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ABSTRACT: In this paper we give gauged linear sigma model (GLSM) realizations of a
number of geometries not previously presented in GLSMs. We begin by describing GLSM
realizations of maps including Veronese and Segre embeddings, which can be applied to
give GLSMs explicitly describing non-complete intersection constructions such as the in-
tersection of one hypersurface with the image under some map of another. We also discuss
GLSMs for intersections of Grassmannians and Pfaffians with one another, and with their
images under various maps, which sometimes form exotic constructions of Calabi-Yaus, as
well as GLSMs for other exotic Calabi-Yau constructions of Kanazawa. Much of this paper
focuses on a specific set of examples of GLSMs for intersections of Grassmannians G(2, N)
with themselves after a linear rotation, including the Calabi-Yau case N = 5. One phase
of the GLSM realizes an intersection of two Grassmannians, the other phase realizes an
intersection of two Pfaffians. The GLSM has two nonabelian factors in its gauge group,
and we consider dualities in those factors. In both the original GLSM and a double-dual,
one geometric phase is realized perturbatively (as the critical locus of a superpotential),
and the other via quantum effects. Dualizing on a single gauge group factor yields a model
in which each geometry is realized through a simultaneous combination of perturbative and
quantum effects.
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1 Introduction

Over the last decade, a number of works have appeared showing how to construct GLSMs
for more exotic spaces than complete intersections in toric varieties, in both abelian and
nonabelian theories. For example, there now exist constructions for Pfaffian varieties, both
as perturbative critical loci as well as with nonperturbative methods, nonperturbative con-
structions of branched double covers and noncommutative resolutions thereof, and GLSMs
in which the geometric phases are not birational. Even though one expects a whole zoo of
new examples, only a handful of explicit constructions have been given so far [6-14].

It is obvious that a greater variety of examples should exist. For instance, besides
the Pliicker embedding that plays a central role in the Grassmannian examples, there
are further embeddings such as the Veronese embedding and the Segre embedding, whose
images are not complete intersections (and hence not previously describable in GLSMs,
save those which can be understood as Pfaffians). Part of the motivation of this work was
to give a realization of these embeddings and non-complete intersections in terms of the
GLSM. Furthermore, these embeddings can be used to realize a wide class of mathematical
constructions of geometries which were not previously realizable in GLSMs, and we provide
some simple illustrative examples.

A further motivation comes from recent constructions of exotic Calabi-Yau geometries
in the mathematics literature that naturally generalize the known Grassmannian and Pfaf-
fian constructions. One of these is an intersection of two Grassmannians in P? and its
homological projective dual [15] that has recently been shown to be a counter example to
the birational Torelli problem [16, 17]. In this work we give a GLSM realization of this pair
of non-birational one-parameter Calabi-Yaus. We furthermore give a GLSM description of
two Calabi-Yaus that are intersections of Pfaffian varieties with hypersurfaces [15].

In this work we consider GLSMs which reduce at low energies to non-linear sigma mod-
els on a certain geometry. In the Calabi-Yau case the FI couplings are not renormalized and
there can be regions (phases) in the parameter space where the low-energy configuration
of the GLSM is a non-linear sigma model with a Calabi-Yau target. In the Calabi-Yau
case the FI parameters can be identified with Kédher moduli of the Calabi-Yau inherited
from the ambient space. In the non-Calabi-Yau case the FI coupling is renormalized, and
its value is governed by a dynamically generated scale A. In this case the RG flows of the
GLSM and nonlinear sigma model will asymptotically approach one another.

The GLSM is particularly useful in the Calabi-Yau case. Not only can does it give a
physics realization of correspondences between Calabi-Yaus associated to different phases,
it also encodes further information about the Calabi-Yau. For instance, the singularities in
the Kéhler moduli space are captured by Coulomb, or more generally the mixed, branches
of the GLSM. In this work we will make use of these GLSM techniques to analyze examples
of exotic Calabi-Yaus. As for the non-Calabi-Yau case, our main concern will be to identify
GLSMs that reduce to non-linear sigma models on certain Fanos.

We begin in section 2 by describing GLSMs for (graphs of) functions such as Veronese
and Segre embeddings, whose images are not complete intersections in general. For exam-
ple, the image of the Veronese embedding of degree two is a determinantal variety, and we



will see that in this special case the GLSM for the Veronese duplicates the PAXY model [9]
for that determinantal variety. In section 3 we discuss GLSMs for various intersections of
Grassmannians and Pfaffians. In section 4 we study phases of the GLSM for an intersec-
tion of Grassmannians, giving a physical realization of the Calabi-Yau geometry discussed
in [16, 17]. In our construction this Calabi-Yau arises as the r > 0 phase of a GLSM with
gauge group G = %, where r is the FI parameter of the GLSM. The r < 0 phase of
this GLSM realizes an intersection of Pfaffians, in a nonperturbative fashion, and we apply
dualities which yield GLSMs in which the phases are realized in a variety of other fashions.
Finally in section 5 we examine GLSMs for other exotic mathematical constructions of
Calabi-Yaus discussed in [15].

2 GLSM realizations of various maps

2.1 Veronese embeddings

Recall a Veronese map of degree d is a map v : PV — P(Syde) that sends homogeneous
coordinates [z, - - - , Z,| (on an n+ 1-dimensional vector space V') to all possible monomials
of degree d. For example, the degree two map P! — P? sends

[0, 1] +— [x%,w%,xoml]. (2.1)

If P(V) is a projective space of dimension n, then P(Syde) is a projective space of

(”;d>—1. (2.2)

In this section we will describe how such maps are realized in GLSMs. In particular,

dimension

the image of the Veronese embedding is not a complete intersection, and so its GLSM
realization is of particular interest, as it provides access to GLSM realizations for a new
class of mathematical constructions.

We can realize Veronese maps in GLSMs by adding a series of fields and superpotential
terms to identify homogeneous coordinates in the image projective space with monomials
of homogeneous coordinates in the original projective space. By integrating out the ‘target’
homogeneous coordinates, we are left with the original projective space. The images are
non-complete-intersections. For degree two maps, the images are determinantal varieties,
and in fact we shall see later that for degree two maps this construction is equivalent to
the PAXY model of [9] for such determinantal varieties. In this fashion, we realize the
Veronese embedding in a GLSM, or perhaps more accurately, its graph.

For example, consider the degree two map P! — P? above. Corresponding to this map,
consider a GLSM defined by a U(1) gauge theory with chiral superfields! z¢ 1, of charge 1,
Yo,1,2 of charge 2, and pg 12 of charge —2, with superpotential

W = po(yo — x3) + p1(y1 — 21) + pa(y2 — zow1). (2.3)

!By a slight abuse of notation we use the same letters to denote superfields and their scalar components.



The D-terms require that the collection {xg,- - ,y2} not be all zero in the phase in which
r > 0, where r is the FI parameter. The F-terms require

yi = vi(z), pi=0, Zpiajw(fﬂ) =0, (2.4)

where v;(x) denotes the image of the Veronese map. The F terms force y; to be the image
of the Veronese embedding. Furthermore, the F terms for the y;’s immediately require
all p; = 0, as expected to realize the desired geometry. (Mathematically, the Veronese
embedding is always smooth, see e.g. [18, chapter 1.4], which is also consistent with the
observation that the p;’s never become nonzero on vacua.)

Integrating out y’s and p’s reduces this model to just P!, realized with z’s. (We will
see that this is a special case of a more general result, for GLSM’s realizing functions, or
more properly graphs of functions, in section 2.5.)

More properly, this GLSM is realizing a locus in P?1,1,2,2,2]’ where the last three ho-
mogeneous coordinates are identified with quadratic monomials in the first two. However,
this locus is the same as a P!, parametrized by the first two homogeneous coordinates. As
a quick consistency check, note that those first two homogeneous coordinates cannot both
vanish: if they did, the other homogeneous coordinates would immediately vanish, and
that point does not exist in the weighted projective space. For the same reason, this locus
does not intersect the Zs singularities of the weighted projective space, which arise where
the first two homogeneous coordinates vanish.

Also note that if we define

Poo = Po, P11 =DP1, P10 = Po1 = P2, (2.5)
Yoo = Yo, Y11 = Y1, Y10 = Yo1 = Y2, (2.6)
then we can rewrite the potential in the form
W= pij (yig — mizj) (2.7)
i<j

which has the same form as a symmetric-matrix version of the PAXY model discussed
in [9, section 3.5].

Let us take a moment to compare in greater detail to the pertinent PAXY model, for
symmetric matrices, discussed in [9, section 3.5]. There, to describe the locus on which a
symmetric n x n matrix A(¢);; has rank k, the authors introduced chiral superfields p;;,
an O(k) gauge symmetry, a set of n chiral superfields z;, valued in the fundamental, and
a superpotential

W = pij (A(})ij — TiaTja) - (2.8)

In the present case, to describe the image of the Veronese embedding, we want to
describe the locus on which the symmetric matrix A;; = y;; has rank one, as the matrix
(z;z;) has® rank one. Following [9], the PAXY model is an O(1) = Zs gauge theory with

In general, for P"~', so that there are n homogeneous coordinates x;, it is straightforward to show
that the matrix (x;z;) has only one nonvanishing eigenvalue, given by 3. x2. Alternatively, to see that it
has rank one, note that when multiplied into the vector (a1, az, - 7an)T, all components of the result are
proportional to )", a;x;.



fields x; and a superpotential of the form
W = pij (A(@)ij — wiz;) . (2.9)

(In the construction of [9], the x; are merely introduced to define the locus on which A(¢)
has rank one; in the present context, however, they are homogeneous coordinates on the
source projective space of the Veronese embedding.) Here, for A(¢);; = v;j, we have an
identical superpotential. Furthermore, because the y;; are charge two and the z; charge
one under the gauged U(1), that means the y;; are neutral under Zy C U(1), whereas the
x; receive a sign flip, also matching [9].

In hindsight, the fact that the GLSM for the degree two Veronese model can be de-
scribed as a PAXY model should not be a surprise, as the image of degree two Veronese
embeddings are Pfaffian varieties (see e.g. [19, lecture 2]), hence describable by PAX and
PAXY models.

Analogous descriptions extend to the images of Veronese embeddings of higher degree.
For a degree d map, label the homogeneous coordinates on the target projective space by
Yiy iy, Symmetric in its indices, then labeling the dual fields by p;,...;, similarly, we can
write the superpotential as

W = pil"'id (yil...id — Xy Ljg * xid) . (2.10)

Just as there was a gauged Zs in the degree two case, matching [9], here there is analogously
a gauged Zg, corresponding to a subgroup of the U(1) gauge symmetry under which the
Yiy i, are neutral but the x; are charged. This is an analogue of the PAXY model for
a ‘hyperdeterminantal’ variety, as one would expect for the image of a Veronese map of
higher degree.

In passing, note that the nonminimal charges of the y’s, dictated by gauge invariance
of the superpotential, also reflect the degree of the Veronese embedding. For a degree
d Veronese embedding, all the maps of the sigma model into the target projective space
have degree divisible by d. Sigma models with restrictions on degrees of maps have been
discussed in e.g. [20-23] and references therein, and in those references, indeed, GLSMs
for such sigma models are described by nonminimal U(1) charges, divisible by a factor
corresponding to the divisibility properties of the maps, in exactly the form we see here.

