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sponding 4d N = 2 supersymmetric instanton partition functions and 2d Virasoro con-
formal blocks. We explicitly demonstrate the 6 trivalent dessins with 4 punctures on the
sphere. We find that the parametrizations obtained from a dessin should be related by cer-
tain duality for gauge theories. Then we will discuss that some dessins could correspond
to conformal blocks satisfying certain rules in different minimal models.
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1 Introduction and summary

Consider a 4-point conformal block (CB) in a 2d conformal field theory (CFT) based on
Wy x H, where Wy is the Virasoro algebra and H is the Heisenberg algebra. Using the
Alday-Gaiotto-Tachikawa (AGT) correspondence [1], this is identified with an instanton
partition function in an N/ = 2 supersymmetric Yang-Mills (SYM) theory, with an SU(2)

gauge group and four fundamental hypers.



The low energy physics of this gauge theory is described in terms of a Seiberg-Witten
(SW) curve and the SW differential on it [2, 3]. Then in [4], a method of instanton counting
was introduced to find these low energy solutions to SW theories. Later, the S-duality for
N = 2 supersymmetric systems was studied in [5]. In recent works [6-12], connections
between Grothendieck’s dessins d’enfants on the one hand and 4d N' = 2 SYM on the
other were studied. In this note, we further explore these connections and extend them to
2d conformal field theory. We focus on six specific trivalent dessins with 4 punctures on
the sphere, which, as we will see, are related to a simple and important class of 4d N = 2
SYM theories and conformal blocks in 2d conformal field theory.

From these dessins, we obtain algebraic curves that we interpret as SW curves of 4d
SU(2) N =2 Ny =4, SYM theories. These curves are given in terms of six parameters,
four mass parameters (1, u2, 43, p14), a parameter ¢ and a modulus U. We write these
curves in the form that appears in [13, 14], and use their mirror map to translate the above
parameters to those characterizing the 4d instanton partition function of a 4d N' = 2 gauge
theory. In particular, we map the modulus U to the Coulomb parameter a. Following that,
we use the AGT dictionary to interpret the result in 2d CFT terms.

Let us take a closer look at the six parameters for the SU(2) gauge theory. With
Ny = 4, the theory has an SO(8) D SU(2)* flavour symmetry. Then the mass parameters
of the four hypers could be indentified as the charges of the primaries in Liouville theory
under AGT correspondence [1]. Following [15, 16], the AGT map could also lead to diagonal
minimal models by further restrictions on the partition pairs. As usual, we would arrange
the poles of the SW curves at z = 0,1,00 and ¢. This ¢ is nothing but the UV gauge
coupling 7 via ¢ = e*™7. For each dessin, we find that ¢ could have several different values
but these values enjoy certain triality.

Recall that the Coulomb parameter a denotes the vev of the adjoint scalar ¢, or
equivalently, a could be obtained by integrating the SW differential along the so-called
A-cycle on SW curve. Such supersymmetric vacua can be gauge invariantly parametrized
by u = (tr¢?)/2 = a® up to quantum corrections. As we will discuss in section 2.3,
the parameter U, which will appear in the parametrization of the curve, is linear in the
Coulomb moduli u. In fact, as we will see, each dessin gives a family of solutions for the
gauge theory parameters, and indeed, we would have the same corresponding dessin under
the change m; — km;, a — ka, U — k*U for k* € R. This is consistent with their mass
dimensions.

The above discussions can go the other way as well. Starting from the CBs in CFTs,
we can write down the Nekrasov partition functions under the AGT dictionary. This
4d partition function can also be lifted to 5d, which leads to topological string partition
functions and SW curves. As the SW differential and the Strebel differential from the
dessin side are both quadratic, the gauge theories are naturally related to dessins.

Since the instanton partition functions with extra conditions on the Young tableaux
pairs could be mapped to conformal blocks in minimal models [15, 16], we can then check
whether (the parametrizations from) the dessins could correspond to such CBs in minimal
models. As we will see in sections 3.4-3.6, such map is not one-to-one. A dessin could
correspond to one or more possible CBs in multiple minimal models. These CBs, albeit in



different minimal models, would satisfy certain (fixed) rules for the dessin. There might
also exist dessins that do not give rise to minimal models. As we are focusing on SU(2)
gauge theory with 4 flavours, we will show that

Proposition 1.1. There is a subset of trivalent dessins with four punctures on the sphere
such that each dessin therein corresponds to the (external and internal) states of a family
of 4-point conformal blocks for (A-series) minimal models.

