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Abstract We give a full list of known ./ = 1 supersymmetric quantum
field theories related by the Seiberg electric-magnetic duality conjectures for
SU(N),SP(2N) and G, gauge groups. Many of the presented dualities are new,
not considered earlier in the literature. For all these theories we construct super-
conformal indices and express them in terms of elliptic hypergeometric integrals.
This gives a systematic extension of the related Romelsberger and Dolan-Osborn
results. Equality of indices in dual theories leads to various identities for elliptic
hypergeometric integrals. About half of them were proven earlier, and another half
represents new challenging conjectures. In particular, we conjecture a dozen new
elliptic beta integrals on root systems extending the univariate elliptic beta integral
discovered by the first author.
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1 Introduction

The main goal of this work consists in merging two fields of recent active re-
search in mathematical physics—the Seiberg duality in supersymmetric field the-
ories (753} and the theory of elliptic hypergeometric functions (83)). Seiberg
duality is an electric-magnetic duality of certain four dimensional quantum field
theories with the symmetry group Gy X G X F, where the superconformal group
Gy = SU(2,2|1) describes properties of the space-time, G is a local gauge invari-
ance group, and F is a global symmetry flavor group. Conjecturally, such theories
are equivalent to each other at their infrared fixed points, existence of which fol-
lows from a deeply nontrivial nonperturbative dynamics [79).

The simplest topological characteristics of supersymmetric theories is the Wit-
ten index (99). Its highly nontrivial superconformal generalization was proposed
recently by Romelsberger (72; (for .4~ =1 theories) and Kinney et al
(for extended supersymmetric theories). These superconformal indices describe
the structure of BPS states protected by one supercharge and its conjugate. They
can be considered as a kind of partition functions in the corresponding Hilbert
space. Starting from early work [93), it is known that such partition functions
are described by matrix integrals over the classical groups. The central conjec-
ture of Romelsberger claims the equality of superconformal indices in the
Seiberg dual theories. In an interesting work (26), Dolan and Osborn have found
an explicit form of these indices for a number of theories and discovered that they
coincide with particular examples of the elliptic hypergeometric integrals (89).
This identification allowed them to prove Romelsberger’s conjecture for several
dualities either on the basis of known exact computability of these integrals or
from the existence of non-trivial symmetry transformations for them.

The general notion of elliptic hypergeometric integrals was introduced by the
first author in (81} 83). First example of such integrals discovered in (81) has
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formed a new class of exactly computable integrals of hypergeometric type called
elliptic beta integrals. Such a name was chosen because these integrals can be
considered as a top level generalization of the well-known Euler beta integral (1)):

U 1, () (B)
/Ox "(1—x)P ldx—m, Rea, Ref >0, (1.1)

where I"(x) is the Euler gamma function. Elliptic hypergeometric functions gener-
alize known plain hypergeometric functions and their g-analogues (1). Moreover,
their properties have clarified the origins of many old notions of the hypergeomet-
ric world (82). Limits of the elliptic hypergeometric integrals (or of the elliptic
hypergeometric series hidden behind them) matched with the elliptic curve degen-
erations brought to light new types of g-hypergeometric functions as well (665 167)
(see also (10)).

In the present work (which was initiated in August 2008 after the first au-
thor has known (26)), we extend systematically the Romelsberger and Dolan-
Osborn results. More precisely, we present a full list of known .4 = 1 super-
conformal field theories related by the duality conjecture for simple gauge groups
G = SU(N),SP(2N),G,. For all of them we express superconformal indices in
terms of the elliptic hypergeometric integrals. Using Seiberg dualities established
earlier in the literature (see references below) we come to a large number of iden-
tities for elliptic hypergeometric integrals. About half of them were proven earlier,
which yields a justification of the corresponding dualities. A part of the emerging
relations for indices was described in (26), and we prove equalities of supercon-
formal indices for many other dualities. Another half of the constructed identities
represents new challenging conjectures requiring rigorous mathematical proof. We
give indications how some of them can be proved with the help of hypergeometric
techniques.

Remarkably, from known relations for elliptic hypergeometric integrals we
find many new dualities not considered earlier in the literature. Thus we describe
both new elliptic hypergeometric identities and new .4” = 1 supersymmetric the-
ories obeying an electric-magnetic duality. In particular, we conjecture more than
ten new elliptic beta integrals on root systems, which extend the univariate elliptic
beta integral of (81)).

Analyzing the general structure of all relations for integrals in this paper, we
formulate two universal conjectures. Namely, we argue that for the existence of a
non-trivial identity for an elliptic hypergeometric integral it is necessary to have a
so-called totally elliptic hypergeometric term (82; 865 90). The second conjecture
claims that the same total ellipticity (and related modular invariance) is responsi-
ble for the validity of
’t Hooft anomaly matching conditions (40), which are fulfilled for all our dual-
ities (the old and new ones).

A detailed consideration of the multiple duality phenomenon for the G =
SP(2N) gauge group case and a brief announcement of other results of this work
were given in paper (91). Our results were reported also at the IV Sakharov
Conference on Physics (Lebedev Institute, Moscow, May 2009), Conformal Field
Theory Workshop (Landau Institute, Chernogolovka, June 2009), X VI Interna-
tional Congress on Mathematical Physics (Prague, August 2009), and about ten
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seminars at different institutes. We thank the organizers of these meetings and
seminars for invitations and kind hospitality.

2 General Structure of the Elliptic Hypergeometric Integrals

We start our consideration from the description of the general structure of elliptic
hypergeometric integrals. For any x € C and a base p € C, |p| < 1, we define the
infinite product

(x:p)eo = [T (1 = xp).
j=0
Then the theta function is defined as
6(x;p) = (x; p)eo(px ™ 's p)ess
where x € C*. This function obeys the symmetry properties
0(x';p) = 0(px;p) = —x'0(x; p)
and the addition law

+1 +1

0(xw !, yz i p) — 0(xz ! ywt s p) = yw T B (0w p),

where x,y,w,z € C* and we use the convention
O(x1,...,x;p) = 0(x1;p)...0(x5p), 0(tx';p) i= 0(tx,1x 1 p).

The Jacobi triple product identity for the standard theta series yields

1
n(n—1)/2 — )"
(p:p)es ng’/zp )

0(x;p) =

For arbitrary g € C and n € Z, we introduce the elliptic shifted factorials

H’;;é 6(xq’; p), forn >0,
T2 0(xq/;p)~!, forn <0,

0(x; p;q)n = {

with the normalization 6 (x; p;q)o = 1. For p = 0 we have 6(x;0) = 1 —x and

0(x;0;q)n = (x:q)n = (1=x)(1 —qx)--- (1 —¢" " 'x),

the standard g-Pochhammer symbol (1)).
For arbitrary m € Z, we have the quasiperiodicity relations

m(m—1)

0(p"x;p) = (—x)""p~ 2 68(x;p),
m —mk — mk(k—1) _ km(m—1)
0(p"x;psq) = (—x) "¢ T p 2 0(xpiq,

mk(k—1)  mk(k—1)(2k—1) 7mk(k—1)(m(2k—1)
7

(P "= (—x)""2 ¢ © p D0 g
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We relate bases p,q and r with three complex numbers @; >3 € C in the fol-
lowing way:

2mioL 2mi B 2mi B
g=e ®2, p=e @2, r=e °.

Their “T — —1/7” modular transformed partners are

(|

L w2 —2mi gk 2oL
e 3

q =e o] s p~ =e 3 s f =
Modular parameters 7| = @/, T = @3/, 73 = @3/@; define three elliptic
curves constrained by the condition 73 = 7,/ 7;.

Elliptic gamma functions are defined as appropriate meromorphic solutions of
the following finite difference equation:

flut o) =0(2™/®: p)f(u), uecC. 2.1)
Its particular solution, called the standard elliptic gamma function, has the form
| — 71 pitlgh+!

fu)=T™*:pq),  Lzpg) =[]

: . (22
k=0 1—zpigt

oo

where |g|,|p| < 1,z € C* (note that the equation itself does not demand |g| <
1). For incommensurate 73, it can be defined uniquely as the meromorphic
solution of (2.1) satisfying simultaneously two more equations:

fluto)=flu),  flu+ws)=0"":q)f(u)

and the normalization condition f(Y;_, @/2) = 1.
The modified elliptic gamma function has the form

u

G(u;w) = F(ezm‘*’z ;p,q)F(reizm‘;Tll;q, r). (2.3)
It defines the unique simultaneous solution of Eq. (2.1)) and two other equations:

2miAL

%25 q)

mor . g)

0(e

fluta)=0(™ ) f(u),  flutas)= o

f(u)

with the same normalization condition f(¥;_, ax/2) = 1. Here the third equation
can be simplified using the modular transformation for theta functions

_u

B(e 013 g) = eMBaalilon @) g (Pon ), 2.4)

where

w12+a)22+a)1a)2>

1
Baalulon.n) = g (18— (01 + o DL 4 2

(ON0))

is the second Bernoulli polynomial. These statements are based on the Jacobi the-
orem stating that if a meromorphic ¢(u) satisfies the system of equations

Put o) =ou+am)=eu+ws) =)
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for w; 5 3 € C linearly independent over Z, then ¢ (u) = const. The restricted val-
ues of bases p"* = ¢, n,m € Z (or, equivalently, " = §" or 7' = p"*) may be called
the torsion points, since the Jacobi theorem fails for them.

The function

Gu; @) = e~ FEaaliio)r (¢ 25 7. ), 2.5)

where ||, |7 < 1 and

Mw

@y

Wy, Z @
1 1<j<k<3

is the third Bernoulli polynomial, satisfies the same three equations and normaliza-
tion as function . Hence they coincide, and this fact yields one of the SL(3;Z)-
group modular transformation laws for the elliptic gamma function. From the ex-
pression (2.3) it is easy to see that G(u; @) is a meromorphic function of u for
/@, > 0, i.e. when |g| = 1. The region |g| > 1 is similar to |g| < 1, it can be
reached by a symmetry transformation.

The theory of generalized gamma functions was built by Barnes (2)). Implicitly,
the function I'(z; p,q) appeared in the free energy per site of Baxter’s eight vertex
model (3) (see also (96) and (28)) — exactly in the form which will be used below
in the superconformal indices context. A systematic investigation of its properties
was launched by Ruijsenaars in (74)). Its SL(3,7Z)-group transformation proper-
ties were described in (28)). The modified (‘“unit circle”) elliptic gamma function
G(u; ®) was introduced in (83)) (see also (21)). Both elliptic gamma functions are
directly related to the Barnes multiple gamma function of the third order (315 83)).

In terms of the I'(z; p,¢)-function one can write

1 3u?
B = 32
33 (ul @1, 0, 03) o (u >

ul & 5 1
+§ k;cok+3 Z ;0 1

1<j<k<3

k

Il
iR

g

k

I'(xq":p.q)

0(x;p;q)n = Topg)

The short-hand conventions

F(tlv"'vtk;puq) ::F(tl;pvq)'“r(tk;p,q))
r'(tz5p.q) =T (tz;p,q)T(tz" ;p.q), T'(Z%p.q) =T (Zp.q) (2 %p.q)

are used below. The simplest properties of I"(z; p,q) are:

e the symmetry I'(z;p,q) =T (z;q,p),
o the finite difference equations of the first order

I(qz:p,q) = 8(zp)C(zp,q9), I'(pzp.q) =09l (zp,9),
e the reflection equation

I'(z:p.q)L (pq/z:p,q) =1,
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e the duplication formula

F(Zz;P,Q) _ F(Z, —Z7q1/2Z, _ql/ZZ,pl/Zz7 _pl/ZZ’ (PQ)I/ZZ, —(pq)l/zz;p,q),
o the limiting relations
limI'(z; p,q) = 1 , lim(1=2)(zzp,q9) = S
p=0 (2:9)e ol (P3P)es(430)

Definition 1 (82; [90). A meromorphic function f(xy,...,x,;p) of n variables
x; € C*, which together with p € C compose all indeterminates of this function, is
called totally p-elliptic if

f(pxlv"'yxn;p) = :f(xl,...,pxn;p) :f(xla"'axn;p>a
and if its divisor forms a nontrivial manifold of the maximal possible dimension.

Note that here positions of zeros and poles of elliptic functions are considered
as indeterminates (i.e., they are not fixed in advance).
Consider n-dimensional integrals
nodx j

I(y1,..., :/ AXT, ey X5 Ve e ey —
1 Ym) ep (x1 n> Y1 ym)jl;ll X

where D C C" is some domain of integration and A(xy,...,X;y1,---,Ym) IS

meromorphic function of x; and yj, where y; denote the “external” parameters.

Definition 2 (83). The integral 1(y1,...,ym;p,q) is called the elliptic hypergeo-
metric integral if there are two distinguished complex parameters p and q such
that I’s kernel A(x1,...,Xn0;Y1,---,Ym; P, q) satisfies the following system of linear
first order g-difference equations in the integration variables x:

A( gXj . 3V1, - Ymi Py q)
AX1y - X3V Yms P2 )

where hj are some p-elliptic functions of the variables x;,

=hi(X1, XV YD),

hi(copXie o Y1 Yms @i D) = hj(X1, o X V1, Yms 45 D)

The kernel A is called then the elliptic hypergeometric term, and the functions
hj (x1, ERRRP RS PR ;)’m§q;p)—the q-certificates.

This definition is not the most general possible one of such kind, but it is suffi-
cient for the purposes of the present paper. The elliptic hypergeometric series can
be introduced as sums of residues of particular sequences of poles of the elliptic
hypergeometric integral kernels (19) and, because of the convergence difficulties,
they are less general than the integrals. In the one-dimensional case, n = 1, the
structure of admissible elliptic hypergeometric terms A can be described explic-
itly. Indeed, any meromorphic p-elliptic function f(px) = f(x) can be written in
the form
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where z,t1,...,ty,W1,...,wy are arbitrary complex parameters. The positive in-
teger N is called the order of the elliptic function, and the linear constraint on
parameters — the balancing condition. From the identity

_ 6(zx,px;p)
0 (pzx,x;p)

we see that z is not a distinguished parameter — it can be obtained from #;, and wy
by appropriate reduction without spoiling the balancing condition. Therefore we
setz=1.

Now, for |¢| < 1, the general solution of the equation A (gx) = f,(x)A(x) is

N Me : M M
) ) E USRI (G o PR o P

k=1F WiX; paq) k=1

where @(gx) = @(x) is an arbitrary g-elliptic function. However, since

] Ll bixips )
iei I (axx, pbixs p,q)

one can obtain ¢(x) from ratios of I'-functions after replacing N by N +2M and
appropriate specification of the original parameters #; and wy with the balancing
condition preserved. Therefore we can drop the ¢(x) function and find that the
general elliptic hypergeometric term for n = 1 has the form:

N

I(tix:p,q) Nt
A(X 1, .o N W e WG DL G) = —_— — =1.
g i

This function is symmetric in p and ¢, i.e. we can repeat the above considerations
with these parameters permuted. Then, for incommensurate p and g (i.e., when
pl # 4", j,k € Z), the equations

Algx) = f(0)A(x),  Alpx) = fy(x)A(x)

determine A (x) uniquely up to a multiplicative constant.
For |g| > 1,

-1 1 N
f] WX P, q H

lth’paq

A(X T, IN, W -, WNS D)

E:lz

For |g| = 1, the requirement of meromorphicity in x is too strong. To define inte-
grals in this case one has to use the modified elliptic gamma function G(u; ®), or
modular transformations, which we skip for brevity.

In analogy with the series case considered in (82), it is natural to extend the
notion of total ellipticity to elliptic hypergeometric terms entering integrals (83).
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Definition 3 An elliptic hypergeometric integral

nodx;
Iyi,ympq) = [ Al Xy -y, d) [ [ =2
xeD j=1

Xj

is called totally elliptic if all its kernel’s g-certificates hj(x1, ..., Xu;¥1,- - Ymi s P)s
j=1,...,n+m, are totally elliptic functions, i.e. they are p-elliptic in all variables
Xly-eesXns V1, -, Ym and q. In particular,

hj(xe, X0 Yms PGS P) = hj(X1, - X Y1 Y3 G5 D).
Theorem 1 (Rains, Spiridonov, 2004). Given Z"" — Z maps £(m'?)) = E(m(la), e
(@)

my’),a=1,...,M, with finite support, define the meromorphic function

M (a) (a) (a) (a)
A(X1y. . X0 Py q) = HF(x’lnl x';Z X p ) e, (2.6)
a=1

Suppose A is a totally elliptic hypergeometric term, i.e. its q-certificates are p-
elliptic functions of q and x1,...,x,. Then these certificates are also modular in-
variant.

The proof is elementary. The g-certificates have the explicit form

A(...gxi...;p,q) & (@) £(m@)
hilx;q;p) = —"=""2 0 _TTOo(x"™ ";p; .
l(x 1 p) A(xla...,Xn;I%Q) H ( p q)m(a)

a=1 1

The conditions for 4; to be elliptic in x; yield the constraints

M
Y e(m)m@mm = o, 2.7)
a=1
M
Z e(m(”))ml(a)m;a) =0 (2.8)
a=1

for 1 <1, j,k < n. The conditions of ellipticity in g add one more constraint
M
Y e(mm =o. (2.9)
a=1

The latter equation guarantees that 4; has an equal number of theta functions in its
numerator and denominator. The modular invariance of /; follows then automati-
cally from the transformation property (2.4). Such a direct relation between total
ellipticity and modularity was conjectured to be true in general in (82)).

The simplest known nontrivial totally elliptic hypergeometric term corre-
sponds to n = 6, M = 29 and has the form (86)

H?:lr(tjxilvtlfl ?:1ti;paQ)
(2T ix* s pog) Th<ic j<s T (13 2, q)

A(x;ty,... t55p,q) = =
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Theorem 2 (81)). Elliptic beta integral. For |p|,|q|,|tj| < 1,\H§:11j| < |pq|, one
has
(P;p)m(q;q)m/ dx
WeP)eo o) [ Aoty tsip ) =1, 2.10
A LAt g) (2.10)

where T is the unit circle with positive orientation.

The Euler beta integral evaluation formula lies at the bottom of this
identity. On the corresponding degeneration road one finds many interesting in-
tegrals, including the Rahman and Askey-Wilson g-beta integrals (1). Formula
(2.10) served as an entry ticket to the large class of new exactly computable in-
tegrals discussed in (19; 1205 [215 165k 1835 93), which is essentially extended by the
conjectures presented in this paper. In (83} [85; 87) the elliptic beta integral was
generalized to an elliptic analogue of the Gauss hypergeometric function obey-
ing many classical properties. For a survey of this function and its generalizations
to higher order elliptic hypergeometric functions and multiple integrals on root
systems, see (89).

Two totally elliptic hypergeometric terms associated with the elliptic beta inte-
grals of type I on root systems BC, (20) and A,, (83) were constructed in (86). One
more similar example for the root system A, was built in (93)). Some time ago,
using the combination of techniques introduced in (86) and (69)), the first author
has further generalized the former two terms to an arbitrary number of parameters
(90). For instance, define the kernel

1 n [z pag)

An(Z,t§P7Q): H +1_+1. H ;

1<i<j<n I'(z; Zj iP4) j=i F(Zjﬂ;l?,fI)

and the type I BC,-elliptic hypergeometric integral:

(m) (P,p)fc(q’q)fo/ . n de
1 y...,t 4) = —/—"— A t;p, I | ,
n (]a s 12n-+2m+ ) on '(2 l)” . n(Z, P q)j »

where |t;| < 1 and H?Ezm% tj = (P‘I)mH-

Theorem 3 (63). For |pg|'/? < |t;| < 1, the integrals 7" satisfy the relation

Pq VP4
i (15 tonsomed) = H I'(t15:p,q) i <r,..., > .
1<r<s<2n+2m+4 I on+om+4
@2.11)

This is an elliptic analogue of the symmetry transformation for some plain
hypergeometric integrals established by Dixon in (23)).

