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1 Introduction

Gauged linear sigma models (GLSMs) [1] have proven to be extraordinary physical tools
to examine a wide range of questions in string theory and string compactifications, ranging
from global properties of moduli spaces of SCF'Ts for Calabi-Yau compactifications to rep-
resentations of quantum cohomology rings. The bulk of that work has focused on abelian
two-dimensional theories, but in recent years technology has developed to the point where
we can make inroads on understanding nonabelian theories.

To further that program, one of the tasks one must accomplish is to find physical descrip-
tions of more geometries. For example, one can write down nonabelian GLSMs which have
nontrivial IR fixed points, but to efficiently compute e.g. chiral rings, it helps enormously
if one can interpret the resulting phases geometrically. To this end, in this paper we will
explore (nonabelian) GLSMs for some additional spaces, namely symplectic and orthogo-
nal Grassmannians, following up a brief proposal in [2]. We will check that description by
e.g. comparing physically-derived quantum cohomology rings against known mathematics
results, and study the phases and other properties of the GLSMs.

Ordinary Grassmannians G(k,n) can be described with GLSMs using methods that have
been known for a long time, going back to [3]. They have played an important role in many
papers. However, they are not the only notion of Grassmannians known to mathematicians.
There are other Grassmannians in the mathematics literature, notably the symplectic and
orthogonal Grassmannians. These also occasionally arise in physics, see e.g. [4] and references
therein, but aside from a brief proposal in [2], their GLSM realizations have not been studied
at all. The purpose of this paper is to fill this gap, following up the proposal of [2] by
comparing GLSM predictions for quantum cohomology rings, Witten indices, Calabi-Yau
conditions, and studying the GLSM phases.

Possible Grassmannians and flag manifold{] are given mathematically as cosets G/P,
with P a parabolic subgroup of GG, and G describing the symmetries of the space, which also
correspond to global symmetries of the corresponding physical theory. We list below some
examples from [5, section 23.3]:

e A,: These are the Grassmannians G(k,n +1) = SL(n + 1)/P, which have global sym-
metry
U(n+1)

_SU(n+1)
U(1) T T

= PSU(n+1) 7
n+1

(1.1)

e B,: These are the orthogonal Grassmannians OG(n,2n +1) =SO(2n+1,C)/P.

! In most of this paper, for simplicity we focus on Grassmannians, but analogues for flag manifolds do
exist, and we discuss corresponding GLSMs later in this paper.



e (,: These are the symplectic and Lagrangian Grassmannians SG(k,2n), LG(n,2n) =
Sp(2n,C)/P.

e D,: These are the orthogonal Grassmannians OG(n,2n) = SO(2n,C)/P.

(The various Grassmannians above are sometimes referred to as type A, B, C, D Grass-
mannians respectively, in reference to their symmetries.) In each of these cases, the global
symmetry group of the GLSM for G/P is given by G (up to finite quotients), and has Lie
algebra indicated by the classification above. (This is simply the subgroup of the group
PSU(2n) or PSU(2n + 1) of rotations of the chiral primaries that preserves the superpo-
tential, which requires that either a metric or symplectic form be preserved.) For example,
for the B,, series, we will see the GLSM has 2n + 1 chiral primaries, and a superpotential
defined by a metric on those chiral primaries. The resulting symmetry group is the subgroup
of PSU(2n+1) that preserves that metric — hence, some finite group quotient of SO(2n+1),
corresponding to B,,.

In addition to the A, B, C', and D type Grassmannians and flag manifolds, one can
also obtain Grassmannians and flag manifolds from exceptional groups. We will leave the
development of their GLSMs to future work.

Let us also remark on mirrors. In mathematics, there is a notion of mirrors to homo-
geneous spaces, see e.g. [6-9]. When we speak about mirrors to nonabelian theories, we
will be using a slightly different mirror symmetry construction, described in [10]. These two
constructions were compared in [10]; briefly, although in general they give different Landau-
Ginzburg models, all we really are concerned with in a Landau-Ginzburg model is its IR
behavior, encoded in its critical loci, and at least on the face of it, these different-looking
constructions of Landau-Ginzburg mirrors seem to encode the same IR physics, at least so
far as we are aware.

We begin in section [2| by describing GLSMs for symplectic Grassmannians SG(k,2n) and
flag manifolds, the type C' spaces listed above. These can be understood as submanifolds of
ordinary Grassmannians G(k,2n) and flag manifolds satisfying an isotropy condition, which
is the key to the GLSM we present. We check our description by comparing ordinary and
equivariant quantum cohomology rings arising in the GLSM to those arising in mathematics,
as well as by comparing Witten indices across different phases. We also check that the Calabi-
Yau condition arising physically matches that in mathematics. Finally, we discuss mirrors
of the GLSMs for symplectic Grassmannians.

In section |3| we perform the analogous analyses for orthogonal Grassmannians OG(k,n)
and flag manifolds, the type B and D spaces listed above. After proposing GLSMs for
these spaces, we study the mixed Higgs-Coulomb phases arising for » << 0, and compare
the Calabi-Yau condition arising physically in these GLSMs to that arising mathematically.
Finally, we discuss mirrors of the GLSMs for orthogonal Grassmannians.



In several appendices we collect various technical computations which supplement and
clarify the computations in the text.

To be clear, our paper is not the first to describe GLSMs for all of these cases: GLSMs for
symplectic and orthogonal Grassmannians were proposed at the end of [2]. The purpose of
this paper is to more systematically analyze the physics of these theories, carefully checking
that the GLSMs have the desired properties (quantum cohomology relations, Witten indices,
global symmetries, and so forth), as well as to explore novel physical aspects of these theories.

2 Symplectic Grassmannians SG(k,2n)

2.1 Background and GLSM realization

The symplectic Grassmannian SG(k,2n) is a space parameterizing k-dimensional subspaces
of C?" which are isotropic with respect to a symplectic form on C?*. This can be described
more explicitly as a subvariety of an ordinary Grassmannian G(k,2n), a fact that will be
used in GLSM realizations. The dimension of SG(k,2n) is given by by [11], [12} section 3.1]
kE(3k -1
ok~ FBE=1). (2.1)
2

When k = n, SG(n,2n) is the space of maximal isotropic subspaces of C2*, which is also
known as the Lagrangian Grassmannian, and often denoted LG(n,2n). In the case k = 1,
the isotropy condition trivializes, and [11]

SG(1,2n) = G(1,2n) = P21 (2.2)

as we shall see explicitly in GLSMs in a moment. Another common special case is SG(2,4) =
LG(2,4) = P4[2], as is mentioned in appendix [F]

The Euler characteristic of SG(k,2n), relevant for Witten index computations, is given

by (i3]
2’f( Z ) (2.3)

In particular, the Euler characteristic of the Lagrangian Grassmannian LG(n,2n) is 2.
Some background on symplectic Grassmannians can be found in e.g. [11,/12], [14, section
6.3].

The GLSM for a symplectic Grassmannian implements an isotropy condition on top of an
ordinary Grassmannian, so let us first quickly review the GLSM for an ordinary Grassman-
nian G(k, N), following [3]. This is a U(k) gauge theory with N chirals in the fundamental



representation, and no superpotential. The D-terms of the theory can be interpreted as the
statement that the N fundamental-valued chirals form a set of k orthogonal, normalized vec-
tors in CV, and gauging the U (k) effectively quotients out the rotations, hence this describes
k-dimensional subspaces of CN. The GLSM for a symplectic Grassmannian implements an
isotropy condition on top of an ordinary Grassmannian.

The GLSM for the symplectic Grassmannian SG(k,2n) is then a U (k) gauge theory with
2n chirals ®2, in the fundamental representation V' (a € {1,--,k}, i € {1,+2,---,+n}), and
one chiral superfield g, in the representation A2V*, with superpotential

W = anbCI)Z(I)% waﬁ = ZQabq)?(I)lilw (24)
o, i=1

The superpotential realizes an isotropy condition with respect to a symplectic form

0 I,
w = [ I 0 ] (2.5)

on C?", following from the fact that

b
orod] 5 5| |- B e 26)

—1% 7

(These GLSMs were also briefly described in |2, section 2.4.3, example 3].)

The isotropy condition resulting from the superpotential above takes the simple form
S otel, = Y abes, (2.7)

In the special case k = 1, this condition is satisfied trivially. In this special case, there are
no ¢q (since A%1 is empty) and the superpotential is not present. As a result, SG(1,2n)
coincides with the ambient G(1,2n) = P27~

The global symmetries of this theory are rotations of the chiral superfields that are
compatible with the superpotential. Specifically, rotations of the chiral superfields themselves
are represented by the group

U(2n)JU(1) = PSU(2n) = SU(2n)/Zay. (2.8)

The rotations that preserve the superpotential are precisely those which preserve the sym-
plectic form, hence the global symmetry group is Sp(2n,C).

Clearly, symplectic Grassmannians SG(k,2n) can be embedded into ordinary Grassman-
nians G(k,2n). The Pliicker embedding of ordinary Grassmannians, realized physically as
SU (k)-invariant baryons

= a1 ... H%
Boyoy, = €ayoay Pal 0k (2.9)
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for o = x4, also is relevant for symplectic Grassmannians. Just as for ordinary Grassmanni-
ans, these define a map into a projective space of dimension

2n
( 2 ) - 1. (2.10)

In the special case that k = n, there is a second class of SU (k)-invariant operators, that also
define a map. These operators are given by

Bilooin = €ayoa, @500 (2.11)

and they define a map from LG (n,2n) into a projective space of dimension 2" — 1. (See |15,
section 3.3] for more information.)

For later use, since one of the matter representations is slightly unusual, we give here the

D-terms: . L .
SDa =2 (Gudt+ . ¢") - 20" Guc ~ 7. (2.12)

i=1

In the special case that k is odd, the GLSM for SG(k,2n) has no Higgs branch for r <« 0.
This follows from the diagonal terms in the D terms above, and the fact that since ¢ is an
antisymmetric matrix, it can only have an even number of eigenvalues. The matrix ¢ can
therefore be put in the form

0 = 0
-+ 0 0
Lo o | (2.13)
0 0 0

with one vanishing row and one vanishing column. In this basis, the diagonal D term
corresponding to the bottom right entry has the form

(G + 6. 0m) -7, (2.14)

I
M=

= 2 (e +lonf*) -, (2.15)

7

1 a
2l

<
3
—_

Il
—_

with no sum over a and no ¢ fields. This D term has no vanishing solutions for r <« 0, hence
there can be no Higgs phase for r << 0 if £ is odd.

