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Orbifold autoequivalent exceptional unimodal
singularities

Ana Ros Camacho and Rachel Newton

October 16, 2018

Abstract. We prove that different expressions of the same exceptional unimodal sin-
gularity are orbifold equivalent in the sense of [CR2, [CRCR] RCN]. As in our previous
paper [RCN]|, the matrix factorizations proving these orbifold equivalences depend again
on certain parameters satisfying some equations whose solutions are permuted by Galois
groups.
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1. Introduction

Thanks to the classification performed by Arnold in the late 60’s, we know that unimodal
singularities fall into 3 families of parabolic singularities, a three-suffix series of hyperbolic
ones, and 14 exceptional cases (more details can be found in e.g. [A1l [AGV]). A way to
describe them is via regular weight systems [Sail, that is, a quadruple of positive integers
(a1,a2,as; h) with a1, a9,as < h (h is called the Cozxeter number) satisfying:

- ng (a17a27a3) = 17 and

— there exists a potential (meaning a polynomial W € C [z, x2, x3] that has an isolated
singularity at the origin) with the degrees of the variables z; being |z;| = 2—;‘;@ € Q>o,
i € {1,2,3} which is invariant under the Euler field E, that is,
ay 0 a9 0 as 0

EW = —21— + —a9— + —x3— | W = W.
<h$18x1 i h$2a$2 i hx3a$3)

We say that a potential is homogeneous of degree d € Q>¢ if in addition it satisfies
14 (Am‘xh A2y, >\|m3|333) = MW (21, 22, 23)

for all A € C*. Requiring the potential W to be invariant under the Euler vector field turns
out to be equivalent to requiring W to be homogeneous of degree 2. This argument goes
as follows: a potential in three variables can only have seven possible shapes, as specified
in [AGV], Chapter 13], for example. Imposing invariance under the Euler field boils down
to some conditions on the powers of the monomials in the potential. With the assignment
of degrees made, one easily finds that these conditions are precisely the same as those we
should impose if we want homogeneity of degree 2.

From now on, when we write ‘potential’ we mean a potential that is homogeneous of
degree 2. Potentials are the central concept of the present paper.

Throughout this paper, we will work over the graded ring S := C [z1, 22, 23] (although
most of the definitions and results can be easily generalized to polynomial rings in n
variables over a field k C C). We denote the set of all possible potentials with complex
coeflicients, and three variables, by Pc. To a potential W € P¢, we can associate a number
called the central charge, which is defined as:

w

ew =Y (1= ail)

1=1



Type | Potential (vl1) | Potential (v2) | Potential (v3) | (a1,as2,as;h)

Qo | 2t +y3 + a2’ — — (9,8,6;24)
Qu | 2y + >+ 222 - - (7,6,4;18)
Q2 | 32+ + 22 | 2° + o3 + 22 - (6,5,3;15)
S| wt P a2 — — (5,4,6;16)
Si2 | Py + y?z + 222 — - (4,3,5;13)
Ui a4+ 28 oty 22y | 2ty 2%y | (4,4,3;12)
Zi | 24wyt + 2P —~ —~ (8,6,15;30)
Zio | yrt +ayP + 22 - - (6,4,11;22)
Ziz | 23z+ayd+ 22 | 28 4yt + 22 - (5,3,9;18)
Wio x° + 2z + 22 x® + yt 4 22 - (5,4,10;20)
Wiz | yat+ 9?2+ 22 | 2ty +y* + 22 — (4,3,8;16)
Eis x4 yP 22 - - (14,6,21;42)
Fiz | y¥+yxd+ 22 - - (10,4, 15; 30)
Euy | 2242422 | a8 +¢3+22 - (8,3,12;24)

Table 1: Exceptional unimodal singularities with associated potentials and regular weight
systems. We use the labels v1, v2 and v3 to denote the different potentials asso-
ciated to each singularity.

The central charge is related to the Coxeter number by the formula cy = % ﬂm

The potential W associated to a singularity is not necessarily unique. For the case of
exceptional unimodal singularities, one can compute that {E14, Q12, Uiz, Wia, Wis, Z13}
have multiple associated potentials, see Table [Il

In previous work ([CRCRI), it was proven that potentials associated to simple singulari-
ties could be related by an equivalence relation which will be defined in the next subsection.
In [RCN], we proved that potentials associated to Q19 and Ey4 — strangely dual exceptional
unimodal singularities — could be related by this same equivalence relation. In this paper,
we prove that the potentials associated to an exceptional unimodal singularity are equiva-
lent in this sense.