Theorem 4 (90). The ratio

- Au(z1p,9)
p(zyitip,q) = I (t5p,9) "
1§r<‘yg+2m+4 ' An(y/\/Pq:\/Pa/1: P, )
is the totally elliptic hypergeometric term. That is all ratios p(...,qv,...)/p(...,v,...
Jorve{zi, .o, zm Vi Ymstly - - Bonpomra b are p-elliptic functions of all vari-

ables z;,yi,1;, and q.
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The term p(z,y;t; p,q) contains elliptic gamma functions with non-removable
integer powers of pq in the argument. Therefore the ansatz (2.6) does not cover all
interesting totally elliptic hypergeometric terms. As we shall show below, there
are also examples of terms depending on fractional powers of pq. For them the
total ellipticity condition is slightly modified: it is necessary to consider dila-
tions of the parameter g by appropriate powers of p. Introducing the variable
xo = ( pqﬁ K =1,2,... and adding to the arguments of elliptic gamma func-

(a)

tions in (2.6) the multipliers xo , it is not difficult to find the general form of

constraints on integers m( 9 and e(m (a )) guaranteeing total ellipticity (with special

pK-ellipticity condition for the variable ¢g). However, these constraints look essen-
tially less beautiful than the Diophantine equations described above. Moreover, at
the moment it is not clear which part of the modular transformation group survives
because of the presence of fractional parts of modular variables in the arguments
of respective elliptic functions-certificates.

In the present work, we have checked that all nontrivial relations for elliptic
hypergeometric integrals described below define totally elliptic hypergeometric
terms through the ratios of the corresponding integral kernels. Namely, this prop-
erty was verified for the equalities of superconformal indices in

e the initial Seiberg duality (#.6) and (4.7); SP-groups duality (5.I) and (5.2);

(90)
multiple dualities for SP(2N) gauge group (6.1)), (6.2), (6.3) and (6.4);
(8-2), (8-3) and (3.4);

new duality for SP(2N) group and ;

multiple duality for SU(2N) gauge group l-l

KS type dualities for unitary groups (9.2) and (9.3) (see Appendix D for a

detailed consideration of this case); (9.5) and (9.6); (9:8) and (©9.9); (0-10)

and ©.T1); (©.13) and (0.14); (0.16) and (©O.17); (©.19) and (0.20); (9-22) and

©.23);

e KS type dualities for symplectic groups (10.2) and (10.3)); (10.3) and (10.6);
(10.8) and (10.9); (T0.IT) and (10.12);

e confinement for SU(N) group theorles 12.1) an 1b 1_} and (12.4

12.3) and (12.6)); (12.7) and (12:8); and (12.10); (12.19) and

12.21)) and (12.22); @andm d'ITﬁDand(ﬂngl) (]Tml) and

[12.30); (12.31) and (12.32);

o confinement for SP(2N) group theories and (12.34); (12.35) and

(1236); (12.37)) and (12.38);
e dualities for the G, gauge group (13.1)) and (13.2)); (13.3) and (13.4).

Our auxiliary file with the details of these verifications is bigger than the
present paper. During this work we have found a number of mistakes in the de-
scription of hypercharges of the fields in some original papers. On the basis of this
large amount of computations, we put forward the following conjecture.

Conjecture The condition of total ellipticity for the elliptic hypergeometric terms
is necessary for the existence of the exact integration formulas for elliptic beta
integrals or of the nontrivial Weyl group symmetry transformations for the elliptic
hypergeometric integrals.

It is known that behind each elliptic hypergeometric integral there is a ter-
minating elliptic hypergeometric series appearing from the residue calculus for
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restricted values of parameters (19). The above conjecture has a natural meaning
in terms of such series—it simply demands that the summation or transformation
identities for them involve ratios of Jacobi forms with appropriate quasiperiodic-
ity and modularity properties in the sense of Eichler and Zagier (27)). Already this
fact is sufficient (when there are no fractional powers of pq) for the confirmation
of the series identities to rather high powers of small log g expansions (19).

For a given elliptic hypergeometric integral there may exist more than one
totally elliptic hypergeometric term. For the terms associated with elliptic beta in-
tegrals discussed in (86; 93)) there existed a complementary difference equation
with the totally elliptic function coefficients. During our work we have found ex-
amples of fake terms which do not lead to identities (or fake anomaly matching
conditions without real duality). Therefore analysis of the sufficiency condition
for existence of nontrivial identities looks much more neat — it should address
the non-uniqueness questions and the list of additional admissible technical tools.
Sometimes the ratio of a given elliptic hypergeometric integral kernel to itself
with different integration variables yields the totally elliptic hypergeometric term.
It may happen that for a fixed set of parameters, it is sufficient to have totally el-
liptic hypergeometric terms of a more complicated nature than the latter one, and
then at least one of them will lead to a nontrivial relation between integrals.

3 Superconformal Index
3.1 4 =1 superconformal algebra

In 4 dimensional space-time the conformal algebra SO(4,2) is formed by the gen-
erators of translations P,, special conformal transformations K,,SO(3,1) Lorentz
group rotations, M, = —Mp,, and the dilations H. The commutation relations
have the form (25))

[Malnpc] = i(nacph - anPa)7 [Mabch} = i(nacKh - ntha)a
[Map, Mca) = i(NacMpa — NMbeMad — NaaMpe + NMpaMac), (3.1
[H7Pa] :Pm [H7Ka] :_Kaa [Ka7Pb]:_2iMab_2nabH7

where 1,5, = diag(—1,1,1,1) and all indices take values a = 0, 1,2, 3. In terms of
the matrix

Mah 7%(Pa7Ka) 7%(Pa+Ku)
Mg = | (P, —Kp) 0 iH , (3.2)
3 (P, +Kp) —iH 0

where A,B =0,...,5, relations (3.1]) are rewritten in the simpler form (25)
[Mag,Mcp] = i(NacMpp — NecMap — NapMapc + NepMac) (3.3)
with Nag = diag(—1,1,1,1,1,—1).
In the spinorial basis one defines
Pos = (Ga)aapm Kdoc — (Ea)(xaKa,
3.4

i P
mP = —Z(G“Gh)gMab, Mg = —Z(Gadb)gMab,
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where a0, &, B, = 1,2,
o = (I,6%), G¢ = (I,—o'),

and o' are the usual Pauli matrices

1 (0 1 2 (0 —i 3 (1 0
o (1 0), c (i 0), o <0 IR 3.5)
Using the standard angular momentum generators, we set
B ]3 J+ 0 .73 .7+
Mo = <J —J3>’ Mg = (J_ 7 )
with [J3,J4] = £J4, [J+,J_] = 2J3 and similar relations for J ,J3. Then the tensor
M, is expressed through these operators as

0 SO T —Te—J) ST+ T-—Ti-00) i(J3—J3)
My — 7%’<7++Z, 7?71,) 07 —(J3+73) %(J++7+7J:77:)
S +T_ =T —J2) (J3+73) 0 ST T +T2)
—i(J3—J3) LU+ T = =T S +I_ 4T +T0) 0

The conformal algebra (3.1)) can be rewritten now as

ML M2 =8imP —5im), M, M) = 5BW‘§ - agWB,

M& 5| = 8] 5 — %651373, M, Ps| = —88P 5+ %5,’31%7

MP K1%) = —83KTP + %551&5, [P, k7] = 87K - %55"(73 , GO
M H] =0, M, H] =0,
[H,Pyp] = Py, [H,K“P] = —KP,

[Pag K] = 4 (8]ME — 837 + 8153H ).
SO(4,2) (or SU(2,2)) algebra can be extended by adding supercharges Qa0

and their superconformal partners S“,ga. Supercharges satisfy the anticommuta-
tor relations (25;197))

{Qavéa}:ZPaOh {QOHQ[;}:{QOUQB}Z(L (37)
while their superconformal partners obey
(5% 5%} =2k% (5% 5Py = (5%, 5P} = 0. (3.8)
The cross-anti-commutators of Q, and S, have the form
{Qa,5°} =0,  {5%04} =0, (3.9)

while

1 3
3.10
(5% 0,1 =4 M — Lsor 3 seg o
] B 2 B 4 B )

where R is the R-charge generating U (1)g-symmetry group.
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The bosonic and fermionic generators cross-commute as

[M(XﬁvQY] = 5’)9QO! - %5£Q77 [M(Xﬁ7§’y] = Oa
l6pr][ME,s7) = —5%sP +18Psr,  mf 5" =0,
[ aﬁ’S]_ OCQﬁa [ aﬁ7SY]_5 QO!’
[Kaﬁ7Q’)/] - BJES 9 [K(Xﬁ Qy] - SOCSﬁ
[HvQOC] = %QOH [HvQOC] = %@a:
[H,5%) = — 152, H,5% = —15%

The R-charge commutes with all bosonic generators and has non-trivial commu-
tators only with the supercharges and their superconformal partners

[R QO{} QOH

1]

R,5%] = —5%.

[R7QO!} = 7QO£7
[R,S%] = §%,

(3.12)

To simplify the shape of the .4 = 1 superconformal algebra one introduces the
notations

B, 1gB 1
mMP+lisbn  lp 0 . _
B 27 2 ocB o o Z 8.
(3.13)

Then the (anti)commutators (3.6), (3.7), (3-8), (3:9), (3:11)), (3-12) combine to (26)
(], M) = 8F M) — 63;///’3,

M) D) =8 Doy — ‘%Qg, 47,2 =527 + 157

| =87 -« R E s

[Ragﬂ]:_gAa [R"’@ }:g )
(24,27 =4l ]+387R, {2525} =0. {27.27}=0,

where
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3.2 The index

Suppose an operator Q and its Hermitian conjugate Q' satisfy the relations

{0.0}=0, {0",0"}=0, {0,0"}=2H, (3.15)

where H is the Hamiltonian (= Fy) of a taken system. This is a universal situa-
tion valid down to the non-relativistic quantum mechanics. The Witten index (99)
defined as Tr(—1)F tells (under certain conditions) whether the supersymmetry is
broken spontaneously or not. By definition the operator (—1)F is

(—)F = exp(2ril,), {0,(-Df} =0, (3.16)

where in the spinorial basis J, = —J3 — J3. It distinguishes bosonic states |b) from
the fermionic ones |f),

=Dy =), (=DFIf)=~11).

Because of the cancellation of contributions of states with positive energies to
Tr(—1)F, this trace formally can be evaluated using the zero-energy states

Tr(—1)" =ny =0 —nk=", (3.17)

where nbEzo and ng:o are the numbers of bosonic and fermionic ground states.

Therefore, if Tr(—1)F # 0, supersymmetry is not broken. However, because of
the presence of infinitely many states, one needs a regulator commuting with Q
(to save cancellations). Then the regularized Witten index is defined as

Iy = Tr((=1)Fe PH), (3.18)
and formally it does not depend on the parameter 3.

As to 4 =1 superconformal theories, there are different possibilities to real-

ize relation lb , due to the superconformal operators S O‘,ga. Namely, one picks
a generator 2 with its adjoint 27, such that

{2,92"\ =27, (3.19)

where 2 does not coincide with the Hamiltonian. Then one can consider the
subspace of the Hilbert space composed of the BPS states |y) annihilated by
A, 7|y) =0, and define the Witten index Iy = Tr((—1)Fe B7). However,
the space of such states |y) is infinite dimensional and one has to introduce other
regulators, which leads to a nontrivial generalization of the index itself.

For SU(2,2|1) group, there are four non-trivial choices for supercharges
2, 2", which can be used for constructing the superconformal index:

{01,8'y =2 <H+2J3+§R> o {0,,8%) _2(H2J3+§R) :

0y =a(n--30). -2 e)
(3.20)
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The generators commuting with the corresponding pairs of supercharges are
—6 1 . 4 1 .
M. H+ 3R P K Mg H+ 3R P, K
1 1
M§ H— SR P K% M{H— R Pa.K'",

respectively, see (3.14). Let us stick to the choice

_ _ _ 3
2=0, 2'=-5, H =H 25~ 3R

Composing the matrix (26))

B, 1sB

My + L85 % P

ME =" +2ﬁ * * , (3.21)
Z ~ R+ 3 H

where P, = %Pag,?ﬁ = %KZB, and

1
X =H— =R
2

we come to the SU (2, 1) Lie algebra with the relations
(B, 0P =8P — 8P uB. (3.22)

To regularize the trace over the infinite dimensional space of zero modes of
JC, we use all operators commuting between themselves and with the distin-
guished supercharges 2 and 27. In our case one additional regulator is r# for
some arbitrary complex variable ¢ restricted as |f| < 1 to ensure damping. Since

MO,B commute with Q; and El, there is one more regulator x*/3, |x| < 1, resolving
the degeneracy ensured by Maﬁ . Finally, one defines (72} [73))

ind(1,x) = Tr(=1)"x*3:7 e B7 . (3.23)

This index explicitly depends on the chemical potentials x and ¢, different from
the variable 3.

In the presence of internal symmetries, one can introduce more regulators to
resolve the degeneracies. For U (1)* global symmetry group, one introduces chem-
ical potentials t;, j = 1,...,k, and extends the superconformal index as

% Yk ;i
ind(r,x, 1) = Tr(—1)Fx¥3 17 eXi=1 Hi47, (3.24)
where ¢; is the generator of j™U (1)-group. For a non-abelian local gauge invari-
ance group G with the maximal torus generators G,,a = 1,..., rank G, and a

flavor group F with the maximal torus generators Fj, j = 1,..., rank F, the index
reads

7 rank a yrankF ¢ pj
ind(t,x,z,y) =Tr ((—1)szj3tjeza=fcg“G o] ffF/), (3.25)
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where g, and f; are the chemical potentials for groups G and F respectively.
We assume that the global abelian groups enter the flavor group contributions
in (3.25). From the representation theory it is known that Trexp(L/“C ¢;G') =
Xc(z) is the character of the corresponding representation of the gauge group G,
where z is the set of complex eigenvalues of matrices realizing G. The same is
valid for the flavor group F: Trexp(Zm”kM fiF7) = xr(y) is the character of the
representations forming the space of free field states, and y is the set of complex
eigenvalues of matrices realizing F.

Since all physical observables are gauge invariant one is interested in the index
for gauge singlet operators. Therefore formula (3 is averaged over the gauge
group, which yields the matrix integral

t X y / d‘u Tr )F 2]3[ ):mnnguGa ):)ank[-‘f, )7 (326)

where di(g) is the G-invariant matrix group measure. This is the superconformal
index — the key object for our purposes. By construction, it has the meaning of a
particular combination of SU(2,2|1) X G x F group characters naturally restricted
to the space of BPS states and integrated over the gauge group.

3.3 Calculation of the index

Explicit computation of the superconformal index for .4~ = 1 theories was per-
formed by Romelsberger (73). According to his prescription one should first com-
pute the trace in index (3.23)) over the single particle states, which yields the for-
mula

202 —t(x+x71)
(1 —tx)(1—2x!

2 xRp ) (V) AR5 (2) =172 Xy 1 (V) Xk (2)
L : (1j—tx)(l—tx_1) : :

i(t,x,2,y) = )Xadj(Z)

, (3.27)

J
where the first term represents contribution of the gauge fields belonging to
the adjoint representation of the group G, and the sum over j corresponds to
the chiral matter superfields ¢; transforming as the gauge group representations
Rg,; and non-abelian flavor symmetry group representations Ry, ;. The functions
Xadj(2)s XRp.j (¥ ]( ) and xg,, j(z) are the corresponding characters — their explicit
forms for major classical groups are described in Appendix A.

In the original Romelsberger formula the denominators are written as 1 —
1Xsu(2), (v + 1%, where Xsu(2), ¢(7) is the character for the fundamental repre-
sentation of the SU(2) subgroup in . Parametrizing it by the eigenvalue x,
one comes to (3.27).

The U(1)g-group contribution to is described by the terms 2% and
1>72R; resulting from a chiral scalar field with the R-charge 2R ; and the fermion
partner of the conjugate anti-chiral fields whose R-charge is —2R;. In the presence
of additional global U (1)-groups the variables r; have the form

k
rj = Rj+Y qjtu,
=1
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where 2R; is the R-charge of the 7" chiral superfield, ¢ 1 are the normalized hy-

percharges of the j™ matter superfield for /™ U (1)-group and 24 is the chemical
potential for the latter group.

To obtain the full superconformal index, this single particle states index is
inserted into the “plethystic” exponential with the subsequent averaging over the

gauge group:
- 1 n n n
I(t,x,y) = /Gdu(g) exp (Z mUURE RS ))- (3.28)
n=1

Similar objects appeared in computation of partition functions of different statis-
tical mechanics models and quantum field theories, see, e.g., (35 45245 [29; 149} 57,
58 180; 195).

Clearly there are two qualitatively different contributions to superconformal
indices — from the matter fields and the gauge fields. The generic form of a matter
field single particle states contribution to i(¢,x,z,y) in the presence of some global
U(1) symmetry group is

2Ry, _ [2-2R\~1

y Y
1—x)(1—tx71)’

is(t,x,y) = ( (3.29)

where ¢, x are the same variables as in (3.27) and y = r?# is the chemical potential
for the U (1) group. It is convenient to introduce new parametrization

p=tx, g=tx"', w=1Ry (3.30)

where p and g are (in general, complex) parameters satisfying the constraints
lg],|p| <1. As a result, we can write

w— pgw™!
is(Pﬂ],W):%-
(1=p)(1—-4q)

Then the described index building algorithm yields (cf. (3))

k+1

> 1, = 1—wlp/tt
exp (Z nls(p”,q",W")> =11 P4 —.I(wipg). (B3D

n=1 k=0 1- wp! g*

This result corresponds to formula (69) in (73)) after the identifications w:=t%u, p:=ty,
g:=ty~!. However, the fact that this index coincides with the elliptic gamma func-
tion was recognized only by Dolan and Osborn in (26).

For the gauge field part one can set

2 4]
i(p.0.0) = s @ = (- - 1) )
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For the SU(2) group one has Y4q;(z) = 22 +z %+ 1. Substituting pieces of this
expression in the corresponding places of the index, we obtain the following char-
acteristic building blocks

=1 ” n 0 2; 0 2;
on (£ 1 (- ) - S0

—=n 1—p"_1—q”
1

(1=2)(1 =z ) (2% p,q)

Ll r V(o
exp (;n <— T 1_qn>> = (P3P)(439)-

Similar expressions are found for field contributions for the higher rank gauge
groups.

and

4 Seiberg Duality for Unitary Gauge Groups

First we consider the usual .4 = 1 supersymmetric quantum chromodynamics
(SQCD) as an electric theory with the internal symmetry groups (76l

G=SU(N), F=SU(Ns)xSU(Ns)xU(1)g,

where U(1)p is generated by the baryon number charge (the U(1)g group enters
the superconformal group). This supersymmetric version of QCD has two chiral
scalar multiplets Q and Q belonging to the fundamental f and anti-fundamental
f representations of SU(N) respectively, each carrying a baryon number, and the
vector multiplet V in the adjoint representation of G. The field content of the
electric theory is collected in the following table:

Field SU(N) SU(N/) SU(N_;‘) U(l)B U(I)R

0 f f L | gp=1 |2Rg=N/Ny
0 f 1 f |as=-1|2R5=N/Ny
1% adj 1 1 0 2Ry =1

Here gp,qp denote the baryonic charge and RQ,RQ,RV are half R-charges of
the fields.
The dual magnetic theory has the symmetry groups

G=SU(N), F=SU(Nys)xSU(Ns)xU(1)g,
where N = Ny —N. Its field content is fixed in the table below

Field | SU(N) | SU(Ny) | SU(Ny) U(1)p U()r
q f f 1 q]’gzN/]V~ 2R, = N/N¢
q 7 1 f dg=—N/N | 2R;=N/N¢
M 1 f f 0 2Ry = 2N /Ny
v adj 1 1 0 2Ry =1

This duality is supposed to work only in the conformal window 3N /2 < Ny <
3N, following from the demand that both dual theories are asymptotically free in
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the one-loop approximation. The one-loop beta function for the gauge coupling is
given by

3
e (i 210 ).

where T (F) is the sum of Casimir coefficients 7' (r) (see Appendix C for more de-
tails) over all fermions, 7'(S) is the similar sum over all scalars and T (adj) is T'(r)
for the adjoint representation. For a summary of this and two loop renormalization
group results, see (56)).