Let us analyze the model for the degree d Veronese embedding more systematically,
following the same pattern as discussed for the PAXY model in [9, section 3.3]. First,
D-terms describe the space of y’s and z’s as a weighted projective space Py .. 1 4.... q, Of

n + <n;—d> (2.11)

The p’s then form a vector bundle over this projective space, defined by the sum of

n—+d
( J > (2.12)

dimension



copies of O(—d). In this language, the GLSM is realizing a complete intersection in the
weighted projective space Py .. 1 4... g. For the same reasons discussed earlier, this com-
plete intersection can never intersect the Z; singularities in that weighted projective space.
Any singularities would have to arise in the complete intersection itself, not from the
ambient weighted projective space. However, there are no singularities in the complete
intersection. Defining

Eil"'id = yil"'id —1171'1 '--l‘id, (213)
the derivatives
OBiy-iy (2.14)
8(%, y) X

form a set of sections of the normal bundle to the locus X = {E; = 0}, and their linear

1%d
independence guarantees that the F-term conditions

aEir"id
Diy iy 0wy 0 (2.15)
can only be solved by taking all the p;,..;; = 0. Thus, the given GLSM represents the
Veronese embedding of P, as advertised.

As another consistency check, we verify below that the Calabi-Yau condition realized in
such GLSMs by demanding that the one-loop correction to the Fayet-Iliopoulos parameter
vanish, coincides with the mathematical condition to have a Calabi-Yau.

To see this, note that the sum of the y; charges above cancels the sum of the p; charges
above, so that the sum of the charges in a GLSM realizing just the Veronese embedding is
the same as the sum of the charges in the original projective space, the sum of the charges
of the z,’s. Therefore, in order for the FI to be RG-invariant, one must take a hypersurface
(or complete intersection) whose U(1) charge matches the sum of the charges of the x,’s.
This is the same as the same as the Calabi-Yau condition.

To be concrete, consider the example of a degree three Veronese embedding P? — P?:

3.3 .3 2 2 2 2 2 2
[xo, 1, x2] — [x(, 27, T5, I Ta, T{X3, TH5X1, THT3, TZ3T1, T3T2, T1T2T3). (2.16)

To get a Calabi-Yau, we intersect the image with a hyperplane (a hypersurface of degree
one) in P?. This may be counterintuitive, as when dealing with complete intersections,
we work with the sum of the degrees, but this is not a complete intersection. To see
more explicitly that the result is Calabi-Yau, let us consider an example of a degree one
hypersurface in P? intersecting the image of the embedding:

Yo+ yr+y2 = 90%4—:6:{’4—963. (2.17)

Clearly, the intersection of a hyperplane in P? with the image of the (degree 3) Veronese
embedding is equivalent to a cubic in P?, which is Calabi-Yau.

To realize the example above in a GLSM, we consider a theory with gauge group U(1),
and matter

e 3 chiral superfields x; of charge 1, corresponding to homogeneous coordinates on the
original P?,



e 10 chiral superfields y; of charge 3, corresponding to homogeneous coordinates on the
image P,

e 10 chiral superfields p;, charge —3, multiplying superpotential terms that identify the
homogeneous coordinates of the P? with the image of the Veronese embedding,

e one chiral superfield ¢ of charge —3, realizing a hyperplane in P?,

and superpotential

W = ij (y; —vi(x)) + qG(y), (2.18)

where v;j(x) is the jth entry in the Veronese embedding (e.g. vo(x) = 23, v1(x) = 23, and
so forth), and G(y) is linear in y’s (hence gauge charge 3).
The F terms imply

oG
G(y) =0, y;=vi(z), Y pidw;(x)=0, p;+ 5y = 0. (2.19)
j J

At any fixed (nonzero) vev of the z’s (and hence y’s), the last two equations form 13 linear
homogeneous equations for 11 unknowns (the p’s and ¢), hence generically one expects that
g = 0 and all the p; = 0, as expected for the geometric interpretation we have described.

Note that the sum of the U(1) charges is zero — the charges of the p;’s and y;’s cancel
out, leaving one just with the charges of the z;’s and ¢. Thus, as expected, we see that our
GLSM description of the Veronese embedding correctly realizes the Calabi-Yau condition,
as the condition that the Fayet-Iliopoulos parameter does not run and so is RG-invariant.

So far we have discussed intersections of the image of the Veronese embedding with
hypersurfaces in the target space. In principle, one can also discuss images of hypersurfaces
under the Veronese embedding, as well as their intersections with hypersurfaces in the
target. For example, let f(x) define a hypersurface of degree dy in the (original) projective
space defined by the z’s, and G(y) a hypersurface of degree dg in the target projective
space, defined by the y’s. Suppose the x’s and y’s are related by a Veronese embedding of
degree d. We could describe the intersection of the image of {f(z) = 0} with {G(y) = 0}
with a GLSM with gauge group U(1) and the following fields:

e chiral superfields x; of charge 1, corresponding to homogeneous coordinates in the
original projective space,

e chiral superfields y; of charge d, corresponding to homogeneous coordinates in the
target projective space,

e chiral superfields p; of charge —d enforcing the Veronese map,

a chiral superfield s of charge —dy,

a chiral superfield ¢ of charge —ddg,



and superpotential

W = ij(yj —vj(x)) + sf(z) + 9G(y). (2.20)

The F-terms imply, for example,

Yj = Vj(x)v f(.%') =0, G(y) =0, (2'21)

and in this fashion one sees that, in the r > 0 phase, this GLSM is describing the inter-
section of the image of {f(x) = 0} with {G(y) = 0}.

For completeness, let us also consider the r» < 0 limit of these models. To be concrete,
consider a quadratic Veronese embedding, say P! — P2. Here we have

e two chiral superfields x; of charge 1,
e three chiral superfields y; of charge 2,
e three chiral superfields p; of charge —2,

and superpotential

W = po(yo — 25) + p1(y1 — 21) + pa(y2 — zow1). (2.22)

For r < 0, D terms require that the p’s are not all zero. At the same time, the F terms for
the y; require that all the p’s vanish. This is a contradiction — classically, there are no>
supersymmetric vacua for r < 0, just as in the ordinary P™ model. Taking into account
quantum corrections, one finds that RG flow drives the theory to the Coulomb branch
where it sees a collection of discrete Coulomb vacua, as is well-known.

More generally, we can now build a GLSM describing the intersection of the image of

k hypersurfaces in P”, under a degree d Veronese embedding, with m hypersurfaces in the

n+d
( j >—1. (2.25)

The expected dimension of this space will be n — k — m. Suppose the k hypersurfaces in

target projective space, of dimension

P™ have degrees D1, --- , Dy, and the m hypersurfaces in the target projective space have

3In passing, note that if there were supersymmetric vacua, there might be an interesting structure. Write
the superpotential as

W = py; — @AY (p)zj, (2.23)
then A% is a mass matrix for the ’s, given by
i 1/2
(A = | Po /22| (2.24)
1/2p2 p1

Away from the locus {det A = 0}, all massless fields have charge +£2, so we have a branched double cover
of Tot (9(—1)3 — P2, defined by the p’s and y’s, branched over this degree two locus in P?, with remaining
superpotential terms p;y; [7, 20-22].



degrees Ey,--- , Bp,. The Calabi-Yau condition is

<2Di> +d|[> B =n+1. (2.26)

The corresponding GLSM is a U(1) gauge theory with matter

e n + 1 chiral superfields x; of charge 1, corresponding to homogeneous coordinates on
P,

(n+d)---(n+1)/d! chiral superfields y; of charge d, corresponding to homogeneous
coordinates on the target projective space,

(n+d)---(n+1)/d! chiral superfields p; of charge —d, multiplying superpotential
terms describing the Veronese embedding,

k chiral superfields q, of charges —Dy,--- ,—Dy,

m chiral superfields r, of charges —dFE1,--- , —dE},

with superpotential

W = by (yj - Vj(x)) + Qafa(x) + Tbe(?J)y (2'27)

where fo(z), gp(y) are the homogeneous polynomials defining the hypersurfaces in P and
in the target projective space. The Calabi-Yau condition follows immediately from the sum
of the U(1) charges.

The reader should note that the spaces above are not new to the literature — these
are simply the complete intersections P"[Dy,--- , Dg,dE1, -+ ,dEy,], described in an un-
usual fashion.

For one example, we can obtain a Calabi-Yau threefold as the intersection of the
image of a hypersurface in P5 of degree 2, under a Veronese embedding of degree 2, with a
hypersurface in the target projective space of degree 2. This is equivalent to the complete
intersection P°[2, 4].

There are several other closely analogous examples which are straightforward to realize
in GLSMs, which we will describe in subsequent subsections. As the analysis is very similar
to what we have just described, our descriptions will be brief.

2.2 Segre embedding

The Segre embedding can be realized in a similar fashion to Veronese embeddings. Recall
the Segre map is the map
]P)k < P* — P(k+l)(n+l)fl (228)

as
[0, s xk] X [Yo, -+ Yn] — [Tovo, Toyi, ", TnYn), (2.29)

where the x; are homogeneous coordinates on P* and the y; are homogeneous coordinates
on P".



We can realize this map in a GLSM as follows. Consider a U(1) x U(1) gauge theory,
with matter

e k + 1 chiral superfields x; of charge (1,0),
e n + 1 chiral superfields y; of charge (0, 1),
e (k+1)(n+ 1) chiral superfields z, of charge (1, 1),

e (k4 1)(n + 1) chiral superfields p, of charge (—1,—1), multiplying superpotential
terms that force the z,’s to be identified with the image of the Segre embedding,

and superpotential

W = palza— Sa(z,)), (2.30)

where S, (z,y) gives the image of the Segre embedding, meaning Sy = zoyo, S1 = Zoy1,
and so forth.

The analysis of this GLSM follows much as before. In the phase defined by Fayet-
Iliopoulos parameters (r1,r2) where 71 > 0 and r9 > 0, D-terms imply that not all the
2’s vanish and not all the y’s vanish, as one would expect for a pair of projective spaces.
F-terms require

08, 08,
Za:Sa(xay)a Pa:07 Zpa%zozzpaaiy') (231)
a ¢ a J

so we immediately recover the desired geometry, as before.

For purposes of computing Calabi-Yau hypersurfaces in the image, note that the
charges of the z,, p, cancel out in the renormalization of the Fayet-Iliopoulos parame-
ter, so that only the x;, y; charges contribute to the determination of the Calabi-Yau
condition, in exactly the same fashion as the Veronese embedding previously discussed.

As one simple example, the image of the Segre embedding P! x P! — P3 is a quadric hy-
persurface in P3, specifically the hypersurface 29z = 2223, which can be seen by identifying

20 = ToYo, 21 = T1Y1, 22 = T1Yo, 23 = ToY1. (2.32)

We can slightly rewrite the GLSM above to emphasize another part of the mathematics.
The image of a Segre embedding is a determinantal variety, which admits PAX and PAXY
descriptions, and the description above is of the form of a PAXY model. Specifically,
write the target-space homogeneous coordinates as z;;, where the Segre embedding relates
2 = x;yj. Then, the GLSM has a superpotential of the form

W = pij (2ij — ziy;) - (2.33)

D+ D=1 given by the zero locus

Now, the image of the Segre embedding is the locus in P
of the 2 x 2 minors of the matrix with components z;;.
Now, as will be reviewed more extensively in section 3.3.2, the PAXY model [9] that
describes the locus in PR+ +)=1 where the N x M matrix A(¢);; has rank m (corre-
sponding to the vanishing of all (m + 1) x (m + 1) minors) is defined by a U(m) gauge

theory with

~10 -



e N chiral superfields z;, in the fundamental of U(m),
e M chiral superfields gy in the antifundamental of U(m),
e NM chiral superfields p;; which are neutral under U(m),
with superpotential
W = py (A@)y — waatf) (2.34)

Here, to describe the image of the Segre embedding, we wish to restrict to the rank-one
locus of the (k+1) x (n+ 1) matrix z;;, and it is straightforward to check that the matter
content and superpotential of the Segre realization match the PAXY model for this case,
with the PAXY U(1) corresponding to the antidiagonal U(1) of the Segre realization’s
U(1) x U(1).