The cases of k even are different. Here, there does appear to be a Landau-Ginzburg
phase, which contributes to the Witten index. Consider the case SG(2,2n). Here, there is
one ¢ field, ¢i2, which transforms only under the overall U(1) = det U(2). In the r < 0 phase,
it Higgses the gauge group U(2) to SU(2) c U(2). From |16} section 3.2], [17} section 4.7],
the Witten index of an SU(2) gauge theory with N fundamentals is

{ (1/2)(N -1) Nodd,

(1/2)(N -2) Neven, (2.16)

8



so we see that the Higgs branch of the r <« 0 phase of the SG(2,2n) GLSM has Witten index
(1/2)(2n-2) = n-1. (2.17)
For example, the r <« 0 phase of the GLSM for LG(2,4) has Witten index 2 -1 =1.

For SG(k,2n) for even k > 2, we expect a similar story. For r « 0, the ¢ fields get a
vev, which Higgses?] U(k) to Sp(k) (see e.g. [1§]). Beyond that, we do not have a complete
understanding. Based on the fact that there are k(k - 1) off-diagonal D terms generating
relations, we (naively) suspect that this theory has the same Witten index as a two-dimension
Sp(k) gauge theory with 2nk — k(k — 1) chirals, in 2n — k + 1 copies of the fundamental
representation, which from [19, equ'n (5.10)] we expect should have Witten index

(o)) o

We will check this conjecture numerically in a pair of examples in table [I] in section [2.4] and
leave a more detailed analysis for future work.

We have argued that for r << 0, for odd k, there is no Higgs branch contribution to the
GLSMs for symplectic Grassmannians, and for even k, there is a Higgs branch. In the full
quantum theory, there is a Coulomb branch contribution, just as in GLSMs for ordinary
Grassmannians, and we will see explicitly that those Coulomb vacua provide an explicit
representation of the quantum cohomology ring. Furthermore, the Higgs branch (if it exists)
will also supply the difference between the Witten index of the r» > 0 phase and the number
of Coulomb vacua (corresponding to roots of the ring relations).

In the next section we will describe how the Coulomb branch realizes both ordinary and
equivariant quantum cohomology of general Lagrangian Grassmannians, and also check in

special cases that the quantum cohomology ring of other symplectic Grassmannians is also
realized by these GLSMs.

2.2 Quantum cohomology of Lagrangian Grassmannians
2.2.1 Ordinary quantum cohomology

In this section, we will argue that the physical chiral ring of this theory coincides with known
results for the quantum cohomology of SG(n,2n), which serves as a consistency check on
the GLSM description above.

2 As a quick consistency check, note that the difference in dimensions of the gauge groups
dimU (k) — dim Sp(k) = k* = (1/2)k(k+1) = (1/2)k(k-1)

matches the dimension of the representation A2k.



We begin by studying the Coulomb branch. The effective twisted superpotential is

n n

. 2n n n n n
Wepp=-1 Z Yo — Z Z pi-’aEb [ln (Z pfaEc) - 1] - Z Z pZVEa [ln (Z quzb) - 1:|
b=1 b=1

a=1 i=1 a,b=1 w,v=1a=1

where p§ =0y, pf, = —0% — 0y and af, = —% + 0. Here, the weights p¢, correspond to gup in
the representation A2V* and can be obtained from the weights for V* following appendix [C]
One can check that the pf, make the superpotential (2.4) gauge invariant. Note that the
sum of the W-boson contributions contributes a i(n — 1)m-shift to t. Computing the critical
locus, we have

oW,
Zleff =—t—i(n—l)ﬁ—annanrZln(—aa—ab) (2.19)
aO'a b+a

which gives the chiral ring relations

q[J(oa+0p) =02, fora=1,-n, (2.20)

b+a
with (from the ambient theory) excluded locus o, # 0y, if a # b.

Mathematically, the quantum cohomology ring relations for SG(n,2n) are known, and
can be found in e.g. [20, equ'n (3)]:

ei(2)? +2 3 (~1)*esp(@)ein(x) = (<) eninn (2), for i=1,2,....n. (2.21)
k=1

(To avoid symbol abuse, we have used e¢;’s and ¢ here, instead of o;’s and ¢ as in [20].)
In equation , ei(x) is the i-th elementary symmetric polynomial in the Chern roots
{x1,...,2,} of the tautologica]ﬂ bundle &, which can be understood as the restriction of the
tautological bundle on the ambient G(n,2n) to SG(n,2n), and so fits in the short exact
sequence

0—S§S— Vsa(n’gn) - Q — 0. (2.22)

We will argue in this section that the physical chiral ring relations ([2.20]) reproduce the
quantum cohomology ring relations ([2.21]) known in the mathematics literature for

{ q=(-)""1q, (2.23)

Oq = —Zq.

3 Reference [20] works with Chern roots of Q. In this specific example, the choice of either Q or S is
equivariant as S* = Q. However, different choices will have different (1) factors in the right-hand-side of
(2.21]).

10



These two identifications make sense in the following ways. First, as in [3]21,22], we can
interpret the o, as the Chern roots of §*, hence o, = —x,. From naively counting degrees,
one finds that both ¢ and ¢ have degree n+1, and they should match up to a constant factor,
which one can show is (-=)"~!. Before giving a general argument that the physical chiral ring
relations match the ring relations known in mathematics, we demonstrate how this works in
several examples.

n=1

As mentioned earlier, SG(1,2) ~ CP'. The physical chiral ring relation, equation (2.20)),
is 02 = ¢, which implies the quantum cohomology ring relation from equation ([2.21),

e1(2)? =q. (2.24)
if equation is satisfied. Here, e1(z) = z.
n=2
SG(2,4) is the first nontrivial example. In this example, equation gives
q(oy+02) =0}, q(oy+03) =03 (2.25)

The mathematical quantum cohomology ring relations in this case are

e1(2)? =2ey(x), ex(x)? = —Ge (). (2.26)

To see how the mathematical relations follow from the physical relations, we subtract
the two physical chiral ring relations to get

(Uf —Ug) (Uf +a§) =0.

Taking into account the excluded locus oy # 09, (07 — 03) can be factored out and the above

equation becomes
o?+03=0, (2.27)

which is the same as e;(x)? = 2es(z) with o, = —z,.
Similarly, the sum of the two physical chiral ring relations is

4

2q (01 +03) = 0} + 05 = 20303, (2.28)

where the last equality follows from

0= (0} +02)* =0l +05+20%03. (2.29)
Therefore, we have
0203 =—q (o1 +03). (2.30)

11



This is the same as es(x)? = —Ge;(x) with o, = -z, and ¢ = —q.
General case

In the cases above, we used algebraic tricks to construct Weyl invariant polynomials of
the o,, which led to the quantum cohomology ring relations. We will next use more general
methods to study the cases n > 3.

First, note that the left-hand side of equation ([2.20]) can be expanded in terms of Weyl
invariant polynomials of the o,. For example, when n =2k + 1, it can be expanded as:

qo3" +qex(0)oi" + o+ gearo(0) 0 + gear(0) = 0, (2:31)

where e;(0) is the i-th elementary symmetric polynomial. Similarly, for n = 2k, it can be

rewritten as

qe1(0)o22 + qes(0)o2 "t + -+ gegr_3(0)oa + qegp-1 (o) = o2k, (2.32)

Let us consider the n = 2k + 1 case first. Since the e;(o) are Weyl invariant, the e;(o) are
constant on Weyl orbits. Rewrite equation ([2.31)) as

P(a7) = (02)* = q(02)" - qea(0)(02)" ™ =+~ gean2(0) 07 — qea(0) = 0, (2.33)

for a = 1,...,n. Then the o2 satisfy relations determined by the coefficients of P(02) ac-

cording to Vieta’s formula [23, theorem 2|, which says that any nth order polynomial p(z)
with roots aq, -+, a, can be written in the form

p(z) o< 2" —ey(a)z" !t +ea(a)z" %+ + (=) "en(a), (2.34)
where the e;(a) are elementary symmetric polynomials in the roots a;.

If we let z, denote a root of equation (2.33)), a solution for o2, then from Vieta’s formula
and the coefficients of the o2 terms in (2.33)), we have

Z Tq =0,

1<as<n
Ty Tay =0,

1<aj<az<n (235)

Z Tay - Tap, =0,

1<ai<<ap<n

and i
> Ty Zay, = (F1)Fg,

1<ai<-<ag+1<n
Ty - Tapy = (-1)**1ges (o),

1<ai<-<agio<n (2 36)
~ ---_ 2%+1
Z 1. Ty Toppr = (=1)7"gegr_o(0),
1<as<n

T1...02k+1 = (_1)2k+2q62k(0)‘

12



The reader should note that the number of possible roots (2k+1, the degree of equation ([2.33)),
matches the rank (n) of the gauge group. The equations above (derived from the coefficients
of equation (2.33]) can be written more compactly for £ <n =2k +1 as

> otead = (5) e na(0)g, (2.37)

1<aj<-<ap<n

in conventions in which e; = 0 for i < 0 and eg = 1. Applying identity (A.2)), which we repeat
below,

n-l
eo(0)?+2 ;(—1)jeg+j(a)eg,j(0) = > 0.0, (2.38)

1<ai<+<ag<n

we recover the quantum cohomology ring relations for SG(2k + 1,4k +2) known in the math
community, equation (2.21)), with o, = -z, and ¢ = (-)?*q = q.

The same argument works for n = 2k. Rewrite equation (2.32) as
P(02) = (62)* - ge1 (o) (02) 1 -+ — gegr_3(0)0? — gear_1(0) = 0, (2.39)

then Vieta’s formula and the coefficients of the polynomial above give the relations

1<aj<az<n (2.40)

1<ai<—<ap<n

and ) ) i
Z 0-(11 R O-(Zk+1 = (_1) q€1(0)7

1<ai<+<ag+1<n

oo .00, = (=1)"ges(0),
1<ai<-<agio<n

(2.41)

S o202, 02 = (~1)%qey, 3(0),

1<a<n
o?.. .02 = (-1)*geq_1(0),
where here we have abused notation by labeling the possible solutions for o2 by o? instead
of x. Just as before, these can be summarized compactly as in equation , and ap-
plying identity , we recover the quantum cohomology ring relations for SG(2k,4k),
equation ([2.21]).

