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This talk is concerned with non-abelian mirrors. For abelian
theories, many things are known. For example:

» Abelian GLSMs are well understood,

> there exists the Batyrev-Borisov construction of mirrors to
complete intersections in projective spaces,

» there exists Hori-Vafa construction of mirrors.
For non-abelian theories, much work remains:
» Non-abelian GLSMs are still under active development,
» No known nonabelian mirror construction in physics until '18.

This talk is concerned with the last point.



In this talk, we propose an extension of the Hori-Vafa mirror
construction of mirrors of 2d abelian gauge theories, to non-abelian

GLSMs

» We will quickly review GLSMs and the Hori-Vafa mirror
construction for abelian GLSMs

» We will propose mirrors for nonabelian GLSMs.

» We compute numerous examples to check the ansatz.
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» For mirror Calabi-Yau n-folds, HP9(X) = H"=P:9(X). For
3-folds, we have x(X) = —x(X).

» Two Calabi-Yau manifolds are said to be mirror, if the SCFTs
are isomorphic, related ultimately by flipping a left U(1)g sign
convention.

» On the worldsheet, mirror symmetry exchanges chiral
multiplets and twisted chiral multiplets.
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(2,2) GLSMs

Abelian GLSMs have been studied extensively in the literature
(Witten '93), we define a GLSM by specifying the following data.

» Gauge group: a compact Lie group G with associated Lie
algebra g.

» Chiral matter fields: ®;_; ... y are irreducible representations
R; of G, this vector space is denoted by V = CV.

» Adjoint fields: V is the adjoint representation of G called the

gauge field, the field strength is the twisted chiral superfield
denoted as .

» Superpotential: a holomorphic, G-invariant polynomial
W :V — C, namely W € Sym(V*)¢.



(2,2) GLSMs

» Fayet-lliopoulos (Fl) parameters and theta angles: a set
of Fl-parameters r? and periodic theta angles 67 € R/27Z
where the index a runs over the number of U(1) sector in G.
One can combine them to define g% = exp (—t?) € C*, where
t?=r? —if°.

» R-symmetry: a vector U(1)y and axial U(1)a R-symmetries
that commute with the action of G on V. To (classically)
preserve the U(1)y symmetry the superpotential must have
weight 2 under it in our convention:

W(XTg) = N W(9)

where ¢ denotes the coordinates in V.

For abelian group G, many results are known. While nonabelian
gauged linear sigma models are still under active development for
example, WG w/ Sharpe and Zou 20



(2,2) GLSMs

» The classical potential energy of a GLSM for a degree d
hypersurface in P” is

U=S" 1062+ |2 p ]
IS 6P d PP tP+ G+ | p0iG P
2 - 1 pl .

» GLSMs can RG flow to NLSMs on spaces such as CPV and
quintic. The Kahler parameter is renormalized under RG-flow:
r=r+ Qjlog &.

» The twisted chiral rings of these target space can be
represented by the gauge invariant functions of o5 (Witten
'93). For example, for projective space CP", we only have one
o, which corresponds to the generator of H1! of the
projective space, similar for o2 ~H??



(2,2) GLSMs

» For Fano spaces with a trivial Landau Ginzburg model at the
LG point (r << 0), quantum ring relations of the target can
be obtained from twisted effective superpotential, which are

Wepr = Z Y. [—ta - Z Q7 <|og (Z Q;”’Za> - 1)] .

OWerr B

0.
OJo,

» Notice the quantum potential energy U ~ ) %jj 2.
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For (2,2) abelian GLSMs, the mirrors are Landau-Ginzburg models
with fields (Hori, Vafa '00):

e Y; neutral fields mirror to each of the matter fields, with 27/
periodicity, so observables are exp(—Y).

e >, auxiliary fields mirror to the gauge strength fields of the
original GLSM,

and superpotential

W:Z(ZQ,?Y,-—#’) .+ ) eV
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The mirror Landau Ginzburg superpotential

» Non-renormalization theorem: the superpotential in LG is

classical.
» The quantum chiral ring relations are obtained by
ow
=0.
Y,

Reason is that the bosonic potential=| dW |?, vacua
correspond to the vanishing of the bosonic potential energy.

From the mirror Landau Ginzburg superpotential

W=y (Sav-e)niye
a i i
taking the Y; derivative gives the map between observables

QL. =exp(—Yi).