'This formula is a special case of the following formula for potentials in n variables:

(n—2)h — 2ew
h

Cw =

n

where ew := Y a; — h is the Gorenstein parameter of W [Sai]. In order to recover the formula of [Marl,
i=1

set n = 3 and use the fact that exceptional unimodal singularities have Gorenstein parameter ey = —1.



On matrix factorizations

One can define an equivalence relation between potentials as follows.

Definition 1.1. o Given a potential W € S, a matriz factorization of W consists of a
pair (M ,dM ) where

— M is a Zo-graded free module over S
—dM: M — M is a degree 1 S-linear endomorphism (the twisted differential)
such that:

dM o dM = Widy,.

M
We may display the Zo-grading explicitly as M = My & M; and d¥ = < d(J)V[ dé )
0

If there is no risk of confusion, we will denote (M ,dM ) simply by M.

o We call M a graded matriz factorization if, in addition, My and M7 are Q-graded,
acting with z; is an endomorphism of degree |z;| with respect to the Q-grading on
M, and the twisted differential has degree 1 with respect to the Q—grading on ME

We will denote by hmf®" (W) the idempotent complete full subcategory of graded finite—
rank matrix factorizations: its objects are homotopy equivalent to direct summands of
finite-rank matrix factorizations. The morphisms are homogeneous even (with respect to
the Zg degree) linear maps up to homotopy with respect to the twisted differential. This
category is monoidal and has duals and adjunctions which can be described in a very
explicit way. This leads to the following result which gives precise formulas for the left and
right quantum dimensions of a matrix factorization.

Proposition 1.2. I[CR1] Let V (z1,...,2m) and W (y1, ..., yn) be two potentials and
M a matrix factorization of W — V. Then the left quantum dimension of M is:

m—+1

qdim; (M) = (—1)( 2') Res

str (04, @M ...y, dM 9, dM .0, dM ) dy, ... dy,
O W, ..., 0y, W

and the right quantum dimension is:

n+1

qdim, (M) = (—1)( :) Res

str (04, ... 0,,dM 0, dM ... 0,,dM ) day ... dz,y
O Vi 00 V

Quantum dimensions allow us to define the following equivalence relation:

?Note that these conditions imply that W is homogeneous of degree 2 (as desired).



Definition and Theorem 1.3. [CR2, [CRCR] Let V, W and M be as in the previous
proposition. We say that V and W are orbifold equivalent (V ~gp W) if there exists
a finite-rank matrix factorization of V' — W for which the left and the right quantum
dimensions are non-zero. Orbifold equivalence is an equivalence relation in Pc.

Remark 1.4. [CR2 Proposition 6.4] (or [CRCRJ, Proposition 1.3]) If two potentials V" and
W are orbifold equivalent, then their associated central charges are equal: ¢y = cyy.

Let us give some comments on quantum dimensions and orbifold equivalences [CRCR],

o [CRCR] Lemma 2.5] The quantum dimensions of graded matrix factorizations take
values in C. One can see this by counting degrees in the formulas given in Proposition

o The definitions of the quantum dimensions are also valid for ungraded matrix factor-
izations (in which case they will take values in S instead of in C). Furthermore, the
quantum dimensions are independent of the Q-grading on a graded matrix factoriza-
tion.

o So far, the difficulty of establishing an orbifold equivalence lies in constructing the
explicit matrix factorization which proves it.

In [RCN], we proved that the potentials associated to the singularities Q19 and Fi4 (in
either of its two expressions) are orbifold equivalent. Since orbifold equivalence is an equiv-
alence relation, transitivity implies that the two potentials describing F14 are also orbifold
equivalent. The following question is hence a legitimate one: “are different expressions of
the same (exceptional unimodal) singularity orbifold equivalent to each other?” B

Potentials associated to the same singularity obviously share the same Coxeter number
and central charge, which is a consequence of orbifold equivalence as noted in Remark [[4]
Indeed we found the main result of this paper.

Theorem 1.5. We have the following orbifold equivalences between different potentials
associated to the same exceptional unimodal singularities:

Q12(v1) ~orb Q12(v2)
Ui2(v1) ~orbUi2(v2) ~or, Ur2(v3)

Wia(v1) ~orp Wia(v2)

Wiz (vl) ~orp Wi3(v2)

Z13(v1) ~ort, Z13(v2).

3This question was originally posed by W. Ebeling, to whom we express our gratitude for stimulating this
work.