The rj-charges of fields coming from U(1)g and U (1) currents in the electric
theory are

rg = Rg+gspx, 5 = Ré+§3x,
where x is the U (1)p-group chemical potential. In the magnetic theory we set
rg = Rq—i—qu, rg = Rq—i—an, rv = Ruy.

Then the single particle states index for the electric theory has the form

i£(P,q,2,8,1) = — <% + ﬁ) ASU(N)adj(2)
1 T 1—r,
a9 ((M) Cxsuy).r () Xsu), (D)= (Pa) " Xsy ) 7 () Asuwy 7 (2)
+(Pa) 2 Xsy v, 7O Xsu ) 7@) — (P9)' "2 xsu ). r O xsuw).£(2)) 4.1

For the magnetic theory we have

. p q
im(P,q:2,5,1) = — (71 - 1, 7q) Xsu(¥),adj (@)
1

g <(p ) Xsu ). 7 sy @)1 @) — D) Xsu ). () sy ) 7(2)
P v )1 Ok ) 72) = (pq)lfrqxsu(N/)v?(f)XsU(N) £

+(pa)™ Asuvy).r () Xsu ) 7 () = (PQ)17rMXSU(Nf)7f(S)%SU(Nf)._f(t)> : 4.2)

The superconformal indices take the form (see the invariant measures in Ap-
pendix B)

(pip)2 (g5 9)%"
N
N, o1 —
12, T2 T ((pg) 2sizj, (pa)et ' s pag) NSE - dz;
- Il

-1 _—1_. i)
H1§i<j§NF<ZiZj e Zj,P,Q) =1 2miz;

Iy =

(4.3)
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Ny N.
where H}j\’:l Zj= Hiil Si = Hi:fl i =1, and

_ (e g

Iy : [T r((pa)™sit;'sp.q)
N. lii.jSNf
N A7 _ - _ ~

1T/, H],yzlr((PC])r"si lZ.h(PQ)r‘IliZj ' p.g) N dzj
X | 3 e 4.4)

- Micicjen T (@iz; 2 250 9) j=1 2Tz

where HZJ-V:] zj = 1. Let us renormalize the variables

— (pq)"esi, 7' —(pg) et i=1,...,Ny. (4.5)

Then the superconformal indices are rewritten as the following elliptic hypergeo-
metric integrals:

. _ P g )R
£ N!
Ny N 1
x/ [T Il T (sizjoty 2 , 7lip,g) N 46)
TV-! Hl<t<]<NF(Z1ZJ 7' 2jipsq) = mz,
and
) N-1
p;p q:9 _
= 2 <, = [T reGitipg)
N! 1<i,j<Ny
Ny W 8 _
IT:Z, TS r(s'VNs; 2,7 Wiz L pg) N1 dg; 4
* Jr ~T(zi I2;; omz P
T H1§i<j§N (lej 'Z 2j5P+9) j=1 Zj

where § = H?Z] si, T = H?Z] t;, and the balancing condition reads ST~! =
(pg)Nr="

As shown by Dolan and Osborn (26), the equality /r = Iy coincides with the
A, < A, root systems symmetry transformation established by Rains (65). For
N =N =2 this identity is a simple consequence of the symmetry transformation
for an elliptic analogue of the Gauss hypergeometric function discovered earlier by
the first author in (83). Note that this equality of integrals is valid for any Ny, while
the Seiberg duality is expected to exist only in the conformal window, where we
have appropriate R—charges yielding an anomaly free theory. One cannot extrap-
olate the duality outside this window except of the boundary points Ny = 3N /2
and Ny = 3N (we thank A. Schwimmer and S. Theisen for a discussion on this
point). However, this does not mean that for the electric theory outside the con-
formal window there cannot be different magnetic duals. We present a number of
such examples in a separate paper (92).

The needed equality between elliptic hypergeometric integrals is rigorous only
under certain constraints on the parameters. The kernels of the integrals are mero-
morphic functions of integration variables z; € C*. There are two qualitatively
different geometric sequences of poles of these kernels—some of them converge
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to zero z; = 0 and others go to infinity. So, the equality Iz = Iy with the inte-
gration contours T on both sides is true provided T separates these two types of

pole sequences. In the present situation this is guaranteed for |S|'/V < |s;| < 1

and 1 < |f;| < |T\1/ N All the relations for superconformal indices described be-
low have similar constraints on the parameters, but we shall not describe them for
brevity, assuming that the separability conditions for pole sequences are satisfied
by the contour T.

5 Intriligator-Pouliot Duality for Symplectic Gauge Groups

The electric theory has the overall symmetry group

G=SP(2N),  F =SU(2Ny),

and the following matter field content:
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SP(2N) | SU(2N;) U()x
o i i 1 - (N+1)/Ny

In this and all other tables below we drop the vector superfields V (or V, ex-
cept for the confining theories where this field is absent), since they are always
described by the adjoint representation of G and singlets of F'.

The dual magnetic theory constructed by Intriligator and Pouliot (43) has the
same flavor group and the gauge group G = SP(2N), where N = Ny — N — 2, with
the field content described in the table below:

SP(2N) | SU(2Ny) | U(1)g

q f f (N+1)/Ny
M 1 T, [2(N+1)/Ns

The conformal window for this duality is 3(N+1)/2 < Ny <3(N+1).
For these theories we have the following indices (in the renormalized vari-
ables) (26):

INf N £1,
IE_(p;P)ﬁ(q;q)ﬁ/ Mt IS (625 p,9) Nz
2N I icicjen T (57 2 s p @) IS T (252, g) i 22
(5.1)
and
(p:P)%(a:0)Y
IM = H F(tilj;P,C])
VNI <icizon,
Ny N - ~
X/ Mo L T ((pe) P17 e pg) N dz; 52
N 1_+1. N 42, l P .
™ I—[lgi<j§ﬁr(zii Zj ) ,1;'V=1F(Zj ;D>q) j=1 2miz,

with the balancing condition leiv{ i = ( pq)Nf “N-1 ForN=N =1, the equality

I = Iy is a consequence of the symmetry transformation established in (83)). For
arbitrary ranks N, N, the needed identity was proven by Rains in (65). After
the degeneration to the rational integrals level, it reduces to the Dixon transforma-
tion formula (23).

6 Multiple Duality for SP(2N) Gauge Group

There exists a multiple duality phenomenon, when one electric theory has many
magnetic duals. In this section we describe theories with SP(2N) gauge group,
where multiple duality is ensured by W (E7), the Weyl group for the exceptional
root system E7. However, we skip the description of this group referring for details
to (91).

We take .4 = 1 SQCD electric theory with the symmetry groups G = SP(2N)
and F = SU(8) x U(1). This model has one chiral scalar multiplet Q belonging
to the fundamental representations of G and F, a vector multiplet V in the adjoint
representation, and the antisymmetric SP(2N)-tensor field X, see the table below:
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SP(2N) [ SU®) [ U(1) | U(1)x
0 f -5 3
X Ty 1 1 0

For N = 1, the field X is absent and the U(1)-group is completely decoupled. In
(91) we were giving in tables halves of the R-charges.

This electric theory and its particular magnetic dual (with N > 1) were con-
sidered in (18)). However, as described in (91)), there are other dual theories. In a
special section below we show that the ’t Hooft anomaly matching conditions are
fulfilled for all these new dualities.

The electric superconformal index is

C'((pg)'z 'z p,q)
Vicicien L& 'z5p9)
N T T ((pa)2yiz;'sp.g) dz;

,131 r'(z7%p,q) 2miz;’

(p:p)X(g:q) N-1 /
Ig = ———>>""22°T 5p,
E NN ((pg)*:p,q) .

(6.1)

where rp = Rg +egs, rx = exs, and 2Rp = 1/2 is the R-charge of the Q-field,
ep = —(N—1)/4 and ex = 1 are the U(1)-group hypercharges with s being its
chemical potential.

The first (new) class of magnetic theories has the symmetry groups

G = SP(2N), F = SU(4)xSU(4)xU(1)g x U(1).

Its field content is fixed in the table below:

SPN) [SUA) [SU@ [UMs [ UM) U
q f f 1 -1 | N %
q f 1 f 1 - 2
Y T 1 1 1 0
M, 1 T 1 2 | 2 1
M, 1 1 T, -2 | 2L 1

In the tables of this section the capital index J takes values O,...,N — 1, which is
not indicated for brevity. The superconformal index in this magnetic theory is

N—-1
o' =TI 1 T(ea)™yipa) [T Tpa)™yijip.q)

J=01<i<j<4 s<i<j<8
+1_+1.
<I((pg)' p.g)V 1 PP G 4)2 / [((pg)'z' 2 pg)
3P, NN JIV | icjen F(Ziilz;g;p’q)
x INI TS T ((pg) v 2yiz s p, ) s T ((pg) 2yizy ' ipq) dz;
j=1 F(Zfzép,q) 27z’

(6.2)
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where v = ¥y1y2y3ys4 and

N—-1 N—-1
rq :Rq_T g — e
1 1
rm; = RMJ—E(N—l—ZJ)S, r,;lj = RMJ—E(N—l—ZJ)S.

The second (new) class of dual magnetic theories has the same symmetries
as in the previous case, but different representation content as described in the
following table:

SP(2N) | SU4) | SU@4) | U(1)p | U1 U(1)r
q f f 1 1 - 3
q| I A
Y Ty 1 1 0 1 0
M| T I e o
The index for this magnetic theory is given by
2) s U A p
Ly =T((pg);p. )" ' TTTTTIT ((p0)™ yivjspia)
J=0i=1j=5

+1_+1.
(p;p)ﬁ(q;q)ﬁ/ L((pa)'s 2 5p:4)
™ 1 <i<j<N

2VN! N SR )
N T T((p) vy 2 s p ) TS T((pa) v 2y 27 paa) dz;

X PRRE]
jl;ll (5% p.q) 2miz,

X

(6.3)

where

1 N—-1 11
rq:r§:Z_ 7 s, Iy =s¢, rM/ZE_E(N_I_ZJ)S

Finally, the third type of magnetic theories, which was constructed originally
by Csdki, Skiba and Schmaltz in (18], has the symmetry groups G = SP(2N) and
F =S8U(8) x U(1), and its fields content is

SP2N) [ SU®) | U(1) | U(l)x
q f s 3
Y T 1 1 0
My 1 T4 2l 1

Corresponding magnetic superconformal index has the form

N—1 . N . N

3 3 D3D)oo (459 )oo

1y =rpe”:p.a " 1 1 T(pa)™yivjipa) %
J=0 1<i<j<8 ’

/ C((pg)" 'z spig) N T T ((pa)y; 'z pia) d;
™ cicjen T 'shpg) r(z%p.q) 2miz;’
(6.4)
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where

1—s(N—1
rq:L, ry=s, ry, = sJ+

1—s(N—1)
1 —_—

2

The SP(2) gauge group case can be obtained from the tables above by sub-
stituting N = 1 and deleting fields X in the electric theory and Y in the magnetic
theories, which decouple completely. The number of mesons in dual theories is
reduced as well. Equality of superconformal indices for N = 1 follows from the
results of (83), and the needed identities for elliptic hypergeometric integrals for
N > 1 were established in (65). As argued in (91), there should be in total 72 the-
ories dual to each other — this number equals to the dimension of the coset group
W (E7)/Sg responsible for the dualities (in this respect, see also (55))).

7 A New SP(2N) < SP(2M) Groups Duality
We take as the electric theory SQCD based on the symmetry groups

G=SP(2M), F =SU(4)x SP(21}) x SP(2l5) x --- x SP(2lx) x U(1)

with the fields content fixed in the table below:

SP(2M) | SU(4) | SP(2I) | SP(2L) | ... | SP(2Ix) () UMz
Wi f i 1 1 1 —M=N=2 0
0 f 1 f 1 1 -4
01 f 1 1 f 1 -2 1
Ok f 1 1 1 f — % 1
X Ty 1 1 1 1 1 0

where ny #ny # -~ # ng and YX | lin; = M+N.
The dual magnetic theory has G = SP(2N) and the same flavor group; the
fields content is described below:

SP(2N) | su4) | spn) | SP(2k) | ... | SP(2lk) u(1) U(1)g

wi f f 1 1 1 M2 0

o f ! f 1 1 —n !

q1 f 1 1 f 1 -2

CIK f 1 1 1 f 7’%’( 1

N; 1 Ta 1 1 1 j M2 0
M 1 f f 1 1 —MEN=2 Ty gy 1
Mo, 1 I 1 ! 1 SN2 gy 1
M'ka,( 1 f 1 1 f _MND Ky g 1

Y Ty 1 1 1 1 1 0

where j =0,....M—N—1and k; =0,...,n;— 1 forany i = 1,...,K. Here we
assume that M > N (for M = N the fields N; are absent).
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The superconformal indices have the form

o= RGO e [ M
2M M) ™ <icjem T 27505 q)
M TTE_, (n,; G I T Dsryz'sp,q) dz; 1)
j:l I(z; j ) lené.’zlr(tnrsnjz]il;p,q) 27z
and
Ly = M T(:p.q MrNI 1 r 't pq)
2NN =0 1<k<r<4 “
4 K L (=l g (7' p,q)
Xrllnr LT =0 I (thnt,5.05p,q) /7TN1<i<j<N1W

b .

Doz sp, ) THC T Tsejz; s paq) dz;
5 : 7

i1 T T T D (tvsy s pog) - 270z,

(7.2)

with the balancing condition [T*_, #, = >N,

We have checked that the anomalies of these two theories match (see below),
which is a very strong indication that the theories are dual to each other. This
is another new duality that we have found. It has rather complicated structure
with the flavor group composed of an arbitrary number of simple group compo-
nents. The renormalization group analysis shows that the asymptotic freedom is
present on the electric side for M > Y'X | 7;/2 — 1 and on the magnetic side for
N>YK /21

The equality of elliptic hypergeometric integrals Ig = Ijs, which gives another
argument supporting this duality, coincides with the Rains Conjecture 1 from (68)
(it was used as a starting point for the derivation of the described duality). As we
have known after the completion of this work, this conjecture is proven recently
by van de Bult (9).

8 Multiple Duality for SU(2N) Gauge Group

We describe now the multiple duality phenomenon for SU (2N) gauge group. The
overall flavor symmetry group of the theories is rather unusual. For N = 1, this
multiple duality coincides with that for SP(2) group, see (91). For N > 2, one has
F=8SU(4)xSU(4)xU(1); xU(1), xU(1)g. For N = 2, the flavor subgroup
U(1); is replaced by SU(2). The field content of the electric theory for N > 2 is
shown in the table below:

SU(ZN) | SU@&) [ SU@) [ U(1); | U(1), | U | U1z
0 f f 1 0 2N -2 1 :
0 7 1 f 0 |2N-2| -1 !
A Ty 1 1 1 —4 0 0
Al T, 1 1 —1 —4 0 0
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Corresponding superconformal index has the form

o (P2 a9)2 1/ L'(UzjzVes 5 1p4)
E — — —
(2N)! Ty T 225 5p04)
2N 4 2N—1 dz:
-1 Zj
(sk2j, k25 3 q) -, 8.1)
AiTroasna 2

where Hfﬁ 1z; = 1 and the balancing condition reads (UV)*¥~2ST = (pq)? with

S = Hiz 1Sxand T = Hizl tx. This is the two-parameter (higher order) extension
of the type II elliptic beta integral for the root system A,y_; introduced by Spiri-
donov in (83)).

For N > 2, magnetic dual theories have the same gauge and global symmetry
groups. The first (new) dual theory has the field content described for N > 2 in the
table below:

SU(2N) | SU4) | SU4) | U(1), U(1), U(l)g | U(1)g
q f f 1 0 2N -2 —1 3
7] 7 1 f 0 2N -2 1 3
a T 1 1 1 —4 0 0
a Ta 1 1 —1 —4 0 0
Hy, 1 Ty 1 —1 |4N-8-8m | 2 1
G 1 Ty 1 N—1 0 2 1
H, 1 1 Ty 1 4N —8—8m | —2 1
G 1 1 Ty | -N+1 0 -2 1

where m =0, ...,N — 2. This leads to the magnetic index

N-2
1 _ _
i) = LU sis; VNt p, ) [T (V(UV ) 5155, U (UV) "1t 3p, q)
1<i<j<4 m=0
(PP g9~ 1/ I(Vzjz, Uz 'y paq)
(2N)! ™V cieon D& w02z 5 pig)

i:iz

4 2N—1 dz:
H (VT /Ssizjs /S/Tuz; sp,9) [ L (8.2)
Pl s

-1 27TIZj

Our second dual theory was found by Csaki et al in (17). Its field content for
N > 2 is described in the table below:

SU(2N) [ SU@&) [ SU@) [ U(1); U(1), UM | Uk
q f f 1 0 2N -2 1 I
7] f 1 f 0 2N -2 -1 3
a Ty 1 1 1 —4 0 0
a Ta 1 1 —1 —4 0 0
My 1 f f 0 |4N—-4-8k| O 1
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where k =0,...,N — 1. Its superconformal index has the form

@ _ (i) (4:9)a i

N1 IN-IN-1 4
r((UV)"sti; p,q)
M (2n)! m Ok,ll—:ll

X/ F(Uzjz, Ve 'zt p.q)
T2N-1

I T,
1<jkeon T(& 22j2 5p:q)
2N 4 2N—1

XHHF(\/ES;le,\/fII:IZ;];paq) I1 %

ol kel ey 2miz;

(8.3)
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Our third, again new, duality corresponds to the theory described below for
N>2,

SU(2N) | SU4) | SU4) | U(1); U(1), U(l)p | U(1)r
q f f 1 0 2N -2 -1 3
g 7 1 7 0 2N -2 1 3
a Ty 1 1 1 —4 0 0
a Ta 1 1 —1 —4 0 0
My, 1 f f 0 4N — 4 — 8k 0 1
H, 1 Ta 1 —1 4N — 8 — 8m 2 1
G 1 T4 1 N—-1 0 2 1
H, 1 1 Ty 1 AN — 8 — 8m -2 1
G 1 1 Ty —N+1 0 -2 1
where k=0,....N—1, m=0,...,N — 2. Its superconformal index reads
@ _ )2 a9 H 1 me
Iy = ! rnrzl()kglr((UV) Skt D5 q)
N-2
< [T TN sisi, VN it pog) [T T (VUV)"sisj, UUV) "1t p,q)
1<i<j<4 m=0
F(VZjZk,UZIIZ;l;p7q) 2N 4 1 4 —1_—1
L(VSTs; 'z, VSTt 127 p,
X/TZN*‘ 15/'51521\/ Iz w27 5p04) /I;Ilklz]l (VSTs 2 VST 27 pea)
2N—1 .
9 8.4)
o1 2mizg

From the duality arguments for these field theories, we conjecture that Ir =
I 1(\/11) = 18 ) IS ) under certain constraints on the integral parameters, which yield
new powerful elliptic hypergeometric integral identities. Instead of the W (E7)
Weyl group symmetry in parameters, existing for N = 1, only its subgroup of
reflection transformations consistent with the permutational S4 X S4 symmetry
group survives. Nevertheless, preliminary considerations indicate that these re-
lations should be provable by an appropriate analog of the method used in (65) for
proving W (E7)-identities for BCy-integrals of type II. We have checked that the
reduction from Ny = 4 to Ny = 3 realized by the constraint s4t4 = pq reduces su-
perconformal indices to Spiridonov’s Apy_1-elliptic beta integral (83)), i.e. equality
of indices in this case is proven rigorously.