So far we have checked our previous claim that the chiral ring relations (2.20) in the
Coulomb branch do reproduce the quantum cohomology ring relations ([2.21]).

13



2.2.2 Equivariant quantum cohomology

The above story can be generalized to the equivariant case, equivariant with respect to a
maximal torus of the flavor symmetry group, which physically corresponds to turning on
twisted masses [24]. We will verify that the equivariant quantum cohomology ring predicted
by the physics of this GLSM matches that known in mathematics for Lagrangian Grassman-
nians.

Due to the global symmetry Sp(2n), which preserves the isotropy condition (2.7), we
have m_; = —m;. To keep the superpotential invariant, the twisted masses for qq is

my = —é(mi+m_i) = —i(mi—mi) = 0. (2.42)

Therefore, the effective twisted superpotential becomes

n

1 (o —-m;)[(InX, —m;) —1]

—

Wepp==12,%a=2,

a=1 a=11i=

+ S, [m (— prwzb) - 1]
pu>v=1a=1 b=1

- Zn: Zn: O lln (zn: azyzb) - 1] ,
w,r=1a=1 b=1

and the critical locus of this effective twisted superpotential gives the following physical
chiral ring relations

q[J(oa+0s) = ﬁ(ai—m?), fora=1,---,n. (2.43)

b+a i=1

We will show that these reproduce the equivariant quantum cohomology ring relations
in appendix [D] We repeat them here for convenience:

e; () + 27;2_;(—)%1‘4(%)61#(%) = &;(t*) + (=)™ egin-1(2)q.

Note that the right-hand-side of equation (2.43)) can be expanded as

(02 -m7) = Enjo(—l)i (02)" es(m?), (2.44)

n
i=1 i=

while the left-hand-side of equation (2.43) can be expanded in the same way as before. To
establish that the mathematical ring is a consequence of the physical chiral ring, we can use

14



the same methods as in our analysis of the ordinary quantum cohomology. Here for brevity
we will only give the details for the n = 2k + 1 case. First, we rewrite equation ([2.43)) as

q (aﬁ)k +qeq (o) (afl)k_1 + -+ geap_2(0) (02) + gear (o)

2k+1

= E(:) (-1 (a2)" " ei(m?), (2.45)

for a =1,...,n, where e;(m?) is the i-th elementary symmetric polynomial of {m?,--- m2}.
Following the same reasoning as before, we choose to work on one vacuum, corresponding to
one Weyl orbit of solutions for the o,, and on this orbit the e;(o) are constant due to Weyl
invariance. Therefore, the equation above is of degree (2k + 1) in o2

2,
From Vieta’s formula, we have following sets of relations:

2, 0a=e(m?),

1<a<n

Z 031022 = ey(m?),
1<ai<az2<n

2 2 _ 2
Y, on .00 =ep(m?),
1<ai<<ax<n

and

> ol .00 =epa(m?)+(-1)kq,
1<ai<+<api1<n

> oz ... agm = erpa(m?) + (=1)*1gey(0),
1<ai<+<apio<n

Z ol .. 52 o 05 = ean(m?) = qegp_o(0),
1<as<n

2 2 _ 2
07 ... 051 = €ape1(M?) + qear(0).
From equation ([2.38), we can summarize the equations above as
2k+1-1

ei(o) +2 l; () eii(0)ei(o) = ei(m?) +(=)* gesian-2(0), (2.46)

which match the known mathematical results for equivariant quantum cohomology, equa-

tion , for

q = (-)""q,
aa2: —ga, (2.47)
m; = t7.

15



2.3 Quantum cohomology for general symplectic Grassmannians

In this section, we will compare quantum cohomology of general symplectic Grassmannians
SG(k,2n) to the predictions of the physical chiral ring. We will not give a general proof
that they always match, but instead will merely check several families of examples.

The analysis in the previous section can be applied to SG(k,2n). The physical chiral
ring relations have the same form as before, but now there are only k < n relations:

q[[(oa+0y) = 02", for a=1,... k. (2.48)

b+a

These chiral ring relations will reproduce the quantum cohomology ring relations [25],
which are

2n—-k-r
E+2 Y (-D)ericr = (F1)* *Teyripon1q, n-k+1<r<n, (2.49)

T
i=1

where ¢, is the r-th Chern class of the quotient bundle Q over SG(k,2n), defined by restrict-
ing the universal quotient bundle over the ambient G(k,2n). It obeys

00— § — VSG(k,Qn) — Q — 0, (2.50)

hence we have ¢(Q)c(S) =1 which implies

¢r(Q) = (=) det (c14-i(S)) 1< jer - (2.51)
If we interpret the o, as the Chern roots of §*, then we have ¢;(S) = (-)’¢;(0), and
¢(Q) = h(0), (2.52)

where h,.(0) is the rth complete homogeneous symmetric polynomial in the oy,.

We will check in a series of examples that physics correctly reproduces the quantum
cohomology ring relations above.

First, recall that for k = 1, the isotropy condition is trivially satisfied, hence SG(1,2n) ~
G(1,2n) ~P?-1 If we set k =1 in equation (2.48)), we get

o = q, (2.53)

which is indeed the chiral ring relation for P?7~1. At the same time, equation (2.49)) for k =1
is just

= ("G (2.54)
where ¢, = h,(0) = 0. Therefore, the ring relations match if we identify
¢=()""
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This identification of ¢ and ¢ is generally true as we will see in the following examples.

Next we consider the case SG(2,6). The physical chiral ring relations in this case are

q(o1 +03) = Jf,

_ 6
q(o1 +09) = 05.

Some algebraic manipulations give
ot +o?02+05 = 0,

a§5+a§ = 2q(oy + 09),

and these two Weyl invariant equations indeed reproduce equation (2.49) for quantum co-
homology when k = 2:

4—r
E+2> (-1)ericr; = (1) eos54, 2<r<3, (2.55)
i=1

with ¢ = (-)371¢ = ¢. Note that we have used equation (A.5) in appendix [A]

Our next example is SG(2,8). The physical chiral ring relations are

q(o1+032) = Ui

_ 8
Q(Ul +02) = 09,
which yield
0? + Uilag + a%ag + ag =0,
oS+ 08 = 2q(oy +09).

We can check that these two equations reproduce equation (2.49) when k =2 if ¢ = (-)*"1q.

This calculation can be generalized to SG(2,2n) and, due to the equation (A.5)), the
chiral ring relations for SG(2,2n) reproduce the quantum cohomology ring relations.

2.4 Witten indices

As a consistency check of our description and analysis, here we will check that Witten indices
are preserved across various phases of these GLSMs. (Although the target is not Calabi-Yau,
and so the axial R-symmetry is anomalous, nevertheless, there can be nonanomalous finite
subgroups, and so one expects continuous paths connecting the r > 0 and r << 0 phases of
these GLSMs, hence the Witten indices should match.)

For simplicity, let us begin with the case LG(2,4). As previously described, the Euler
characteristic of this space is 22 = 4, which should match the Witten index of the r > 0
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phase, if our GLSM is correct. This should also be the Witten index of the r <« 0 phase,
which we will now check.

The r «< 0 phase is a mixed Higgs/Coulomb branch. As previously discussed in sec-
tion [2.1] the Higgs branch at low energies is an SU(2) gauge theory with 4 fundamentals,
which has Witten index 1. The Coulomb branch is defined by solutions to the equations to
the quantum cohomology ring relations

61(55)2—262(55)60(13) = 0, 62($)2 = —e1(7)q, (2.56)

or after simplification,

pi+a3 =0, zirs = —(z1 +12)q. (2.57)

It is straightforward to check that there are 3 distinct unordered pairs (z;,x2) which solve
these equations (and are consistent with the excluded locus), hence there are 3 Coulomb
vacua. The sum of the number of Coulomb vacua and the Witten index of the Higgs branch
is 4, matching the Witten index of the r > 0 phase, as expected.

Next, consider SG(2,2n). The Euler characteristic of this space, the Witten index of the
phase r > 0, is

22(’;) = on(n-1). (2.58)

From the general analysis of section the Higgs branch of the r <«< 0 phase has Witten
index n — 1, so to be consistent, there should be

2n(n-1)-(n-1) = 2n-1)(n-1) (2.59)
Coulomb vacua.

We count the Coulomb vacua of the r << 0 phase of the GLSM for SG(2,2n) as follows.
The chiral ring relations are
o2 = q(oy +09) = 03", (2.60)

and the (unordered) roots of these equations are the Coulomb vacua (subject to the excluded
locus o7 # +09, which requires o, # 0). Since 03" = 03", we see that oy and oy differ by a
2n-th root of unity (excluding -1, as that is on the excluded locus). Excluding +1, we see
that oy differs from o9 by 2n -2 possible phases. Plugging in, the chiral ring relations reduce
to a degree 2n — 1 polynomial in either of the og,, hence 2n — 1 solutions. Dividing by 2 to

account for ordering, we have a total of
1
5(2n—2)(2n—1) =(2n-1)(n-1) (2.61)

possible Coulomb vacua, which is precisely right for the Witten index of the r > 0, r < 0
phases of SG(2,2n) to match.
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To the same end, let us now discuss SG(k,2n) with k£ odd. Here, as previously argued,
there is no Higgs branch, only a Coulomb branch, hence for consistency the number of
Coulomb vacua should match the Euler characteristic of the space, which is

2’“(2) (2.62)

We can see this as follows. The chiral ring relations with k& odd are

q[1(oa+av) = o2m, (2.63)

b+a

for all a=1,..., k. Equation (2.63)) can be rewritten in the form
02— q[oF T + ea(0)k B+ 4 e (0)] = 0. (2.64)

Since k is odd, we know that if {oy,...,04} is one solution, then {-oy,..., -0y} is another
solution. As we are counting vacua away from the excluded locus (o, # 0, 0, # 0, for a # b)
the solutions should always have this Zy symmetry. Note that this is not true for cases in
which k is even, because elementary symmetric polynomials of odd degrees appear.