Some further motivation for this work is as follows. In [RCN| Section 1], we conjectured
that potentials associated to strangely dual singularities (meaning different singularities
that share the same Coxeter number) are orbifold equivalent. As mentioned above, we
proved in that E14 and Q¢ are indeed orbifold equivalent (independently of the
potential we take to describe Fi4), while orbifold equivalence for the pairs (Si1, Wi3),
(Q11, Z13) and (Z11, F13) remains to be proven. Some of these singularities have two possi-
ble potentials describing them, and proving that both descriptions are orbifold equivalent
would allow us to use either of these potentials to pursue a proof of this conjecture. This
may ease that task, which is work in progress [RCN2]. In addition, for the interest of the
first author, these equivalences may shed new insights into the Landau-Ginzburg/conformal
field theory correspondence (LG/CFT) [HWL[LVW| VW [RC] for CFTs with central charge
bigger than one. It would be interesting to identify what should be the interpretation on
the CFT side of these results and the role of Galois groups in them, a la [Gep]. Due to
computational difficulties, we postpone this analysis to [RCN2].

This paper is organized as follows. In the Section 2] we describe the method obtained
to generate the matrix factorizations proving the orbifold equivalences from Theorem [L5]
give details for each of them, describe the equations the perturbation coefficients must
satisfy and compute the Galois groups that permute them and any possible constraints
from imposing non-vanishing of the quantum dimensions. For the sake of completeness,
we also include a matrix factorization proving orbifold equivalence between the potentials
describing FE14. Due to their size, the explicit descriptions of each matrix factorization are
contained in Appendix[Al To finish, we sum up the results and outlook in Section [3]
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2. The proofs

All of the graded matrix factorizations (with |z;| = % given by the regular weight systems

associated to each singularity) that we use to prove Theorem [[.Olare built in the same way,
which we describe here. We start with a matrix factorization whose underlying module is
M =Clz,y,z,u,v,w] @8 and whose twisted differential d = (dij) } is constructed

ije{l,...8
as follows.

— Take dig = do7 = d3zg = dys = ds4 = dg3 = d72 = dg1 = 0.


http://www.math.polytechnique.fr/SISYPH/sisyph-en.htm

— Impose

dgy = ds3 = —dog = —dy7
d73 = dgz = dag = dy5
d7y = —dsy = —d3g = dig
dgg = d71 = —dys = —d35
dgg = —dg1 = —dy7 = das
dgg = d51 = d37 = dag

d

— All the remaining entries are zero.

With this particular choice, we get a matrix factorization whose twisted differential
squares directly to —di7dss + digdas — disdog. Hence, we will only need to specify the
entries {d15, d1g, d17, d2s, dog, dss }, which are listed in detail for each case in Appendix [Al

We take the dy5, dig, di7, dos, dog and dss of the indecomposables Vj in [KST] associated
to each singularity. Then we start perturbing each of these entries a la [RCN| [CRCR], in-
troducing in each entry monomials of the same total degree times some complex coefficient.
Adjusting these coefficients so that the total twisted differential squares to the desired po-
tential, we obtain the desired matrix factorization, together with several equations that
these coefficients need to satisfy.

2.1. E14(V1) ~orb E14(V2)

Here we construct a matrix factorization of u® + v3 +w? — xtz — 33 — 22 (i.e. Fyy(v2) —
Eq4 (v1)). A matrix factorization proving orbifold equivalence between these two potentials
is specified in Equation [§ and it depends on the complex parameters:

{ab a2,a3, a4, b17 b27 b37 C}'
The parameter ¢ must satisfy the following equation:

8
c

11— = 1
=0 (1)

while the remaining 7 parameters are free.
We obtain the following left and right quantum dimensions:

qdim; (M) = —g (a3 — b3 + 4¢)

4These constraints happened to be the same as those required in the matrix factorizations proving orbifold

equivalence in .
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We need to impose on the values of {as,bs,c} some constraints in order to avoid zero
values of the quantum dimensions. It is clear from Equation [ that the right quantum
dimension cannot vanish. To ensure non-vanishing of the left quantum dimension, we need
to avoid the solutions of the system of equations formed by ag — b3 + 4c = 0 and Equation

m

2.1.1. Galois theory

The equation ¢® +4 = 0 factorises as (¢* +2¢? +2)(c* —2¢? +2) = 0. So we get two families
of solutions for ¢, one for each irreducible factor. Each family consists of four solutions for
c.

Family 1: ¢ =+v1+14

Family 2: ¢ =+v/—-1+1
The field generated over Q by each family of solutions for ¢ is Q(v/T +1,+/2) which has
Galois group Dg (dihedral of order 8) over Q. Family 1 and Family 2 are the two orbits
for the action of the Galois group on the solutions for c.