Thus, as a consistency check, we see that the description of the Segre embedding above
duplicates the description of the image as a determinantal variety via a PAXY description.

2.3 Diagonal map

The map
A:P* — P*xP" (2.35)

embeds P" diagonally into the product of projective spaces.

The corresponding GLSM is a U(1) gauge theory with matter

e n+ 1 chiral superfields x; of charge 1, corresponding to homogeneous coordinates on
the source P",

e n + 1 chiral superfields y; of charge 1, corresponding to homogeneous coordinates on
one of the target factors,

e n + 1 chiral superfields z; of charge 1, corresponding to homogeneous coordinates on
the other factor,

e 2(n + 1) chiral superfields p;, ¢; of charge —1,

and superpotential
W = pi(yi — xi) + qi(zi — xi). (2.36)

Briefly, on the one hand, if we integrate out the ys and zs, we recover the original
projective space, whereas if we integrate out xs, we find the superpotential

W = pi(yi — z). (2.37)

In more detail, for > 0, D-terms imply that not all the xs, ys, and zs vanish. F-terms
then imply
Ti=Yi =2z, pi=¢ =0. (2.38)

- 11 -



Mathematically, the composition of the Segre and diagonal maps is equivalent to the
Veronese embedding of degree two. To see this, write P = PV for a vector space V of
dimension n + 1. Then

A: PV — PV x PV,
z = (z,2), (2.39)

and

Segre : PV x PV — P(V®V),
(x,y) —zxuy. (2.40)

Thus, the composition is the map PV — P(V ® V) given by z — 2z ® z. However, this
factors through P(Sym?2V), so in particular

Segreo A = jouy, (2.41)

where j : P(Sym?V) — P(V @ V).
Physically, we can represent the composition

Segreo A : P A, pro pr TS pnt1)i-1 (2.42)
as follows. Consider a GLSM with gauge group U(1) and matter

e n+ 1 chiral superfields x; of charge 1, corresponding to homogeneous coordinates on
the first source P,

e n+ 1 chiral superfields y; of charge 1, corresponding to homogeneous coordinates on
the one of the middle P™ factors,

e n + 1 chiral superfields z; of charge 1, corresponding to homogeneous coordinates on
another of the middle P™ factors,

e (n+1)? chiral superfields wj; of charge 2, corresponding to homogeneous coordinates
on the final Pr'+2n,

e 2(n + 1) chiral superfields p;, ¢; of charge —1,
e (n+ 1)? chiral superfields s;; of charge —2,
and superpotential
W= pi(yi — @) + qi(zi — @) + si5(wij — yizi).- (2.43)
After integrating out the p’s, ¢’s, y’s, and z’s, this becomes
W = s;(wij — zx5), (2.44)

which is explicitly the GLSM representing j o vy : P* — pri+2n,
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2.4 Nonabelian Veronese embedding

There is an analogue of the Veronese embedding for Grassmannians, see e.g. [19, section

6.10], which sends
va: G(k,n) —>G<<k2d>,<n§d>>. (2.45)

We describe a conjecture* below for how this can be realized in a GLSM. Consider a
GLSM with gauge group U(k), and matter as follows:

e n chiral superfields ®¢ in the representation k of the gauge group,

d i1-vig

sets of indices), in the representation Sym9k of the gauge group,

d = ) . ..
° (n + ) chiral superfields ®'" " 41 < ... <4, a3 < -+ < aq (Symmetric in both

d

sets of indices) in the representation Sym9k of the gauge group,

. ( + ) chiral superfields pg,."d,, i1 < -+ <ig4, a1 < --+ < aq (symmetric in both

with superpotential

W= S plin (80— Symeg ). (2.46)

ai--aq 11%g
1<

The analysis of this model is much the same as in previous sections. Note for the purpose
of defining Calabi-Yau hypersurfaces by the RG running of the Fayet-Iliopoulos parameter
that the contributions from the p’s and ®’s cancel out, so that this behaves just like
an ordinary Grassmannian G(k,n), and furthermore that integrating out ®’s yields the
ordinary Grassmannian model, as expected.

One point of confusion is that in the image Grassmannian, we only take the symplectic

quotient by U(k) not
U(k;rd). (2.47)

We have not checked carefully, but we do observe that this appears to be analogous to
the fact in earlier Veronese embeddings that one quotiented by a different gauge group (a
cover of U(1) or of U(k)), corresponding to the fact that maps into the target space all had
certain divisibility properties, as in e.g. [20-23]. Here, the analogous divisibility properties
would be rather more complicated.

4 As we will not use this example elsewhere, it has not been checked as thoroughly as other cases discussed
in this paper.
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2.5 More general maps

Given any homogeneous map f : P” — P, by which we mean a set of m + 1 homogeneous
polynomials, we can similarly define a corresponding GLSM.

Suppose the components of the map f all have degree k. Then, the corresponding
GLSM is a U(1) gauge theory with

e n + 1 chiral multiplets z; of charge 1,
e m + 1 chiral multiplets y; of charge &,
e m + 1 chiral multiplets p; of charge —F,

and superpotential
W = pi(y; — fi()). (2.48)

Strictly speaking, this GLSM describes the graph of the function f(z), which for a
map f: X — Y is defined to be

{(z,y) € X x Y]y = f(x)}. (2.49)

The graph of f always embeds into X x Y, so the graph is always isomorphic to X,
mathematically. Physically, the same result follows from the fact that p’s and y’s can be
integrated out. The graph will be isomorphic to the image of f if and only if f is an
embedding.

For a trivial example, consider a constant map f on P™. After absorbing the constant
into a trivial field redefinition, the superpotential can be written

W = p;(y; —0). (2.50)

The F terms require that p and y vanish, leaving one just with a copy of the supersymmetric
P™ model, matching the mathematical prediction.

In the cases discussed so far (Veronese, Segre, diagonal embeddings), because they
are embeddings, the image of the map is isomorphic to the source, and so the graph is
isomorphic to the image.

For completeness, let us briefly outline composition. Given a map f : P* — P™ of
degree k, and a map g : P — P" of degree ¢, we take the GLSM corresponding to the
composition to be a U(1) gauge theory with matter

e n —+ 1 chiral multiplets x; of charge 1,

e m + 1 chiral multiplets y; of charge &,

r 4+ 1 chiral multiplets z, of charge k¢,

m + 1 chiral multiplets p; of charge —k,

r 4+ 1 chiral multiplets g, of charge —k¢,
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and superpotential
W = pi(y; — fi(2)) + da(za — ga(y))- (2.51)

Now, in the expression above, we can trivially integrate out y’s and p’s, to get a U(1)
gauge theory of z’s, z’s, and ¢’s, with superpotential

W = qa (Za - ga(f(x))) ) (2'52)

trivially corresponding to the map go f. For this reason, we can identify the GLSM above
with the composition of the GLSM’s for f and g.

2.6 Another perspective on hypersurfaces

As an entertaining aside, we can describe the GLSM for an ordinary hypersurface in a
projective space in the language of maps.

Specifically, first interpret the defining equation of a hypersurface, a homogeneous
polynomial f of degree d, as a map f : P — C. Then, take the intersection with the origin
of C, effectively realizing f~1(0).

We can describe this in a GLSM as follows. Consider a U(1) gauge theory with matter

e n + 1 chiral superfields z; of charge 1, corresponding to homogeneous coordinates

on P,
e one chiral superfield y of charge d, corresponding to the image of f,
e two chiral superfields p, ¢ of charge d,

and superpotential
W = qly - f(z)) + ply = 0). (2.53)

Integrating out y and ¢, one recovers the standard GLSM for a hypersurface.

3 General aspects of intersections of Grassmannians and Pfaffians

3.1 Warm-up: complete intersections of hypersurfaces

This section will be concerned with novel GLSM descriptions of complete intersections of
Grassmannians and Pfaffians, so as a warm-up, we will describe a pertinent presentation
of a complete intersection of hypersurfaces in a projective space, to illustrate a basic idea
we will use later.

Consider hypersurfaces in P" defined by two homogeneous polynomials G1(¢), Ga(¢)
of degrees dy, dg, respectively. Ordinarily, we would describe this by a GLSM with n + 1
chiral superfields ¢; of charge 1 and two additional chiral superfields p;, p2 of charges —d;,
—dg, respectively, with superpotential

W = p1G1(d) + p2Ga(9). (3.1)

However, there is an alternative presentation that one could use instead. Consider an
alternative theory with 2(n + 1) chiral superfields ¢;, ¢; (i € {1, -+ ,n+ 1}) of charge 1,
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two chiral superfields p;, po of charges —d;, —da, respectively, as before, plus n + 1 chiral
superfields b; of charge —1, with superpotential

n+1
W = p1Gi(p) + p2Ga(®) + > bili — @) (3.2)
=1

In this case, p; multiplies the superpotential term corresponding to the hypersurface
{G1 = 0} in the space of ¢’s, po multiplies the superpotential term corresponding to
the hypersurface {Gy = 0} in the space of ¢’s, and the b’s multiply superpotential terms
identifying homogeneous coordinates on the two copies of P".

Let us check this more thoroughly. For r > 0, D terms require that {1, , @ni1}
are not all simultaneously zero. F terms require

G1=0, G2=0, ¢;—9; =0, p10;G1+b; =0, p20;G2—b; =0. (3.3)
which requires
G1=0, G2=0, v —¢; =0, p10;G1(p) + p20;G2(p) =0, (3.4)

which after collapsing ¢ — ¢ reduce to the same conditions as in ordinary presentations of
complete intersections. Nondegeneracy of the complete intersection requires p; = ps = 0
and so b; = 0.

This second description is overkill for the simple case of a complete intersection of hy-
persurfaces in a projective space, but will be a prototype for intersections of Grassmannians
and Pfaffian varieties.

3.2 Intersections of Grassmannians

Next, consider a Grassmannian G(k, N). This is described [24] by a U(k) gauge theory
with N chiral multiplets ¢’ in the fundamental representation. It has a natural embedding

(27) Y (3.5)

defined by the SU(k)-invariant combinations of chiral superfields

into a projective space of dimension

Bl = Il @ik 1k (3.6)

al ag

These act as homogeneous coordinates on the projective space, and define what is known
mathematically as the Pliicker embedding.
3.2.1 Self-intersection with linear rotation

Given a Grassmannian G(k, N), one can deform the Plucker embedding by replacing the
baryons with linear combinations, and then intersect the deformed image with the original
Pliicker embedding. This is what we refer to as a ‘self-intersection of Grassmannians,’ the
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intersection of G(k, N') with a linear deformation in its Pliicker embedding. We will restrict
to the case that NV odd in the following.

The expected dimension of this intersection is®

2k(N—k)+1—<JZ>. (3.9)

Furthermore, if the expected dimension is negative, then the intersection will be empty, so
to have a nonempty intersection, one must require

(N —k)+1 > (JZ) (3.10)
As a result, these intersections will typically be of interest only for relatively small values
of N and k.

The intersection will be smooth when the two Grassmannians intersect transversely,
which will happen (for positive expected dimension) for generic rotations of one copy. Note
however that for trivial rotations, equal to the identity, the dimension of the intersection
jumps, so that the family is not flat at this point. (We will see this reflected in the
occurrence of noncompact branches in the GLSM at such points.)