Putting this together, there are 2n choices for o1, which leaves 2n — 2 choices for o3, as
09 # +07. Continuing, one eventually finds 2n — 2k + 2 choices for o;. Therefore, there are in
total 2n(2n — 2)---(2n — 2k + 2) choices. We also divide by k! to remove permutations, which
gives

2n(2n - 2)k('2n —2k+2) _ Qk(Z) (2.65)

Coulomb vacua, as expected in order for Witten indices to match.

In SG(k,2n) for k odd, as previously discussed, there is no Higgs branch at r <« 0, only
Coulomb vacua. For k even, there can be a nontrivial Higgs branch, which contributes to
the Witten index, as discussed in greater detail previously.

In table [I] we have summarized results for a number of cases, comparing Euler char-
acteristics of large-radius phases, number of Coulomb vacua, and Witten indices of Higgs
branches at r << 0. In each case, we find that the large-radius Euler characteristic matches
the sum of the number of Coulomb vacua and the Witten index of the Higgs branch.

2.5 Calabi-Yau condition

As another consistency test, we briefly mention Calabi-Yau conditions. Mathematically, the
intersection of the Pliicker embedding of SG(k,2n) with a hypersurface of degree 2n -k + 1
hypersurface is Calabi-Yau. We reproduce the same condition physically as the condition
for the sum of the charges under any U(1) subgroup of the gauge group to vanish.
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Geometry | x(geometry) Num. Coulomb vacua y(Higgs)
SG(1,2n) 2n 2n 0
SG(2,4) 4 3 1
SG(2,6) 12 10 2
SG(2,8) 24 21 3
SG(3,6) 8 8 0
SG(3,8) 32 32 0
SG(3,10) 80 80 0
SG(4,8) 16 15 1
SG(4,10) 80 77 3+

Table 1: Listed are Euler characteristics of large radius phases, number of Coulomb vacua,
and Witten indices of Higgs branches of r << 0 phases. In each case, the sum of the number
of Coulomb vacua and Higgs Witten indices matches the large-radius Euler characteristic,
as expected. Euler characteristics of geometries are computed using the exact expression in
section [2.1] and Coulomb vacua were counted either analytically or, in some cases, numeri-
cally. Euler characteristics of Higgs branches are as given in section 2.1, For the latter, we
only have an exact result for cases k odd and k = 2. For the case k = 4, we made a conjecture
in section 2.1 whose result we list here. We denote conjectured results with an asterisk (*),
and observe that they happen to have the correct values to preserve Witten indices.

The GLSM for SG(k,2n) is a U(k) gauge theory with 2n chirals in the fundamental V,
and one chiral in A2V*. Under any U(1) c U(k), the 2n chirals in the fundamental contribute
a total of 2n to the sum of the U(1) charges, and the one chiral in A2V * contributes —(k-1),
so that the sum of the U(1) charges is

on -k + 1. (2.66)
Under the same U(1), any element of the Pliicker embedding
€a1-~~ak¢?1l'”¢?: (267)

has charge 1, so we see that intersecting the image of SG(k,2n) with a hypersurface of
degree 2n — k + 1 should be Calabi-Yau, reproducing the mathematics result.

Let us consider two special cases as explicit confirmations.

e SG(1,2n) =P?-1. The condition for a hypersurface in P?"~! to be Calabi-Yau is that
it has degree 2n, which is reproduced by the condition above.

e SG(2,4) = P42]. Here, the Calabi-Yau condition is that a hypersurface should have
degree 3, which is reproduced by the condition above.
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2.6 Symplectic flag manifolds

In addition to symplectic Grassmannians, there also exist symplectic flag manifolds. At the
level of group cosets, these are of the form Sp(2n,C)/P for suitable parabolic subgroups P.
We can describe them as submanifolds of ordinary flag manifolds F(ky, -, k,,2n) (ki < kg <
--+) satisfying an isotropy condition on the maximal vector space.

Let us briefly describe GLSMs for these flag manifolds. We begin with the GLSM for an
ordinary flag manifold F'(ky,---, k,,2n) [26]. This is a

U (k) x U(ks) x - x U(k,) (2.68)

gauge theory with bifundamentals (ky,kz), (kz2,ks), and so forth to (kp_1,kp), along with
2n chirals in representation k;, of U(k,), following [26]. To build the GLSM for a symplectic
flag manifold SF(ky,---, kp,2n), we add a chiral superfield ¢, transforming in the /\2k_p
representation of U(k,), along with a superpotential

W =3 qu®d°,. (2.69)
i=1

We only impose an isotropy condition on the last, maximal flag: as all other vector spaces
in the flag are subspaces of the maximal flag, this suffices to guarantee that all subspaces
satisfy the isotropy condition.

We will not compute quantum cohomology rings from the GLSM here, but mathematical
discussions of quantum cohomology rings for symplectic flag manifolds can be found in [27].

2.7 Mirrors of symplectic Grassmannians

In this section we will briefly discuss mirrors to these nonabelian GLSMs, following the
nonabelian mirror ansatz discussed in [10]. (It should be noted that other notions of mirrors
exist, with different UV presentations but apparently equivalent IR physics, see [619,28,29].)

The mirror to the GLSM for SG(k,2n) is a Landau-Ginzburg model defined by [10]

e chiral superfields Yj,, i € {+1,---,+n} and a € {1, k},
e chiral superfields U, = exp(-V,,,), mirror to g, pu,v € {1, k},
e chiral superfields X, = exp(-Z,,), mirror to W-bosons, p,v € {1, k},

e 0,
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with superpotential

W = ZUQ(ZYW szyanw/ Zo/’ InX, —)

u>v HEV
+Zexp Y;a) ZUFLV‘F ZX,LLI/7
u>v uEV

where p%, = —04 — §2. Here we are considering general symplectic Grassmannians SG(k, 2n)
with k& <n, which includes Lagrangian Grassmannians as a special case when k =n.

Let us check explicitly that the chiral ring relations match. First, integrate out the o, to
get the constraints

ZY;a Y o, mU, =Y af, In X, =t (2.70)
u>v p#EY
which we solve by taking
t=>Yia+ > ph, U+ > ot In X, (2.71)
i<n u>v uEY

We define

I, = exp(~Ya) = ¢ (H eXP(Yw)) (H Uau) (H i”) : (2.72)

<n H*a pEa <> pa

then the superpotential reduces to

W= > exp(-Yi) + ZH + 3 U+ > X (2.73)

i<n,a u>v pEY

On the critical locus, we have

exp(—Yia) =l,, -U,=11,+1,, X, =-II,+1I,. (2.74)

Therefore, the chiral ring relations are
Hg”:qH(HaJrHM), a=1,- k. (2.75)

p*a

Now we can see that the mirror reproduces the chiral ring relation of the original theory
via the operator mirror map
I, < o04. (2.76)

3 Orthogonal Grassmannians OG(k,n)

3.1 Background and GLSM realization

Orthogonal Grassmannians, denoted OG(k,n), are submanifolds of an ordinary Grassman-
nian G(k,n), satisfying an isotropy condition with respect to a nondegenerate quadratic
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form. (Specifically, an isotropic subspace W of a vector space V' has the property that for all
vectors x,y € W, x -y =0 for the dot product defined by the quadratic form; nondegeneracy
simply means that the orthogonal complement of the entire vector space V' is just 0.) They
can be realized by GLSMs for Grassmannians with a superpotential realizing the isotropy
condition. The resulting GLSMs look very similar to those for symplectic Grassmannians,
except that one has a field coupling to a symmetric-tensor-square representation rather than
in an antisymmetric tensor representation.

We have two slightly different GLSMs depending upon whether n is even or odd. First
consider the case of n odd. Write n = 2m + 1. The GLSM is a U(k) gauge theory with n
chirals ¢¢ in the fundamental representation V' (a € {1,--- k}, i e {-m,-m+1,---,0,---,+m}),
and one chiral g, in the representation Sym?V*, with superpotential

W= g (¢8¢8 f S ) (3.1)
=1

We interpret ¢2 as defining k vectors in C?™*! and the F terms imply the isotropy condition
x -y =0 for each of k vectors in C?*™+!, with a dot product defined by the symmetric matrix

1 0 0
0 0 I, |, (3.2)
0 L, O
corresponding to the quadratic form
Q) = dogo + ). i (3.3)
i=1

The case of n even is similar. Write n = 2m. The GLSM is a U(k) gauge theory with n
chirals ¢¢ in the fundamental representation V' (a € {1,--,k}, ¢ € {£1,£2,---, +m}), and one
chiral g, in the representation Sym?V*, with superpotential

W= qudtd. (3.4)
=1

We interpret ¢¢ as the components of k vectors in C?™, and the F' terms imply the isotropy
condition z -y = 0 for each of k vectors in C?™, with a dot product defined by the symmetric

matrix
0 I,
5 o5
corresponding to the quadratic form
Q(0) = ), did-i- (3.6)
i=1
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These GLSMs were also briefly described in |2, section 2.4.3, example 2.

The dimension of OG(k,n) (or rather, the dimension of one component, in the case
n = 2k) if] [11], [12][section 3.2]
k(2n-3k-1)
-
For later use, note that in the special case n = 2k, the complex dimension of OG*(k,2k) is

(1/2)k(k - 1).

In the special case of OG(m,2m), the orthogonal Grassmannian decomposes into a dis-
joint union of two spaces, denoted OG*(m,2m):

(3.7)

OG(m,2m) = OG*(m,2m) [[OG™(m,2m). (3.8)

(This corresponds to Pliicker coordinates being (anti-)self-dual.) These two components
OG*(m,2m) are isomorphic to one another. They are also known as spinor varieties, denoted
S

OG*(m,2m) = OG~(m,2m) = S,,. (3.9)

(See e.g. [30L section 6.1] for one perspective on this splitting.)

A few examples are as follows:

0G*(2,4) = P! = OG(1,3), (3.10)
O0G*(3,6) = P? = OG(2,5), (3.11)
OG*(4,8) = quadric 6-fold. (3.12)

When k =1, OG(k,n) is a quadric hypersurface in P*~1. This follows immediately from the
GLSM. For k =1, the symmetric tensor representation has only one component, so there is
only one q field, of charge —2. It multiplies a quadric polynomial in the ¢ fields, and hence
coincides with the GLSM for the vanishing locus of that quadric polynomial in P*~!. For
example, a quadric in P? iff| P!, and so we recover the standard result that OG(1,3) = P'.