2.2, Q12(v1) ~erp Q12(v2)

Here we construct a matrix factorization of u?w +w® +v3 —y3 — 232 — 222 (ie. Q12 (v2) —
Q12 (v1)). A matrix factorization proving orbifold equivalence between these two po-
tentials is the one specified in Equation [ and it depends on seven complex parameters
{a1,a9,as,a4,as,b1,be} which must satisfy the following six equations:

b +biby =0

—1+4 (—ag — a4 + as) biby — asb3 = 0,

(agag + ajaq4 + a§a4 — agai —ajas + a2a4a5) (a1 — a3 — asas + aqas — ag) =0,
by (a2 + a4 — ap) (a1 — ag — azas + asas — a§)+

by {a% (—aq —a3) + a1 (a2 — ag +as) + as (—2a3 + a3 — ag)] =0,

(al + a% + ag — ai + agas + a4a5) b1 + (a1 + a% — 2a9a4 + 2a2a5) by =0

aias + a%ag + 2a1a0a4 + a§a4 — 2asa3a4 — alai — 2a%ai + agai — ajasas + 2asa3a5-+

2 2 2 2 2 3
+ajasas + a3a4a5 — 20,05 + A505 — 20405 + G205 = 0

(2)



We obtain the following left and right quantum dimensions:

qdiml = (11—(1) (CLQ + a4 — a5) (2&3 + 3as (a2 — a4 + CL5)) by

b (3a§a5 + az (2a3 + agas) + (3as — 2a5) (a?’ T a%)) »

10

1
— 5 las~as(az — a4 T as a2 + a4 — as ag as (a2 — a4 T+ as 1
1o (a3 +as ( +as)) ((a2 + ) (2a3 + 3as ( +as))b
a

—£ (a3 + (a4 — as) (3az — 3as + 2as)) b2>

1
qdim, = 5 (—agby + basby + 3asbe + az (by + b2))

No solution of Equations 2] makes the left quantum dimension vanish, but we need to
impose on the values of {a1,as,as,ay,as,by, by} some constraints in order to avoid zero
values of the right quantum dimension. The solutions of the Equations 2] with

—ayby + Dasby + 3asby + a9 (bl + bg) =0

are to be avoided.

2.2.1. Galois theory

Solving the equations using Mathematica shows that as can be chosen freely and then the
values for the other parameters lie in the field Q(as, v/2, (5, 1) where (5 denotes a primitive
5th root of unity. Generically, treating as as an indeterminate, we get the Galois group

Ga‘l(@(a57 \5/57 C57i)/Q(a5)) = Ga‘l(@(\s/i C57Z)/Q) = C2 X CS A C4

where the action of Cy on Cj is via an isomorphism Cy = Aut(Cs).

2.3. U12(V2> ~orb U12(V3)

A matrix factorization of the potential u? +v? +w?v —at —y?2 —y2? (i.e. Uja(v2)—Ui2(v3))
proving orbifold equivalence is specified in Equation 00, and it depends on 6 complex
parameters {ai,as, by, by, c1,co}. The variables {a1, as, b1, by} have to satisfy the following
equations:

~1+4alby —a1b? =0
2a1b1as — b%ag + a%bg —2a1b1by =0
-1+ blag + 2a1a9by — 2bjasby — albg =0

a3by — aghs =0



while ¢; and ¢y can take any value. This matrix factorization has the following quantum
dimensions:

qdim, (M) = 8crag — 4a1by + 8c1be + 4by (a2 — 2¢2) + 8ajca)

_ﬂ(

1
— E (41)% (—bl + Cl) as + 2a§’bg + ai1by (2(31 (—a2 + bg)

+by (3&2 + by — 362)) + 4&% (Cle + by (2(12 + 3by — 362)))

qdimy (M) =

In order to avoid vanishing of the quantum dimensions, we have to restrict the values of
{a1,b1,¢1,a2,b2,c2} to only consider solutions of Equations [ with

—8ciag — 4a1by 4 8c1bg + 4by (ag — 2¢2) + 8aycy # 0
and

— 4b% (—b1 + Cl) as + 2&?()2 + a1by (261 (—CLQ + bg)
+b1 (3a2 + by — 362)) + 4a% (Clbg + by (2&2 + 3by — 362)) #0.

2.3.1. Galois theory

All solutions for aj,as, by, by lie in the field Q(4, (3, v/2), where (3 is a primitive 3rd root
of unity. The Galois group over Q is S3 x C5. There are three families of solutions,
corresponding to ag = 0,by = 0 and as = bo, respectively. Each family represents a distinct
orbit for the action of the Galois group on the solutions for ai, ao, by, bo.

The family with as = 0. The equations give bi{’ =1/2, a1 = 2by, b% = —b%. So by = +ib;.
There are 6 solutions for ay, by, as, by in this family.