This intersection will be Calabi-Yau when

N
(k) = 2N. (3.11)

We can see this as follows. Let P denote the projective space in which each copy of G(k, N)
is embedded, and X the intersection of the two copies. For either Grassmannian G(k, N),
the adjunction formula says that

Ko = Kplg+ 1 (Nee) (3.12)
where G denotes the Grassmannian, and for any X, Kx denotes c¢; of the canonical bundle
of X. Now, TG = S* ® Q, for S the universal subbundle (rank k) and @ the universal
quotient bundle (rank N — k). Since ¢1(S) = O(—1), c1(Q) = O(+1), we deduce ¢1(TG) =
(N — k)e1(S*) + kei1(Q) = O(N). We then have

Kg = —N, KP:—<‘Z>, (3.13)

SFirst note that the image of G(k,N) in its Pliicker embedding is locally described by

N
<k>—1—k(N—k) (3.7)

equations. The expected dimension of the intersection is the dimension of the ambient space minus the
number of equations, which for a general linear deformation, will be twice the number of equations above,
hence the expected dimension is

N N N
<k>—1—2{<k)—l—k(N—k:)}:2k(N—k)+1—<k>. (3.8)
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hence
a1 (Ngp) = (f) - N. (3.14)

If the intersection X is transversal, then N x/G, = Na, /P| x, where G1 and (G5 denotes the
two Grassmannians in P. From the adjunction formula,

N

Kx = Ka,lx +c (Nxja,) = Kaylx + ¢ (Neyplx) = (k

) — 2N. (3.15)

Hence, we recover condition (3.11) for the intersection to be Calabi-Yau. It is straightfor-
ward to check that only in the cases N = 5 and k = 2 or k£ = 3 will this intersection be
Calabi-Yau.

We can describe this intersection of G(k, N) with itself in a GLSM as follows. Take a

U(1) x SU(k) x SU(k)
Zk X Zk

(3.16)

gauge theory, where each Zj acts as the center of one SU(k) factor and also on the U(1),
with N chiral multiplets ¢ in the (k,1); representation of the gauge group, N chiral
multiplets qgfl in the (1,k); representation of the gauge group, and

(JZ ) (3.17)

chiral superfields p;, ..., (antisymmetric in their indices) in the (1, 1)_g representation, with

superpotential
W = pi, (F254(B) - B, (3.15)
where
Btk — 211 . z'l]jcear“ak’ Birie — (521/1 ce (5216“,1“'“27 (319)

are the baryons corresponding to two copies of the Grassmannian, and the fi~% (anti-
symmetric in indices) are linear functions describing the deformation of one copy of the
Grassmannian. We claim that, at least for some values of n and k, the GLSM above will
describe the intersection of the Grassmannians.

As one quick consistency check, it is straightforward to check that the sum of the
U(1) charges will vanish when condition (3.11) is satisfied, so we recover the Calabi-Yau
condition as expected.

Let us discuss the discrete quotient in some more detail. Take o € U(1) and g1, g2 €
SU(k). Then we have the explicit transformation rules

Pivis = & "piyi, o' = agidt ¢ — aged’ (3.20)
We see there is a 7, fixed locus at

27 ; _ 27,

a=ek’ g1=ge=e€ k71, j=0,....k—1. (3.21)
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Modding out by this Zj action we can rewrite the gauge group as G = (U(k) x U(k)) /U(1).
Explicitly, this is realized by defining 1 = ag1 € U(k) and g2 = ags € U(k). Note in
particular that det §; = o det gy = o = det o, which implies that p;,;, transforms in the
inverse determinantal representation of each of the U(k)s whereas the baryons transform
in the determinantal representation

For practical purposes it is useful to give an explicit parametrization of the maximal
torus of the gauge group. We first start off with U(1) x SU(k) x SU(k). We denote og
for U(1) and diag(op1,...,0n%) (h = 1,2) for SU(k), where we have E?:l op; = 0. The
elements for the two U(k), are diag(og + op1,...,00 + 0nk). It is convenient to make the
following change of coordinates.

apr=09+011 ... Qp=00+01k 051 =09+021 ... Bk:‘70+02,k (3.22)

These coordinates are subject to the condition Z?Zl ap = Zgzl Br. We will use this to
explicitly eliminate one of them. Further note the positive roots of SU(k) are e; — ;41
where the e; are the basis vectors of R,

Following [6] we can write down the D-terms associated to the two U(k)s:

N )

Uk)r: Y ghd™ = |p;|Peh —rd} (3.23)
i=1 j=1
N (%) , ,

Uk)z: > g™ = " |p;[Pat — rol, (3.24)
i=1 j=1

where 7 is the FI-parameter (for the single overall U(1)) and j combines the (]Z) indepen-
dent index-combinations of the p-fields. For r > 0 this implies that the matrices ¢¢ and
(M)T must have full rank, implying that the ¢! vevs can be taken to form an orthonormal
set of vectors in CV [24, section 4.2], whereas for 7 < 0 not all p-fields are allowed to
vanish simultaneously.

It is also interesting to add and subtract the two sets of D-terms. In the former case
one gets

Noo N (&)
D o+ gL =2 " |pfPsh — 216 (3.25)
=1 i=1 k=1

The diagonal terms correspond to the U(1) D-term. The difference of the two D-

terms gives
N N o
D it =N " gLeTe. (3.26)
i=1 i=1

Let us briefly describe the analysis of this model for r > 0. First, the D terms imply
that the {¢%,¢"} are not all zero, hence the {B? % Bt} are not all zero. The F
terms imply

0

Birin — fZIZk (B),
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The first F term equation clearly restricts to the intersection, but we still need to dispense
with the p’s.
Next, note that from the D-terms, since the {¢}} and {¢’,} vevs each form a set of k

linearly independent vectors in CV, the dual quantities

MG Ll 6a1~--ak¢;z;2 o ¢ZZ (3.28)
also form two sets of k linearly independent vectors (in a larger vector space), hence the
derivatives

0 i 2 g 329)
o, 4.,

also form two sets of linearly independent vectors under certain genericity conditions [6].

For generic rotations fi"
2l ) = g

form a set of (],\j ) linearly independent vectors, and so the F term equations force all the

Bk (3.30)

Diy -, to vanish. However, for nongeneric choices of f, not all the resulting vectors will
be linearly independent, and so one can get noncompact branches of unconstrained p’s,
indicating a physical singularity. This is in agreement with the smoothness criteria in the
mathematics literature.

To make this more concrete, let us consider the special case that £ = 2. In this case,
0B/0¢ o ¢'. From the D-terms, the ¢! define two linearly independent vectors in CV,
and the QZEZ, denote another two linearly independent vectors in CV. For generic rotations,
the F-term constraints include

pi1i26ab ;1152 {;2 =0= piligfa/bl(lzl?- (3.31)

Generic rotation matrices f21% can rotate the ¢! into (];[ ) linearly independent vectors,

JiJ2

and in such cases the only way to satisfy the F-term constraints is for all p;,;, = 0.
However, for nongeneric rotations f, we can have noncompact branches. Consider for

example the case of trivial rotations (again for k = 2), in which f is the identity. Identify

P! = qu,, then omitting the now-irrelevant €%, the F-term constraints become

Diyin 2 = 0. (3.32)

Suppose for example we are at a point where ¢! o< 6¢, which is consistent with D-terms.
Then the p;; for 7,7 > 2 are completely unconstrained, and their vevs can run along a
noncompact branch. This is consistent with the mathematics result mentioned earlier
that for the trivial rotation, the self-intersection of G(k, N) is singular as an element of
the family.

Now that we have described general aspects of these GLSMs, let us look at the result

for a particular model. For example, consider G(2,5). Here,

INk = 20,

N
<k> = 10, (3.33)
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hence for generic maps f%'%, all the p’s will be forced to vanish, and this GLSM will
correctly describe the corresponding geometry. However, for nongeneric f% % this de-
scription will break down. For example, if f % is the identity, then instead of 2Nk
independent equations, there are only Nk = 10 independent equations, at which point lin-
ear algebra suggests the p;,..;, may become nonzero, and our description of the geometry
breaks down.

This description of the geometry meshes with the mathematics of the intersection of
G(2,5) with itself, which is Calabi-Yau.

In the Calabi-Yau case, we can use the GLSM to extract further characteristic in-
formation about the Kahler moduli space. The singularities in the Kéahler moduli space
coincide with those loci in the FI-theta parameter space, where Coulomb branches or mixed
Coulomb-Higgs branches emerge. Since our examples are one-parameter models, there are
no mixed Coulomb-Higgs branches and the singularities are determined by computing the
critical set of the effective potential on the Coulomb branch. This is given by

Wer = —t(0) = > Qi(0)(log(Qi(0)) — 1) + 70 Y _ p(o), (3.34)
7 p>0

where t = r —i0 is the Fl-theta parameter, (); are the gauge charges of the matter fields, o
parametrizes the maximal torus of the gauge group and p > 0 are the positive roots. For

our examples this reads

k k—1
Wer = —t > o+ Y [(0 — ajg1) + (B — Bjs1)]
j=1 j=1
k k
-(3) X (log (Z(—a») - 1)
j=1 i=1
k

~N>laj(loga; — 1) + B;(log 5 — 1)], (3.35)

j=1

where we have used the parametrization of the maximal torus, given above. The critical
set of Weg is given by the following 2k — 1 equations:

N . _ _ N
ot (_1)].71 a; (a1 +...+ar— (N) Bk—l) 7 =1k
(Choi(ap) ™
1= (—1)]’—1(0‘1+"'+a’“—5l_"'_B’H)N j=1,...k—1.  (3.36)

g
Here we have eliminated (5 and have used (3.11) to simplify the expressions. Solving these
equations gives the points e~! where the Coulomb branches are located. In section 4 we
will discuss the case k = 2, N = 5 in more detail.

3.2.2 Intersection with Veronese embedding

So far we have discussed the intersection of a single Grassmannian G(k, N) with its own
Pliicker image after a linear deformation. In principle, we can apply the same ideas to
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intersections of different Grassmannians. Their Pliicker embeddings will land in projective
spaces of different sizes, so one must specify a map between projective spaces, but given
such a map, the rest is straightforward.

Specifically, if we compose the Pliicker embedding of a Grassmannian G(k, N) with a
degree d Veronese map, the result lies in the same projective space as the Pliicker embedding
of the Grassmannian G(k’, N') for

K=, N’:<Z>—1+d. (3.37)

The intersection can be described by the GLSM with gauge group

U(1) x SU(k) x SU(K)
Zn :

(3.38)

with matter
e N chiral superfields in the (k, 1); representation,
e N’ chiral superfields in the (1,k’); representation,
. ( ]]:;7,') chiral superfields py il (antisymmetric in their indices) in the (1,1)_g rep-
resentation,

and superpotential
W = pir i, (B’LII.HZ;“/ B (B)) 7 (3.39)

k

with baryons Bit% B constructed from SU(k)- and SU(K')-invariant combinations
of fundamental-charged chiral superfields, as usual.

In passing, the reader should note that the finite group quotients are such that the
Grassmannian input to the Veronese embedding is built with a U(k) gauge group, but
the Grassmannian intersected at the output is constructed with a U(1) x SU(K’') gauge
group. This is closely related to the concern with nonminimally-charged chiral superfields
corresponding to homogeneous coordinates in the target of the Veronese embedding. First,
since the Lie algebras are the same in both cases, the perturbative physics is identical; these
differences in finite group quotients can only affect nonperturbative sectors. Having gauge
group U(1) x SU(K’) reflects the fact that the only allowed maps into the Grassmannian
have degree divisible by k’, the degree of the Veronese embedding, as discussed in other
circumstances in e.g. [20-23].