The simplest example in which to see the decomposition of OG(m,2m) explicitly is
OG(1,2). As described above, this is a quadric hypersurface in P! given by ¢1¢_; = 0. This
equation is reducible, and in any event any hypersurface in P! will describe a collection of
points. In this case, we see OG(1,2) is two points, so OG*(1,2) are each a single point.

4 The expression above corrects a minor typo in [12][section 3.2].
° If we didn’t projectivize, the reader will note that this is an equation for C2/Z,, or explicitly

(60)* + d1¢-1 = 0.

However, after projectivization, corresponding to gauging the U(1) symmetry, this becomes a curve, and
codimension-one quotient singularities do not exist on curves as varieties.
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Geometrically, we can think of this in terms of isotropic subspaces of C? with quadratic form
defined by the symmetric matrix
0 1
01]. o

There are two isotropic subspaces, each one-dimensional, one generated by (1,0)7, the other
by (0,1)”. Since the subspaces are unique, there are no deformations, and so OG*(1,2)
should each be a single point.

We can understand the decomposition of OG(2,4) similarly: think of this in terms of
isotropic subspaces of two copies of the vector space above, C* with a quadratic form defined
by two copies of the matrix along the diagonal. Then, for example, the vectors
(1,0,1,0)”, (0,1,0,1)™ each lie in distinct isotropic subspaces. In this case, however, these
vectors lie in larger families, which we can visualize by moving the two choices of C?’s inside
C%. Such a choice is equivalent to choosing a one-dimensional subspace of C2, which is P!,
hence we see OG*(2,4) = P

The Euler characteristic of OG(n,2n) is [31] given by 27, the same as LG(n,2n). The
Euler characteristic of either chiral component OG*(n,2n) is 271

Global symmetries of this QFT follow the same pattern discussed earlier. We can rotate
the chiral superfields into one another, preserving the superpotential. For OG(k,n), we have
n chiral superfields, and chiral superfield rotations are described by U(n)/U(1) = PSU(n);
restricting to those preserving the superpotential — in particular, those preserving the metric
— restrict to SO(n,C) (up to possible finite group quotients).

Just as in symplectic Grassmannians, orthogonal Grassmannians OG(k,n) can be triv-
ially embedded into G (k,n), and share the Pliicker map defined by SU (k)-invariant baryons

= a1 ... H%%
Boycy, = €ayonay Pod O3k (3.14)

for @ = +i. In the special case that n is even and k = n/2, there is a second class of SU(k)-
invariant operators, just as for Lagrangian Grassmannians, given by

Bilooan = €ayoa, @L-0%n (3.15)

As written, these define a map from OG(m,2m) into a projective space of dimension 2™ - 1;
however, the two components OG*(m,2m) naturally live within subsets defined by the
‘chiral’ spinors, and so we also have maps on the chiral components OG*(m,2m), mapping
them into projective spaces of dimension 2m-1-1. (See |15| section 3.7] for more information.)
These maps are sometimes known as the chiral spinor embeddings.

Further background on pure spinors, as relevant to these chiral spinor embeddings, can be
found in 32} chapters V, VI]. Background on spinor varieties and orthogonal Grassmannians
can be found in e.g. [11,|12,33-42], [14, section 6.2]. A GLSM describing a degree 12 K3
surface, which is a subvariety of OG*(5,10), is example SSSM; g5 in [43 section 2.4].
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3.2 Mixed Higgs-Coulomb phases at r <«< 0

In this section we will study the r << 0 phases of the GLSMs for orthogonal Grassmannians.
Here, the r << 0 phases will be mixed Higgs-Coulomb branches, containing both Higgs and
Coulomb vacua. (In appendix [E| we discuss such phases in the simpler context of hypersur-
faces in projective spaces.)

One would be tempted to try to analyze the resulting theories using the methods of Hori-
Tong [16]. There, one had U(k) gauge theories with fundamentals as well as fields charged
only under det U (k). These theories were analyzed in a Born-Oppenheimer approximation,
‘fibering’ the SU (k) gauge theories over the space of vacua defined by the fields charged only
under det U (k). Here, however, there are no fields charged solely under det U(k); all the
fields are charged nontrivially under SU(k), so no analogous Born-Oppenheimer analysis is
pertinent.

OG(n,2n)

As described above, the orthogonal Grassmannian OG(n,2n) is described as a GLSM
with a U(n) gauge group with matter

e 2n chiral fields ¢¢ in the fundamental representation V/,

e 1 chiral field g, in the symmetric tensor product representation Sym?*V*,

where a =1,---,n, i = £1,---, +n, and superpotential

W =3 qudi o2
i=1

Next, we consider the phase r << 0. Here, from the D-terms, the ¢, cannot all vanish
simultaneously, while the F-terms imply that the vevs of all ¢¢ should vanish. In particular,
there can be a nontrivial Higgs branch when r < 0, which must be taken into account when
computing vacua. This Landau-Ginzburg phase will play a role in the next analysis.

In general, since the » > 0 phase is Fano, one would ordinarily expect that the r <« 0
phase is accompanied by discrete Coulomb vacua [44]. However, in these theories, describing
OG(n,2n) specifically, there are no discrete Coulomb vacua for n > 1, as we will establish
next.
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The one-loop corrected twisted superpotential is

Weff :_tzz szazb (lnpm - 1) - Z Zpuu [1n(zp2y2b) - 1]
a=1 b=1

7,0 pzv=1a=1

- Z ZaWZ [ln(ZawEb) ]

wn,v=1a=1

with pb =8¢, pl, = —02—02 and af,, = -7 +0g, and where we have assumed n > 1. Simplifying,
we get

Weﬁ:—(t+i(n—1)7r)i2 22712 (In¥,-1) - Z pr/ [ln(ipZVEb)—ll,

pxv=1a=1
so that _
oW, ,
T e —t—i(n-1)7-2nlno, +2In(-20,) + Y In(-0, - ov), (3.16)
do, bra
which gives the chiral ring relations
49 (o0 +0p) = o272, (3.17)
b+a

with ¢ = exp(—t). However, this has no solutions that are not contained inside the excluded
locus {0, # 0,}. We can see this as follows.

Our analysis follows the same form as in section[2l Suppose for the moment that n = 2k+1.

We write equation (3.17)) as
4q((02) + -+ + o2ega(0) + ea(0)) = (02)*, (3.18)

where the e; are elementary symmetric polynomials in all of the o,. Broadly speaking, this
equation should have 2k roots for the value of (¢,)?, but since n = 2k + 1, there are 2k + 1
different values of o, that must be assigned. (In particular, the excluded locus condition
requires that the o, must all be distinct.) There are two possible ways to assign values.

e One option is if one o, = 0, and the others are distinct and nonzero. In this case, the
Coulomb branch relation (3.17)) reduces to

[]o. =0, (3.19)

a+b

so at least one other value of o, must vanish, giving o, = g,(= 0) for some a # b, a
contradiction.
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e Another option is if two values of ¢ differ only by a sign. Suppose, without loss of
generality, that o1 = —09, so that 02 = 02 but 07 # 05. Then, in this case, equation (3.17)
implies

o2 =0, o3"? =0, (3.20)

hence o1 = 09 = 0, again contradicting the assumption that the values of o are distinct.

The analysis for the case of n even is nearly identical. As a result, we see that for n > 1 there
are not enough distinct solutions to the Coulomb branch relations to satisfy the excluded
locus condition, hence there is no Coulomb branch, the r << 0 phase is pure Higgs.

Now, let us consider the Higgs branch in the phase r << 0. In the case n = 1, the
representation defining ¢ is one-dimensional, so the GLSM is that for a quadric hypersurface
in P!, with the r << 0 phase a Z, orbifold of a Landau-Ginzburg model with superpotential

W = ¢10-1, (3.21)

i.e. a mass term. Since there is an even number of massive fields, there are two vacua
[19,45-47], [48, section 4.2]. The r > 0 phase is OG(1,2), which is two points, so we see
that the FEuler characteristics match, trivially.

For r « 0 for more general cases, D terms imply that the q,, are not all zero, which
Higgses the gauge group U(n) to Zy x SO(n) (see e.g. [18]), and gives a mass to the ¢ fields.
The Z, subgroup arises as a subgroup of detU(n) that acts trivially on the ¢4, and so,
from decomposition [19,145-49], we expect that the Landau-Ginzburg geometry is a disjoint
union of two spaces, just as the r > 0 geometry. We shall not pursue the geometry of this
Landau-Ginzburg phase further in this paper, but it would be interesting to do so, especially
to compare to the predictions for this phase from homological projective duality [50-53].

OG(n,2n+1)

First, we shall look for discrete Coulomb vacua. We shall find that, unlike the case of
OG(n,2n), this theory does have nontrivial discrete Coulomb vacua, as well as a nontrivial
Landau-Ginzburg model.

The effective twisted superpotential is

Weg = —(t +i(n - 1)7?)22 Z(2n+1)§]a(ln2a—1)— Zn: ipgyz l (ﬁ:prb) ]

a=1 p2r=1a=1
from which one derives the chiral ring relations

4] (oa+0p) =02t (3.23)

b+a

We will see in examples that this admits nontrivial solutions.
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Let us first consider OG(1,3). Specializing our previous discussion, the corresponding
GLSM is a U(1) gauge theory with one ¢ field of charge -2 and three ¢ fields ¢ .1 of charge
+1, with superpotential

W = q(podo + p-161). (3.24)

As discussed earlier, for r > 0, this describes P2[2] = P!.

Now, let us turn to the r << 0 phase. This is a Z, orbifold of a Landau-Ginzburg model
with superpotential

W = ¢opo + p_101, (3-25)

describing three massive fields. Since there is an odd number of massive fields in this Z,
orbifold, there is a single vacuum [19,45-47], [48, section 4.2].

However, we also need to take into account discrete Coulomb vacua [44]. The chiral ring
relation is

4q = o, (3.26)

so we see we have one discrete Coulomb vacuum, for a total of two vacua, matching the
Euler characteristic of the large-radius phase OG(1,3) = P!, as expected.