The family with by = 0. The equations give a$ = —1/2, by = 2a1, a3 = —a3. So
as = Fiaq. There are 6 solutions for aq, by, as, by in this family.
The family with a; = by.  The equations give a3 = —1/2, by = —ay, a3 = —a?. So

as = tiay. There are 6 solutions for ay, by, as, bo in this family.

2.4. U12(V1) ~orb U12(V3)

A matrix factorization of u* + v3 +w? — 2* — y22 — y2? (i.e. Upa(vl) — Up2(v3)) proving
orbifold equivalence is specified in Equation [[1] and depends on six complex parameters:

{a1,b1,a2,b2,¢1,¢2}

10



{a1,b1,a2,be} must satisfy the equations:
~14alby —ab? =0
2a1b1as — b%ag + a%bg — 2a1b1by =0
blag + 2a1a9by — 2bjasby — albg =0
—1 4+ a3by — azb3 = 0
c1 and ¢y remain free. The quantum dimensions of this matrix factorizations are:
qdim; (M) = % (biag — 2c1ag — ai1bs + 2¢1by + 2a1c9 — 2by¢2)
qdim,. (M) = 4(a2ba(4as — 3bs + 2¢o) + asby (3azby — 2b1by — 2ascy + 4bacy — 2byca) +
a1(—4a3by + 2ba(b1ba + bacy — 2b1ca) + ag(—4bacy + 4bica)))

We are only interested in solutions to Equations Ml for which both right and left quantum
dimensions are nonzero.

2.4.1. Galois theory

Solving the equations using Mathematica shows that all solutions for aq, by, as, by lie in
Q(¢3) for a primitive 3rd root of unity (3. The Galois group of Q((3)/Q is Co, generated
by complex conjugation.

2.5. W12(V1> ~orb W12(V2>

A matrix factorization of a1 + 3% + 22 — v° — v?w — w? (i.e. Wig(v2) — Wia(v1)) proving
the equivalence is given in Equation [[2] and it depends on four complex parameters:

{a1,az2,b1,b2}
The parameters {aq, by, bs} must satisfy the following equations:

a%—albl =0
1

T (—4 — (2a1 — by + by)? ((bl —by)? + 4a1b2)) =0

This matrix factorization has quantum dimensions:

1
qdim, = —7 (2a1 — by + by) (83 + darby — 2b1by + 3)

1
qdiml = 5 (2(11 — bl)
Non-vanishing of the right quantum dimension does not impose any additional con-
straints, since no solution of Equations [ gives qdim, # 0. The solutions of Equations

with qdim; = 0 are as follows: a; = by = 0,by € {n*'v/2,7™3/2}. These four solutions
must be discarded.

11



2.5.1. Galois theory
There are two main families of solutions, as described below.
Family 1: a; = 0. The second equation of (B) can be written as 4+ (b; — bg)* = 0. Define

a new variable t = by — by. Note that (1 +1i)* = —4. Therefore, the solutions for ¢ come in
two pairs: 144 and —1 £ 4. They lie inside Q(4), which has Galois group Cs over Q.

Family 2: a; = b;. The second equation of (F) simplifies to 4 + (b + bo)* = 0. Let
u = b 4 ba. By the same argument as above, the solutions for u are 1 +4, —1 £ 3.

So in both families, we can choose by freely and then aj, by € Q(bg,7). Generically,
treating b2 as an indeterminate, we get the Galois group

Gal(Q(b2,7)/Q(b2)) = Gal(Q(i)/Q) = Cy

generated by complex conjugation.

2.6. Wig(vl) ~omp Wis(v2)

A matrix factorization of the potential u? +v*u+w? —zly —y22—22 (i.e. Wiz(v2)-Wis(vl))
proving orbifold equivalence is described in Equation [[3] and it depends on the complex
parameters

{a1,a2,a3,b,¢,d, f, g}

We need to impose the following conditions on the parameters:

1
-1 - Z(al +b—¢)? (3a1 4 4arag — b+ dagh + ¢ — 4dage)? = 0

—1—(a1+b—c)d(a§—d+2a3f—|—f2

) 0
(a1 +b =) (as+ ) (af = 24+ 2a5f + ) =0
—2(a; +b—c) (a1 4+ 2a1a2 — b+ 2a2b + ¢ — 2a2¢) =0

The quantum dimensions of this matrix factorization are:
1
qdim; (M) = 3 (a1 +b—c)? (a% (4+6a2) + (b—c) ((—1+4az) b+ 2¢ — 6ayc)
+ay (b+ 10a2b — 2 (¢ + 6azc))) (ag +3a3f + 2~ fg— a3 (d — 32 +g))

qdim, (M) = 3= (a1 +2b—¢) (2a3 + f).
We are only interested in solutions to Equations [6] for which both right and left quantum
dimensions are nonzero.

