenon happens for the pure 5D N = 1 theory where the effective squared
coupling can be negative [29]. One can then argue the same for the 7D theory.

8 Summary

In this work we have constructed maximally supersymmetric theories on S¢ with d < 7
and described their localization. In the case of S and S7 we have derived the complete
localization locus and calculated the full perturbative answer. The perturbative results
are described in terms of matrix models for which we have briefly discussed their large N-
behaviour. Unfortunately, the localization locus for both S and S appears difficult to an-
alyze explicitly. In particular it seems that extended instanton solutions are not ruled out.
However using the analogy with previous localization results we conjecture that for S% only
solutions which sit on fixed points of U(1) actions contribute to the path integral and there
is no non-trivial topology to support the extended instantons. For S7 we conjecture that the
instantons sit on closed orbits of the U(1) action and again there is no non-trivial topology
to support the extended instantons. These issues definitely require further detailed study.

There are many directions along which our results can be generalized and extended.
For example the calculation on S7 can be easily extended to any toric 7D Sasaki-Einstein
manifold in the same fashion as in the 5D case [19]. It would also be interesting to study
the different versions of matrix models which can arise from the inclusion of Chern-Simons
observables in 7D.

An interesting application of the six-dimensional theory is as a laboratory for studying
little string theory [30, 31] (see also [32, 33] for reviews). Little string theory is believed to
be a valid UV completion of six-dimensional super Yang-Mills. The strings are essentially
the instantons which have co-dimension two in six dimensions. The relation between the
Yang-Mills coupling and the string mass is

1

v M2, (8.1)
hence six-dimensional super Yang-Mills is trustworthy when Egyy < 1, where E is the
characteristic energy scale. For the partition function on S°, the only scale that appears
is r, hence the corresponding condition is that gyy/r < 1 and one would normally think
that the instantons are suppressed. This would be the case for the extended instantons,
assuming that they contributed to the partition function. But the point-like instantons
are not suppressed in this limit and could contribute significantly to the partition function
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with 6 dependent terms. One interesting question is whether they could affect the N2
dependence of the perturbative free-energy. Another question is whether the sum over the
point-like instantons could be interpreted as a sum over “short” little-strings.

The case of super Yang-Mills on S” is even more mysterious, as gauge theories in
seven dimensions have no known UV completion that does not contain gravity. Here, the
extended instantons are co-dimension three so the UV completion contains membranes.
In [34] it was argued that the “little m-theory” [35] does not de-couple from the bulk M-
theory, so perhaps the UV completion is M-theory itself. It would be nice if one could
address this question further using the localized 7D Yang-Mills theory.
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A Conventions and useful properties

A.1 General dimensions

We use 10-dimensional Majorana-Weyl spinors €,, WV, etc. Spinors in the other represen-
tation are written with a tilde, €%, etc. The 10-dimensional I'-matrices are chosen to be

real and symmetric,

pMef — pMbe M T} (A1)
Products of I'-matrices are given by
PMN Z FMpN PMN Z pMEN
MNP = pIMPNpP MNP = PIMPNDPL et (A.2)
We also have that TMNPaB — _TMNPBa }opce
MNP e — (A.3)

for any bosonic spinor e.
A very useful relation is the triality condition,

T2 a5 + DhsTasya + T5alarys = 0. (A4)

We can use this to show that
eTMeelyx =0, (A.5)

where Y is any spinor. It immediately follows that v™vy; = 0, where v is the vector field

oM = erMe, (A.6)
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We also use a set of pure-spinors, v, which satisfy the properties

l/mFMe =0
v My, = o™
vyvg 4 €q€ lef‘ (A.7)
] atp 21) Mag - .

They are invariant under an internal SO(7) symmetry, which can be enlarged to SO(8) by
including e.
Defining

W = (eI Ae), (A.8)

where A = I'®* and using the Killing spinor equation in (2.9), one can show
V[ujwu)\] = 0, (Ag)
while
d—1

r

Viw,, = Uy . (A.10)

A.2 Some useful relations in odd dimensions
In odd dimensions we can set v,v* = 1. We have using (A.7),
viw,, =0. (A.11)

We define a one-form &, such that v*x, = 1. From (A.10) we see that

r
d—1

Ky = VFw,, . (A.12)
We also have the useful identity

(EFMVAAoe)(GF“opBOG) _ (guU@Ap _ gupg)w — WP WP — (erw\apoe))éAB

H[G W = 3w — P 4 PN (A13)
where g" = gM¥ — v*v”. From this it follows that
(eI’“")‘Aoe)(eI’W”BOe) = (d - 3)(§7 648 + WA eAB) (A.14)

Another relation is
V(D240 = 0, (A.15)

which follows from (2.9) and (A.7).

A.3 Other useful relations

In six dimensions we have the relation
(6F)\7,u1/06)(6r)\7;w06) _ (6FM7/W06) ((GFMHU/OG) _
1
_ sin2 0 (g/w'gl/n _ g,ungua + Zg/uxmw\p(w)li + w§p>>
_guavl/v/{ o vuvagun 4 gunvuva + ,qungua (Alﬁ)

where v# = e['*¢ and w)ltlp and w$ , are defined below (6.2).
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