Judging from the U(1) charges, the Calabi-Yau condition is that

N/
N+ Nk = ( ) K. (3.40)

We can see this mathematically as follows. Let G = G(k,N), G' = G(k',N'), and P
denotes the projective space of dimension

Nl
( u ) ~ 1. (3.41)
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From the adjunction formula,
Ko = Kpr|ar + 1 (Ngryw) (3.42)
and if the intersection X = G NG’ is transversal, then we have Nx/a = v*Nerpr| x, hence
¢1 (Nx/¢) = der (N |x) (3.43)

where v denotes the degree d Veronese embedding. Using the adjunction formula again,
we have

Kx = Kglx +¢1 (Nx/q)

= Kg|x +d[K¢g'|x — Kp|x],

N (JZ,')] , (3.44)

and so we recover the Calabi-Yau condition (3.40).

= N+d

The expected dimension of this intersection is
NI
K'(N' — k) + k(N — k) — Y + 1. (3.45)

This can be derived from the fact that the expected dimension of X NY C S is
dim X + dimY — dim S. (3.46)

As a result, nontrivial examples are limited in number. One class of examples is
the case d = 1, which describe the intersection of the Grassmannian G(k, N) with the
projective space that defines the image of its Pliicker embedding. In other words, the case
d = 1 corresponds to a complicated description of the Grassmannian G(k, N). We can see
this directly in physics as follows. From our general prescription, the GLSM is a

U(1) x SU(k) x SU(1)
Ly,

= U(k) (3.47)
gauge theory with matter

e N chiral superfields ¢/ in the fundamental representation,

o N = (]Z ) chiral superfields (;3"4 = g?)““ﬂ in the 1 representation,

e N’ chiral superfields py = p;,..;, in the 1_j representation,

and superpotential
W = iy (§77% = B ) (3.48)

Integrating out the p’s and &’s immediately recovers the Grassmannian G(k, N).

Another class of examples has d = 2 and k£ = 1. In these examples, one intersects the
Pliicker embedding of the Grassmannian G(2, N +1) with the Veronese image of G(1, N) =
PN=1. For N = 2,3, these have expected dimension 1.
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3.2.3 Intersection with Segre embedding

For another example, suppose we have three Grassmannians G(ki, N1), G(ka, N2),
G(ks, N3) where the k’s and N’s obey

()= ()2 o

Consider the intersection of the Pliicker embedding of G(ks, N3) with the Segre embedding
of the images of the Pliicker embeddings of G(k1, N1) and G(ke, N2). We can realize this
in a GLSM as follows. Consider the GLSM with gauge group

U(ky) x U(kg) x SU(k3), (3.50)
with matter

e Nj chiral multiplets in representation (ky,1,1),

Ny chiral multiplets in representation (1,ks,1),

N3 chiral multiplets in the fundamental of SU(k3), of charge k; under det U(k;) and
charge k2 under det U(kz),

(]]Z;’) chiral multiplets p;,...;,, of charge —k; under det U(k;) and charge —ky under
det U (ks),

and superpotential
W = Diq-igs (B;l"'lkB — S“%d(Bl;BZ)) y (351)

where B; denotes baryons for SU(k;) (i.e. the Pliicker images of each Grassmannian), and
Siik3 denotes the image of the Segre embedding map.

In passing, the fact that there is no Zy, finite group quotient in the gauge group reflects
the fact that maps into the third Grassmannian are of degree satisfying certain divisibility
conditions, as we have seen previously in discussions of GLSM realizations of Veronese
embeddings.

It is straightforward to find (not necessarily Calabi-Yau) examples, from identities

000 (2)

It is straightforward to check from U(1) charges that the Calabi-Yau condition is

N, N,
M+M—<£>,M+%—<£>. (3.53)

We can also derive this mathematically as follows. Let X = G(k1,N1) x G(k2, N2),
Y = G(ks, N3), S the projective space in which Y is embedded via Pliicker, and W the
intersection. The Calabi-Yau condition can then be stated as

such as

Kwa+Ky|X:K5|W. (3.54)

— 24 —



In the present case,
Kx =(—Ny1,—N3), Ky = —N3. (3.55)

The Calabi-Yau condition then becomes the statement derived above from U(1) charges.

3.3 Intersections of Pfaffians

In this section, we will describe perturbative GLSMs for intersections of Pfaffians, following
the PAX and PAXY models described in [9].

3.3.1 PAX models

First, let us recall the PAX model of a GLSM for a Pfaffian. Suppose the Pfaffian variety
we wish to describe arises as the locus {rank A(¢) < k} C P", for A(¢) an N x N matrix
whose entries are homogeneous in the homogeneous coordinates of a projective space P™.
For simplicity, let us assume that each entry in the matrix A has degree d.

In the PAX model, a GLSM describing this variety is given as a U(1) x U(N — k) gauge
theory with the following matter:

e n + 1 chiral superfields ¢;, of charge 1 under the U(1) and neutral under U(N — k)
(corresponding to homogeneous coordinates on P"),

e N chiral superfields z;, transforming in the N — k representation of U(N — k) (and
neutral under the U(1)),

e and N chiral superfields p?, transforming in the N — k representation of U(N — k)
and of charge —d under the U(1),

with superpotential
N N—k

W= AT (P (3.56)

i=1 a=1
(The name of the model follows from the form of the superpotential.)

We could describe the intersection of two loci as follows. Suppose we have an Nj X N
matrix A%(¢), entries homogeneous of degree d; in the homogeneous coordinates on P,
and an Ny x No matrix BY(¢), entries homogeneous of degree dy in the homogeneous
coordinates on the same P", and we want to describe the intersection

{rank A < k1} N {rank B < ko} C P". (3.57)

To do this, we will use two copies of the PAX model. Specifically, consider the GLSM
defined by a U(1) x U(Ny — k1) x U(N2 — k2) gauge theory with the following matter:

e n+ 1 chiral superfields ¢; of charge 1 under the U(1) and neutral under U(N; — k1) X
U(Ny — ko) (corresponding to homogeneous coordinates on P™),

e n+1 chiral superfields ¢; of charge 1 under the U(1) and neutral under U(N; — k;) x
U(Ny — ko), corresponding to homogeneous coordinates on a second copy of P,
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e n+1 chiral superfields g; of charge —1 under the U(1) and neutral under U(N; — k) X
U(Ny— ko), multiplying superpotential terms identifying the two sets of homogeneous
coordinates,

e N chiral superfields z;, transforming in the (N7 — kj, 1) representation of U(N; —
k1) x U(Ng — ko) (and neutral under the U(1)),

e N chiral superfields p¢, transforming in the (N7 — k1), 1) representation of U(N; —
k1) x U(Ng — ko) and of charge —d; under the U(1),

e N, chiral superfields Z;, transforming in the (1, Ng — kg) representation of U(N; —
k1) x U(Ny — ko) (and neutral under the U(1)),

e Ny chiral superfields 13?,’, transforming in the (1,Ng — ka) representation of U(Nj —
k1) x U(Ng — k2) and of charge —ds under the U(1),

with superpotential

N1 Ni— N2 No— n+1
W= Z DAY (G)zja + Z P B (§)iyw + Z(b i—@i).  (3.58)
i=1 a=1 i'=1 a'=1

Next, for simplicity, we will assume that the ¢; have been integrated out, so that we
can identify ¢; = b;.

Now, let us carefully analyze this theory, closely following [9, section 3.2]. We shall
focus on D- and F-terms for the extra data above the base toric variety, so for example
we assume FI parameters are such that not all the ¢ vanish. D-terms for U(N; — ky),
U(N2 — k2) imply

i), = (@) aa = g, 5 () — () E = rady. (3.59)

Define Ei(¢,x) = A(})7zja, E;l, = B((b)i/j/:ij/a/. The F-term conditions can then be
expressed as

AT xja=0, E') =B(¢)"V Ejy =0, (3.60)
OE! OEY,

5 = 0. 3.61

P 5. am P 50w 3) 200

The first two conditions demonstrate that the vacua lie along the intersection

{(¢,2) | A(d)z = 0} N {(¢, %) | B(¢)T = 0}. (3.62)

Each factor is a (resolution of) a Pfaffian describing the locus where the rank of a matrix
(A or B) is bounded by k. Following standard methods, the derivatives OF, OE each span
the normal bundle to each factor. The set of such is linearly independent if the intersection
is smooth, and so we see from the last set of F-term conditions that smoothness implies
that p=p = 0.
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3.3.2 PAXY models

Let us now consider analogous constructions involving the PAXY models [9], which will
play an important role in understanding dual theories later in this paper.

The PAXY model that describes the locus on which an n x n matrix A(¢) can be
factored into a product Y X of two matrices (one n x k, the other k£ x n) can be described
by a GLSM with gauge group U(k) and matter as follows:

e chiral superfields ®, charged under a different gauge factor, describing the space in
which the Pfaffian lives,

e n chiral superfields in the fundamental of U(k), defining a k& x n matrix X,
e n chiral superfields in the antifundamental of U(k), defining a n x k matrix Y,
e n? chiral superfields forming an n x n matrix P,

and superpotential
n k
W= P (A((I))ij - ZYiaXaj> : (3.63)
ij=1 a=1

To describe the intersection of two closely analogous Pfaffians, defined by matrices
A(®), B(®), each with the same factorization constraint, we could use a U(k) x U(k)
gauge theory with matter

e chiral superfields ®, charged under a different gauge factor, describing the space in
which the intersection of Pfaffians lives,

e two sets of n chiral superfields, each set in the fundamental of a U(k) factor, defining
k x n matrices X, X

e two sets of n chiral superfields, each in the antifundamental of a U(k) factor, defining
n x k matrices Y, Y,

e two sets of n? chiral superfields forming two n x n matrices P, P,
and superpotential
n k noo k _ ~
W= Y P (A(@)ij - ZYZ@X@) + )P (B(@)ij - Zym,xa,j> . (3.64)
i,j=1 a=1 i,j=1 a’'=1

Let us work systematically through the analysis. (We will closely follow [9, section 3.3].)
We assume that there is a phase in which D terms imply that the ®’s are not all zero, and
work in that phase. The D-term constraint for the U(k) is

Xoi X} = Y1V = 180, Xoni Xy — Y, Yir = #6any. (3.65)
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Assuming that r > 0, 7 > 0, this forces X and X to have rank k. The F-term constraints
have the form

k k
A@)ij =Y YiaXaj, B(®)ij= > YieXaj, (3.66)
a=1 a'=1
PjiYia = 0, PjiXaj =0, PyiYi =0, P;uX, =0,  (3.67)
OA(®)i; 5 OB(®)y
Py~ 4 P = 0. 3.68
o, 1 as, (3.68)

With the exception of the last constraint, the F-term constraints above are identical to
those appearing in two copies of the PAXY model, as analyzed in [9, section 3.3]. It will
be helpful to define

k k
Eij = A(®)ij — > YiaXaj, Bij=B(®)ij — > Yiw X, (3.69)
a=1 a’=1

so that the remaining F-term conditions, beyond E = 0 = E, can all be written as

OB@XY.X.V)y o OB@X.Y)y _
9@, X,Y, X,Y) 7o(®, X,Y,X,Y)

(3.70)

As in the discussion of the PAX model, the derivatives dE, F span the normal bundle.
These will be linearly independent if the intersection is smooth, so we see from the last set

of F-term conditions that smoothness implies that P =0 = P.

3.3.3 PAXY for antisymmetric matrices

Later in this paper we’ll see examples of intersections of Pfaffians for antisymmetric ma-
trices. Suppose we have N x N antisymmetric matrices A, B, each with entries linear in
the homogeneous coordinates of P", and we want to compute the intersection of Pfaffians
defined by the rank & locus of each matrix. We assume N is odd, and then of necessity k
is even.