12



2.6.1. Galois theory

The equations above can be further simplified as follows:
—1+d?(a; +b—c) =0,
as+ f =0,
a1+ 2a1a9 — b+ 2a9b + ¢ — 2a9¢ =0
44 (a1 +b—c)*=0

Then the first equation gives a; + b — ¢ = d~? and hence the last equation becomes
4+ d=8 = 0. The third equation becomes d=2?(2as — 1) + 2a; = 0 so finally the equations
reduce to

a1 +b—c=d?,
az+ f =0,
d=?(2a3 — 1) +2a; =0
4+d8=0.

The variables a9, as, b may be chosen freely. The others are determined by these and by d.
Let t = d~! so ¢844 = 0. The equation ¢844 = 0 factorises as (t*+2t2+2)(t*—2t2+2) = 0.
So we get two families of solutions, one for each irreducible factor. Each family consists of
four solutions for ¢.

Family 1: t = £y/1 £

Family 2: t = +v/—1+1

The field generated over Q by each family of solutions for ¢ is Q(v/1 + 7, v/2) which has
Galois group Dg (dihedral of order 8) over Q. Family 1 and Family 2 are the two orbits
for the action of the Galois group on the solutions for ¢.

2.7. Zq13(v1) ~om Z13(v2)
3 2

A matrix factorization of the potential u% + v3u + w? — 232 — 22 — 23 proving orb-
ifold equivalence is described in Equation [[4l It depends on the complex parameters
{a1,a9,a3,b1,be,c,d, f1, fo}. The parameters {c, d} must satisfy the following equations:

6

C
—1-==0

4 (7)
~1+cd® =0

The quantum dimensions of this matrix factorization are:

13



b

qdimy (M) = —35 (2f1 — 3df2)
qdim, (M) = —3% (a3 — b1 + 3¢) (3d + f2) .

We are only interested in solutions to Equations [7 for which both right and left quantum
dimensions are nonzero.
2.7.1. Galois theory

The equations give d> = 1/c and ¢® = —4. Let t = d~!. Then ¢ = t® (so c is completely
determined by t) and t'8+4 = 0. Let ¢y denote a solution to t'8 +4 = 0. Then all solutions
lie in the field Q(¢g, (9), where (9 denotes a primitive 9th root of unity. We have

Gal(Q(to, C0)/Q) = Gal(Q(to, C9)/Q(Co)) x Gal(Q(¢9)/Q) = C18 x Cg

Here Cig is normal and Cg acts on Cig via an isomorphism Cg = Aut(Cig). Explicitly,

Gal(Q(to, C9)/Q(ly)) is generated by o, where o(ty) = (1sto = —Coto and o((y) = (9. And
Gal(Q(¢)/Q) is generated by 7 where 7((y) = (2 and 7(tg) = tg. We have To7~ ! =0o".
Note that Aut(Cig) = Aut(Cy x Cy) = Aut(Cs) x Aut(Cy) = Aut(Cy). Therefore,

Chg X Aut(Clg) =(C9 x Cg X Aut(Cg) = (C9 x Cg x Cs.
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# Eqs | # Vars | # Vars Galois
(in eq) | (in MF) group

E14(v1) ~or Q1o 2 3 3 Dg x Cy

E14(v2) ~orb Q1o 4 4 4 Vi
E14(v1) ~orp Er4(v2) 1 1 8 Dy
Q12(vV1) ~orb Q12(v2) 6 7 7 Cy x C5 x Oy
U12(V1) ~orb U12(V2) 4 4 6 53 X 02
Ui2(v1) ~orb Ur2(v3) 4 4 6 Cy
ng(Vl) ~orb ng(VQ) 2 3 4 02
Wis(v1) ~orp Wis(v2) 4 7 8 Dy
Zlg(Vl) ~orb Zlg(VQ) 2 2 9 Cg X Cg X Cﬁ

Table 2: Summary table. The action of Cy on Cj is via an isomorphism Cy = Aut(Cj).
The action of Cs on Cy is via an isomorphism Cg = Aut(Cy).

3. Summary

In Table 2 we collect all the orbifold equivalences between potentials associated to ex-
ceptional unimodal singularities we have found to date, along with their respective Galois
groups. We also include the number of equations we have, the number of variables in these
equations, and the number of variables in the whole corresponding matrix factorization.

There are several points to remark here. As in [RCN|, we keep observing a recurrent
appearance of Cs in the Galois groups. The Galois groups do not share the same order,
and some are abelian while others are non-abelian. Some of them are repeated for different
singularities, like Cy (for Uja and Wis) or Dg (for Ey4 and Wi3). We lack a conceptual
explanation for these apparent coincidences. Another limitation is the fact that the Galois
groups do not take into account the extra constraints coming from the non-vanishing of
the quantum dimensions.