We will use this map later on for concrete examples.
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A quick example: CP*

GLSM: U(1) gauge theory, five chiral superfields of gauge charge 1.
The A-model twisted superpotential

Wesr = —t% — 5% (logx — 1).

The effective GLSM twisted superpotential is defined from
quantum correction of matter fields, there are five vacua. The
twisted chiral ring relations

o’ =q.
One can also compute the correlation functions are

(o%K 4 = gk, for k>0.
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The mirror Landau Ginzburg model for CP*

The mirror LG model superpotential is

5
W:Z(Z\/,-—t)JrZer.
i i=1

Integrate out X and solve the constraint to get

4 4
Weff: E eiY"—f—quJrY".
i=1 i=1

The LG-model superpotential is defined classically.



The mirror Landau Ginzburg model for CP*

One can evaluate

OWerr _
aY;

to obtain the chiral ring relations, which are

0

exp(—Y1) =... =exp(—Ys) = X, X° =q.



The mirror Landau Ginzburg model for CP*

One can evaluate
OWepr

dY;

to obtain the chiral ring relations, which are

0

exp(—Y1) =... =exp(—Ys) = X, X° =q.
One can also compute the correlation functions are
(XY = gk, for k>0.

Recall the map for observables is o < X = e~ Y. All match the
GLSM result! One can also study mirrors to hypersurfaces in
projective spaces similarly (details can be found elsewhere).
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Non-abelian mirror proposal

In Gu, Sharpe '18, we propose that the mirror of a non-abelian
GLSM with connected gauge group G is defined by a
Landau-Ginzburg orbifold, which is a Weyl group orbifold of Y;, X,
and X, fields with superpotential

W = Z Y, (Z piYi— Z ay, log X, — t") +Z X#—l—z exp(—Y;),
a i p 1 i

where p7 are weights of matter representation, a7 are roots of
gauge group G, and the index a€ {1,...,r}, and r is the rank of
Cartan torus of the non-abelian group.

> X, mirror to each U(1) gauge field strength multiplets in
Cartan torus which we denote the same notation.

> Y mirror to matter fields.

> X, mirror to W-bosons (~ roots of the Lie algebra) .



Weyl group orbifold

The Weyl orbifold maps weights to weights
Yi=Y; Zzap?HZZap?.
a a
and roots to roots
X, — X, Z Yaad e Z SIS
a a

One can check that the superpotential is invariant under the Weyl
group orbifold transformation.



|dea of the proposal

At a generic point on the Coulomb branch, the nonabelian theory
becomes an abelian theory with W bosons (lowest component of
chiral superfields with vector R-charge 2), it is an effective theory.
Our intuition is that the nonabelian proposal is a result of applying
abelian (Hori-Vafa) duality at such a point, to both matter fields
as well as W bosons, which is why our proposal looks so closely
related to abelian duality.

So the logic is that we start from a UV nonabelian GLSM, but we
take T-dual of an effective theory that looks pretty like an abelian
theory. The effective theory is conjectured to follow to the same
NLSM as the original nonabelian GLSM.

If we know the details of the Kahler potential under the RG-flow,
one can argue that we have a physical proof of nonabelian mirrors.
However, it is still an interesting question to ask whether we can
have a framework for nonabelian T-dual, and nonabelian mirrors
are expected to be UV fundamental theories. These fundamental
theories follow to the same low energy theory as our nonabelin
mirrors.



Associated Cartan

» Gauge group: gauge group T = U(1)rank(c) xS,
U(1)22(G) is the maximal torus of the gauge group G and S
is the Weyl group of G.

» Chiral matter fields: ®;_; ... y are charged by weights p?
under the gauge group T, the field space ¢ is a Weyl-orbifold
free subset of CN'7ank(G) denoted as V. Additional Weyl
orbifold free dim (g) — rank (g) vector R-charge 2 with gauge
charges given by the roots af, of G.

» Adjoint fields: V is the adjoint representation of
U(1)22K(6) % S, the field strength is the twisted chiral
superfield also denoted as X.

» with other data



Consistency checks

This proposal satisfies a number of consistency checks, including
(but not limited to):

» Matching Witten index
» Matching quantum cohomology rings,
» Matching (topological) correlation functions,

We will see this explicitly in various examples in the rest of this
talk.