The GLSM describing the Pfaffian for a single antisymmetric matrix A, of the form
above, following [9, section 3.5], is defined by a

U(1) x USp(k)

7 (3.71)

gauge theory with matter

e n + 1 chiral superfields ¢, forming the homogeneous coordinates on the projective
space, of charge 2 under the U(1) and neutral under USp(k),

e N chiral superfields z;, in the fundamental of USp(k), and of charge 1 under the U(1),

e N?Z chiral superfields p;; of charge —2 under the U(1) and neutral under USp(k),
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with superpotential

W = Zpij (A(¢)ij - miaiﬂijab) 7 (3.72)
ij

where J is the k x k antisymmetric matrix in block form

01
—[0) -

With that in mind, it should be clear that the intersection of two such Pfaffians, defined
by antisymmetric N x N matrices A, B, each linear in the homogeneous coordinates of P",
is defined by a
U(1) x USp(k) x USp(k)
ZQ X Z2

(3.74)
gauge theory with matter

e n + 1 chiral superfields ¢, forming the homogeneous coordinates on the projective
space, in representation (1,1)y of the gauge group,

e N chiral superfields x;, in the representation (k,1); of the gauge group,
e N chiral superfields Z;, in the representation (1,k); of the gauge group,
e N?Z chiral superfields p;; in the representation (1,1)_o,

e N? chiral superfields p;/;s in the representation (1,1)_o,

with superpotential
W = Zp” (A(¢)l] - IEia.'L'ijab) + Zﬁi/j/ (B((é)lljl — .Zi'i/a/.’i'j/bljalb/> . (375)
@ i g’

It is straightforward to check that the sum of the U(1) charges will vanish when
n+1 = N(N—k). (3.76)

We can derive this Calabi-Yau condition mathematically as follows. First, consider an
N x N skew-symmetric matrix, N odd, of generic variables. There are

M= (;V) (3.77)

such variables. Let X denote the locus in P = PM~1 where the rank of this matrix is less

than k. The structure sheaf Ox admits a resolution of the form [25, theorem 6.4.1(c)]
0 — Op(—N(N —k)/2) — -+ — Op (3.78)

If we specialize the generic variables to linear forms in P”, then the resolution remains exact
if and only if the codimension is preserved. In that case, the resolution above stays the same,
so by adjunction, the canonical bundle of the Pfaffian variety X is Ox(N(N —k)/2—n—1).
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Now, for the intersection of two such Pfaffians, call them X and Y, to be Calabi-Yau,
one must require
Kx + Ky = Kp, (379)

or explicitly
2IN(N—-k)—n—-1)=—-(n+1), (3.80)

hence N(N — k) = n + 1, the condition derived above from U(1) charges.

4 Phases of GLSMs for self-intersection of G(2, N) for N odd

In this section we will study the GLSM for the self-intersection of two copies of G(2, N),
one linearly rotated. We previously discussed this setup in section 3.2.1.

First, let us recall the condition (3.10) for such self-intersections to be nonempty. In
the present case of G(2, N) for N odd, it is straightforward to check that the only nonempty
cases are those for which N < 7. Furthermore, from the expected dimension formula (3.9),
the case N = 3 has dimension 2, the case N = 5 has dimension 3, and the case N = 7 has
dimension 0.

Of these three cases, the case in which we are primarily interested is the case N = 5.
This case corresponds to a Calabi-Yau threefold: from equation (3.11), we see that this
intersection is be Calabi-Yau, and for generic deformations, the formula for the expected
dimension (3.9) tells us that this is a threefold.

This example was studied mathematically in [16, 17]. They argued that this Calabi-Yau
threefold, also studied in [15], with Hodge numbers h!'! = 1 and h*! = 51, is deformation-
equivalent and derived equivalent, but not birational, to an intersection of dual Grassman-
nians, which are equivalent to an intersection of two Pfaffians.

We shall see that this derived equivalence is reflected in the structure of the phases
of our GLSM: the r > 0 phase of our GLSM will describe the self-intersection of G(2,5),
and the r < 0 phase will describe the self-intersection of the dual Grassmannians, realized
as Pfaffian varieties. The fact that they both appear as phases of the same GLSM pro-
vides a physics argument for their derived equivalence, as the B model is independent of
Kahler moduli.

In fact, the structure of these phases will be of further interest: in the first GLSM we
study, the geometry of the r > 0 phase is realized perturbatively, but the geometry of the
r < 0 phase is realized nonperturbatively via the insights of [6]. In the next subsection,
we dualize both SU(2) gauge factors, and find the opposite: the r > 0 phase realizes
the same geometry (self-intersection of G(2,5)), but does so nonperturbatively, whereas
the r <« 0 phase realizes the intersection of two Pfaffians perturbatively. Finally, in the
subsequent subsection, we dualize on a single nonabelian gauge factor, and find that both
phases realize geometry through a mix of perturbative effects (in one gauge factor) and
nonperturbative effects (in the other gauge factor).

In passing, since the gauge group can also be written in the form (U(k) x U(k)) /U(1),
each with N fundamentals, we could also dualize each factor to U(N — k), following the
duality prototyped by G(k,N) =2 G(N — k,N). In the present case, for k = 2, N = 5 for
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example, invoking this duality on either gauge factor separately would yield the intersection
G(2,5) N G(3,5) and phases thereof; dualizing on both factors simultaneously would yield
the intersection G(3,5) N G(3,5) and phases thereof. In either case, the resulting theories
would be functionally identical to those considered here. This also shows that the choice
k = 3, N = 5, consistent with the Calabi-Yau condition (3.11) does not lead to a new
geometry. We thank S. Galkin for pointing this out to us.

4.1 First GLSM

The gauge group for this GLSM is

U(1) x SU(2) x SU(2)
ZQ X ZQ ’

(4.1)

where each Zs relates the center of one SU(2) to a subgroup of U(1). The matter consists of
e N chiral multiplets ¢! in the (2,1); representation of the gauge group,
e N chiral multiplets qgfl, in the (1,2); representation of the gauge group, and

e (1/2)N(N — 1) chiral multiplets p;,;, = —Ppiyi, in the (1,1)_2 representation of the

gauge group,

with superpotential
W= 3 piis (f22(B) = BY2) (4.2)
11 <12

where

Biviz = cabyingiz - Biriz — o'V gin giz. (4.3)
are the ‘baryons’ in each of the two SU(2) factors of the gauge group (which mathematically
define the homogeneous coordinates of the Pliicker embedding G(2, N) « P(I/AN(N=1)—1)
and 1% (z) = — f2%(x) are a set of (1/2)N(N — 1) linear homogeneous polynomials in the
homogeneous coordinates of P/ANWN=1=1"1p effect, B2 and B define the Pliicker
embedding G(2, N) — PA/2NIN=1)=1 anq firi2 describes the deformation of one of those
embeddings.

Alternatively, we can write the superpotential as

W = AWP)indd dye” + C0)unidydyic”. (4.9)

Along the lines of [6] we impose the following genericity conditions on W. The matrices
Ay iy @it and Cyy 4, gzgzl for a = 1, 2 must have maximal rank linear combinations. Furthermore
we impose A(p)iyi, # C(p)iyi,- Under these conditions the GLSM analysis will yield the
expected geometries.

For r > 0, the analysis of this GLSM is straightforward, and the result is the inter-
section of two copies of G(2,N) — PA/2NIN-1)-1"one deformed by the linear maps fi1%2,
as enforced by the superpotential terms multiplied by p;,,.

Now, let us turn to the » < 0 phase. In this phase, the D terms prevent the p;,;, from

all vanishing simultaneously, and so they form homogeneous coordinates on P(/2N{NV-1)-1
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The analysis of this phase is then closely related to that described for the Rgdland model
in [6]. As in the analysis there, we work in a Born-Oppenheimer approximation on the space
of p’s. Since A(p) is an antisymmetric N x N matrix, where N is odd, and antisymmetric
matrices have even rank, its rank n must be one of N —1, N —3,--- 0, and since A(p) acts
as a mass matrix, on loci for which A(p) has rank n, there are N — n massless doublets.
On loci for which it has rank N — 1, there is one massless ¢ doublet in the first SU(2), and
the vacua all run to infinity, which would leave no vacua in the IR, following [6]. If the
rank of A(p) is N — 3, then there are three massless doublets of the first SU(2), leaving one
vacuum in the IR [6]. Similarly, only loci with C(p) of rank no greater than N — 3 have
vacua in the second SU(2).

Putting this together, we see that the r < 0 limit should be interpreted as the in-
tersection of two Pfaffians in P(/2DNIV=D=1"where A(p) has rank < N — 3 and C(p) has
rank < N — 3.

We now turn to the case N = 5 which is of particular interest. In this case, the
two Pfaffians intersecting above are both equivalent® to Grassmannians G(2,5), or more
precisely, dual Grassmannians to those appearing in the r > 0 phase. In the notation
of [16], the r > 0 phase describes X = G(2,5) N G(2,5), and the r < 0 phase describes
Y, given as the intersection of the dual Grassmannians. In [16], X and Y were described
as ‘Kanazawa double mirrors,” so-named because their mirrors were believed to be related
by complex structure deformation. Here, we see that X and Y arise as different Kéahler
phases of the same GLSM — in particular, related by Kéhler deformations, and so indeed
their mirrors are necessarily related by complex structure deformations.

Using the parametrization of the maximal torus as discussed in section 3.2.1 the effec-
tive potential on the Coulomb branch is

Wet = —t(ay + ag) + mi(ay — ag) + mi(261 — a1 — ag)
+10(a1 + az)(log(—a1 — a2) — 1) — bag(log a; — 1) — bag(log g — 1)

—5B81(log f1 — 1) = 5(ay + az — B1)(log(ar + az — B1) — 1) (4.5)
Defining @ a s
Z = ;2, w1 = E, wo = E (46)

with z = {1 the critical set (3.36) of Weg reduces to the conditions

5
i) :
= W, z = 1, (w1 + wo — 1) =1. (47)

To determine the loci of the Coulomb branches we have to remove the solutions that are
fixed under the Weyl group action [6]. In this case, these are solutions satisfying z = 1 or

w1 + we = 2. Removing them, we arrive at three singular points in the moduli space at
1 ]. 271
_t ant
e = —1 w = e 10 , 4.8
" (=1 +w)0 (1+w?)0 (4.8)

This is in agreement with the data associated to the differential operator AESZ 101 in [26].

6See for example [10, section 4.2.2] for a discussion for physicists of this special case of Pfaffians and
their relation to Grassmannians.
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4.2 Dual description

We now describe a dual GLSM, created by dualizing both SU(2) factors.

From [8, section 5.6], for an odd number N > k + 3 massless fundamentals, there is a
duality between the Sp(k) = USp(k) gauge theory with N fundamentals ¢; and Sp(N —
k — 1) gauge theory with N fundamentals ¢; and (1/2)N (N — 1) singlets b;; = —bj; (dual
to the baryons of the original theory), with superpotential

W = Zbiﬂ'[%%] = Zzbiﬂpg@?Jab» (4'9)

ij ij ab

where J is an antisymmetric (N — k — 1) x (N — k — 1) matrix of the block form

01
J = [_1 0] , (4.10)

as commonly arises in symplectic geometry.
Here, so long as N > 5, we can follow this prescription and dualize the first SU(2)
with its N fundamentals ¢} to an Sp(N — 3) gauge theory with N fundamentals ¢¢ and
(1/2)N(N — 1) singlets b = —b’*. The second SU(2) dualizes to an Sp(N — 3) gauge
theory with N fundamentals cﬁ?l and singlets 0. The U(1) factor is unchanged, and as the
center of Sp(n) is” Zs, the finite group quotient is also unchanged, hence the gauge group
of the dual theory is
U(1) x Sp(N —3) x Sp(N — 3)
Ty X 7o '

(4.11)
The dual superpotential has the form

w

(A(p)ilig + gp?lcp?QJab> biliz + <C(p)i1i2 + @?{@?;Ja’b’) IN)Z'1i27

= 3 b (PR - D) g A+ S B (112)

11 <i9

Since the b and b are dual to baryons, they have gauge U(1) charge 2. The form of
superpotential couplings implies that ¢, gb?l have U(1) charge —1. Finally, the p;; have
the same U(1) charge as in the original theory, namely —2.