As we will discuss in section 3.6, we may also conjecture that these dessins would
contain the full information for certain CBs. In principle, there are countably infinite such
dessins although only a small part of them have been studied in details. As we will show,
not all the dessins would give minimal models. For those in the above subset, we will also
determine the families of CBs they correspond to. In particular, we will illustrate this
proposition with six well-known dessins as examples. Notice that we can only say that this
correspondence is not for all dessins. On the minimal model side, it is still not determined
whether this subset of dessins could recover all the CBs or just part of them.

Now that the dessins are rigid, it would be interesting to understand whether the
parametrizations from these dessins are special for gauge theories and (R)CFTs in future.
It would also be natural to extend this for dessins with more faces and other gauge theories.
So far, we only get the values for ¢ from the dessins which are related by triality as briefly
mentioned above, and the calculations should be non-perturbative. More details are worth
studying for future works. It would be nice to even know more about the bulk of AdS
through holographic duality. On the other hand, we would like to know whether the
physical theories could in turn help us learn more about the dessins. For example, we know
that not all dessins can give CBs in minimal models, but what kind of dessins have this
correspondence is still unknown. Moreover, the Gorenthedieck-Teichmuller group, which
is related to the Galois group I‘(@ : Q) and dessins, may be related to the monodromy of
CBs in RCFT [17]. This might lead to deeper connections between the mathematics and
the physics.

The paper is outlined as follows. In section 2, we start from the CFT side and review
the AGT correspondence to get the corresponding partition functions. Then from A-model
topological strings, we obtain the SW curve for SU(2) with 4 flavours and thence the dessins.
In section 3, we reverse the discussion and contemplate six of the dessins which would yield
specific parametrizations for SW curves. Then we will study if these parametrizations would
give conformal blocks in minimal models following the AGT dictionary. In the appendices,
we give some background on brane systems as well as elliptic curves and elliptic functions.

This work is dedicated to the memory of Professor Omar Foda, who was instrumental
in initiating this project.

2 From conformal blocks to dessins d’enfants

Before we derive the results in 2d CFT from the 6 dessins with 4 punctures on the sphere,
we give a brief review of different subjects including CBs, topological strings, SW curves
and dessins, following a route map from CBs to dessins.



2.1 From 2d conformal blocks to 4d instanton partition functions

The connection between 2d Liouville CFTs and SU(2) supersymmetric gauge theories in
4d with A" = 2 was first raised in [1]. The free parameters of the two areas are naturally
mapped to each other under AGT correspondence. Later in [15, 16], the AGT correspon-
dence was also extended to minimal models by further restrictions on the partitions/Young
diagrams. We first start with the CFT side under the Coulomb-gas formalism.

Conformal blocks. Conformal blocks form a basis of the vertex operator (VO) algebra,
used when performing a particular operator product expansion (OPE) of a correlation
function. They are a key ingredient in the conformal bootstrap approach to calculating
these correlators in 2d CFTs. Global conformal Ward identities of the CF'T allow 2-point
functions to be completely determined, whilst 3-point functions to have fixed results up to
their respective structure constants. Thus when calculating an N > 4-point function the
recursion of applying OPEs allows expression of the correlator in terms of these simpler
3-point function structure constants, and conformal blocks.

More specifically, an OPE amounts to summation over all representations of the ver-
tex operator algebra. In the common case where this algebra factorises into two Virasoro
algebras the sum includes all combinations of the left and right Virasoro algebras’ repre-
sentations for the CFT. Each term in the sum has a product of two conformal blocks, one
in each of the term’s left and right representations respectively.

Conformal blocks in general are sums over the states in their representation, they’re
functions of the fields’ positions & conformal dimensions, the conformal dimension of the
basis expansion, and the central charge of the algebra. Blocks over primary fields have
simpler properties, whilst those including descendent fields can be determined with use of
local Ward identities. If the correlator in question includes a degenerate field then BPZ
equations need to be enforced, which can simplify conformal block computations [18].