An example

Let us consider a (2,2) supersymmetric pure SU(2) group as an
example. Our general ansatz for the mirror superpotential is

W = Z >, (Z piYi — Z s, log X, — ta) _|_Z X#+Z exp(—Yi).
a i 1 1Y i

For pure SU(2), the mirror has fields ¥, X1, X2, and the
superpotential reduces to

W = 2% (IogX1 — Iong) + X1+ Xo.

The Weyl group, Z5, acts on the fields as



An example

Let us consider a (2,2) supersymmetric pure SU(2) group as an
example. Our general ansatz for the mirror superpotential is

W = Z >, (Z piYi — Z s, log X, — ta) _|_Z X#+Z exp(—Yi).
a i 1 1Y i

For pure SU(2), the mirror has fields ¥, X1, X2, and the
superpotential reduces to

W = 2% (IogX1 — Iong) + X1+ Xo.
The Weyl group, Z5, acts on the fields as
Y > X, X1 < Xo,

and the superpotential is invariant under this Weyl group action.
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Example: Grassmannian G(k, n)

The GLSM for Grassmannian G(k, n) is a U(k) gauge theory with
n fundamental matter fields. The mirror is predicted to be an
Sk-orbifold of a Landau-Ginzburg model with matter fields Y;,

(ie{l,....,n},ac{l,... . k}), X =exp(—2Zw),
w,v € {1,...,}, and superpotential

w=>'v, (Z PYib + > 0% Zu — t) +Y_exp(—Yia)+ Y X,
a ib pv ia pFEY

where p3 = 63, O‘Z = 52 +42.

=



Example: Grassmannian G(k, n)
Integrating out the X, we get constraints
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Example: Grassmannian G(k, n)
Integrating out the X, we get constraints

ZY/a_Z av — Va)

v#a
which we use to eliminate Y,,;:

Zyla""z av Va + t.

v#a
Define

n—1 X am
I_Ia = exp (_Yna) =q | | exp (+ Yl'a) X ’
Y NE]

i u#a

for g = exp(—t), then the superpotential for the remaining fields,
after applying the constraint, reduces to
n—1 k

W:ZZexp( (N —i—ZXW—i—ZI'I

i=1 a=1 v



Critical locus for mirror to Grassmannian

The critical locus which corresponding B-model vacuum can be
gotten by calculating the following vacuum equations.
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The critical locus which corresponding B-model vacuum can be
gotten by calculating the following vacuum equations.
ow 0 ow
e T X

=0.

These imply
exp (—Yi,) =M, Xy = =M, +T1,.

By using the definition of I1,, we find

1\"* —M, + _
M. — L Y e T A L
] q(na) [] T, +n, | 90T M



Critical locus for mirror to Grassmannian

The critical locus which corresponding B-model vacuum can be
gotten by calculating the following vacuum equations.
ow ow

Y 0 OX

=0.
These imply

exp (—Yi,) =M, Xy = =M, +T1,.

By using the definition of I1,, we find

1\"* —M, + _
M, = i _atp — _\k—1 M 1-n
o) (T ] e my.
p#a
hence
(N2)" = (-)"q.
The finiteness of the potential requires X, # 0 . So it forces the
M, # My, when a # b.
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From
(M2)" = (=) g,
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n(n—1)---(n—k+1)

This corresponds to k distinct solutions for each I1 field from n
different solutions. Then taking into account the Weyl S, orbifold,
we obtain the number of vacua is



Critical locus for mirror to Grassmannian

From
(M2)" = (=) g,

the number of solutions is
n(n—1)---(n—k+1)

This corresponds to k distinct solutions for each I1 field from n
different solutions. Then taking into account the Weyl S, orbifold,
we obtain the number of vacua is

n(n—=1)---(n—k+1)
k!

equal to the Euler characteristic of the Grassmannian, which is the
number of vacua obtained from the GLSM.



Correlation functions match

One can calculate B-model correlation functions for Grassmannians
following (Vafa '90) and compare the results to the A-model
results. Correlation functions are computed in terms of the Hessian
H which is defined as the determinant of the matrix of second
derivatives of the superpotential W.
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Correlation functions match

One can calculate B-model correlation functions for Grassmannians
following (Vafa '90) and compare the results to the A-model
results. Correlation functions are computed in terms of the Hessian
H which is defined as the determinant of the matrix of second
derivatives of the superpotential W.