Altogether, there are still many open questions concerning orbifold equivalences, and we
hope these intermediate results may be early steps on a path towards a deeper understand-
ing of this intriguing equivalence relation.
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A. Appendix

Due to their size, we include in this appendix the explicit expressions of the matrix factor-
izations proving orbifold equivalence in each of the cases covered.

Ei4
dis =z4+w+ ng4 + a1x4 + a2u3az + agua:3 + a4u2az2,

dig :v2+vy—|—y2,

1
di7 = 32 + <§a2m + bokg — ¢ (agbg — agbyc — agbic + a3b202 + a2b302 + a4b102

3

—asa1c® — ayboc® — a4bgci’ — a3b163 + agarct + a3b364 + arbict — asa

1
—aybsc® + a%c6 + ask1 — ascky + 50402 (2k1 + b1k2) — bscko

+a10252)) u’ + (ag +by—c (a4 4+ by — azc — bgc + 2a1c2)) wdw

3

+ (agbg — a4b26 — a2b16 + a3b202 + a2b302 + a4b102 — asai1c — a1b263

5

—agbsc® — asbi® + agarct + agbsc® + arbict — asar® — ajbse® + OL%C6 + aqkq

—asck] + a1c?k1 + bikg — bscko + (1162/{2) uSz + (as + b3 — 2a;c) wwz?

+ (a4 + by — azc — bze + 2(1162) wwz + (agal + a1bs — a%c) uzb
+ (a4b2 4+ aoby + azky + byke — ¢ (a3b2 + aobs + asby — asaic — a1bac (8)
— agbsc — agbic + agai® + asbsc® + a1bi? — asarc® — arbse® + a%c4

a1k 4 a1kg)) u5z? 4+ (—ag + by — c(—ag + by — (—asz + b3 — ¢) ¢)) u’z

+ (agbg + agbs + asby — asaic — ajbac — agbsc — asbic + agaic® + asbsc?
+a1b102 — a3a1c3 — a1b363 + a%c4 + a1k + a1/42> uta® + a%x7 + 2a1wx3
+ (aga; + a1be + agbs + agby — ¢ (aga1 + aszbs + a1by

—c (CLgCLl + a1bg — a%c))) wdrt + (—az + by — ¢) ur?z

+ (a4a1 +agbs +a1by —c (a3a1 + aibs — a%c)) u’a®

+ (—ag + by — (—az + by — ¢) ¢) vz,

das = —v +y,
dog = —z + w + ryut + boudx + byua? + bgux® + ar2?,

d35 = + cu,
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with

1
K1 = 3 (2b26 — 2% + 2b363 — - 2a104)

Ko = as¢ — byc — asc® + bic? + (1363 — b3C3 + Ky

Q12

dis = z + biu + aw? + ayw,

dig = v2 4+ vy + %,

di7 = xz + (a2b1 + asby + azbs) uw + (agag + aja4 + a3a4 — agal + a2a4a5) w?
+ a2a4w2:17 + aswz,

dos = —v +y,

dog = —xz + agbouw + as (—al + a3 + asas — asas + ag) w? + (by + by) ux
+ angx + a4w:172,

dss = 2% + bou + (—al + az + asas — asas + a%) w? + (—ag + ag — as) we.

Ui
(v2) vs (v3)
di5 = 2z + a1v + asw,
dig = yz + (—a% + arby + a101) v? 4 (—araz + bias + cras + ar (—as + by + ¢2)) vw
+ ag (—ag + ba + ¢2) w? + vz + cowz,
dir = u® + v’z + uz® + a:?’,
dos =y + byv + bow,
dog = yz + brcyv® + (c1b2 + brco) vw + bycow? + (—a1 + by + c1) vy + (—ag + by + c2) wy,

d35 =T —U.
(10)
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(vl) vs (v3)
dis = z + a1v + aqw,
dig = —yz + (—a% +ab; + alcl) v? + (—2a1as + brag + crag + ayby + ajc) vw
+ ag (—ag + be + ¢2) w? + vz + cowz,
dir = v + v’z + uz® + 23, (11)
dos = —y + b1v + bow,
dog = —yz + bicrv? + (c1by + bieo) vw + bacyw? — (—ay + by + ¢1) vy
— (—ag + by + c2) wy,
d3s = — u.