For N = 2, superconformal indices are given by the same integrals. However,
in this case [Tj<jcx<a f(zizj) = [Ti<jck<a f(z; 11;1) for arbitrary function f(x),
and the parameters U and V unify to a doublet, meaning that the fields A and A, a
and a unify to fundamentals of the SU(2) group, which replaces the U(1); flavor
subgroup.

An interesting situation occurs in the limit V — 1 (or U — 1). Some of the
poles coming from the integrand factor I" (Vzl-_lzjT L. q) approach the integration
contour and it is necessary to deform T before taking this limit. A careful residue
calculus shows that in this limit the leading asymptotic contribution to all four su-
perconformal indices are given by the residues of the poles at zjzp =V — 1, j#k.
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As a result, N — 1 integrations are taken away, there remain only N-dimensional
integrals over, say, z2;—1, j = 1,...,N, variables. The latter integrals coincide ex-
actly with the indices of four theories appearing in multiple SP(2N)-duality de-
scribed above. Thus we have shown, that our multiple SU (2N )-dualities contain
SP(2N) dualities as special subcases. The first mathematical observation that the
type II hypergeometric identities for the BCy-root system can be obtained from
type II relations for both Ayy_; and Ayy root systems has been done in (94),
where various new multiple ¢y summation formulas on root systems have been
suggested. Here we extend this observation to the (expected) relations between
type II elliptic hypergeometric integrals. On the physical ground, such a relation
between the particular SU(4) and SP(4) gauge group dualities was observed in
(17). Note that the further limit U = 1 leads to the SU(2)"-gauge group theories
whose indices are given by N-" power of the indices of SP(2)-group models with
Ny = 4 constructed in (91).

The attempts in (17) to construct an analogous duality for even rank gauge
groups SU (2N + 1) have failed. We have succeeded in solving this problem; cor-
responding results together with the residue calculus details will be presented in a
separate paper.

9 Kutasov-Schwimmer Type Dualities for the Unitary Gauge Group

Now we pass to generalizations of the Seiberg dualities for unitary and symplectic
gauge groups G discovered by Kutasov and Schwimmer (KS) (51;/52) and studied
in detail in (53) and other papers. For brevity, we skip separate global symmetry
group descriptions since they can be read off easily from the field contents of
the theories given in the tables. The first column in the tables describes gauge
group representations for fields, while other columns, except of the very last one,
describe representations and hypercharges for subgroups of the flavor group F.
Also, we skip the detailed description of single particle state indices and write out
directly the integrals for the superconformal indices together with the balancing
condition, if there is any. In this section we describe such dualities for G = SU(N).

9.1 SU(N) gauge group with the adjoint matter field

The following electric-magnetic duality is described in (52). The field content of
the electric theory is

SUN) [ SUTY,) [ SUN,) | O | Ulla_
A - 3 = 2N
Q f 1 f -1 2r=1 — m
X | adj 1 1 0 25 = 27

The magnetic theory ingredients are collected in the following table:
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SUN) [ SUN;) | SUWNy) | U(1)s U(1)r
q f Vi 1 N/N 27 =1— (Kffwf
il 7 1 f | -N/N 27 = 1- 2
Y adj 1 1 0 25 =5
M| 1 f 7 0 | 2r=2— iy +
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Here j =1,...,K and the dual gauge group dimension is
N = KNy—N, K=1,2,..., 9.1)

with the constraint Ny > N/K.

Defining U = (pq)* = (pq)KL we find the following indices for these theo-
ries:

—1 -1, .
I = ()Y g 9)¥ 1F(U-p q)N_I/ T
N! e TN <ici<n F(ZiZ;l’Zi_le;p’q)
Ny N = dzj
XHHF( lZJu Zj ,p Q)H iz;’ .
1 i 27miz;

where ]'Iljyzlzj = 1, the balancing condition reads U?NST~! = (pq)Nf with
N N
S= Hi:f1 si, T = H,’ll t;, and

)Nl

K
p:p)Y " (a:q F o
(i) ( rw:p, " 'IT I r@"'si;"sp.q)

Iy =
N! I=11<i,j<N;

I'(Uziz; ', Uz 255 p,q)

/TN ! H F(Zizjl,zflz,';pﬂ)

l<l<j<N

N-1

f N K 1 de
HH s UST) ez hipg) [ 52 93)
=1 j=1

j=1 Zj

where H?':l zj=1

An important fact is that these theories contain matter fields in the adjoint
representation of the gauge group. The conjecture that Iz = Ij; (under appropriate
contour separability constraints mentioned earlier) represents a new type of elliptic
hypergeometric identities, which was not met earlier (89)). Therefore we describe
in Appendix D the total ellipticity property hidden behind this identity. In the large
N, Ny limit (with fixed N/Ny) the equality of I and Iy was confirmed up to a few
terms of the corresponding expansion in (26) using the method of (24).

9.2 Two adjoint matter fields case

This duality was considered by Brodie and Strassler in (75 |8)). The electric theory
is

SUN) [ SUNG) [ SUN,) [U [0(s |0
g f f 1 0 N - Np(K+1)
0 f 1 f 0 _% l_N;{K—%—l)
X | adj 1 1 0 0 el
Y Ts 1 1 1 2 =
Y| Ts 1 1 1| -2 os)
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The magnetic theory has the following matter field content

SU(N) | SUNNy) | SUNy) | U(1)g U(1)g
v N N
q f f 1 N L e
~ s N N
a | 7 ! ! N 1=
2
. K
s 2N 2L+KJ
My 1 f f 0 2-yxm eal
Here Kisodd, 0 < L<K-1,/J=0,1,2, and
N =3KN;—N. (9.4)

Corresponding electric superconformal index has the form

. \N—=1(,. \N—1
e P N('q’q)w rU,U%;p,q)N!

11 K/2.—1 17K/2.—1_ .
/ F(UZ,ZJ ,UZi Z]7U /lej 7U /Z[’ Zj7p7CI)
TNy <icien

B p—
[(ziz; 2 250:9)
Nl dz;

Nf N
xHHF(siZj,tflzfl;nCI) H

i=1 j=1 Jj=1

9.5
TR 9.5)

where H’jyzl zj=1U= (pq)K%l, and the balancing condition reads UVST ! =
(pq)™r with § = H?Zl si, T = Hf;fl t;. The magnetic index looks like

. \N=1(,,. \N—1 _ K-12 Ny
Iy = PP N('q’q)‘” rw.utp,o" ' TIT1 T1 T s p,q)
: L=07=0ij=1
/ I(Uziz; ' Uz ' 2jsp,q) T (USP2iz; UK P2 255 p, )
X - — _
™ cicj<m [(az;' 5 '2jp,q)
Ny N N—1
: 2K 3K 2-K _3K dz;
% (U7 (ST)2n 5! SU2 (ST) vy fl; , J , (9.6
EJ];II (U™ (ST)vs; 'z (ST) wnz; s p q)j];[1 2ie; (9.6)

vyl}ere Hij? 12 = 1 Again, the conjectured equality /g = Iy is a new type of iden-
tities requiring a rigorous proof.



Elliptic Hypergeometry of Supersymmetric Dualities 35

9.3 Generalized KS type dualities

These dualities were considered in (42).

9.3.1 First pair of dual theories.

Electric theory:

SUN) [ SUWN7) [ SUWN,) O [ 005 | U(g
T — NT2K
0 f f 1 0 N 2r=1- (K+1)N;
A = 1 _ N+2K
A S <7
2 _ 1
X TA 1 1 1 N 2S = K1
v - 2 _ 1
X TA 1 1 -1 N 25 = K+l
Magnetic theory:
SUR) | SUg) | Suvg) | U() | UGt U(1)r
— K(Ns—2 N
AR EEAE R
il 7 I 7o L | o=
Y T 1 1 N }VNf 2 25 = g
S S e
N—N+(2j+1)N
M; 1 f f 0 0 N
N—N+(2r+2)N
P. 1 Ta 1 -1 0 Wl)f
~ N—N+(2r+2)N
Here j=0,...,K,r=0,...,K—1,and
N = 2K+1)N;—4K—N, K=0,12,.... 9.7)

The electric index is

1
I (p;p)ﬁl(q;q)ﬁl/ I (Uzizj;, U™ (pg) &2 ' 5 p,q)
E = _ —
N! TN-1 1<i<j<N F(Zi ]Zjuzizj ]§PaCI)

N

~

| N=T gz
I'(spzi, 827 el
i (k Jo kL PM])]EII 275121'7

N
<] 9.8)
=1

k

where H’jvzl zj =1 and U is an arbitrary parameter. The magnetic index is
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K Ny ‘
In = I T1 T((pa) = seti:p.q H [T rw'(rq )E5 si51,U (pg) 7 13113 p. )
J=0k,I=1 r=01<k<I<Nf
[7 71 w111,
M ol L0220 (pa) 5735 )
v - —T.

N! ™ 1<i<j<N I'(z 2jyZik; .X)
NN ~o 1 [ N dz;
< [TTIN(W0)2s¢ 2, WO 2 () Fre ' 2 s pa) T S
J=lk=1 ' i 2mizj

N . . Nf,M .
where [];_, z;=1, the balancing condition looks as ST = (pq) K+T with S =
N N— Nf 1 N*N#»Nf

L) T= H, Lyt and U =U" % (ST~1)¥ (pg) V&=

9.3.2 Second pair of dual theories.

Electric theory:
SU(N) | SUNy) | SUNNy) | U(1) | U(1)g U(1)g
ol r f 1 0 v r=1-%n
o f 1 f 0 N | =1y
2 _ 1
v 2 _ 1
Magnetic theory:
SUMN) [ SUWN,) [ SUN) | 0(h) | Ul u<1>R
= N/T2
a | 1 7 i 8 | r=-d
~ = = K(Ns+2) 1 _ N-2K
q f 1 f Ai/ -5 2/*1_(1<+1)Nf
Y | Ty 1 1 = 2 25 = gy
S S e
N—N+(2j+1)N
M; 1 f f 0 0 W]mf
N—N+(2r+2)N,
- N—N+(2r+2)N,
Py 1 1 Ts 1 0 Wl)f

Here j=0,...,K,r=0,...,K—1,and

N = 2K+1)Ny+4K—~N, K=0,1,2,.... 9.9)
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The electric index is given by the integral

0 S
(p:p)x ' (g:9)% ‘/ [ (Uzzj,U" (pg) &1z "2, ' p,q)
T 1<i<j<N

Ig = — —
N! I(z'zj,22; 5 p,q)
Al 2 -1 L} s 1 N dz
<[Ir Wz, 0" (pe) ¥ 2% p. @) [T T (w2t s psa) [1 52
j=1 k=1 j=1 <Mz
(9.10)
where H’j\;l zj = 1. The magnetic index is
K Nf K—1 r41
m=11 TITrpg) R4 5813 p, ) [T II rw'(pe) e ses,
J=0  Ki=1 =0 1<k<I<N;
U(pq)¥Tuti; p, q)
K—1 Ny (p; N—1
o pip)¥ (g:9)Y
X LU (pg) 57 5%,U (pg) *T1: p.g) :
=0 k=1 N!

~ - R
X/ H F(UzizjﬂUil(p‘I)KHZi le ];p,q)
™! 1<i<j<N F(Zflz.iaZiZf;P,Q)

i
~ ~_ 1
< [1TWz,U" (pg)%12;% p,q)

=1
N Ny 2 ﬁ _1 -1, N—-1 de 011
HH (U025 2, (VD) 2 (pg) R ' pa) [15- ©1D
e jp 27iz;

where H ' zj = 1, the balancing condition reads ST = (pq)™/ ~K with § =
N N—N | N— N+Nf

I AL 2
H] 18j, T = Y’ iZ1tj, and U=U "~ (ST')N(pg) &+,
9.3.3 Third pair of dual theories.
In comparison with the dualities described in previous two subsections, this case

involves non-abelian flavor subgroups of different ranks.
The electric theory:

SU(N) SU(Nf) SU(Nf—S) U(l) U“)B U(l)R
ol DA TR IESTCT SRR C2 N B Ty P 5.0 €2
0 f (4’”3) | ~_ N—2(4K+3)
0 f 1 f 2K+ 1+ —% 7 =1~ mrrymey

2

X Ty 1 1 1 2 25 — m
_ _ i =
= 1 : ! N 2= e
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The magnetic theory:

SU(N) SU(N;) | SU(N;—8) U(1) U(1)g U(1)g
.| s 7 ! e R
~ - - 2(4K+3) 5 N72(4K¥3)
g 7 1 7 —K 1= PR 4 = - ey
2 _ 1
Y T 1 1 —1 2 25 = by
~ — 2 — 1
Y Ts 1 1 1 -2 25 = by
. . 2(4K+3)(2N —8) |
M; 1 f f ngf) 0 2(r+7)+ g
Py 1 Ty 1 —4K -3+ 4(4" 3) 0 dr+ i
Pors1 1 T 1 —4K -3+ 4(4’( ) 0 dr4 S8
Py 1 1 T 4K +3+ 2(4;‘”) 0 47+ i
P 1 1 Ts 4K +3+ 2(4;(“ 0 47+ 2‘}",?*13)
Here J=0,....2K+1,L=0,...,K,.M=0,...,K—1, and
N = (4K+3)(Ny—4)—N, K=0,1,2,.... (9.12)

The electric index is

Ig =

(p;p)ii‘l(q;q)i!‘l/ I'(Uzizj,U "' (pq)? “”z 3 '5p,q)
N! T 1<i<j<N F(ZT Zj7ZiZj ,Pa‘I)
Nf N8

N
<[ (pg) & X HF SK2j: P 4) Hthz X
=1

~.
Il
-

9.13)

_ N+2
with H, 12j =1 and the balancing condition STU * = (pq) - 2K+D) | where

S= szl sj, T = szl t;. The magnetic index is

N—12K+1 Ny Ny—8

IM:M HHHF Pq) K“ Isitjsp,q)

=0 i=1 j=
2K 141 K Ny 2041 2
[T II TC((pg)™ DU~ szsj;p,q)HHF((pq)z(K“ U~'siip.q)
1=01<i< j<N; 1=0i=1
2K K_le 8 2m+1
T[T I TWpa)™Ustip,q) [] [T T ((pa)* U p,q)
m:01§i<j§Nf78 m=0 i=1

. HIWMﬁTMMWﬁﬂM)
™ I(z 'zj,22; ' p,9)

Ny
(K+1 Zj ,P, xHF UU)sz X))

X

N
j=1
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g TR —1 -1 Y dz
% T r(Wa)~* (pg) 7@ Cghea| [1525 (9.14)
=1 ) 27miz;

> ~ 1
where Hlj\':lzj =land U = (S2UN—Nf>X/ )

9.4 Adjoint, symmetric and conjugate symmetric tensor matter fields

This duality was constructed by Brodie and Strassler (8). The electric theory is

SU(N) [ SUN;) [ SUWNy) [ U(T) | U(1)g Uz
T N—2
0 ! ! ! 0 N 1= m &
A - v 1 N-2
o f 1 f 0 | -~ |1-m&D
2
2 K
7 = 2 K
Y| Ty 1 1 -1 ~2 2=
The magnetic theory is
SUN) | SU(Ny) | SUWNy) | U) | U()g U()r
— KN:+2 —
q f T 1 o % - piey
~ — . KN¢+2 1 N—2
q Y ! / % N =5 &
X adj 1 1 0 0 =
= = N-=KNj
Y TS 1 l N L 7% KLH
N; 1 f f 0 0 Bty T2 2 (K+1)
M; 1 f f 0 0 Kziil +2 2N, & (K+1)
Poyii 1 Ty 1 -1 0 | 2¥H+ ,M +2 =250
Py 1 Ts 1 -1 0 225 +K+1 +2-2 f’(VKZI)
Py 1 1 Ta 1 0 | 2¥H+ K+1 +2-2500
Py 1 1 Ts 1 0 R SR 2N/};/K+1)

Here K is odd, 1:071’.“71(_17]:0,1,...,%’1, but there are no fields
PK,pK, and
N =3KN;+4—N. (9.15)
The indices are
: N-1 F(Uzizfl,UZle';P,Q)
— MF(U,‘D,(])N_I/ J,l 1 'j
N! TN?ll§i<j§N F(ZiZj e Zj’p7Q)

< 1 TWXyzz;,U*(xy) "5 2 i p.g)
1<i<j<N

Ny N-1 dz;

N
XI—II F(UK/2XYZ§,UK/z(xY)flz_,fz;p’q)Hr( 2ot 27" p,q) H1 2mic;’
. i= J=

(9.16)




40 V. P. Spiridonov, G. S. Vartanov

where U = (pq)K+1,H _,zj=1,and

()Y (g3 )Y

N!

-1 Ny
Iy = r'(U;p,q)" H H LU st U it i p,q)

K—1
<1 TI Tuxy) "o/ * ss; xyv’ ™21 pg)
J:01<i<j§Nf
1 Nf
XHHF (XY) U+ XYU2’+zt :0,q)
=0i=

“Jo T1

—1_ .
iy D@5 05 2570

Uz,z ,Uz7'253p,q)

N—KNf N

Y¥) 5z p.g)

K/2 Nty K/2
[I CW*2x 5 ywzz; UR(X
1<i<j<N

I

,-:]

N—KNf

K/2 NNy N, K/2 ¥io1 -2
rUXPX ™" YN URP(X T YN ) p,q)

KNf+2 3KNf+4 2K KNf+2 3KNf+4

xHF UStx N oy s; z,,UTX7 NOY Wtz Lp.q)

N-l dz;

) 9.17
=1 Zﬂfizj' ( )

where Y = (ST)!/Vr, § = vazfl si, T = H;\zl t;, X is an arbitrary chemical potential
associated with the U (1)-group, and the balancing condition reads UN 28T~ =
(pg)™r

9.5 Adjoint, anti-symmetric and conjugate anti-symmetric tensor matter fields

This duality was considered in (8). The electric theory is

—

) | SUNs) | SUNf) | U
1

) [ UM | U()r

&
==
. 2

f
1
1
1

- =l
- O O O

s

zo S =

—

L S @ T -
Q
QU
~

Ta 1 1 -1 | -

=
>
-

The magnetic theory is
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SU(N) | SUNNy) | SUWNy) | U(1) | U(l)g U()r

q f f 1 %72 % - N/[ZIZZ—I)

i | 7 1 PR LU= R 1- 5y

X adj 1 1 0 0 21

O N L Rl B i

Y Ty 1 1 ’}’V‘Nf -2 &

N 1 f f 0 K+l + K+1 +2-2 Ylﬁl)
My 1 f f 0 0 K24£1 +2 szA(]Kil)
o N R R e
Py 1 Ty 1 -1 0 285+ K+1 +2- 2Nf(1<+|)
ﬁZ/H 1 1 Ts 1 0 221{1111 + K+1 +2-2 A(/Iﬁl)
Py 1 1 T 1 0 2 2Jl + K+1 +2- 2%

Here Kisodd, I =0,...,.K—1,J = O,...7%, but there are no fields Py, Py,
and

N =3KN;—4—N. (9.18)

The superconformal indices are

I =

_ _ 1 g7—1_.
(P g )N 11“ UV I'(Uzz; ", Uz z:p:9q)
N (U;p,q) - -1 _—1_.