2
H = det < 0 Mi) .
Yoy
For example, the G(2,4) case has Hessian

(M1)* (M)
(M1 — M2)*

H = det (9°W) = —16

Then one can use the B-model correlation function formula

<O(X)> = Z OE_I)Q |vacuum,

vacuum

to calculate concrete examples.
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Correlation functions match

For G(2,4), the first nonzero correlation functions are

(P (M) = o (M) (M%) =~ = () (M),

These match the classical correlation functions of the A-model.
Using the chiral ring relations, we can derive results for more
correlation functions, which also match A-model’s results. One can
also study more complicated cases following the same procedure as
for Grassmannians.



Correlation functions match

One can prove the correlation functions match between A-model
gauge theory and its corresponding B-model LG in general. Several
different ways can be found in Gu, Sharpe '17 and '18.
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B-twistable?

Mirror symmetry should map the original A-twisted gauge theory
to a B-twist of the Landau Ginzburg orbifold.

Let us now check B-twistability.

For the closed string B-model to exist, the orbifold must preserve
the holomorphic top form up to a sign (Sharpe '06).

The Weyl orbifold satisfy this property: each Weyl reflection
interchanges s with Xs, Ys with Ys and Xs and Xs, so as a result,
we have

[TdznTaYin ] oXu = [T dZan ] aYiA]] dX-
a i 1% a i o

Or if integrated out some fields like X, we could have
dXi A NdXy = £dXy A A dX,

so the holomorphic top-form changes by at most a sign. Thus the
B-twist is consistent.



Example: pure gauge SO(3)

One can discuss the mirror for more general connected gauge
groups. Recall that the mirror to the pure SU(2) gauge theory was
defined by the superpotential
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The mirror to the pure SO(3) theory is a LG model with fields Xi,
Xo, X, and superpotential
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Example: pure gauge SO(3)

One can discuss the mirror for more general connected gauge
groups. Recall that the mirror to the pure SU(2) gauge theory was
defined by the superpotential

W =2% (|Og X1 — log X2) + X1 + X5,

The mirror to the pure SO(3) theory is a LG model with fields Xi,
Xo, X, and superpotential

W =X (log X1 — log Xo + imn) + X1 + Xo,

where imn is the discrete theta angle for the group SO(3). The
Weyl group acts on the fields as follows

X1 <~ XQ, T — =3



Example: pure gauge SO(3)

One can find the vacua for the mirror of pure SO(3) group, given
by
ow _ow _ ow
0r 00Xy 0Xo

It turns out that only for discrete theta angle im are there SUSY
vacua. The other case breaks SUSY.

One can find more general SO(k) group cases in Gu and Sharpe
"18.

0.




Example: pure Sp(2k)

One can study other groups following the same ansatz. Recall the
general mirror ansatz is
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Example: pure Sp(2k)

One can study other groups following the same ansatz. Recall the
general mirror ansatz is

W= Z Y, (Z piYi — Z o, log X, — H) _|_Z Xu"‘z exp(—Yj).
a i o o i

For pure Sp(2k), the mirror superpotential is given by

k
W = Z Za Z(éuga - 6#,2371 + 51/,25 - 61/,2371)2;11/
a=1

u<v

+ > Xt Y (Xoagb + Xoa-126-1 + Xoa-1.26 + Xoa2b-1) -
H a<b



Example: pure Sp(2k)

The critical locus is defined by

ow
8)<2a72a
ow
0X2a—-12a-1
ow
=0:
0X242p
ow
—~— =0:
0X2a-1,2b-1
ow
—— =0:
0X2a-1,2b
ow
=0:

0X222b-1

=0:

=0: XQa,Za = 20,,

X2372b =05+ 0p for

Xoa—12b-1 = —(04 + 0p)

Xoa—12p = —05+0p  for

X2a2b-1 =045 —0p for

X2a—12a-1 = —20,,

a < b,

for a< b,

a<b,

a<hb,



Example: pure Sp(2k)

In addition, OW /Jo, = 0 implies

Hza—1§u X2a-1,v HMSZa—l Xu,Zafl 1
H2a§u X237V H#SZa X,U723 7
Along the critical locus, each of the ratios appearing in the product
above is -1. Since there are manifestly an even number of them,
this critical locus equation is trivially satisfied. This suggests the
IR limit is a set of k free fields. As a consistent check, note this is

consistent with earlier computations for the pure SU(2) = Sp(2)
theory.