Wi
dis = 2z 4+ w + ajux + a2x2,
dig = ww + bixz 4+ bowz + ((—ay + by) ag + a1 (—ag + by (—2ay + by — b)) 22,
di7 = vt + 03y + 0% + oy +
dos = u+ (—2ay + by — ba) z,
dog =z —w+ (—a1 + b)) uz + (—az + by (—2a; + by — by)) 2%,
d3s = —y +v.

(12)
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Wi

dis

dis

dy7

dos
dog

d3s

1
=z4w+ 3 (a% + 2a%a2 + dajash — b + 2a9b® — dajase + 2be — dasbe —

+2a202) u? + ajuy + a2y2,

3af 3 3 2 2 2 2 2 ab? 2 213
=yz+ — - 3ajas — ajay; — aib — 6ajazb — 3ajazb + - 3aiaz2b” — azb

2

30%0 2 2 2 2 b c 2
—— + Tajagc + 3ajazc — ajbe 4+ 8ajazbe + 6ajazbe — > + asb“c

—3a1a3b® +
272 a;c? 2 2 2 2 2 2; 2 c? 3 23). 3
+3a3b"c + 5 dajasc” — 3ajazc” + be” — 2azbc” — 3azbc” — 5 + agc” +a5¢c’ | u

— dgvt 4 (a1 + 2a1a3 + 2a2b + ¢ — 2a3¢) uw + (—asd — (—asz — f) g) v’z + foz’
+ (ag —d+asf — g) via? + (alc —(—a1—b+c¢) (a1a2 + alag + a%b + age — a%c)
+% ( % + 2(1%(12 + dayash — b + 2a9b® — dajasc + 2be — dasbe — & + 2(1262)
+as (—ag (a1 + 2a1ag + 2a2b + ¢ — 2a2¢) — b (a1 + 2a1a2 + 2a2b + ¢ — 2asc)

+c (a1 + 2a1a2 + 2a2b + ¢ — 2as¢) + % (—a% — 2a2ay — 4aiash + b? — 2a9b*
+4ajasc — 2be + dasgbe + & — 2a202))) u?y + 2a0wy + a3y® + buz

+ (a1a2 + a1a% + a%b + agc — a%c) u 2,

= 2%y + (arf +bf — cf) uwvz + gv’y + azvry + (alag +a3b —a3c — ajd — bd
+ed + 2a1asf + 2asbf — 2ascf + a1 f? +bf? —cf? —a1g — bg + cg) uv?,
=y+(—a1—b+c)u,

= —z+w+ cuy + azy® + (—ay (a1 + 2a1a3 + 2a3b + ¢ — 2as¢) — b (ay + 2a1az
+2a9b + ¢ — 2as¢) + ¢ (a1 + 2a1as + 2a2b + ¢ — 2asc) + % (—a% — 2a%ay
—4dayash + b* — 2a9b? + 4ajase — 2be + 4agbe + 2 — 2&262)) u?,

=22+ dv® + (—a3z — f)vz.
(13)
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Z13

2

dig = 2y* + (—cf1 + cdfs) uv? + (— f1 — d (—d — f2)) v’z — cfouvy + (—d — f2) vy,
dir = 2%2 + (CLQ"}/ + bo (agc + byc — asc® — bic® + 2a1° — fy)

dis =24+ w+ (agc + byc — asc® — bc® + 2a1° — ’y) u 4 ar12® + asu’z + asux

—c (a2b2 + azy + by (agc + byc — asc® — by + 2a1° — ’y)

—c (agbg + ashy — asaic — arbac — asbic + asarc® + arbic? — a%c3 + a1y

+ay (agc + boc — azc® — b1 + 2a16% — fy)))) u’ + (—d3 +df — d2f2) v?

+ (ag + by — c(ag + by — 2a1¢)) wlw + (asz + by — 2a;1¢) uwzx + 20wz’ + a%:ns
+ (agbg + ~vas + by (agc + byc — asc® — bic® + 2a1° — fy)

—c (a3b2 + asby — asaic — ajboc — asbic + asarc® + a1 — a%c?’ + ya1 (14)
+aq (agc + byc — asc® — bic? + 2a1¢% — 7))) utz

+ (agbg + asby — asaic — arboc — asbyc + asayc® + ajbic® — a%c?’ + va

+aq (agc + by — azc® — bi® + 2a13 + —71)) udz?

+ (a2a1 + a1by + aszb; — (a3a1 + ai1b; — a%c)) ulad + (a3a1 + a1by — a%c) uz?

+ f1v2y + fgvy2 + (—a2 + by — (—a3 + by — C) C) uz + (—ag + b — C) uTrz,
d25 =Y + d?},
dog = —2 + w + a12° + byuz? + b’z + ’yu3,

dss = = + cu,

where v = 1 (2bac — 2b1¢% + ¢ + 2a,¢%).
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