: T <i<i<n F(Zizj % ZjiPq)
< I TW*2xvziz;,u*(xy) 572 i p.g)
1<i<j<N
Ny N N—1 dz;

XHHF sizjpti 2 ipsa) [1
J=

. 9
Pl el | 2Tz

(9.19)
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for U = (pg) &1, TT), 2 = 1. and

)Nl _ K—-1 Ny

p;p q:9 _
( ) N(‘ F(U 2 q N II_I H In UL+K l Ule ’p q)
. L=01i,j=1

Iy =

K—1
[T TI T(xy) "0/ ss; Xxyu ™ 2 pg)
J=0 1<i< j<Ny

K K
1U2.1+1+2 S%,XYUZJ+1+2ti 2’p7q)

Il :]\_

St

X/ 2 I'(Uzz; ', Uz 'z p,q)
- -1 =1, .
TN-1 lgi<j§]v F(Zizj 7Zi Zj,PaQ)

K2y L N K2yl Ny
x [ TWRPX"F yazz;, UM (X7 YN) g st pg)

1<i<j<N

ok KNp=2 3KN -4 sk KNp2 3KNp4

N
[T =X ¥y & 57502 x 8 ¥ o izipq)

' 9.20
% JI;I 27'L'iZj7 ( )

where ijzlzj =1,Y = (ST)'/Nr, s = H?Zl si, T = H?Zl t;,X is an arbitrary pa-
rameter and the balancing condition reads UNT2ST~! = (pq)"s

9.6 Adjoint, anti-symmetric and conjugate symmetric tensor matter fields

This duality was discussed by Brodie in (8). The electric theory is

SUN) [ SUN;) [ SU(N;—38) U(l) U(D)s U(Dx
0 f f 1 X1 = N7 -1 z 2 =1- 5ty
o| f 1 f n=gs+tl| -5y | 2n=1-gS5%y
X | adj 1 1 0 0 o)
Y T 1 1 1 - =
Y Ty 1 1 -1 ~2 et

In the original paper (8) there were misprints for the values of U(1)-group hyper-
charges which were corrected in (50). The magnetic theory is
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SU(N) | SU(N) | SUN;—8) u(l) U(1)s U(1)r
i 7 ! 7 = 1= sk
X adj 1 1 0 0 =
Y Ta 1 1 -1 % =
Y Ts 1 1 1 7% =
Ny 1 f f X1 +x2 0 %+Ki+2r1+2r2
M, 1 f f x| +x2 0 22 +2n
P 1 Ty 1 261 -1 0 Bt R T2 2N7§<6+K1)
Py 1 1 T 2x+1 0 Zhtda+2- 2%
Here J=0,1,...,K—1and

N =3K(Ny—4)—N. 9.21)

The superconformal indices are

: - ' I'(Uziz; ', Uz 'zj:p.q)
(p’p) N('q q) F(U;p’q)Nfl/ ] 1 _]71 711 J
: TN <icj<n F(ZiZj NI N

x 1 rW*Pxvyz;, vk (xy)"'5 'zt p.q)

Ig =

1<i<j<N
K2 12 ¥ N N 1 N dz;
XI_IF W P xy) ' % p,) [T Gizgivoa) TT Tlaz; pia) 1 T
11 L ] L1 577
i=1 j=li=1 k=1 j=1 J
(9.22)

for U = (pq)“HH —12zj=1,and

) N-1 =1 Ny Ny~
Iy = % U:p.q) H Il n (UK sit,U"sitjip.q)
K—1
«TT I T 'v"*gsipa) ] YUK 4p.q)
J=0 1<i<j<Ny 1<i<j<N;—8
K—1 Ny FUzzfl,szlziP,(I
XHHF (Xy)~'u/ K72 z,pQ)/ [1 ( e :
2 ¥ TV | i < I'(ziz; 2 zjip.4q)

N _N
< J1 F(UK/ZX”YWZI'ZJ‘,UK/ZXY szlz;I;Pﬂ)

1<i<j<N
N K N N Ny 1k KO
<[Tr@W*xy vz 2p, g [ITIrW = Y 57'z:p.9)
i=1 j=li=1
N Ny— 8 . 3K(Nf—4) N—1 dz:
K L= 1 -1 Zj
X ruw o Wt :
Ij] L] k J paq) I:I 27'[12'7
Jj=1 k=1 j=1 J

1
= 2K-2)\ N7 , '
where Hl}l:l zj=1Y = (ST LN 8(pq) s )Nf ! , and the balancing condi-

tion reads UNX~4Y ~4ST = (pq)Nr~* with § = Hl vsi, T = H?Zl_8t
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The equalities Ir = I, for all the dualities described in this section require a
rigorous mathematical confirmation. For the moment we have only one justifying
argument coming from the total ellipticity condition associated with the kernels
of the corresponding pairs of integrals.

10 KS Type Dualities for Symplectic Gauge Groups

10.1 The anti-symmetric tensor matter field

For SP(2N) group the following electric-magnetic duality was discovered by In-
triligator in (41). The electric theory:

SP(2N) | SU(2N;) UMz
2(N+K
0 f f 2r=1- (1§+1)N)f
X Ty 1 25 = 1

The magnetic theory:

SP(2N) | SU(2Ny) U(1)gr
v 2(N+K)
q f f 2r=1-— &IV,
Y T 1 25 =22
1< .
M; 1 T 2rj= ZKI{ 4(KI\ﬁI§{Nf

where j=1,...,K, and
N = K(Ny—2)-N, K=12,.... (10.1)

Defining U = (pq)* = (pq) ﬁ, we find the following indices for these theories:

+1
o = PORGAE g s [y TS50
2VN! ™ 1<i<j<N F(Z Z] ,P Q)
2N
N '7f1" S.Zﬂ.:l; , N d )
XHIL1 iz Ll [1--2 (10.2)
j=1 F<Zj §Pa51) j=1 27"7le
and
CNN(,,.
IM = (p’p)&ﬂ ’ ’q N 11—1 H F(Ul_lsisj;p7q)
2%N! =11<i<j<2N¢

H F(Uzilzl Ny q) ﬁni:l F( ;1 ?:lsp q) de
l§i<j§]v F(Zilzlil’l) q) j=1 F( / sP7Q) j=1 ZEiZj,
(10.3)

TN

where the balancing condition reads U2(N+K) Hfivlf si = (pg)Nr
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10.2 Symmetric tensor matter field

Another electric-magnetic duality is described by Leigh and Strassler in (54)). The
electric theory:

SP(2N) [ SU(2Ny) U(Dg
N+T
Q f f 2r= l—m
X | adj="Ts 1 25 = g

The magnetic theory:

SP(2N) | SU(2N;) U()x
q f I 2r=1- (Kﬁ)lzvf
Y adj 1 25 = pg
My, j=0,...K 1 T 2r2,:27%)§j”f
Msjy1,j=0,...,K—1 1 Ty 2r2j+]:2_w
Here
N = 2K+1)Ny—=N—-2, K=0,1,2,.... (10.4)

1
Defining U = (pq)* = (pq) ¥*+1, we find the following superconformal indices:

2)N(g:q)N ' ruz'="p.q)
: ™ 1<i<j<N F(Z Zj ’P Q)
N (Uz;ip,q) T4 0 Nz

XH HHF sz ,p q r112ﬂizj (10.5)

j=1 F(J’Pq i=1j=

and

WV (e N ~ 2K
p’p oo qu e
Iy = %F(U;pﬂwn [[ rWssipa)

2NN 1=01<i< j<2N;
K124 rwz'z";p,q)
XHHFUZH-I 2’pq)/ I J
=0 i=1 T ]<i<j§ﬁ F(Zi Zj ?pvq)
)2 Y
’p q N N dz;:
] 1,1 j
X F [ ’p7Q) . bl (106)
I;[ (=% p:9) ,H,H R 113127“2/

where the balancing condition reads U2N+1) H?Nf = (pg)Vr
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10.3 Two anti-symmetric tensor matter fields

This duality was investigated by Brodie and Strassler in (8). The electric theory:

SPQ2N) [ SUCRN;) | U(g
ol 7 [ 5 [N
X Ts 1 ent

Y Ty 1 B0

The magnetic theory:

SP(2N) | SU(2Ny) U(1)g

‘ T R

X T, 1 &1

Y T, 1 =
My, J=0,....K—1 1 T4 2— ?’;fﬁ;furm
My 1,7 =0,..., 51 1 T 2_1(VI(++2{<);;+%+KLH
M d =0 B2 T 2o R By o
Mp,J=0,....K—1 1 Ty 2— ?’Efﬁ?z}*m*m

Here K is odd and
N = 3KN;—4K—2—N. (10.7)
For these theories we have the following superconformal indices:

(p:p)X(q:q)N K _
Ig = WF(U’UZ;P,Q)N !

x/. 0 1"(Uzjtlzil U2zilzj ) ZIIXEIZ_\’IF S,z] p, Q)ﬁ dz;
™V 1<i<j<N r(z! Zj 'p.q)

i=1 j= j ,qu) j=1 2”1Zj7
(10.8)

where U = (pq)KL the balancing condition reads UN*2K+1 H (pq)
and

N (e AN _
Iy — (p,p)f(wq,q)wrw’Ug;p’q)Nfl

2NN
K-1 2 2N,
XHH H F(UJ+2ssj,pq HHF U2J+]+2s,pq)
J=0 L=01<i< j<2Ny =0 j=

(Uzilzil UzZilzjil’p q 2Nf

/ H I&[F l ZS lzil,p q)
X | -
'TN1§i<j§N F(Zi Zj aP C] i=1 j=1 / 7177‘1)

Ll dz;

2miz;’

(10.9)
j=1
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10.4 Symmetric and anti-symmetric tensor matter fields

This duality was found in (8). The electric theory:

SP(2N) | SU(2Ny) U(1)g
NT2K—1
el f U
2
X TA 1 ﬁ
K
The magnetic theory:
SP(2N) | SU(2Ny) U(1)g
q f f -
X T 1 en]
Y Ts 1 =
My, J=0,....K—1 1 T, 2—1(*’K++2f§;f,}+,<%1
My 1.0 =0,.... K1 1 I | -+
M21+11,J:0,...,% 1 Ty 2—?;3{3;;+2(12{iﬁ1)+%
Mp,J=0,....,K—1 1 Ty Z—fgjﬁ;fw;—jﬁ%
Here K is odd and
N = 3KN;—4K+2—N. (10.10)
For these theories we have the following superconformal indices:
(P:p)a(g:9) g K
Ig = WF(UJ’,Q)N ru2;pqV
F(Uz?tlzf],ngiilzfl;Pﬂ)
L . (AL
T 1<i<j<n ( Zj i0q)
K 2N
T F(U2Zfz;p,q)H,-:(F(Sizfl;p7q)ILVI dz; Q0.1
=1 F(Zjﬁ;l?ﬂ) joi 27z
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1

ng:re U = (pq)¥+1 and the balancing condition reads UN 2K~ lei]{ si=(pq)Nr
an

_ (pp)i(g:9)
2NN
K-1 2

KL
X H H H U™ % sis5p,q)
J=0 L=0 1<i< j<2N;

e
rU:;p,q)" 'C(U;p,q)"

KL owy r(UzF'; il Uz +1
HHF UZHZS]’I’ 61)/ H Wz (2] ilz Zj ,P Y
i Yl SN | i< (z R )
= N K

Xﬁ kbl LGl sl q)ﬁ iad (10.12)
J=1 I'(z%p,q) j= 27iz;

The equalities Ir = Iy for all the dualities described in this section represent
new elliptic hypergeometric identities requiring a rigorous mathematical confir-
mation.

11 Some Other New Dualities

Let us denote

(PPN 0 T TP T (2w 'ip.g)
(N+1)! ™ H1§i<j§N+lF(ZiZ;]aZ;]ZﬁvaI)
N dz;

Jly 2miz;

IAN (L%I%Q) =

(11.1)

with HN | zj = 1 and the balancing condition Hé\; Jq3 ti; = ( pq)?, and

(psp)N(g:9)Y NoAyer (trzil;p q)

I Lp.q)= /
BCN(, p q) ZNN' ™ Hl§i<j§NF(Zi1Z;t1’p q> F(ZjiZ’p’q>
N dz:
Y (11.2)
jop 2z

with the balancing condition [T?¥ 1, = (pq)>.

11.1 SU < SP groups mixing duality

The first case electric gauge group is G = SU (N + 1), but the dual gauge group is
of a different type G = SP(2N). The flavor symmetry group in both cases is F =
SU(N+3) x SU(N +3) x U(1)p. The field content of dual theories is described
in the tables below:
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SUIN+1) | SUN+3) | SUN+3) [ U(1)p | U(1)g
01 f f 1 2 NLEL:S
(0)) f 1 f —2 Ni3
SP(2N) [ SUN+3) | SU(N +3) U(1)g U(1)g
q1 f f 1 ~-(N+1) | 5
92 f 1 f N+1 3
Xi 1 Ty 1 2N+1) | 235
X, 1 1 Ty —2(N+1) | 285
The superconformal indices are
IE = IAN(tlv--~7tN+37u1a"'7uN+3;p?q)a
Iy = H F(T/Z,’[j,U/uiuj;p,q)IBCN(...(U/T)l/4li...,
1<i<j<N+3
(T Py pag), (11.3)

where T = [T <j<y3ti and U = []i<j<n+3 i-

The equality Ir = Iy represents the mixed elliptic hypergeometric integrals
transformation proven in (65). We used this identity as a starting point for finding
the described new Seiberg-type pair of field theories.

11.2 SU < SU groups mixing duality

Again, we use consequences of the mixed transformations derived in (65). Corre-
sponding dualities have the flavor symmetry groups

F=8SUK)XxSUN+2—-K)xU(1); xSU(K)xSUN+2—K)xU(1)
XU(])B,

for arbitrary 0 < K < N + 2. The matter field content of the initial electric field
theory is given in the table

SUN) [ SUN+2) | SUN+2) [ U)s | U(D)r
0 f f 1 1 ¥
| 7 1 f -1 | 55

In order to verify the 't Hooft anomalies matching conditions for relevant fla-
vor symmetry subgroups, it is useful to rewrite the latter table as

SU(N) | SU(K) | SUM) | U(1); | SU(K) | SUM) | U(1), | UL)g | U(Dg
q1 7 f 1 M 1 1 0 1 ¥
@ f 1 f -K 1 1 0 1 e
a3 i 1 1 f 1 M -1 e
q4 7 1 1 1 f —K —1 e

where M = N+ 2 — K. The dual theory content is described in the following table:
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SU(N) [SU(K) | SU(M) U(l), SU(K) [ SU(M) U(1), Uz [U()g
a| f f 1 [KED kM| 1 1 MK M| 2
»l f 1 f —KE2) 1 1 MK 1-K | %5
@l f 1 1 MK f 1|52 kM M1
w| 7|1 1 K f e S P S
X 1 f 1 M 1 f -K 0 P
X| 1 1 f —K f 1 M 0 s
Yi 1 i i K—M 1 1 0 N 2
Y 1 1 1 0 I 7 K-M -N | &

The superconformal indices have the form

Ig = Iay ((t1,. . tNg2, U1, UNS23 D, G),
!/ !/
Iy = 11T I (tyus, sy, T [tste, U Jugiag)ay (11, sy,
1<r<K,K<s<N-+2
/ ! .
”170-->”N+29P79)7 (114)

N+2 N+2 K K
where T = [T/ 1,,U = 1M P ur, Tx =TT 17, Uk = [~ ur, and

t = (T/U)N (T /UK) Nu,, 1<r<K+1,
t = (U/T)™ (T JUg) N1, K+1<r<N+2,
W, = (U/T)H (U )Te) Nty 1<r<K+1,
i, = (TJU)N (U /Tx) Mup,  K+1<r<N+2.

The equality Iz = Iy for K = 1 was suggested in (83) and the general relation
with the complete proof for arbitrary K is given in (65)).

12 S-Confinement

Following (L5 [16; [76)), by s-confinement we mean smooth confinement without
chiral symmetry breaking and with a non-vanishing confining superpotential. The
theory is confined when its infrared physics can be described completely in terms
of gauge invariant composite fields and their interactions. This description has to
be valid everywhere in the moduli space of vacua. s-confinement requires also
that the theory dynamically generates a confining superpotential. Furthermore,
the phase without chiral symmetry breaking implies that the origin of the classical
moduli space serves also as a vacuum in the quantum theory. In this vacuum all
the global symmetries present in the ultraviolet regime remain unbroken. Finally,
the confining superpotential is a holomorphic function of the confined degrees of
freedom and couplings, which describe all interactions in the extreme infrared.
From the point of view of elliptic hypergeometric functions the s-confinement
means that the dual theory gauge group is trivial G = 1 (i.e., there is no vector
superfield V) and the integrals describing superconformal indices are computable
exactly, defining highly non-trivial elliptic beta integrals (81).
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12.1 SU(N) gauge group

In this section we present known examples of the confining theories with the uni-
tary gauge group. For brevity we combine the electric and magnetic theories in
a single table separating them by the double line. The magnetic theory fields are
denoted using the conventions of (15).

12.1.1 SU(N) with (N +1)(f + f).

(76):
SUN) [ SUNFT) [ SUNFTD) [ UM | U
0 f f 1 1 T
0 7 1 f -1 | 75
00 f f R
o f 1 N | 75
oY 1 7 -N | &5

The superconformal indices for these theories are equal to (after appropriate
renormalization of the parameters)

P V7)) o / 1 !
N! TN-! 1§j<k§NF(z,~z;],z,-’]Zj;P,CI)
N N+1 NoLges
<[TTI T Gnzjotnz; ' 2p.0) [] 525 (12.1)
j=Im=1 j=1 M

where HZJ-V:] zj=1,and

N+1 N+1
=[] s," . T, 5 p,q) [T T(setmipsa), (12.2)
m=1 k,m=1

where S = [TV 15, T = [TN21 1, with the balancing condition ST = pg.

The exact evaluation formula for the integral I = Ij; was conjectured and par-
tially confirmed in (83). Its complete proofs are given in (65;86). In the simplest
p — 0 limit it is reduced to one of the Gustafson integrals (35)).