From counting U(1) charges, it is straightforward to check that this intersection will
be Calabi-Yau only in the special case that N = 5, as expected.

Calling the FI-theta parameter t = 7 — ié, the phase 7 > 0, D terms imply that the
b and b are not all zero. The pertinent form of the superpotential is

W= 3 b (F420) = 87+ Gl Jub™ + GG b, (4.13)
11 <12

In the previous GLSM, the r > 0 phase could be understood perturbatively, but in this
model, we must analyze this phase nonperturbatively, following [6], combined with the

"See for example [27, appendix A] for a more exhaustive discussion of centers of Lie groups.
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same assumptions about f as in the original model. We work in a Born-Oppenheimer
approximation across the space of b’s, l;’s, and interpret the terms

08 b, Jab" 2+ PR Tary b1 (4.14)
as b- and b-dependent mass matrices for p and @.

For the case N = 5, the gauge group has two SU(2) factors, and so we can apply the
results of [6] to argue that the only contribution to the vacua will arise from the locus where
the (antisymmetric) N x N mass matrices have rank 2, so that there are three massless
doublets and hence one vacuum in the IR. (On the rank 4 locus, there is one massless
doublet, and no vacua in the IR [6].) Thus, from each SU(2) factor, we get a Pfaffian
variety, over the (cone over) a copy of P? determined by (%) or (b*7). (To be clear, at this
point in the analysis, the b’s and b’s do not separately describe P?’s, only the product of
cones over copies of P?. In the next step, when we take the intersection, the result will be
equivalent to working in a single copy of PY.) Furthermore, each of these two Pfaffians is
equivalent to G(2,5) [10, section 4.2.2], and the remaining superpotential term

Pivia (fi”é(b) - 5i1i2> (4.15)

dictates that we should take the intersection of one copy of G(2,5) with a linear rotation of
the other copy of G(2,5), following the same analysis as described previously in this paper.

As a result, for N =5, for 7 > 0, we recover the same geometry — a self-intersection
of G(2,5) with linear rotation — that we recovered in the previous GLSM, albeit in this
GLSM, the geometry appears wholly by nonperturbative effects as in [6], rather than
perturbatively.

Next we consider the phase 7 < 0. In this phase, D-terms imply that not all of the
i gb;-l/, and p;,;,’s can vanish. The pertinent form for the superpotential is

W = (A(p)hiz + @?ﬁpggjab) biliz + (C(p)iliQ + @?{@Z*Ll’b’) l;iliQ' (416)

This is precisely an intersection of two PAXY models, each describing a Pfaffian for the
locus of rank N — 3 of a matrix (A(p), C(p)) in the projective space defined by the p’s, as
described in [8] and [9, section 3.5]. These were described in those references as Sp(N — 3)
gauge theories with a superpotential of the form

b (Aij _ xgngab) , (4.17)

where the b are chiral superfields multiplying pertinent superpotential terms, and the xy
are introduced to enforce the rank constraint on the antisymmetric matrix A. The theory
here in the 7 < 0 phase is explicitly an intersection of two such PAXY models for Pfaffians,
as analyzed previously in section 3.3.

In the case N =5, from [10, section 4.2.2], each Pfaffian can be interpreted as a copy
of G(2,5), or more precisely a dual, so we immediately recover the geometric interpretation
of the r <« 0 phase of the previous GLSM for this geometry, as expected. In the previous
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GLSM, the r < 0 phase was understood nonperturbatively using the methods of [6]; here,
by contrast, the phase (in the dual GLSM) can be understood entirely perturbatively.

Another non-trivial check of the duality is to compare the Coulomb branch analysis of
this model with the original one in the Calabi-Yau case. Upon identification of the FI-theta
parameters of the original theory and its dual, one should obtain the same result for the
singular points in the Kéhler moduli space. Since the dual gauge group is the same as the
original one, we can use the same parametrization of the maximal torus, as discussed in
section 3.2.1. Denoting the FI-theta parameter of the dual theory by £ one finds

Weit = —t(on + ao) + mi(on — ag) + mi(281 — o1 — aa)
+10(c1 + a2)(log(—a1 — ag) — 1) + 5ag (log(—aq) — 1) + bas(log(—az) — 1)
+5B1(log(—=p1) — 1) + 5(a1 + a2 — B1)(log(—a1 — az + B1) — 1)
—20(aq 4+ az)(log(ag + az) — 1) (4.18)

Note that the last line accounts for the contribution of the additional singlet fields b%%2
and b1%2 where we have once again used oy + ag = 1 + 2. With (4.6), the critical locus
is determined by

. 1 10
e_t = i 25 = 1, (’U)l “+ wo — 1)5 =1 (419)

1 5’

Comparing with (4.7), these are exactly the same conditions if we identify ef = et Hence,
the singular points in the Kéahler moduli space of the two models are identical, giving
evidence that we indeed have two equivalent GLSM realizations of the same pair of Calabi-
Yaus.

4.3 Dualization on a single factor

In the previous subsection, we analyzed the result of dualizing on both SU(2) factors. For
completeness, here we briefly outline the analysis of a duality on a single SU(2) factor.

Following the previous analysis, the dual GLSM has gauge group

U(1) x Sp(N — 3) x SU(2)

4.20
Zs X Zo : (4.20)

with

e N chiral multiplets ¢ in the (N —3,1)_; representation,

(1/2)N(N — 1) chiral multiplets b = —b/% in the (1, 1) representation,

N chiral multiplets (;3;/ in the (1,2); representation,

(1/2)N(N — 1) chiral multiplets p;j; = —pj; in the (1,1)_2 representation,
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with superpotential

W = Z (A(p)i1i2 + (pgl(pi?g‘]ab) bi1i2 + Z C(p)iliQéil’(;?Ga/b"

i1 <i2 11 <i2
= 3 piuia (£ 0) = B2 4 il Jub . (4.21)
11<i9

where B is defined as previously.
Let us look in more detail at the gauge group and the quotient. First write o € U(1),
g1 € USp(N —3), g2 € SU(2). Then:

Dij — oz_Qpij b —s o2 0 — oz_lgupi quSj — agngj. (4.22)
Assigning the FI parameter 7 to U(1) the U(1) D-term is

2 (=lpel® + [b*) + D (= ? + |63 %) = 27 (4.23)
k i

This means that at # > 0 not all é and b are allowed to vanish whereas at # < 0 not all
p and ¢ are allowed to vanish simultaneously. This is weaker than in the original model:
here the D-terms allow for branches where b = 0 or <z~5 =0at7r>»0andp=0o0r =20
at # < 0. This looks like there can be a mixture of strongly coupled and weakly coupled
components in either phase. Such phenomena have also been observed in [12].

Let us first consider the phase 7 > 0. In this phase, the U(1) D-terms imply that not
all the b9 or <Z~>fl, can vanish. In this phase, it is most useful to write the superpotential in
the form

W= 3" pi (f1200) = B2 + ool T, (4.24)
11 <12

The first terms, p(f(b) —B), appear to give a perturbative realization of the intersection
of the Pliicker embedding of G(2, N) (via the g?)) with a rotation of the projective space
PA/ANIN=D-1 (defined by the b’s).

The second terms, [, ¢];; b%, can be interpreted nonperturbatively. Working in a Born-
Oppenheimer approximation on PA/2NWV-D-1 this is a mass term for the @’s. Following
the same logic as [6] and previously, there are no vacua where the matrix [, ¢| has rank
N — 1, only where it has rank N — 3 or less. In this fashion, we find that the second terms
dictate an intersection with a Pfaffian variety in P(1/2NWN-1)-1,

For N = 5, this Pfaffian is the same as the Grassmannian G(2,5) [10, section 4.2.2].
As a result, this phase describes the self-intersection of G(2,5) with a linear rotation,
matching the result for the duality frames, albeit here with a mix of perturbative and
nonperturbative analysis.

Next, let us consider the other phase, # < 0. In this phase, not all the ¢f or p;; can
vanish. The superpotential is most usefully written in the form

W = Z (A(p)i1i2 +90;'1190?2Jab) biliQ + Z C(p)i1i2gz~521,g[~)?ea/b/, (425)

11 <19 11 <19
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In this phase, the first set of terms, (A(p) + [, ¢]|)b, appear to give a perturbative
realization of an intersection. For N = 5, this is the intersection of a Grassmannian G(2,5)
(whose baryons are [p¢]) and a rotation of the projective space PU/2N(N=1)-1 ({efined
by the p’s).

The second set of terms, C(p)B, can be interpreted nonperturbatively. Working in

(1/2N(N=-1)=1" this is a mass term for the ¢’s.

a Born-Oppenheimer approximation on P
Following the same logic as [6] and previously, there are no vacua where the matrix B
has rank N — 1, only where it has rank N — 3 or less. In this fashion, we find that the
second terms dictate an intersection with a Pfaffian variety in PI/2NWV-1)—1,

For N = 5, for the same reasons as above, the Pfaffian coincides with the (dual)
Grassmannian, and so again we recover the same geometry in the phase # < 0 as in other
phases, albeit again via two contributions, one perturbative, the other nonperturbative.

It is interesting to see how applying the duality only to one of the non-abelian factors of
the gauge group affects the Coulomb branch analysis in the Calabi-Yau case. Introducing

an Fl-theta parameter ¢ we get

Wet = —t(a1 + ag) + mi(ay — ag) + mi(261 — a1 — a)
+10(a1 + a2)(log(—a1 — az) — 1) + 5aq (log(—ai1) — 1) + bag(log(—a2) — 1)
—5p1(log(B1) — 1) — 5(an + a2 — B1)(log(ar + ag — Br) — 1)
—10(a1 + az)(log(ag + az) — 1). (4.26)

Using the definitions (4.6) the critical locus is determined by

. 1\°
e‘tz_(l—l—z_)’ =1 (wtw-1)=1 (4.27)
ws

The second and third equations are the same as in the other two models, the first one has a
slightly simpler form, but one still finds the same solutions for the location of the Coulomb
t t

branch as in the original model under the identification e™ = e™".

5 Other Kanazawa Calabi-Yaus

The intersection of two copies of G(2,5), discussed in the previous section, is one of several
examples of Calabi-Yau threefolds constructed in [15], listed there as Xo5. Some of the
examples discussed there are already in the physics literature: the example labeled X4
is Rgdland’s model [6, 28], and X5 710,13 were discussed in [11]. In this section, we will
discuss physical realizations of the remaining examples.