Unfortunately, since the vacua live on a combination of Coulomb and Higgs vacua, we do
not know of a method to directly compute the product relations, as we have done previously
for theories in which all of the vacua arise on a Coulomb branch.

3.3 Calabi-Yau condition

As another consistency test, we briefly mention Calabi-Yau conditions. Mathematically, the
intersection of the Pliicker embedding of OG(k,n) with a hypersurface of degree n—k -1 is
Calabi-Yau. We reproduce the same condition physically as the condition for the sum of the
charges under any U(1) subgroup of the gauge group to vanish.

The GLSM for OG(k,n) is a U(k) gauge theory with n chirals in the fundamental V', and
one chiral in Sym?V*. Under any U(1) c U(k), the n chirals in the fundamental contribute
a total of n to the sum of the U(1) charges, and the one chiral in Sym?V* contributes
-2-(k-1)=-k-1, so that the sum of the U(1) charges is

n-k-1. (3.27)
Under the same U(1), any element of the Pliicker embedding
€arap D5 By, (3.28)

has charge 1, so we see that intersecting the image of OG(k,n) with a hypersurface of degree
n —k —1 should be Calabi-Yau, reproducing the mathematics result.
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Let us consider a set of special cases to explicitly check this result. Recall OG(1,n) =
Pr-1[2]. The Calabi-Yau condition is that an additional hypersurface should have degee
n — 2, which matches n -k — 1.

3.4 Orthogonal flag manifolds

In addition to orthogonal Grassmannians, there also exist orthogonal flag manifolds. At the
level of group cosets, these are of the form SO(n,C)/P for suitable parabolic subgroups P.
We can describe them as submanifolds of ordinary flag manifolds F'(ky,---, k,, 2n) satisfying
an isotropy condition on the maximal vector space.

Let us briefly describe GLSMs for these flag manifolds. We begin with the GLSM for an
ordinary flag manifold F'(ky,---, kp,2n) [26]. This is a

U(ky) x U(ks) x -+ x U(k,) (3.29)

gauge theory with bifundamentals (ky,ks), (k2,ks), and so forth to (kp_1,kp), along with
2n chirals in representation ky, of U (k,), following [26]. To build the GLSM for an orthogonal
flag manifold OF (ky, -, kp,2n), we add a chiral superfield g, transforming in the Sy1r12k_p
representation of U(k,), along with a superpotential of the form

W = anb(@gcbg + i@g@éi) or anb(i @g@’ii) (3.30)
ab i=1 ab i=1

(depending upon whether n is even or odd). As for symplectic flag manifolds, we only impose
an isotropy condition on the last, maximal, flag, as all other vector spaces in the flag are
subspaces.

We will not compute quantum cohomology rings from the GLSM here, but mathematical
discussions of quantum cohomology rings for orthogonal flag manifolds can be found in [27].

3.5 Mirrors of orthogonal Grassmannians

Now let us consider the mirror model to the above orthogonal Grassmannian. We will follow
the nonabelian mirror ansatz discussed in [10]. (It should be noted that other notions of
mirrors exist, with different UV presentations but apparently equivalent IR physics, see
[69,128.129].)

OG(k,2n)

According to [10], the mirror model to OG(k,2n) is a Landau-Ginzburg model with

30



e chiral superfields Yj,, i € {+1,--,+n} and a € {1, k},
e chiral superfields U, = exp(-V,,,), mirror to g,
e chiral superfields X, = exp(-Z,,), mirror to W-bosons,

® 0,.

and the superpotential is

W = Zoa(ZKG szyanuV—Za“ InX, —)

uzv HEY
+ZeXp -Yi,) + ZUW+ ZXW,
n>v HFV

where pf, = —0% — 2. From the definition of this mirror Landau-Ginzburg model, the dimen-
sion can be counted as 2nk — k(k - 1) - 1k(k + 1) — k = $k(4n - 3k — 1), which matches the

dimension of OG(k,2n).

Now let us compute the chiral ring relation. First, integrate out o,’s and we will get

ZYm ZPZuan/w Za“ InX,,

3% nFEV

namely, we have

Yia=t- ZY;a"' szuanwj+ Zoﬂ InX,,

i<n p2v 534

=3 Vi 20U = Y Uy = 3 (In X, —In X))

<n pu*a n*a

Define

et o o) (1102 (11 22).

i<n pEa pEa <X pa

therefore the superpotential becomes

W = Zexp -Yi.) + ZH +ZUM,,+Z

i<n,a pu=v u#v

Now let us look at the critical locus defined by

exp (%‘Z) =1, for ¢ an arbitrary field.
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In components, for each a, we have

ngfz =—exp(-Yi,) +1,, fori<mn,
ow
=1 I,
Wi Ui
ow 1 1

=1+ IT, + Im,, f +a,
U, Ui @ U, ™ N7

oW 1 1

=1 II, - I, fi *a,
X0 Xa 0 X, TR
oW 1 1

=1- 11, Im,, f #a,
0X,m X O X om OTHTC

where in the third equation, we have used U,, = U,,. Therefore, on the critical locus, we
have

exp(—Yi) =l,, Uy =1, +11,, X, =-1,+I,.
Then plugging back into equation (3.32)), we have
11202 = 4q ] (11, +I1,,). (3.34)

p*a

The chiral ring relations obtained from mirror models are equivalent to each other given that

II, < o,.

OG(k,2n+1)
The mirror to OG(k,2n + 1) is defined as the Landau-Ginzburg model with
e chiral superfields Y;,, i € {0, £1,---,+n} and a € {1,---, k},
e chiral superfields U, = exp(-V,,,), mirror to g,

e chiral superfields X, = exp(-Z,,), mirror to W-bosons,

® Jg,

and the superpotential is

W=ZOG(ZY;(Z— > o, U, - ZazylnXW—t)

pn2v 534
+ Zexp(_}/;a) + Z U,ul/ + Z X,uuy
%,a 3% [753%
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where pf, = —0% — 0. From the definition of this mirror Landau-Ginzburg model, the dimen-
sion can be counted as (2n+ 1)k —k(k-1) — 2k(k +1) - k = $k(4n - 3k + 1), which matches
the dimension of OG(k,2n +1).

First integrate out o,’s,

Yo zt—ZYm+ szyanw,+ ZO‘ZVIHXW»

10 3% j7z3%
:t—ZYm—anUaa—Zanau—Z(lnXau—lnXua), (3.35)
10 p*a p*a

and define

IT, = exp (=Yoa) = ¢ (H eXp(Y;-a)) Uz, (H Uap) (H ﬁa“) : (3.36)

i#0 p#a p#a <X pa
The superpotential becomes

W= exp(~Yi) + Y Mo+ Y U+ > X0 (3.37)

1#0,a uxv j7E3%
Using the same calculations as in case of OG(k,2n), we have
exp(-Yi,) =l,, Uy =1, +11,, X, =-1I,+I,.

and
Hg”‘l =4q H (1, + Hu) , (3.38)

pEa

which is the same as the chiral ring relations for OG(k,2n + 1) by

II, < o,.

4 Conclusions

In this paper we have studied GLSM realizations of symplectic and orthogonal Grassmanni-
ans and flag manifolds, which is to say, spaces of the form SO(n)/P and Sp(n)/P for suitable
subgroups P, generalizing GLSMs for ordinary Grassmannians G (k,n) which are of the form
U(n)/P. We have checked our descriptions by comparing ordinary and equivariant quantum
cohomology rings predicted by GLSMs with those derived mathematically, compared Witten
indices of different phases. We have also discussed mirrors of these GLSMs.

One future direction is to generalize to GLSMs for Grassmannians and flag manifolds
derived from exceptional groups. Another direction is to understand how to interpret the
various phases in terms of homological projective duality [50].
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A Symmetric polynomials

In this section, we briefly define two classes of symmetric polynomials and list some identities
which are used extensively in this paper.

Elementary symmetric polynomials

The kth elementary symmetric polynomial in n variables xy,-, x,, denoted ey(x), is

defined by
er(x) = Z Tjy Tig+ T - (A.1)

1<i1< <1 <n

with eg(x) =1 and ex(z) =0 for k < 0. For example, the elementary symmetric polynomials
in 3 variables x1, x5 and x3 include

e1(x) = x1 + x9 + 13,
ea(x) = T129 + X123 + ToT3,

es(x) = r1xa13.

It can be shown that for elementary symmetric polynomials in n variables x, -+, z,,

eo()? + 2712_:(—1)j€g+j($)€g_j(33) = > ozl (A.2)

j=1 1<ty <<ip<n

Complete homogeneous symmetric polynomials

The k-th complete homogeneous symmetric polynomial in n variables zy, -, z,, denoted
hi(x), is defined by
hk(l') = Z xhxiz'”xikv (Ag)

1<iy<<ig<n

with ho(z) =1 and hg(z) =0 for £ < 0. They can also be defined as

hi(z)= > afaPal, (A.4)

n
i1+ +in=k
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where i1, ...,1, are non-negative integers. For example, the complete homogeneous symmet-
ric polynomials in 3 variables z, x5 and x3 include

hl(ZE) =T +T9 + I3,
ho(x) = 23 + 23 + 22 + 1120 + 1173 + To73,

ha(x) = 23 + 23 + 25 + 2229 + 2223 + 1103 + 2333 + 1122 + 223 + T 7973

For complete homogeneous symmetric polynomials in two variables z; 2, define
(n) n—2 )
P = hy(2)? +2 ) (=) hypei(@) hpi ().
i=1

P = ()2 +2 i(—)ihmi(x)hn_i(a:),

for a given integer n > 2. We will use the following identity in section [2.3}

2P1(") +3 (93% + x%) P;”fl) + 4x1332P2(n71) = (=)t (ﬁ" + x%”) - (A.5)

As we do not know a reference where this is written explicitly, we briefly outline an
argument for this identity here. First, it is straightforward to check that it is true for n < 3,
so we will use induction to argue it for general n. Assume it is true for n, n+ 1, then we will
argue it is true for n + 2. Now, for polynomials in two indeterminates,

ho(z) = hp1(z)er(x) = hyo(z)ea(x),
which one can use to show

P1(n+2)
P2(n+1)

Pl(ml)ef + Pf”)eg +2(=)"€ hons1 — 2(=)"€2eahay, + 2(=)"e2hay,

P2(n)€% + P2(n_l)€% - 2(—)n€1h2n+1 + 2(—)n€2h2n,

where we have used e; = hy. This implies

2P1(n+2) + (Sx% + 323 + 4x1x2) P2(n+1)
= er(x)? ()" (27" +a3"2) + ea(2)? (=) (a7 + 23")
+2(_)n+161h2n+3 + 2(=)"ere2h2p41,
= (o) (2t + a3 ) 4 2(=)" (2B, + 223
+2(=)"e1hones + 2(=)"ereahon. 1.