12.1.2 SU(2N) with Ty + 2N f +4f.

The theory with G = SU(2N) gauge group and flavor group F = SU(2N) x
SU(4) xU(1); x U(1), was found to be confining in (62; 64). The field content
of both theories is described in the table below:
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SU(2N) | SUN) | SU@) | U(1); U1, U(Dr
0 f 1 7 —2N —ON+2 I
0] ¥ f 1 4 —2N+2 0
A Ty 1 1 0 2N + 4 0
00 f f 4-2N | —4N+4 i
AQ? Ta 1 8 —2N+38 0
AN 1 1 0 2N? +4N 0
AN-1? 1 Tx —4N 2N? —2N 1
AN-1ot 1 1 —8N 2N? —8N 2
o 1 1 8N —4N? +4N 0
We come to the following integrals describing the superconformal indices:
5 = P g 92! / I(rzizj;p,q)
(2N)! TV jtkean Tz 7 25 p04)
IN 2N | 4 Wl gy
[T (i pg H (sizjipa) [] 52— (12.3)
=1 k=1 i=1 1 27z
J
with H?Zl zj=1, and
2N 4 N
F (", T;p,q)
Iy = [(ttjti; p,q (teSis 05 9) v
1<j<k<2N I;I1U r(eNT;p,q)
-2
X L(t™ 2 sismip,q), (12.4)

1<i<m<4

with the balancing condition t*¥~2ST = pg, where S = H 18, T = I—[, 11
Equality Ig = Ij; defines the elliptic beta integral introduced in (83)). It repre-

sents an elliptic extension of the Gustafson-Rakha g-beta integral for odd number

of integration variables (38).

12.1.3 SU(2N + 1) with Ty + (2N + 1) f + 4f.

These dual models were considered in (62;64):

SUCN+1) [ SURN+1) [ SU@) [ U(), U(1), (Dr
0 f 1 f —2N -1 —2N+1 7
0 7 f 1 4 —2N+1 0
A T 1 1 0 2N+5 0
00 f f 3-2N —4N+2 i
AQ? Ta 1 8 —2N+7 0
ANQ 1 f —2N—1 | 2N?+3N+1 %
AN-1g3 1 f —6N -3 —3N-2 3
QW+! 1 1 8N +4 —4N? +1 0
The indices have the form
I = P P2 (q:9)2 / I"(tzizj:p,q)
@N+1)! 1</<k<2N+1 I(zz;'z '2jip.4)
2N+12N+1 2N 7
X H H I'(nz;'sp.q HF SiZjPs 61 ; (12.5)

. 9
-1 2miz;
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with [T7¥ " z; = 1, and

I [T TGy )Zﬁlﬁf‘(t (T; fI L(si:p.9)
M= ks Py q kSis P q P q
1<j<k<2N+1 k=1 i=1 i1 T (N T'sis p, q)’

(12.6)

where the balancing condition reads 1>V ~!ST = pgand T =" ' 1, S =TI},
The equality Iz = Iy was also suggested in (83) as an elhptlc extension of the
Gustafson-Rakha g-beta integral with an even number of integrations (38).

12.1.4 SU(2N + 1) with Ty + T4+ 3f 4 3.

Models (16):
SURN+1) | SUB) | SUB) | U(); U(1), UMz | U(x

0 7 f 1 0 2N —1 1 1

0 7 1 f 0 2N —1 —1 1

A Ty 1 1 1 -3 0 0

A Ty 1 1 —1 -3 0 0
0(AAY)Q f f 0 4N —2 — 6k z
A(AA)kQ? T 1 -1 4N —5—6k 2 z
A(AA)kQ? 1 T, 1 AN-5—6k | -2 2
ANQ f 1 N —N-1 1 1
ANQ 1 f -N -N—-1 -1 1
AN-103 1 1 N-1 3N 3 1
AN-103 1 1 —N+1 3N -3 1
(AAY™ 1 1 0 —6m 0 0

where k=0,....N—landm=1,...,N.
The superconformal indices are written as

= D2l FWa Va7 5 ':p.9)
N+ ey oy Tz 'z '2ip.9)
3 2N+1 2N
><H H [ (sizj,tizj s p, q)H27ti1z~’ (12.7)
i=1 j= j=1 J

where H?ZTIZJ- =1, and

3 N .
Iy = [ (UNsi. VNt p,g)D(UY sisass, VN itz p.g) T[T ((UV) i p.g)
i=1 =1

N—1 3
[T T F(@VYsinip.) [T TVOV)sise,UUV Y1t p.g)
=

ik=1 1<i<k<3
(12.8)

where the balancing condition reads (UV )2V~ [T, sit; = pq.

The equality Ig = I)y was derived by Spiridonov in (83) by purely algebraic
means as a consequence of other elliptic beta integrals. In the simplest p — 0 limit
it reduces to Gustafson’s g-beta integral for the root system A,y (37).
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12.1.5 SU(2N) with Ty +Ta + 3f +3f.

For N > 2 the models have the form (16):

SUQ2N) [ SUB) [ SUB) | U() U1) U [ UMk
T
0 f f 1 0 2N -2 1 1
0 7 1 f 0 2N -2 -1 1
A T 1 1 -3 0 0
A Ty 1 1 —1 -3 0 0
Q(AA)*Q f f 0 AN —4 — 6k 0 z
A(AA)" Q2 T 1 -1 | 4N—T7—6m 2 Z
A(AA)"Q? 1 Ty 1 AN—-7—6m | =2 2
AN 1 1 N —3N 0 0
AN 1 1 —N —3N 0 0
AN-1g2 Ty 1 N—1 N—1 2
AN-102 1 Ty —N+1 N-1 2 2
(AA)" 1 1 0 —6n 0 0

where k=0,....N—1,m=0,.... N—2andn=1,...,N— 1. For N =2 the flavor
group is enlarged to F = SU(3) x SU(3) x SU(2) x U (1), x U(1)p, and the fields
A, A unify to the SU(2)-group doublet.

The expressions for the superconformal indices are

1— P2 a9)2 ‘/ I'(Uzizj,Vz ' p,q)
E= T
(2N)! N1 i< j<on F(Zizjl7zi '2i:p,9)
Y 1 Wl g
<TTIIT Gsizjotizi 'spsa) T1 5 L (12.9)
j=li=1 j=1 2Tz

with H?QIZJ': 1, and

Ly =TWU" V¥:p,q) [] LU 'sise, VNV it p.q)

1<i<k<3
N 3 N-—1 ‘
[T I T(WV) 'sit:p.q) [JT((UV):p.q)
Jj=1lik=1 Jj=1
N-2
]'[ H VUV ) sise, UUV Yt p,q), (12.10)

1<i<k<

where the balancing condition reads (UV)*V~2 H 1 Siti = pq. The equality I =
Iy was also derived in (83)) as a consequence of some other elliptic beta integrals.
In the simplest p — O limit, it reduces to one of Gustafson’s integrals for the root
system Aoy _1 (37). Similar to the case of non-confining Ny =4 dualities described
earlier, a careful examination of the limit V — 1 (or U — 1) shows that the equality
of superconformal indices in this case reduces to the equality of SP(2N)-group
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confining duality indices discussed in (91). This means that the elliptic Selberg
integral introduced in (19) (see integral (I2.35)) and its evaluation (12.36) below)
is a limiting case of Spiridonov’s A,-elliptic beta integral. This result could have
been expected since the computation of the latter integral in (83) used the elliptic
Selberg integral.

12.1.6 SU(KNy — 1) with Ny f + Ny f + 1lad j.

Taking N = KNy — 1 in (0.1)
(or, N= 1), we find the s-confining dual theory discussed in (14). The field con-
tent of these theories is easily found from the tables given in Sec. 9.1. Namely, in
the electric theory one should fix N as described; on the magnetic side one should
keep all the mesons and baryons and set N = 1inthe gauge group part. Therefore
for this case the superconformal index for the electric theory is given by (9.2)), and
the magnetic superconformal index takes the form

K Nf K K
=[] I rw se;p,g) I WEST) s UST) 213 p,q),
[=11<i,j<Ny i=1

(12.11)

where U = ( pq)ﬁ,S = Hljvi 185, T = Hljvi \tj, and the balancing condition reads
U2KN/'725T71 — (pq)Nf.

For K = 1 one obtains the known Ay-root systems integral of type I from
Sect. [I2.1.1] The conjecture I =1 for K > 1 represents a new elliptic beta inte-
gral requiring rigorous mathematical justification.

12.1.7 SU(3KNy — 1) with Ny f + Ny f +2ad j.

If we set N =3KN;—1 in @), then we obtain the s-confinement discussed in
(50). The superconformal index for the electric theory is given by (9.5)), and the
magnetic superconformal index takes the form

K—1 2
Iy = [T [1r W ™" si7 " p.q)
L=0J=0
Ny 2-K 3K 2-K _3K
x[[C(W ™= (ST)2vs; ', U™ (ST) 1 p.q), (12.12)

i=1

where U = ( pq)ﬁ,S = HIJV:f 1855, T = Hljvi | ;> and the balancing condition reads
UNST~! = (pq)"/. The equality I = I/ is a new conjectural elliptic beta integral.

12.1.8 SU((2K + 1)N; — 4K — 1) with Ny f + Ny f +2Th.

If we set N= (2K +1)Ny —4K — 1 in (9.7)), we obtain the s-confinement discussed
by Klein in (50). The electric superconformal index is given by (9.8), and the
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magnetic superconformal index takes the form

K f Nf l 1
=TI 1 T ((pg) < s¢t2: poq) HF (W0)s ', (UT) 2 (pg) &1 i p.g)
=0ki=1

K- 1 r+1 r

H LU (pg)®5 T sis1,U(pq) T 1y p,q), (12.13)

r=0 1<k<I<Nj

_ 1-KNf+2K
where U is an arbitrary parameter, U = UKNr=4K=1g7~1(pg)—x51— 5 =

N, N, . ... _N+2K
Hjil s;, T = Hjil t;, and the balancing condition reads ST = (pq)Nf kil

For K = 0 the parameter U drops out, and one obtains the integral discussed in
Sect.[I2.1.1] The general K > 0 conjecture Ir = Iy; represents another new elliptic
beta integral.

12.1.9 SU((2K + 1)Ny +4K — 1) with Ny f + Ny f +2Ts.

If we set N = (2K + 1)Ny 4+ 4K — 1 in (9.9), we obtain again the s-confinement
(50). Corresponding electric superconformal index is given by (9.10), and the
magnetic superconformal index takes the form

L
Iy =T(U, U (pg) % ,qu HF P9 K Sit3 p,q)
j=0  kl=1

K—1

_ r+1 r
[T II T "(pa)&sisi,U(pg) ¥+ titi;p,q)
F=0  1<k<I<N;

Ny
<11
k=1

K—1
[T " (pa) F1 53, U(pg) ¥ 42 p, ) T (UT) 25,
r=0

(Ul7)2(pq)Kl+ltk‘;p,q)] , (12.14)

lfKNf72K

where U = UXKNrHK=1gT7-1(pg) —H0T — S = HIJ.\ZI s;, T = Hjjvil tj, and the bal-

ancing condition reads ST = (pq)™ ~t
Presently the conjecture Ir = I is confirmed only for K = 0, which reduces
again to the integral of Sect. [I2.1.1]

12.1.10 SU((4K +3)(Ny —4) — 1) with Ny f + (N; — 8)F + Ty + Ts.

If we take N = (4K +3)(Ny —4) — 1 in (9.12), we obtain the s-confinement (50).
Corresponding electric superconformal index is given by (9.13)), and the magnetic
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superconformal index takes the form

2K+1 Ny Ny—8
Iy = H H H I ((pg) 70 ) 5itjip,q)
2K I+1 . K Ny 2041 -
[T TI Tpe)Z DU  sisiip, ) [T ((pg)** DU "s7:p,q)
l=01§i<j§Nf [=0i=1
2K

2m+|

—1Ny—
[T TI T(pe)™5Utt;:p.q) H [I AN UL p,q)

m=01<i<j<N;—8

- Ny _
T (0 (pg) %73 p, ) [ [ T (VD) st pog)
k=1
< 1 F((UU)‘f(pq)2<K+‘ Lp.q), (12.15)

=1

~ 1
where U = (SZU N=Ny ) ¥ and the balancing condition reads

(4K+3)(Nf—4)+l

4 4 Ni—4— ——t—
U]siti = (pa)™” AR
=1

The equality I = I represents another conjectural new elliptic beta integral.
12.1.11 SU(3KNys +3) with Nrf +N¢f +adj+Ts+Ts.
If we take N = 3KNy + 3 for K-odd in (9.15), we obtain again the s-confinement

(50). The corresponding electric superconformal index is given by (9.16)), and the
magnetic superconformal index is

K-1 Ny
Iy = H H LUKt Ubsit7 s p,q) (U XN KNy N,
L=0i,j=1
Ug(XN*KNfYN)”;pﬂ)
K—1

J=0 1<i<j<Ny

3KN¢+4

_ 3KNy+4 _
< [[L (U XKV 2y == 1 g xRNy =g ),

(12.16)
where U = (pq)%1,Y = (ST)'/Nr S = [TV, 51, T = [/, i, X is an arbitrary pa-
rameter, and the balancing condition reads UN 2ST~! = (pq)™r. Again, the proof

of the general equality Ig = Ij; is absent.
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12.1.12 SU(3KNs —5) with Ny f+Nyf +adj+Ty+Ta.

If we take N = 3KNy — 5 for K-odd in (9.18)), we obtain the s-confinement (50).
The corresponding electric superconformal index is given by (9.19), and the mag-
netic superconformal index takes the form

K-1 Ny L
hw =[] [T sty Ubsit s pog)
L=0i,j=1
K—1
<1 TI Txy) "o/ * ss; xyv’ ™21 pg)
J=0 1<i<j<N; '
2Ny
J=0i=1
Np—4 2 3KNp—4

N
1 2K G KNp—2y -1 15K o (KNp—2)yp——H— .
<[[rw=xr2y =57 vz x K2y~ 4:p,.q),

(12.17)

where U = (pq)K%1 Y = (ST)'/Nr, s = HN si, T = va | 1i,X is an arbitrary pa-
rameter, and the balancing condition reads U i 2ST~! = (pq)"r. No proof of the
equality Ir = Ijs is known at present.

12.1.13 SU(N) with Ny f+ (Ny—8)f+adj+Ty+Ts.

If we set N = 3K(Ny —4) — 1 in (9.21)), we obtain the s-confinement (50). The
corresponding electric superconformal index is given by (9.22), and

K—1 Ny [N;—8
Iy = HH H F(UL+K5 iljs Ulet/ p.oI ((XY)AULJFK/ZS,‘Z;P-,Q)

L=0i=1 | j=I

x H [T rxy) v Pssipa) T F(XYU’*K/Zr,-z_,-;p,q)}
J=0 [ 1<i<j<Ny 1<i<j<N;-8
K(Nf4 31<(1v/74) B

><I—[F B ip.q) HF tkl;p,q)
xI (UK/Z(XYN) :p.4), (12.18)

where U = (pq)ﬁl, the balancing condition reads UNX Y ~4ST = (pq)Nr—*
with S = [, s, T =TT/, 1;, and

J
v = X2 (ST (pg) )V

Equality of indices defines another unproven elliptic beta integral evaluation.
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12.1.14 New confining duality.

Let us take the electric and magnetic .#” = 1 superconformal field theories de-
scribed by the tables below:

SUN+1) | SP2N) | SUN+3) | U() | Uz
0 f 1 f 1 0
0> f f 1 N 1
X Ta 1 1 N+3 0
q1 :QII\H—1 1 TA N+1 0
n=010 f f - 1

The dynamically generated superpotential in this case is Wy, o< Qllv +l (0102)>.
The indices read

_ Mﬁiqq)ﬁ/ (S5 'z ' p9)
(N+D! Iy lieva D@z 'z '2jp09)

N“HkN:1F(tkz,-;p,q)H,f?l"(smz}‘;p,q) N dz;

o (12.19)
s I T (Suz; ' p.q) j1 27iz;

where Hljvjll =1, and

N N+3

I (tesm:p,q) 11
Iy = r(Ss; s, ;p,q) (12.20)
IIlmHl I( kasm iP,q) 1<1<In1N+3 Lo

with the balancing condition S = Hi,v;? Sm-

The elliptic beta integral described by the equality /g = )y was discovered
by the first author and Warnaar in (93). Here it defines a new pair of 4" =1 su-
persymmetric quantum field theories dual to each other, which was not considered
earlier in the literature. Moreover, it gives a counterexample to the classification of
s-confining theories in (15)). Conjecturally, there exists a symmetry transformation
for a higher order generalization of /g depending on the bigger number of param-
eters. Correspondingly, there should exist a more complicated Seiberg duality as
well.
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12.2 Exceptional cases for unitary gauge groups
12.2.1 SU(6) with 4f +4f.

The following pair of models was constructed in (16):

SU6) [ SUM) [ SU@) [U), [ U(): [ UMk
Q ! f !
0 7 1 f -1 3 1
A T34 1 1 0 —4 -1
My=00 f f 0 6 2
M, = QA%Q f f 0 -2 0
=AQ’ f 1 3 5 2
B =AQ? 1 7 -3 5 2
Bs :A3Q3 f 1 3 -3 0
By =A3Q? 1 7 -3 -3 0
T =A% 1 1 0 —-16 —4
Their superconformal indices read
Iy — (P:p)2(0:9)% [Mi<i<j<k<6 I (Uzizjzis p,q)
6! 1 [hi<icjce (@25 7 273 p09)
6 4 : 5 dz;
<[TITT szt s ) [T 52 (1221)
j=lk=1 ‘ j=1 “Tzj
where H?:] zj=1,and
4
Iy =T (U*p,q) H (setr, UPsitrs p,q)
4
< [T (SUs ", SUs UL TU s p,q) (12.22)
k=1

with S = [T¢_, sk, T = Tf_, . and the balancing condition STU® = pq.

There is actually a lift of this duality to interacting magnetic theories found in
(I7). The theory is self-dual and is based on the SU (6) gauge group and the flavor
symmetry group is

F=SU(6)x SU(6) xU(1); x U(1);.

The matter content of the dual theories is given in the following tables: the electric
theory

SU(6) [ SU6) [ SU®) [ UM [ U(M), | Uk
Q f f 1 1 1 %
0 f 1 f -1 1 2
A| Da 1 1 0 -2 0

and the magnetic theory
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Su(6) [ Su6) [ Su(e) [ U(M): [ U, [ U
qa | f ! 1 1 1 :
7| 7 I Folo-r | 1
a T3A 1 1 0 -2 0
My 1 f bi 0 2 1
M 1 ¥ r 0 -2 1
The electric superconformal index is
I (p; )2 (q:9)2, [li<icjcr<s I (Uzizjzii p,q)
E= T —
6! ™5 [Ti<icj<e I (2iz; "2 232, q)
< [TTTT Gizjotizy ;p,q)H2 L (12.23)
i=1j=1 j=1 4Tz
and the magnetic index is
(P:P)2(4:9)3 12
Iy = T le sitj,U%sitjip,q)
ij
P 6 6
H1<i<j<k<6F(UZtZ/Zk P.q HHF ﬁ T ST . )
T icicjee Dz o2 2opoq) int jo1 - S li
5 dz;
4 (12.24)
=1 27'L'IZj

where S =[1%_,, T = Hj 1, and the balancing condition reads STUS = (pq)?.

12.2.2 SU(5) with 3Ty +3f

Models (16):
SU(5) [ SU(3) [ SUB) [ () [ U([Dr
) f 1 f -3 3
A T, f 1 1 0
AQ? f 7 =5 1
A*Q Tas f 0 2
Ad Ts 1 5 0
Indices:
5 i 5 4 H SkZZ 'P.q SE
IE:(PP) sCICI) / =1 T’ t/ HHFthJ )
5! T 1<z<1<5F(ZlZ] o Zz’P q) j=lk=1
4 dz;

, 12.25
o1 2miz; ( )
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with H;ZIZJ': 1, and

3
=[] (Tsit; ipg) [] T(Ssiseip.a)
KI=1 1<j<k<3

3 3 3
x[1rGSs3:pa) [1  T(sisitip.g H (Sti:p.q)®,  (12.26)
Jj=1 k,jl=1:k#] =1

where § = H,%:l Sk, T = H,f:l 1k, and the balancing condition reads $37 = pq.