5.1 Y5, Y10

In [15] Kanazawa gives two examples (examples 2.17 and 2.18, label-led there Yjo and
Y5, respectively) of Calabi-Yaus that are complete intersections of Pfaffians with a hyper-
surface of degree d in a weighted projective space of dimension M — 1 and weights gy.
We propose that both examples can be realized in terms of a GLSM with gauge group
(U(1) x USp(2))/Zy ~ U(2). The matter content is

— 37 —



e M chiral superfields ¢, in representation 1oy, , the first m having ¢, =1
e 5 chiral superfields z{ in representation 21,
e 10 chiral superfields b/ = —b7" in representation 1_s,
e 1 chiral superfield ¢ in representation 1_o4.
The superpotential is
W o= b (A(<15)z‘j —37?90?6@) + qfa(), (5.1)

where A(¢) is a skew-symmetric 5 x 5 matrix (whose rank two locus defines the Pfaffian),
with entries of charge 2 under the U(1), and f4(¢) is a polynomial of degree d (hence charge
2d). In the following we will assume that the Calabi-Yau condition is satisfied. For later
reference, we also state the F-term equations explicitly:

0= A4;;(¢) — :c‘;a:?eab (5.2)
_ i 0Ai5(8) | Ofa(d)

0 = b il e (5.3)

0 = bz? (5.4)

0 = fa(9) (5.5)

There is a large volume phase r > 0 where the D-terms imply that ¢1 s and x5
are not allowed to vanish simultaneously and the matrix z{ has rank 2. The vacuum is a
complete intersection of a Pfaffian with a degree d hypersurface given by

Aij(or) —afafeas =0 fa(dr) =0 ¢, =0. (5.6)

In the » < 0-phase ¢ and b¥ are not allowed to vanish simultaneously. There is a
vacuum where ¢, x and b” are zero and ¢ obtains a vev. The U(1)-symmetry is broken
to Zg. Small fluctuations of the ¢ generate a potential, indicating the structure Landau-
Ginzburg orbifold. However, this cannot not the whole story since also fluctuations of x
and b” have to be taken into account, and we expect that this phase is an exotic type of
hybrid model. We will not be able to present a full discussion of this exotic phase, but we
can extract some further properties if consider the Hori dual. The dual model has the same
non-abelian factor. There are no b/, and the z; have the opposite U(1)-charges compared
to the original theory, while the ¢, and ¢ remain unchanged. The superpotential is

W = AY ()i ajear + afa(dr)- (5.7)
The F-term equations are
_ 04ii(9) 4 b dfa(9)
0= 2o T Tj€ab + q 9o (5.8)
0 = AY(gp)af (5.9)
0= fu(0). (5.10)
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For 7 > 0 we recover the complete intersection of f;(¢) where the Pfaffian is now realized
non-perturbatively. Now consider the 7 < 0 phase where ¢ and z are not allowed to
vanish simultaneously. For ¢ = 0 and ¢ = 0 there is a solution to the D-term and F-term
equations governed by

Afngaz?eab =0, I=1,...,m, (5.11)

where [ labels the m ¢ with ¢ = 1. This is a complete intersection of codimension m
in G(2,5). This is only Calabi-Yau for m = 5, which is not the case for the examples
of interest. Therefore, this branch of solutions to the D- and F-term equations, if it
exists, is expected to have properties of hybrid-type configuration upon turning on classical
fluctuations of the ¢ and ¢. Further note that for m > 6 a count of dimensions shows
that © = 0. As we have seen in the original model, there is also a second branch where
g # 0, the U(1) broken to Z,4. Phases where the D-term and F-terms equations admit more
than one branch of solutions have already been observed in [11, 12] and have been linked
to “bad” hybrid models in the sense of [29].

Aside from the solutions to the D-term and F-term equations presented here, there
may be further ones, depending on the concrete choice of model. Indeed, we will find a
non-compact branch for the model Y5 below, indicating a singularity.

5.1.1 Yo

This example is a Calabi-Yau threefold, constructed mathematically as the intersection of a
Pfaffian associated to £ = 0° — IP’[71772], (in the sense that the matrix defining the Pfaffian
is a section of A2E(t) for some t,) with a quartic hypersurface in IP)[71772}. It is discussed
in [15, example 2.17].

We propose that the corresponding GLSM is given as follows. Starting off with a gauge

group U(2) = %QSU@), the matter content is

e 7 chiral superfields ¢; in representation 1,

e 1 chiral superfield ¢g in representation 14, forming the remaining homogeneous co-

7
[1772]7

ordinate on P
e 5 chiral superfields z{ in representation 21,
e 10 chiral superfields b = —b7" in representation 1_o,

e 1 chiral superfield ¢ in representation 1_g,

and superpotential
W= b7 (A0 — atalea) + afi(0), (5.12)

where A(¢) is a skew-symmetric 5 x 5 matrix (whose rank two locus defines the Pfaffian),
with entries of charge 2 under the U(1), and f4(¢) is a generic polynomial of degree four
(hence charge 8).

The Calabi-Yau condition is satisfied: —2-7—-4-148-1-3-2-5410-4 = 0.
Now we implement the Zs quotient to rewrite the gauge group as U(2). With a € U(1),
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g € SU(2) and g = ag € U(2) the fields ¢
in the det?-representation. The z-fields transform in the fundamental and ¢ and b¥ are in

77777 7 transform in the det-representation and ¢g
the det™ and det™? representations, respectively.

The entries of the matrix A(p) are of degree 2 in the ¢y, i.e. linear in ¢ 7 while ¢g
does not appear at all. In the r > 0 phase we find a geometry (5.6). We do not find
any non-compact directions. To see this, note in particular that the rank of A(¢) drops to
zero if ¢1 7 = 0, indicating a singularity. However, then the F-term (5.5) implies ¢g = 0
and the remaining F-terms enforce x = 0 which is disallowed by the D-terms in the phase
r > 0. Reference [15] also points out that this model coincides mathematically with a
double covering of a Fano threefold. We have not seen this description directly in physics,
but it would be interesting to do so.

In the » < 0-phase, respectively the 7 < 0 phase of the dual, there is certainly a
solution where ¢ # 0 and all other fields zero. The branch ¢ = 0, ¢, = 0 does not seem to
exist for dimensional reasons.

Computing the effective potential on the Coulomb branch, one finds two singular points
in the Kéhler moduli space.

oot L L1 1 w=eT (5.13)
64 (1—-w)d 64 (1+w?) o '

This, together with the topological data given in [15] can be found under the label AESZ
51 in the Calabi-Yau operator database [26]. The information in the database also gives
further evidence that the r < 0 phase is a “bad” hybrid: the Riemann symbol indicates
the same structure of the periods as observed in [29].

5.1.2 Y5
This example is a Calabi-Yau threefold, constructed mathematically as the intersection
of a Pfaffian associated to O° — IP’[716 23] with a degree 6 hypersurface in P[716 93" It is

described in [15, example 2.18].
We propose that this model is described by the following GLSM, with gauge group

U(2) = %SU@), and matter

e 6 chiral superfields ¢; in representation 1o,

1 chiral superfield ¢7 in representation 14,

1 chiral superfield ¢g in representation 1g,

5 chiral superfields ¢ in representation 21,
e 10 chiral superfields b/ = —b’? in representation 1_s,
e 1 chiral superfield ¢ in representation 1_1s.

and superpotential
W= b7 (A(0)y — aiahea) + afs(0), (5.14)
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where A(¢) is a skew-symmetric 5 x 5 matrix (whose rank two locus defines the Pfaffian),
with entries of charge 2 under the U(1), and fs(¢) is a polynomial of degree six (hence
charge 12). The sum of the U(1) charges vanishes, consistent with the Calabi-Yau condition,
and the superpotential above is explicitly gauge-invariant. Note that ¢7 g do not appear in
A(¢). The analysis of the phases is indicated as above, except that we find a non-compact
direction. To see this, consider the locus ¢1.. ¢ = 0 in the r > 0 phase. Then it follows
from the F-terms (5.2), (5.4), and the first six of (5.3) that ¥ = 0 and * = 0. The
remaining F-terms (5.5) and the last two of (5.3) then have a solution, namely ¢ = 0,
where ¢2 ~ ¢3 # 0. This result is consistent with [15] where it was conjectured that no
smooth example of this form exists.

Again, we cannot say much about the other phase of this model. The analysis of the
dual theory shows that two branches, one with ¢ = 0, one with ¢ # 0 exist. This indicates
that this phase is a “bad” hybrid model.

The Coulomb branch analysis yields two singular points at

1 1 1 1 2mi
-t _ _ _ = . 1
1321 —w)p’ 641 twtp 77 (5.15)

This, together with the topological data given in [15] can be found under the label AESZ
63 in the Calabi-Yau operator database [26]. As for Yjg, the Riemann symbol supports the
claim that the non-geometric phase is an exotic hybrid.

52 X

This is a Pfaffian associated to £ = O(2) ®0O(1)?@ 0? — IP%G 5+ It’s isomorphic to P°[3, 3].

We propose that the corresponding GLSM has gauge group U(1) x SU(2), with matter
e 6 chiral superfields ¢; in representation 11,
e 1 chiral superfield ¢7 in representation 1o,
e 5 chiral superfields z{ in representations 2, 21, 21, 29, 2o,
e 10 chiral superfields b = —b7" that are SU(2) singlets of charges
~3,-3,-2,-2,-2 —1,-1,—1,—1,0, (5.16)
and superpotential
W = b7 (A(0); — aialew) (5.17)

where A(¢) is a 5 x 5 skew-symmetric matrix which should be interpreted as a section of
AZE. (An example of such a matrix A, in fact a one-parameter family of such matrices, is
given in [15].) The sum of the U(1) charges vanishes, consist with the Calabi-Yau condition,
and the superpotential above is explicitly gauge-invariant.
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6 Conclusions

In this paper we have described GLSMs for several further exotic constructions. We be-
gan by describing GLSM realizations of Veronese, Segre, and diagonal embeddings, which
can be useful building-blocks for various constructions of Calabi-Yau. We then described
GLSMs for intersections of Grassmannians, after linear rotations and Veronese and Segre
embeddings. We then discussed the (non-birational) phases of the intersections of two
Grassmannians with a linear rotation, giving a physical realization of mathematical struc-
tures recently discussed in [16, 17]. We then concluded with GLSMs for some other exotic
Calabi-Yau constructions in [15].

We observed at one point that the GLSM for the Veronese map coincides with the
PAXY model of [9] describing the image as a (hyper)determinantal variety. Now, PAXY
and PAX models exist in greater generality, in which fields z, y are introduced to realize a
determinantal variety. To our mind this begs the question of whether those fields can be
understood in terms of defining maps in a fashion analogous to what we have seen here for
the Veronese embeddings. We leave this matter for future work.

Analogous mathematical phenomena are described in [30] for spinor varieties, and
in [31] for cubic fourfolds. Further, more exotic mathematical examples can also be found
in [32, section 6], [33, 34]. It would be very interesting to construct corresponding GLSMs.

A further interesting class of examples to look at are Calabi-Yaus that do not have a
point of maximal unipotent monodromy as discussed for instance in [35-37]. This would
translate into GLSMs that do not have geometric phases. In such cases localization tech-
niques from the GLSM that do not rely on mirror constructions may be particularly useful
for analyzing these Calabi-Yaus.

Most known examples of non-abelian GLSMs have matter that transforms either in
the fundamental or some one-dimensional representation. In section 2.4 we have discussed
GLSMs with matter in the Sym9k representation. It would be interesting to analyze
GLSMs with exotic matter in further detail, as they will lead to interesting new examples
of Calabi-Yau spaces.

Finally, the construction of intersecting Grassmannians seems to fit into a more general
framework [38]. It would be interesting to see if this approach leads to a systematic
construction of a larger class of new Calabi-Yaus via non-abelian GLSMs.

While the main goal of this work was to identify GLSMs that lead to certain classes
of Fanos and Calabi-Yaus, it is possible to extract further (quantum) information from
GLSMs. In the Calabi-Yau case methods from supersymmetric localization can be applied
to compute Gromov-Witten invartiants [1], the elliptic genus [2], the central charge of
B-type D-branes [3, 4] or Yukawa couplings [5]. While these methods can also work in
non-Calabi-Yau GLSMs, the interpretation of the results is less clear. In the Fano case,
one can still use the GLSM to compute certain quantities that are invartiant under RG
flow, by taking the A-twist of the theory (if the U(1)y symmetry is non-anomalous). An
example of such an invariant that can be computed via the A-twisted GLSM is the quantum
cohomology ring of a Fano non-linear sigma model. We plan to return to this in future work.
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