For the last two terms, using the second definition of complete homogeneous symmetric
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polynomials, we have

2(=)"erhopss + 2(=)"e1€2hon41
= 2(_)n+1 Z (aﬂf”w? +9€’fx§2+1) + 2(_)n Z (le'1+2x;'2+1 +${1+1$§2+2)’
i1+i9=2n+3 P
= 2(_)n+1(x%n+4+x%n+4) " 2(_)n+1(x%n+3x2+x1x§n+3)7
+2(-)m Y (w§3+2$;§+1 +$§’1+1$;'2+2>

i +ih=2n+1
+ 2(_)n Z (le'1+2x%2+1 + x{1+1x‘;2+2) 7
J1+j2=2n+1
2(_)n+1(x%n+4+x%n+4) + 2(_)n+1(x%n+3x2+w1$§n+3)'

Therefore,
2P1(n+2) 4 (3:1:% + 31:% 4 4x11:2) P2(n+1) _ (_)n+1 (x%n+4 " x%n+4) : (A.6)

establishing the induction.

B Equivariant quantum cohomology

Equivariant quantum cohomology can be obtained from gauged linear sigma models by
turning on twisted masses for global symmetries [24]. In this section, we will review how
this works in detail for projective spaces and Grassmannians, comparing to known math
results [54].

Mathematically, many results on equivariant cohomology on these spaces follow from the
universal sequence over any Grassmannian

0—S§ —=V— Q9 —0, (B.1)

where S is the universal subbundle, Q the universal quotient bundle, and V' a trivial bundle.
For G(k,N), S has rank k, Q has rank N — k, and the trivial bundle V has rank N. If we
turn on equivariant parameters with respect to the maximal torus in GL(N), then we write
) as a sum of eigenspaces for the action:

VC,eCho---0Cyy, (B.2)
for generic equivariant parameters ty,...,t,. The total Chern class in equivariant cohomology
is given by

c(V) = (1+t1)(1+ta)(1+1ty). (B.3)

The equivariant cohomology ring of the Grassmannian can be expressed in terms of the
equivariant Chern classes of S. For later use, the resulting expressions can often be efficiently
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written in terms of functions hy(z[t), known as the factorial complete homogeneous Schur
functions, which are defined as

ho(zlt) = Y (@ = t0) (i — tiger) - (@i, = Liyep1) | (B.4)

1<ig <<ip<k

for p an integer N-k+1<p< N.

B.1 Projective spaces

From the GLSM for the projective space PN-1| the chiral ring relation after turning on

twisted masses is given by
N

[T(o-mi)=q. (B.5)

i=1

Mathematically, for PN-1, the equivariant quantum cohomology ring relation igf [54]

hy(xlt) = q. (B.6)
In this case, k=1, p can only be N and ¢ = (t1,...,ty),
hN(ZL‘|t)=(ZE—tl)(ZL‘—tg)...(df—tN)7 (B?)

so the mathematical relation for equivariant quantum cohomology matches the physical
chiral ring relation (B.5|) if we identify = = o, t; = m;, and ¢ = q.

In terms of the universal subbundle § and its equivariant Chern classes, from from (B.1])
we have

c1(8S) +c1(Q) = ex(?),
c1(8)e1(Q) +ca(Q) = ea(t),

c1(S)en-1(Q) +en(Q) =en(t),

or more simply,

¢
ce(Q) = e(t) - c1(S)cr-1(Q) = Y (—c1(S)) eri(?), (B.8)
i=0
for ¢=1,2,..., N, where e;(t) is the i-th elementary symmetric polynomial of ¢1,...,ty. In
particular,
en(Q) = Y (—ai(8)) en-i(t) = Y (-1) w'en—i(t) = (-1)" hy (z]t). (B.9)
i=0 1=0

Classically, cx(Q) = 0. In the quantum theory, cx(Q) = (-1)¥¢, which yields the equivariant
cohomology ring relations hy(x[t) = ¢ in [54], for x = ¢, (S).

6 We use G to distinguish from the ¢ in ordinary chiral ring relations.
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B.2 Grassmannians

Let us consider the general Grassmannians, G(k, N). It can be realized in the U(k) GLSM
with NV fundamentals. The chiral ring relations are

N
[](oa-mi)=(-1)"q, fora=1,... k. (B.10)
i=1

First, consider the special case G(2,4). Define 1, 25 as the Chern roots of the universal
subbundle §. The equivariant quantum cohomology ring relations are given by [54]

c3(Q) = —hs(z[t) =0,
ca(Q) = ha(z[t) = -

We claim the GLSM predictions match. The physical chiral ring relations for G(2,4) are

H (02 -m;) = —q.

Subtracting these equations and factoring out o1 — oy (since the excluded locus forbids o =
09), we have

hs(o) —e1(m)ha(o) + ea(m)hi(o) —ez(m) = 0. (B.11)

Since the left-hand side of the equation above is h3(o|m), we recover the first equivariant
quantum cohomology ring relation after identifying ¢; = m; and z, = o,.

The sum of the physical chiral ring relations is
(o1 +03) = (03 +03)er(m) + (02 +02)ex(m) — (01 + 02)es(m) + 2e4(m) = —2¢. (B.12)
Adding (o7 + 09)hs(o|m) to the left-hand side gives 2hy(o|m). Therefore, we end up with
ha(olm) = -q, (B.13)

which matches the second equivariant quantum cohomology ring relation if we also identify
q=q

Next, consider G(2, N). The equivariant quantum cohomology ring relations are given
by [54]

hN_1($|t) = O,
hy(alt) = -4.
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We follow the same pattern to show that these ring relations follow from the physical chiral
ring relations
N
[1(0a-mi) = —q, (B.14)
i=1
for a € {1,2}. Subtracting the two equations and factoring out oy — o9 yields

hy-1(olm) = Z:_(;(—l)iei(m)h]v_l_i(a) _ 0, (B.15)

which matches the first mathematical ring relation. Next, summing the two chiral ring

relations gives
N-1

(=1)es( m)( ol ) +(~1)N2en(m) = (B.16)

1=0
Since we have hy_i(olm) = 0, we can add (o7 + 02)hn_1(m|t) to the left-hand side of the
above equation to get

2hy(olm) = Z( )iei(m) (o 7 + o))+ (-1)V2en(m) + (01 +02) hy-1(0m) = —¢, (B.17)

from which the second mathematical relation follows. Therefore, we see that for o, = z,,
m; =1; and q = ¢, the physical chiral ring relations reproduce the mathematical equivariant
cohomology relations.

Next, we consider the case G(3,N). In this case, the equivariant quantum cohomology
ring relations are [54]

hn_o(z[t) = 0, hy_q1(xlt) =0, hy(x[t) = q. (B.18)
From the GLSM for G(3,N), we have following chiral ring relations:

N
[1(oa-mi) = q. (B.19)
i=1

for a e {1,2,3}.

To derive the mathematical ring relations from the physical chiral ring relations, we
proceed as follows. First, subtract each two of the three chiral ring relations and factor out
(01— 09), (01 —03), and (09 — 03), to get.

N-1

;)(_1)iei(m)hN—l—i(Ul,0'2) = 0, (B.20)

;(_1)iez‘(m)thi(01,(73) = 0, (B.21)

>, (=1)'ei(m)hn-1-i(09,03) = 0. (B.22)

=0
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Subtracting any two of the equations above gives a relation of the form
N-2

Z (_1)i€i(m) (hn-1-i(01,02) = hno1-i(o1,03)) = 0. (B.23)

i=0
We simplify this using
> ol (O‘% —ag) = (09 —03) Y, othj_1(02,03),
i+j=k i+j=k

(02— 03) hi—1(0),

and factoring out o9 — o3 from equation (B.23)) then gives
N-2

Z (-1)'e;(m)hn-2-i(0) = hy_a(alm) = 0, (B.24)

i=0
which is the first equivariant quantum cohomology ring relation.

hk(01702)—hk(01,03)

To obtain the second ring relation, sum the three equations, (B.20)), (B.21)) and (B.22),
which gives

=

0 (-1)’ei(m) (hn-1-i(01,02) + hn-1-i(01,03) + hn-1-i(02,03))

z 5
Lo

= ( 1)i€i(m) (hN—l—i(Ula 02) + hN—l—i(Ula 03) + hN—l—i(U27‘73))

(U)hN 2(alm),

+s
('BO

(=1)’e;(m) [hn-1-i(01,09) + hy_1-i(01,03) + hy_1-i(02, 03)
(U)hN—z—z‘(U)] +3(-1)"ten-1(m),
= 3 ZO( 1)ie;(m)hy_1-i(c) +3(=1)Nten_1(m),

= 3hn_1(o|m),

which is the second equivariant quantum cohomology ring relation.

“M

The last equivariant quantum cohomology ring relation can be obtained by summing the
three physical chiral ring relations:

3q = Zo ~D)ie;(m) (ol 7+ 0+ o) + (-1)V3en(m),
= :0( Diei(m) (o "+ o)+ ol ™) + (-1)V3en(m)
+2e1(0)hn-_1(olm) —ea(o)hn_2(a|lm),
= 3 ;) (-D)e;(m)hy_i(0) + (=1)V3en(m),
= 3hn(o|m).
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Thus, we see that all the equivariant quantum cohomology ring relations can be derived from
the physical chiral ring relations for G(3, V).

These methods are straightforward to generalize to G(k, N) for k > 3, and so we do not
give further details here.

C Tensor product representation

In this appendix, we briefly review the weights of tensor products of representations. Con-
sider first the case V ® V', where V' is a two-dimensional representation. Denote a basis of V'
by {v1,vs}, then a basis for the tensor product is

{Ul ® V1,01 ® V2,V ® V1, Vg ®U2} .