12.2.3 SU(5) with 2Ty + 4 + 2.

Models (16):
SU(5) [ SU2) [ SU@) [ SU®) [ UM [ U | Uz
0 7 I 1 7 - I I
0 7 1 f 1 1 1 1
A Ty f 1 1 0 —1 0
00 [ f f ~1 2 2
AQ? f T 1 2 1 2
A2Q Ts 1 f -2 -1 3
A%Q f ! 1 1 -2 !
A2Q%0 1 f 1 -3 1 1
Indices:
I = PiP(@:q)e / i I (skzizjip,q)
3! T 1<i<j<s F(ZiZj_lyz,-_IZj;P,CZ)
5 4 4 dz
x H 1@ wezip o) [ 525 (12.27)
s w5 2Tz
J=1k=1 j=1 J
with [[)_; z; = 1, and
4 2
Iy = [T (SUt:p.q) [ TTIT (tewwr, Stxsiz poq H (Sug; p.q)
k=1 k=11=1 k=1
2 ) 2
x [TCGiuspa) [T TI T (swtitmsp,a), (12.28)
k=1 k=11<l<m<4

where the balancing condition reads S3TU = pgand S = H%:l s, T = HL] t, U=
uiuyp.

12.2.4 SU(6) with 2Ty + f + 5F.

Models (16):
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SU6) [ SUR2) [ SUG) [UM): [ U [ UMk

0 7 i I - - 0

0 ¥ 1 f 1 —4 0

A Ty f 1 0 3 1

00 I 7 4 | -8 0
AQ? f Tu 2 -5 %

A3 Tzs 1 0 9 3
A3Q0 f f —4 I 3
A4Q? 1 T4 2 4 1

Indices:
I (P;p)i(q;q)i/ F(Uzzzj;p q)
E= """
6! T 1<icjee D@2y ,2 23 p,q)
6 5 5 de

XH [T CGizzep.a) JTTITC 0z “p.q H2 —, (12.29)

=11<<k<6 j=1k=1 j=1 £z

with [T, z; =1, and

5 2 s 2
v =[]rWap, ) [TTITSUsitsp, o) [T TT Tsatjtisprg)  (12.30)
[ k=1 =l k=11<j<I<5

2
[T I (Sju:p,q) H 53,85:P,4);

1<j<k<5 =1

where the balancing condition reads S*TU = pgand S = H%:1 S, T = HZ: 1 k-

12.2.5 SU(7) with 2T + 6.

Models (16):
SU(7) [ SU(2) [ SU) [ U1 | U(&
0 f 1 f -5 3
A T f 1 3 0
AQ f T ~7 3
A*Q Ts f 7 1
Indices:
Iy = (PP)e(g9)e, / 1
7! 0 1<icier T(@izs 'z 2j,9)
2 6 7 | 6 de
<IT II Tszzip [T 6z p o) 1525 (1230
k=11<i<j<7 k=1j=1 j=1 £TZ

with [T, zi =1, and

6

6 2 2
Iy =TS wsp. ) [TTITSsitp.a) [T 11 T (setitms po9),
k=1 k=11<i<m<6

k=11=1
(12.32)



64 V. P. Spiridonov, G. S. Vartanov

where the balancing condition reads ST = pqand S = H%: 156, T = H,le tx.

All the equalities of superconformal indices of dual theories, Ir = Iy, de-
scribed in this section represent new elliptic beta integrals requiring a rigorous
proof (the parameter values are assumed to guarantee that only sequences of poles
of the integrands converging to zero are located inside the contour T).

12.3 Symplectic gauge group

12.3.1 SP(2N) with (2N +4) f.

Models (43):
SP(2N) [ SUN+4) [ U(r
0 7 f 2r= %ﬁ
’ Q2 ‘ ‘ TA ‘ ZVZNiH ‘
Indices:
Iy — PiP(@:q)s / _
NNE v e T pag)
5 ﬁ 5 T (2 p,9) dz; (12.33)
o TE%pe) 27
and
IM = H F(tmts;p7Q)7 (]234)

1<m<s<2N+4

where the balancing condition reads ]—LG[i +14 tm = Pq.-

The equality Ig = Iy was introduced and partially justified by van Diejen and
the first author in (19) and completely proven in (65)) and (83). Its simplest p — 0
limit yields one of the Gustafson g-beta integrals (35).

12.3.2 SP(2N) with 6 and T.

This duality was considered in (12} [18). The flavor symmetry group is F' =
SU(6) x U(1) and the field content is

SP(2N) | SU(6) U U(Dz

19) f f N—-1 2r=1
A T 1 -3 0
AF 1 —3k 0
QA™(Q Tu 2(N—1)—3m 2

where k=2,...,Nandm=0,...,N—1.
The electric superconformal index is given by the integral

1 41,
P07 ) [ T (17273 p,q)
E — 2NN' (t7p7Q) N 1_+1.
: ™ <icjen Tz 25 5p:q)

N 11 Ttz s pog) o dz;

<I1

S (12.35)
=i TEpg) 2w
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and the magnetic index is

N N
In=T]T:p.q) H H L(t tuts: p,g), (12.36)
j=2 j=11<m<s<

where the balancing condition reads >N ~2TT° _, ., = pq.

The equality Ir = Iy coincides with the elliptic Selberg integral suggested
by van Diejen and the first author in (19) and proven in (20) as a consequence
of the BC,-elliptic beta integral of type I (its direct proof is given also in (63)).
The Selberg integral plays a fundamental role in mathematics and mathematical
physics because of a large number of applications (30). Note that this exactly
computable integral gives a confirmation of the KS duality for the special values
of parameters Ny = 3,K = N.

12.3.3 SP(2M) +4f +2M f + Tj.

This new confining duality is obtained from the results of Sect. [7|by formal setting
N = 0. The models are described in the table:

SP(2M) | SU(4) [ SP(2I;) | SP(2L,) | ... | SP(2Ix) U(1) UMk

Wi f f 1 1 1 —¥2 0

01 f 1 f 1 1 —"’?—1 1

0 f 1 1 L O — 1
QK f 1 1 1 f — 1

X T 1 1 1 1 I 0
WiX Ty 1 1 1 j-22 0
W10, X" / ! 1 7 S L
Wi 02" 7 1 f L 224k |1
Wi QX" 7 1 Lol [P k|

where j=0,....M—1,k;=0,...,n;—1foranyi=1,... K,ny #ny # ... #ng
and Zf:llin,- =M.
The superconformal indices have the form

+1
P V.Y )= U S C(z'25"5p9)
E= g L 6pa) . 11 TEE o)
! ™ <icjem (2 25 5pq)

F(”k_lzj:l’p Q) K:l H;éfll—‘(Srij ;paQ) de
j=1 F(j :P»q) r=1Hl F(t”rsrmz ,P,Q) 2miz;
(12.37)

M—1 4 K I n—1 F(tkarlt sri;p7Q)

Iy = e g . [TITIT IT

=0 1<k<r<4 k=17=11=1kp=0 I (t*tesyii psq)

)

(12.38)
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where the balancing condition is H,_l t, =t>™™ The equality Iz = I); was conjec-
tured in (68) and proven in (9). This duality gives another example of s-confining
theories missed in (15)).

12.3.4 SP(2K(N;—2)) with Ny.f + Ty

This duality was considered in (145 150). From @ we see that the choice N =
K(Ny —2) yields N =0, and the theory is s-confining. The field content of the
electric and magnetic theories is easily found from the tables given in Sect. 10.1.
For brevity we skip the electric superconformal index given by (10.2)), and present
directly the magnetic index

K
=rW:pq'TI [l TW" 'sisjip.q) (12.39)
I=11<i<j<2Nj

2
where U = (pq)K+1 and the balancing condition reads UKNr= 2KH N{ Si =

(pq)™'. The conjecture Iy = Iy; represents a new elliptic beta integral. For K = 1
it reduces to the proven relation of Sect.|12.3.1

12.3.5 SP(2(Ny — 2 +2KNy)) with Ny f +Ts.

Looking at (10.4) and fixing N = Ny —2+2KNy, we obtain the s-confining the-
ory which was considered in (14;50). The corresponding electric superconformal
index is given by (10.5)), and the magnetic index takes the form

K

=[] ] TW'sisjip.q)
1=01<i< j<2N;

2N,

« H H F(U(ZIH)/ZS,-sj;p,q) HF(U(ZZH /2 ﬂ,p q)
=0 1<i<j<2Ny i=1

(12.40)

2
where U = (pq) 5T and the balancing condition reads U2Ns —2+4KNy IT._ Ny 1 si=(pq)r.
The conjecture Ig = I); represents a new elliptic beta integral.

12.3.6 SP(2(3KN; — 4K —2)) with Ny f +2Th.

Looking at (10.7) and fixing N = 3KNy—4K — 2 for odd K, we obtain the s-
confining theory which was considered in (50). The corresponding electric super-
conformal index is given by (10.8)), and the magnetic index takes the form

« naR oKL
w=TWUpq) ' TIIT TI TW"*%sisjip.q)
J=0 L=01<i<j<2N;

KLoNg

X H Hr (U¥ 152 5:p.q), (12.41)
J=0 j=1
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2
where U = (pq) £ and the balancing condition reads U3KNr—2K— 1H N{ 5p =

(pq)™r. Rigorous justification of the expected equality Ir = Iy is absent at the
moment.

12.3.7 SP(2(3KNy — 4K +2)) with Ny f + Ts + Ty.

Looking at (T0.10) and fixing N = 3KN; — 4K +2 for K odd, we obtain the s-
confining theory which was considered in (50). The corresponding electric super-
conformal index is given by (T0.T1)), and the magnetic index has the form

K—1 2 A

_ KL >
w=TWpq 'TITT I TW*%sisipa)]]
J=0 L:Ol§i<j§2Nf J=0
2N
X Hr Uz”zsj,p q), (12.42)
Jj=

where U = (pq) %57 and the balancing condition reads {3KNr =2K+1 leiv{ si=(pq)Nr
The conjectural equality Ig = Ij; is our last new elliptic beta integral for classical
root systems.

13 Exceptional G, Group

G, with 5 flavors. This s-confining duality was discussed in (335 160). The electric
theory with the gauge group G; and its magnetic dual are described in the table
below

G, [ SU(5) | U(l)r
017 f J2r=1

0 TIs %
o T z
o f 5
The superconformal indices are
Iy = (PiP)5 ﬁ Ftwira) 1§ AR § EAY O 22 ﬁ dz;
no N )
223 m=1 ™ [Ti<jarss D(ef s pog) j2i 27002,
13.1)

where 712023 = 1, |t| < 1, and

5 .
H (t2:p,q) I (titm; p,q) (13.2)

((pq) 1/ tmiP,q) 1<i<m<5 F((pq)l/ztltm;p,q)

with the balancing condition [T _, #,, = (pq)'/?.

The conjecture Ig = I describes the first elliptic beta integral for exceptional
root systems (it was mentioned in (91)) and proposed also earlier by M. Ito). Sub-
stituting 75 = (pg)'/?/(t1t21314) in (13.1) and , and taking the limit p — 0,
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one obtains the four parameter g-beta integral on the G, root system derived in
(36).

Gy with 5 < Ny < 12 flavors. This duality was discovered by Pouliot in (61). The
electric theory has gauge group G, but its magnetic dual has SU(Ny — 3) gauge
group. Their field content is presented in the tables below.

The electric theory (the vector superfield V is omitted):

Gy SU(Nf) U(1)r
o1l 7 f 2r:1—Ni/

and the magnetic theory (the vector superfield V is omitted):

SUN;—3) [ SUNy) (l)R
q f f 2ry =N ( {73)
q0 f 1 Zrg=1-53
K Ts 1 2ry = f2
M 1 TS ZrM =2— 7

Corresponding superconformal indices are described by the integrals

2
I;I 27z

3 N £1,
_ (mp)2(@:9)% HF i) Hk:lflmler(tmzk P

q
Ig
223 T2 H1§j<k53F(Z Zthp.q)
(13.3)
where z1z2z3 = 1, and
N4 \Np—d Ny
pip)e  (g:9)
Iy = )N (3 , [T TGur.a[]CE:p.a)
(Ny—=3)! 1<j<k<Nf Jj=1
' I'((pq)"” Z]Zk p.q) N >
x/ ) )"255p,q)
T 41§j<[§INf73F(Z Zk,2j% ,P CI) H !
Ny—3 Ny—4 dz:
< [T T((pg)" %25 i p g HF pg) 2 i pg) T 525
i o] ol 27miz
(13.4)

where Hljv:f 1_3 zj = 1, and the balancing condition reads I'[Zf: 1tm = ( pq)(Nf -4/,
The equality Ir = Ij; represents a new symmetry transformation formula for gen-
eral elliptic hypergeometric integrals on the G, root system. Independently, it was
also considered earlier by F. A. Dolan.

For Ny =5 the integral I takes the form

(D3 P)oo(93G)eo >
Iy = —==5" [1 TGunp.a HF X
1<j<k<5 Jj=1

(13.5)

></ C((pg)" 4z p, ) IR T ((p) 1 5 s pia) dz
T I'(z*%p,q) 2miz’
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Using the univariate elliptic beta integral, one can compute this /), and find
the index coinciding with (I3.2). As to the general G,-transformation Ig = Iy,
it should be a consequence of the original SU(3)-gauge group Seiberg duality.
Indeed, let us take N = 3 and set ¢, I =, in the electric index . Then, if we
impose the constraint sy, = pg, we obtain the G;-group electric index with
Ny and 1; replaced by Ny — 1 and s;, respectively. Therefore it is expected that the
G>-magnetic index can be obtained after appropriate restrictions on Iy in @.7). A
difficulty lies in computing the limit sy, — pg, since it leads to a diverging integral
multiplied by a vanishing coefficient. This limit is currently under investigation.

14 ’t Hooft Anomaly Matching Conditions

In this section we describe the standard 't Hooft anomaly matching conditions
(405 [97) for some of the new dualities. Needed Casimir operators for unitary and
symplectic groups can be found in Appendix C. There exist also the discrete
anomalies matching conditions (14), but we skipped their consideration in the
present work.

Multiple SP(2N) duality. Let us begin with the multiple duality for SP(2N) gauge
group found in (91) and discussed in Sect. [} Coincidence of the anomalies is
checked for the smaller flavor groups of dual theories. The subgroup SU(4) x
SU(4) xU(1)p x U(1) x U(1)g of the electric theory has the following triangle
anomaly coefficients:

SU(4); 2N, SU@M)? xU(l)g  —2N*+1
SU(4)2 xU(1) 3]\]2_# SU(4)2 xU(1) 2N
Uz xU(l) —4N(N—1), Uz xU(1)g 0 (14.1)
U(1)2xU(1)g 0, U1 xU(1)g _N32_1
U()g —(2N* +TN+1), Ul —(2N?*+N+1).

We have verified that all three dual magnetic theories have the same anomaly
coefficients. Also it is easy to check that the real anomaly is equal to zero in the
electric and magnetic theories. Explicitly, for the electric theory one has: 2N +2 —
18—(2Nn-2)=0
3 .

SP < SP groups duality. Here we discuss the duality of Sec.[/| In the electric the-
ory, anomaly coefficients for SU (4) x SP(21;) x SP(2ly) X ... x SP(2Ig) x U (1) x
U(1)g global symmetry group have the values

1

SU(4)> —2M, SU4)?xU(1) — MM -N-2)
SP(21)* xU(1) —Mn;, SUM4)? xU(1)g  —2M
SP(2L)?> xU(1)g 0, U(1)g 1—6M
Ul 1—6M
U1 xU(1)g %(—M3+2NM2—MN2—4MN—2M+2) (14.2)
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coinciding with the coefficients in the magnetic theory. Computation of the real
gauge anomaly coefficient yields: —4 — (2M —2)+2M +2 =0.

Multiple SU (2N) duality. The electric theory of Sec. [§has the following anomaly
coefficients for SU(4) x SU(4) x U(1); x U(1)2 x U(1)p x U(1)g global symme-
try group:

SU(4)*> 2N, SU(4)? x U(1); 0
SU(4)* xU(1)p 2N, SU@)?xU(1),  4N(N—1)
SU@)?xU(1)g —N, U2 xU(1)p 0
U1)IxU(l), —8N(2N-—1), U(1)3xU(1)g —2N(2N —1)
U(zxU(1); 0, U3 xU(1), 32N(2N - 1)
U(l)zxU(1)r =8N, U2 xU(1) 0
U(l);xU(1)p 0, ULExU(g  —32N(N—1)?2

U(l)g —8N+4N>—1, U(1)3 —2N+4N?—1

(14.3)
which coincide with the anomaly coefficients in all three dual magnetic theories.
Calculation of the real gauge anomaly yields: —%8 —2(2N—-2)+4N =0.

New confining duality. The electric theory of Sec. has the following
anomaly coefficients for SP(2N) x SU(N +3) x U(1); x U(1)2 x U(1)g global
symmetry group

1

SUN+3)° N+1, Uz —5(N+2)(N+3)
SUN+3xU(1)g —(N+1), SP(2N)3 U (1) _W

SUN+3)?>xU(1) N+1,

U1 xU(1)g —%(N+1)2(N+2)(N+3)

U(1)g —%(N+2)(N+3), SP2N)? xU(1)g 0 (14.4)
and the same picture holds for the magnetic partner. Calculation of the real gauge
anomaly yields: —(N+3)—(N—1)+2(N+1) = 0.

SU < SP groups duality. The anomaly matching for the common global group
SU(N+3)xSU(N+3)xU(1)p x U(1)g of the duality described in Sect. is
checked and yields:

N+1)?
SUN+3)} N+1, SU(N +3)2 xU(1) 7%
SUN+3)2 xU(1)g 2(N+1), U(1)2xU(1)g —8(N+1)?
N*—9N? — 10N +2
Ul)g —(N*4+2N+2 U(l);
( )R ( + + )7 ( )R (N+3)2

(14.5)
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SU < SU groups duality. Here we consider the dualities of Sect. The
anomaly matching is checked for the global group SU(K); x SU(N+3 —K)r, X
U(1); x SU(K)g x SUN+3—K)g x U(1) x U(1)g x U(1)g yielding

SU(K); N+1, (K)? xU(1)g (1]\;113)
SU(K)? xU(1)g (N+1), SU(K)? xU(1), (N+1)(N+3-K)
U xU(1) 0, U xU(1)r —2(N+1)?

U1)3xU(1)g (N+1)(N+3)K(N+3—K)
U)IxU()g —(N+1)*K(N+3—K) (14.6)
Uk —(N24+2N+2)  U(1)? —N49(%2+3§8N+2

Computation of the real gauge anomaly yields: —2(N+1)+2(N+1) =0.

Comparing the 't Hooft anomaly matching conditions for all dualities de-
scribed in this paper and the analysis of total ellipticity of the elliptic hyperge-
ometric terms lying behind the equalities of superconformal indices, we come to
the following conjecture.

Conjecture The condition of total ellipticity for an elliptic hypergeometric term
is necessary and sufficient for validity of the 't Hooft anomaly matching condi-
tions for dual superconformal field theories whose superconformal indices are
determined by this term.

For proving this hypothesis it is necessary to use the formal mathematical
definition of anomalies as cocycles of the gauge groups (see, e.g., (71))). For dual
theories we have two, in general different, gauge groups. Therefore the anomaly
matching condition looks like an equality of Chern classes of dual theories, and
the conditions of total ellipticity—as a condition of vanishing of the combined
Chern classes. This problem deserves a separate detailed discussion.