Hypersurfaces in Grassmannian

Consider an GLSM for a hypersurface of degree d in G(k, n). This
is described by a U(k) gauge theory with matter

e n chiral multiplets ¢;, in the fundamental representation,
ie{l,---,n}, ac{l, - k},

e one field p of charge -d under det U(k), and a superpotential
W = pG(B),
where G is a polynomial of degree d in the baryons,
Bi..iy = € Pja - Diay

We take the chiral superfields ¢;, to have R-charge zero, and p to
have R-charge two.



Hypersurfaces in Grassmannian

The mirror of this theory is an orbifold of the Landau-Ginzburg
model with fields

e kn chiral superfields Y, mirror to ¢,,
e one chiral superfiel X, = exp(—Y}), mirror to p,
i X;w = exp(_Z;w)v MV € {17 Ty k}'
e3>, ac{l, -, k} and superpotential



Hypersurfaces in Grassmannian

The mirror of this theory is an orbifold of the Landau-Ginzburg

model with fields

e kn chiral superfields Y, mirror to ¢,,
e one chiral superfiel X, = exp(—Y}), mirror to p,
& N = exp(_Z,ul/)v MV € {17 Ty k}v
e3>, ac{l, -, k} and superpotential

W= Y 5. [> paYe—dYo— ) af,log X, —t

ib jiE3%

—i—Zexp(—Y,-a) + Xp + ZX;UM
ia uFEv

where
a a a _ a a
Pib = 6b’ Qo = _6u + 51/'

(1)
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Hypersurfaces in Grassmannian
Integrating out X ;s gives constraints

Z Yia—dYp+ ) (log Xa, — log X,2) = t,
v#a

which we can solve by eliminating Y,:

n—1
- Z Yia +dYp, — Z (log Xop — log X,5) + t
i=1 v#a

Then the superpotential becomes

n—1
W:ZZexp( ia +Z|_| + Xp +ZXW’
i=1 a

HFV

where I, = exp(— Y5a).
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Dimension

» One can compute the critical locus for the superpotential,
which | will not do here.

> Instead | will mention a hint for the mirror geometry.

» If the original CY has complex-dimension k(n — k) — 1, the
worldsheet theory flows to a SCFT which has the central
charge c

g—k(n—k)—l

» The mirror model should flow to a SCFT with the the same
central charge. Indeed

3 = 20-a) 2)
= (D1 -2)+ (K= k)1 —-2)+k(n—1)(1-0)
k(n—k)—1

where we assigned the R-charge 2 to fields 1, and X,,,,, while
we assign R-charge zero to Y fields.



Mirror geometry

Construction of mirror geometries to non-abelian Calabi-Yau's is
left for future work.



O(2) case

> It is a non-connected gauge group, the gauge theory has a 2,
orbifoldand vacuum can intersect with the orbifold fixed
points where the twisted sector should be take into account.

» Based on two different projections, we can define two different
theories which we called O, (2) and O_(2) respectively.

» Consider the mirror to the O, (2) gauge theory with 3
doublets.

» The mirror Landau-Ginzburg orbifold has six fields Y/ as well
as one 2, with a superpotential

» Z, orbifold acting as ¥+ —%, Y{ <> Vi



O(2) case
» One can compute the vacuum equation
3 3
[T =m) =T (-X - m)
i=1 i=1
where 1
X = (exp(=Y{) — exp(~¥3))

> It is symmetric under X — —X, it has roots: 0 and £Xp.
Because the Z, orbifold, we should identify the +Xy as one
single solution. The X = 0 solution intersects Z> fixed point,
so we have to include the twisted sector. So the vacuum
number is 2+1=3.

» One can consider SO(2) gauge group with three doublets and
three singlets with a superpotential.

» This is a propotype in understanding the 2d Hori-Seiberg dual
of gauge theories in the mirror, one can see w/ Hadi and
Sharpe 1907.06647 for more details.



A brief summary of other relevant development in
nonabelian mirrors

» 2005.10845 w/Sharpe and Zou, studied the 2d nonabelian
pure gauge theory in mirrors and gave refined IR dynamics.

» 2001.10562 computed the massive orbifold Landau-Ginzburg
model’s correlation functions and checked the 2d Hori-Seiberg
duality in the mirror following 1907.06647.

» 1908.06036 w/Guo and Sharpe studied the 2d (0,2)
nonabelian mirrors of Fanos.



Conclusion

» Reviewed the Hori-Vafa construction of mirrors to abelian
GLSMs.

» Proposal for mirrors to non-abelian GLSMs.

» Discussed several examples, showing matching correlation
functions and twisted/chiral rings.

THANKS!