In the representation V', the weights p¢ are defined by H%v; = pfv;, where H® is a Cartan
generator [56]. In the tensor product representation V ® V|

H; ® v; = (p?+p§)vi®vj = pivi ® vy, (C.1)
namely, the weights are pf; = pf + p§.

We can further restrict to the (anti-)symmetric case by (anti-)symmetrizing the basis. In
this particular example, the symmetric tensor product representation has the basis

1
{’Ul ® V1, Vg ® V2, 5 (Ul ® Vg + Uy ® 'Ul)} ,
and the weights are 2p{,2p3, pi + p§. In the anti-symmetric case, the basis is
1
5(1)1 ®U2—’U2®U1),

and the weights are p{ + p§. This story can be generalized easily.

D Equivariant quantum cohomology for SG(n,2n)

Consider the universal sequence over SG(n,2n) with equivariant parameters turned on
0—8— VgG(n,Qn) — Q9 —0. (D.1)

In this sequence, the tautological bundle & and the quotient bundle @ both have rank n
and they are dual to each other, i.e. §* 2 Q, which implies ¢;(S) = (-)’c;(Q) and the Chern
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roots of § and Q are up to a minus sign. This universal bundle gives the following relation
c(V) =c(8)c(Q) = (1+¢1(S) + -+ cn(8)) (1 +¢1(Q) + -+ + ¢, (Q)),
= (1-21)(1-23)(1-273), (D.2)
where x; can be the Chern roots of either S or Q. The total Chern class of ¢ (V?) is
eV = (T+ty)(1+t,)(1=ty) (1 =t,) =1 —e1(t?) + ea(t?) + -+ + (=) "en (t?). (D.3)
where ¢;’s are equivariant parameters for Sp(n)-action and e;(t?) is the i-th elementary

symmetric polynomial of {t2, -+ ¢2}.

To obtain the (quantum) cohomology ring relations, we need to modify equation (D.2))
by adding ¢;(S) and ¢;(Q) for n <i < 2n and it becomes

cV) =1+ (8)++02,(8)) (1 +¢c1(Q) +++ + 2,(Q)) . (D.4)

Since Q = §*, the relations ¢;(Q) = (-)i¢;(S) still hold for n < i < 2n. Now the (quantum)
cohomology ring relations can be obtained by extracting terms of the same degree from both

sides. Our convention here is to choose {¢;(S)|i = 1,...,n} as the generators of the (quantum)
cohomology and the constraints on {¢;(Q)|i =n+1,...,2n} will generate the ring relations.
To get the classical ones, we need to set

Cn+1(Q> = 0; Cn+2(Q) = 07 " C2n(Q) =0. (D5>

While to obtain the quantum cohomology ring relations, ¢ has degree n + 1 for SG(n,2n)
and we need to set

2Cn+1(Q) = 57 Cn+2(Q) = O, Y ch(Q) =0. (DG)
In the following, we only verify the quantum case as it will reproduce the classical case in
the limit ¢ — 0. It turns out we should consider two situations, n odd and n even, separately.

First, let us consider n = 2k + 1. Equations (D.3)) and (D.4]) generate the following two
sets of equations:

c1(8)+c1(Q) =0,
2(8) +c1(8)c1(Q) + 2(Q) = —ex(1?),

o (8S) + c2-1(8)e1(Q) + -+ + e1(S) car-1(Q) + car(Q) = (=)Fex(t?),
Co+1(S) + ek (S)c1(Q) + -+ + 1 (S)car(Q) + cor41(Q) = 0,

and

02k+2(3) + Czk+1(3)01(Q) +-t 01(3)02k+1(Q) + 02k+2(Q) = (—)k+16k+1(t2),
C2k+3(8) + C2k+2(3)01(Q) +-t 01(5)C2k+2(Q) + 02k+3(Q) =0,

C4k+1(3) + C4k(S)Cl(Q) tet CI(S)C4k(Q) + C4k+1(Q) =0,
Carr2(8S) + cap1(8)er(Q) + -+ + e1(S) cars1(Q) + Cars2(Q) = (=) ey (7).
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Among the above two sets of relations, the relations with odd degrees are trivially satisfied
due to the fact that ¢;(Q) = (-)'¢;(S). Therefore, we are left with n = 2k + 1 nontrivial
relations of even degrees. In the first set, substituting ¢;(Q) = (-)i¢;(S), for 1 <i <k, we
have

202i(8) = 2¢2i1(8) 1 (8) + -+ (=) 7126141 (8) i1 (S) + (=)' (S) = (=) "e(t?),
or equivalently,

c2(8)+2 ;(—)lci_l(‘?)cm(é’) = e;(t?).

Written in terms of Chern roots of S:
ei(z)? +2) (- eii(@)em(z) = e (t?), for i=1,2, k. (D.7)
=1

This set of relations will be the same for both classical case and quantum case. For the second
set, we first need to write down ¢;(Q), 2k+2 <i <4k+2, in terms of {¢;(S)i =1,---,n = 2k+1}
and then use equation to obtain final results. For 0 < a < k, we have

k-a

(_1)k+a+lci+1+a(8) + 2(_1)k+a+1 Z (_)lck+a+1—l(3)ck+a+1+l(8) + 202a(8)02k+2(g)
=1

+ 2¢9q-1 (5)C2k+3(Q) +oeeet 201(5)02k+2a+1(Q) + 202k+2a+2(Q) = (_)k+a+lek+a+1(t2)a

and applying equation , this reduces to

k—a

C%+1+a(8) +2 Z (_)lck+a+1—l(S)Ck+a+1+l(8) = 6/’€+a+1(t2) + (_)k+a+202a(3)€7'
=1

Or equivalently, in terms of Chern roots of S:

2k+1-1
e(x)+2 > (D) em(@)ein(z) =e;(t?) + (=) esiono(x)q, fori=k+1,2k+1. (D.8)
i=1

For the case n = 2k, the strategy is the same and we just write down the results:

ei(r)? +2 Z(—)lei_l(aj)em(x) = e;(t?), fori=1,2,- k.
=1

2k—i
ef(x) +2 Y (D) ei(x)ein(x) = ei(t®) + (=) g1 (2)4, fori=Fk+1,- 2k
i=1

We can summarize the equations for even n and odd n cases above in a more compact
form as

n—i

Gf(f) +2 Z(—)lez‘—z(x)@m(x) = ei(t2) + (_)Hle?i—n—l(x)(jﬂ (D.9)

I=1
fori=1,---,n.
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E Simple examples of mixed Higgs-Coulomb branches

In this appendix, we will outline some simple examples of theories with mixed Higgs-Coulomb
branches, and the limitations of computing quantum cohomology with o fields in each case.

First, consider the case of a hypersurface of degree d in P4.

e d=0. In this case, there is no hypersurface, this is just the GLSM for P itself. In this
case, there is no Higgs branch for r < 0, only a Coulomb branch, with ¢ fields obeying

0% o< q. (E.1)

There are then five solutions for o, matching the Euler characteristic of P4, and those
o fields can be used to reproduce the quantum cohomology ring of P*, using known
methods [59)].

e d=>5. This is the Calabi-Yau case. In this case, there is no Coulomb branch, no discrete
Coulomb vacua, only the Higgs branch, corresponding to the Landau-Ginzburg orbifold
phase of this Calabi-Yau hypersurface.

e d=2. (This GLSM provides an alternative physical realization of the space SG(2,4),
which as a variety coincides with P*[2].) This is an example of a mixed branch, with
both Higgs and Coulomb vacua. The Coulomb vacua are solutions of

o° = (-20)%q, (E.2)

or 03 oc ¢, which only has three solutions. In addition, there is a Landau-Ginzburg
orbifold, a Zs orbifold of a theory with superpotential of the form

W = 2% + a2 (E.3)

Here, the x fields are clearly massive, and as there is an odd number of them, taking
the Zy orbifold only results in a single vacuum |19,45-47], [48, section 4.2]. Combining
the Landau-Ginzburg and Coulomb vacua, we have a total of 4 vacua, matching the
Euler characteristic of the hypersurface P4[2].

As a related example, consider the GLSM for a hypersurface of degree d in P3.

e The degree d =0 and d = 4 cases follow the same form as above. In one case, one has
the GLSM for P3, which only has a Coulomb branch, no Landau-Ginzburg phase. In
the other case, one only has a Landau-Ginzburg phase, no discrete Coulomb vacua.
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e The degree d = 2 case here is a bit more interesting. The Coulomb vacua are solutions

of
ot = (-20)%q, (E.4)

or 02 o< ¢, and so there are 2 discrete Coulomb vacua. The Landau-Ginzburg phase is
a Zs orbifold of a theory with superpotential of the form

W =23 + - + 22, (E.5)

Again, the z fields are all massive, but there is an even number of them, so now the
Zy orbifold results in two vacua [19,45-47], [48, section 4.2]. Combining the Landau-
Ginzburg vacua and Coulomb vacua, we have a total of four vacua, which matches the
Euler characteristic of P3[2].

In passing, the Coulomb branch relation for a hypersurface of degree k in a projective
space P* namely

"1 = g(~k)to", (E6)

appear in discussions of the quantum cohomology ring of hypersurfaces in [57, equ'n (16),
(64)], [58, equ'n (1.1)], as a distinguished subring of the quantum cohomology ring (computed
by the Coulomb branch of the GLSM).

F

Dualities and examples

In this appendix we will summarize some geometric relationships between various Grass-
mannians, that have appeared sporadically throughout the text.

. G(k,n) =2 G(n-k,n),

SG(1,2n) z P21

OG(1,n) =z P-1[2],

OG(n,2n+1)2OG*(n+1,2(n+1)), see e.g. [5, exercise 23.53],
0G(1,3) 2 OG*(2,4) = P,

OG(1,5) 2 SG(2,4) 2 P4[2], see e.g. |5 exercise 23.50],
0G(2,5) 2 SG(1,4) 2P3, see e.g. [5, exercise 23.50],

OG(1,6) 2 G(2,4) 2 P?[2], see e.g. [5], section 23.3],

OG*(3,6) 2 SG(1,4) 2 P3, see e.g. [5l section 23.3],
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10. OG(1,8) 2 OG*(4,8), see e.g. |5, section 23.3].

Physically, these all correspond to various IR dualities between GLSMs, sometimes re-
lating abelian GLSMs to nonabelian GLSMs.
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