15 Conclusion

To summarize our results, on the mathematical side we have conjectured many
new symmetry transformations for elliptic hypergeometric integrals or exact eval-
uation formulas. On the physical side, we have found many new Seiberg dualities.
Sections 6,7} 8, andcontain new electric-magnetic dualities for .4/ =1 SYM
theories based on unitary and symplectic gauge groups with specific matter con-
tent. Sections [12.1.14] and [12.3.3] contain new examples of S-confining theories
derived from known identities for elliptic hypergeometric integrals.

It should be clear that this paper does not contain a description of all known
dual superconformal field theories. We have limited ourselves only to simple
gauge groups G = SU(N),SP(2N), and G. First, there are other simple groups
G =SO(N),F4,Eq,Eq7,Eg consideration of which we have skipped. The situation
with the dualities for the exceptional groups (22; 48; [70) is not clear in general
(except of the Gp-cases described above) due to the complexity of the invari-
ants of these groups (115[63). There are very many dualities involving orthogonal
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groups SO(N). Originally we hoped to tackle them as well, but their amount is
very big, and it was decided to consider them separately. It is known that many
group-theoretical objects for the SO(N) groups can be obtained as reductions of
the SP(2N)-group constructions. Some of such reductions were considered by
Dolan and Osborn at the level of superconformal indices (26). However, there are
many dualities that they did not analyze. Many elliptic hypergeometric integrals
for the By (i.e., SO(2N + 1) groups) and Dy (i.e., SO(2N) groups) root systems
can be obtained by special restriction of the BCy-integrals (cf. the forms of the
corresponding invariant measures given in Appendix B). However, it is not clear
at the moment whether superconformal indices of all known SO(N)-group the-
ories and their duals can be obtained in this way. There are also other types of
reduction of the indices and dualities, e.g., those leading to dualities outside the
conformal windows (92).

Second, we have deliberately skipped consideration of the superconformal in-
dices for extended .#” > 1 supersymmetric field theories (6;/49). The best known
examples correspond to the Seiberg-Witten ./ = 2 theories (77} (78). Consider the
following electric and magnetic theories

SO0(3) [ SU(3) | U(D)x 7 50;4) SU?(S) U(ll)R
ol f A 3 M 1 Ts %

As discussed by Intriligator and Seiberg (44; 145} [46) (see also (32)), the SO(3)
Seiberg duality electric model becomes the SU (2) group .#” = 4 super-Yang-Mills
theory in the infrared region after introducing the tree level superpotential W, o<
det Q. Superconformal indices have the form

) ) 3 3 /3, +1.
IEzi(p’m""(q’q)"" F((pq)‘/3sj;p,q)/HFl )
=1 .

2 j r'(z';p,q) 27iz’
(15.1)
where H?Zl sj=1,and
c\2 ()2 3
p’p o CI,(] oo ; 2
fe = % [T r(pa)3sisip.a) [1T((pa)3s7:p.9)
1§i<j§3 i=1
></ M T D () s 27 ) ﬁ dz; (15.2)
T I(zi'% " p.q) 2wz :

By a change of integration variables y; = \/z1z2, Y2 = /21 /72 in Iy, one of the
integrations can be taken explicitly with the help of univariate elliptic beta inte-
gral, which shows that (I5.2) is equal to (I5.1). This equality can be obtained
as a reduction of the BCy-relations as well (26). We suppose therefore that it is
necessary to consider first all possible SP(2N)-group identities for integrals and
then try to reduce them to the relations for superconformal indices of extended
supersymmetric dual theories with SO(N) gauge groups.

Third, we skipped the quiver gauge group cases, when there is more than one
simple gauge group (which corresponds also to the deconfinement phenomenon
(5)). Is is expected that equalities of the superconformal indices for them are mere
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consequences of the so-called Bailey-type chains (forming a tree) of symmetry
transformations for integrals discovered by the first author in (84) and extended
in (93) to root systems. Within this context, the duality transformation acquires a
simple meaning of the integral transform whose properties resemble the classical
Fourier transformation, see (93)).

Let us list some other possible applications of our results. Counting of the
gauge invariant operators for a number of supersymmetric gauge theories was
considered in detail in (34; [39). It is not difficult to see that the corresponding
generating functions are obtained from our superconformal indices by taking the
limits p,qg — 0. To take the simplest possible limit p — O one needs first to get
rid of the balancing conditions by multiplying a number of parameters by integer
powers of p and applying the reflection formula for the elliptic gamma function,
see (89). However, in the present work we have a much larger list of theories where
this gauge invariant operators counting technique is applicable (in particular, this
concerns the theories described in Sects. 7, 8, 9.2-9.6, 10.2-10.4, 11-13). The
limit p — 0 in all these theories leads to g-hypergeometric functions, the meaning
of which is not clarified yet from the superconformal index point of view. The
subsequent limit ¢ — 0 can be replaced by ¢ — 1 yielding the plain hypergeo-
metric functions, which also should have thus some topological meaning in gauge
field theories. Similar clarification is needed for the situations when the elliptic
hypergeometric integrals are reduced to terminating elliptic hypergeometric series
by some special choices of the parameters, or for the relations between integrals
with different powers of p and q.

In (83; 188), the first author has constructed univariate biorthognal functions
associated with the elliptic beta integral. Naturally, it was conjectured there that
some multivariable biorthogonal functions exist for all known elliptic beta inte-
grals (which serve as the orthogonality measures). The first family of such func-
tions was constructed by Rains in (65; 166). As a consequence of our work, the
expected number of similar families of multivariable biorthogonal functions has
now increased essentially.

In (85 187), it was shown that some of the BCy elliptic hypergeometric inte-
grals can be associated with the relativistic Calogero-Sutherland type models. It
was conjectured there that other models of such type can be built out of all other
existing elliptic beta integrals and their appropriate generalizations. Because we
have now the interpretation of the elliptic hypergeometric integrals as supercon-
formal indices of supersymmetric field theories, we come to the natural conjec-
ture that behind each .#” = 1 superconformal field theory there is a Calogero-
Sutherland type model for which these integrals serve either as the topological
indices or the wave functions normalizations, respectively. We would like to men-
tion in this context the known appearance of the usual elliptic Calogero-Sutherland
models within the .4 = 2 Seiberg-Witten theories (59).

The group-theoretical interpretation of the elliptic hypergeometric integrals
discussed in (73 126; 91) and the present paper opens possibilities for general
structural theorems on the integrals themselves. It may play a key role in the
classification of such integrals on root systems. In particular, it naturally leads
to the conjecture that there exist infinitely (countably) many dualities and re-
lated elliptic hypergeometric integral identities. All the problems mentioned above
deserve detailed investigation either in relation to supersymmetric dualities or
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on plain mathematical grounds. As to the proofs of many new hypergeomet-
ric identities conjectured in this paper, we refer to known methods described in
(19; 1205 1655 169; 1815 1835 1845 193) (or indicated above in some cases) which are
available for their treatment. We plan to consider them case by case depending on
their tractability.
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Appendix A. Characters of Representations of Classical Groups

Here we present general results for characters of the Lie group representations
used in the paper. For the SU(N) group representations, the characters, depending
onx = (xp,...,xy) subject to the constraint Hf»vzl x; = 1, are the well known Schur
polynomials

A+N—j
det [x,. / j}

de[T]

i

52(X) = s(yap)(X) = (A.1)

where A is the partition ordered so that A; > A, > --- > Ay. They obey the prop-
erty S(i, ... ay) (X) = S(4,+c,... Ay+c) (X), where ¢ € Z. Therefore one can assume that
Ay = 0 without loss of generality.

Let us list explicitly the simplest characters. The fundamental and antifunda-
mental representations:

N

Xsun).f(X) = Sa0,..0x) = th Xsu(N).f =5(1,...,1,0) (%) :XSU(N)=.f(x_l)~
i=1

The adjoint representation:

Asuwyadi(®) = Soi. 10 = ) x,-xj’] -1

1<ij<N

The absolutely anti-symmetric tensor representation of rank two:

XSU(N).TA(x> = 5(1,1,0,...,0)(x) = Z XiXj, Xsun)T, = XSU(N),TA(x_l)~
1<i<j<N
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The symmetric representation:
N
Ksu).1s(X) =500 = Y X[Xj—f—zxiz, Xsuw)Ts (%)
1<i<j<N i=1
= XsU(N),Ty ().
The absolutely anti-symmetric tensor representation of rank three:

AsuN) 54 (X) = S(1.1,10,..0/(%) = Z XX jX-
1<i<j<k<N

The absolutely symmetric tensor representation of rank three:
%SU(N),ES(X) = 5(30,..0)(x) = Z XiX j Xk + Z Xj XJJFZX :
1<i<j<k<N i,j=1,i#j i=1
In the mixed case, we have
-2
Xsun).Tys () = S2.10,..0(x) = 2 Z XiX jXx + Z XiXj-
1<i<j<k<N i,j=L3i#]

The Weyl characters for SP(2N) group are given by the determinant

det

[)LJrN 1 —)LijJrjfl}
X

Sy ) (X) = (A.2)

— j— ’
det[N J+ .N+j 1]

with A; > A, > --- > Ay > 0. For the fundamental and antifundamental represen-
tations

Xspan).r (%) = Xspon) (%) = S(10...0(x) = (xi+x;71),

=

i=1

For the adjoint representation

XSP(2N)ad j (x) = 5(2,0,...,0) (x)

N
= Z (i +xix —|—x xj—&—x le)—I—Z(xl-z—i—x;z)—i—N.
1<i<j<N i=1

For the absolutely anti-symmetric representation

Aspn),n, (X) = S(1.10,...0)(X) = Z (xixj +2xix; P g x NN
1<i<j<N

As to the exceptional group G, its fundamental representation has the character

3
x(21,22,23) = Z zi+z!
where z1z2z3 = 1. The character for the adjoint representation of G, group is

x(z1,22,23) =2+ Y, (Ziz./+zflz-/+2i2;1+Z"71ZJT1>'

1<i<j<3
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Appendix B. Invariant Matrix Group Measures

Here we describe the invariant measures for integrals over classical Lie groups
and the exceptional group G,. Such a measure for the unitary group SU(N) with

any symmetric function f(z), where z = (z1,...,zw), [T}=; zj = 1, has the form
[ r@dne = o [ A0AO ] s, @)
Jsuw Mz N1 Jov 2)A(z Z H 2miz;’ .

where A(z) is the Vandermonde determinant

A) = [] G@—z)

1<i<j<N

The invariant measure for the symplectic group SP(2N) with any symmetric func-
tion f(z), z= (z1,...,2n), has the form

N dz;

= —1 2 -1
/SP(ZN> flz)du(z) = ZNN' /TNH A(z+z ") f(z)jll[1 rmie;
(B.2)

For the invariant measures over the orthogonal group SO(N) and any symmetric
function f(z), z = (z1,-..,2n), one has to distinguish the cases of odd and even

N dz;

_ Sy
/so<21v)f<z)du(z) = NN /TNA(ZJFZ ) f(Z)JIlemzj, (B.3)

and
(1) N/ - 2 Y Ny,
Fooney 0=y [T (5 =57* ) atee s [T 5t
(B.4)

The invariant measure for the exceptional group G, and any symmetric function
f(z), z= (21,22,23), where z122z3 = 1, has the form

1 2 dz;
du(z) = o5 | Alz+z7')? L B.5
[0 = 55 [ e o T o, B5)
Appendix C. Relevant Casimir Operators
Commutators of the generators 7% a = 1,...,dim G, of some classical Lie group

G are defined with the help of structure constants f*

[T“, T”} = jfebere. (C.1)
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It is straightforward to obtain the Casimir operators (97)

Y (TONT), = Ca0)8y, YL (T =T(x) 8%, (€2

a,l n,m

where r is some irreducible representation. These Casimir operators and the di-
mension of the representation d(r) are connected through the adjoint representa-
tion adj,

d(r)Cy(r) = d(adj)T(r). (C.3)

For checking the ’t Hooft anomaly matching conditions we need the triple Casimir
operator which comes from the trace

A% — Tr[T{T? T}. (C.4)

Then it is convenient to define the operator A(r) relative to the fundamental rep-
resentation

A%e(r) = A(r)A®e, (C.5)

where A% = Tr[T¢{T2,T¢}] and T¢ are the generators in the fundamental rep-
resentation.

In the tables below we give the dimensions d(r), the Casimir operators 27 (r),
and A(r) for the unitary group and the dimensions d(r), the Casimir operators
T (r) for symplectic and G, groups. Note that in the verification of the anomaly
matchings for unitary groups we use 27'(r).

Irrej:}) r d](\;‘) ZTl(r) A(lr)

dj N2 -1 2N 0

aTAJ INN-1) N-2 N—4
SU(N) group:| 1 TN 1) N+2 N+4

Ba | gNIN-1)(N=2) | z(N=3)(N=2) | 3(N-6)(N-3)

Izs §N(N+1)(N+2) s(N+3)(N+2) | 5(N+6)(N+3)

Tus | sNIN-1)(N+1) N’ -3 N?-9

Trrep r d(r) T(r)
7 2N I

SP(2N) group:| ,qi” 7o | NN+1) | 2N42

T NQN—1)—1 | 2N -2

Irrepr | d(r) | T(r)
" 7 2

G, group: Fi
adj 14 | 8

Appendix D. Total Ellipticity for the KS Duality Indices

In order to illustrate the work hidden behind our conjectures, we briefly describe in
this Appendix verification of the total ellipticity for the transformation identity for
elliptic hypergeometric integrals associated with the Kutasov-Schwimmer duality
from Sect.
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K
First, we change the integration variables z in 1i toz=U"'(ST) 2y and
assume that the contours of integration in y-variables can be deformed back to T
without crossing the poles. Then the equality of integrals (9.2) and (9.3) is rewrit-
ten in the following form:

K‘/ Ap(zt, G A(t)]ﬁdyj (D.1)
N E Z S 27[1Z N ’]TK/*I M Xﬂ,ag j:] Zﬂlyj’ .
where N = KN;—N and
. \N—1(,. \N—1
Ky = (p’p>oo (q’CI)oo F(U;p,q)N71

N!
with U = (pq) ﬁ The kernels of the elliptic hypergeometric integrals are

F(UZiZ Uz '255p,9)
AE(QLE) = F lzja fl?Pﬂ)»
l<i1<—!<N I (zz; 'z 25 p,9) ZH,H P

u(y,t.s) = HHFU’1 t7hpa) ]

r'(Uyy; ", Uy yjip.q)

-1 -1, .
1=l 1<icien L0y yisp,4)
Nj N 1 2 1
<[TTIT Gy Uty s psq), (D.2)

i=1j=1

where T, z; = 1,TTY. yi = UNTVK (pg) 2K SK and UVST ! = (pg)™s
Theorem 5 The function

Ag(z,1,5)
LYLS) = —F———~
p(iX ) AM(X?LQ)

is a totally elliptic hypergeometric term.

Ellipticity of the z-variables g-certificates. As described in Sect. 2, we should con-
sider the ratios

p(é?X’ L E) |Za‘>(11a«,ZN4’qilZN
p(2,,t,5)

N—1 9 U —1 U . —1 —1,-1 . -1,-1 .
(Uzaz; ' Uzjzy' 1 q "2 2joq ' awsp)

hi(z,y,t,8,q9) =

_ —1 -1 —1.
m12a OUG 20 2, Uq 7 25 ey 202 2jan s p)
- B P “1-1, .
Ugzazy' Uzazy' a7 22 o, g7 20 v p)
—1.—1 | —1 —1.
Uq lzu ZNqu ZZa ZN;anZN 7ZLIZN ,p)

Xe(
o

<[ o2tz p) 0t 'zy'sp) (D.3)
i=1 O(Q*IS,'ZN;p) e(q—ltlflz?;p)a
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where a = 1,...,N — 1, and check that these are totally elliptic functions. Indeed,
K (z,y,t,8,q) functions are automatically invariant under the transformations 1)
Sp — Psb,st - pilst’ 2) Iy — Ptb7th - pilthv 3) Yo — pyb7yi\7 - pily]'\v/'
Whereas the invariance with respect to the substitutions 4) z. — pze,zv — p~ lzy
forc #aor5) z, — pza, v — p’lzN uses the balancing condition. Similarly, one
checks the invariance with respect to the mixed transformations s, — psp,t. — pt.
and yg — p¥y,.

The most complicated part of the work consists in establishing ellipticity in
the variable g. The difficulty comes from the presence of fractional powers of ¢
entering through the variable U. Because of that one should scale g by such
a power of p that there will be a match with the period of the elliptic functions
K (z,v,t,8,q). Simultaneously, we should preserve the balancing condition and
all other constraints on the parameters we have. This is reached by the following
transformation of the parameters

t[;l R p(K+1)Nf-f2Ntfl N-+NK—N;K(K+1)/
¥

N Yy et

(D.4)

6) q— p<tlg,

which leads to U — pU, as required. It is a matter of a neat computation (at
the intermediate steps there appears a very cumbersome expression) to show that
h(z,y,t,s,q) do not change under these substitutions.

Ellipticity of the y-variables q-certificates. Now we consider the ratios

p(§7X7£7§> |yaﬂqya,y,r,ﬂq“yﬁ
p(z,y:t,s)

V-1 9Uav"1v: Uav"v vyl yyl:
WUa 'y i Uay; ygoyayy oy vy 'sp)

- 11

i=tia OWUyay;  Uyjyyta~yva yinatyy g p)

Ry (z.y,t,5,q) =

Uq'yay5.Ua s vy avayy ' vayy'sp)
(Uagyayy' Uyayy'a2va yy.a~va ygip)

0
X
0

N 1 — _ _
s 2l s lyyip) (U2 1y, s p)
i1 6(si'ysp)  8(UMy'sp)

(D.5)

where a = 1,... ,]V — 1. Again, these are the totally elliptic functions. They are
automatically invariant under the transformations 1) s, — PSbySN; — pflst, 2)

th = plp,In, — p_lth, 3) 2, — pzp,2v — p~'zn. The invariance with respect to

the substitutions 4) y, — pys,yy — P~ Vi, b # @. or 5) ya — pya,yy — P 'Yy
uses the balancing condition. The most difficult part is the verification of the in-
variance with respect to the transformations

6) q—pa, U—pU, gy} — pErINTNL

N+NK—NpK(K+1)/2,

YN —P YN
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Ellipticity of the t-parameters qg-certificates. Now we need to investigate the func-
tions

PV L8 gt~
p(z:),1,5)

—1_—1.
Q(Ulilqilsitafl;p) N G(thZj D)
H oo How ey

hy(z,y,t,5,q) =

0(U%q in,y; 5 p)
i1 6(Uay;'sp)

where a = 1,...,N; — 1, and show that they are totally elliptic. Again, invari-
ance under 1) y, — pyp, Yy — P~V 2) S — PSp,SN, — P 'sn,, and 3) zp —
PZb,2N — P~ 'zy transformations is automatic. The balancing condition is needed
for symmetries 4) to — pte,ty, — p~'tn;,¢ # a, and 5) 1y, — pta,tn, — p~in,
Computations during the verification of invariance under the transformations

) (D.6)

6) q— pK+lq’ U — pU, t{;fl_l N p(K+l)Nf,2Nt];fl_l’

N+NK—NK(K+1)/2

YN—P YN

are very lengthy and require a lot of attention to reach the needed statement. Con-
sideration of the s-parameters certificates is equivalent to the 7-variables case be-
cause of the symmetries of the initial integral kernels.
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