In the classic example of 4-point functions, the global Ward identities allow Mobius
transformation, mapping 3 of the 4 complex coordinates to {0,(, 1,00}, leaving a single
‘cross-ratio’ coordinate ( for the conformal blocks to be a function of. Explicitly

4

<H ‘/z> = Z 012R034§BR(C)BE(C) (21)

=1 RR
for Virasoro operators V;. The sum is over the fields’ representations in the left and right
Virasoro algebras, denoted R, R; with the sum including structure constants, Cijk, and
conformal blocks, B. These highest-weight representations of the Virasoro algebra are
described in terms of Verma modules. They are generated by primary states and are
irreducible in the absence of degenerate fields.

Since fields in a correlator can be permuted without change to the result, this translates
into allowing different OPEs of the same correlator as different conformal block bases are
used for expansion. The equivalence of these OPEs leads to ‘crossing symmetry’ and
introduces additional consistency constraints which allow structure constants and block
dimensions to be calculated. This is the conformal bootstrap methodology, and leaves
calculation of conformal blocks as the final ingredient for computing correlators [19].



Conformal blocks are traditionally computed via Zamolodchikov recursion methods,
however in the cases of degenerate fields in the correlators the BPZ equations provide
a shortcut to finding them. In special cases these blocks can be expressed simply - for
example a 4-point function on the sphere with one degenerate field (with a 2nd order null
vector) can be expressed in terms of hypergeometric functions.

The AGT correspondence then makes a connection between the conformal dimensions
of the fields in the correlator, and the coordinate (, with parameters arising in Nekrasov
instanton partition functions, as subsequently described. With the help of this correspon-
dence we then compute the conformal blocks associated to the 6 dessins considered in
this study.

The Nekrasov partition function. For generic vev a, the general N' = 2 low energy
effective action reads

St = / AU 2d 0 F (W) (+c.c.), (2.2)

where W is the N/ = 2 V-plet, and the holomorphic function F is known as the prepotential.
First conjectured in [4] and then proven in [20], the prepotential can be solved by

F = lim €1€2 1og ZNeka (23)

€1,2—0
where ¢;’s are known as the deformation parameters, and Znek is the Nekrasov partition
function, which reads ZNek = ZireeZL1-100pZinsts Where Ziyoe /1-loop 18 the tree/1-loop level
partition function and Zj,s denotes the contribution from instantons.
We will now focus on the instanton partition function Zj,g. For SU(2) quiver theories,
the Coulomb branches are parametrized by the Coulomb moduli @ = (a1,a2) = (a,—a).
Each Coulomb modulus is associated with a Young tableau Y, in which every box is labelled
by a pair s = (4, ) to denote its position. Hence, the instanton partition function depends
onY = (Y1,Y2), the vev a, and possibly the mass m of matter in the theory. Let us
define [14]
E(a,Y1,Y2,8) =a—e1Ly,(s) + ea(Ay, (s) + 1) (2.4)
with
Ly2 (S) = ki — j, Ayl (S) = k; - ’i, (25)
where k; is the length of i*! row of Y, and /@5 is the height of j*® column of Y. Let I,.J
label the gauge nodes. Then

2pitund (a!, Y1307, Y7 m) (2.6)
2
= H < H (E(a’zl - a}‘la}/ilvi/f]?s) - m) H (6 - E(aj - ailﬂi/jJﬂ}/iIvS) - m))?
1,5=1 seYil seYjJ

where € = €1 + e2. For (anti-)fundamentals,

2
zfund(a7 Y, m) = H H (¢(CL1‘, 3) —m+ 6)7 zantifund(c_ia Y, m) = qund(aa Y,e— m)7 (27)
i=1s€Y;

where ¢(a;, s) = a; +€1(i — 1) + e2(j — 1). For adjoint chiral and vector multiplets,

R = 1

zadj(a,?,m) = Zbifund (@, 17; aY;m), zvec(&',?) = —=—. (2.8)
Zadj(@, Y, 0)



The AGT correspondence. The (chiral) VO can be written as V, =: €>*? : for some
free scalar ¢. If we introduce some background charge @, by considering the OPE between
stress tensor and the VO, we get the conformal dimension of V,, which reads A, = a(Q—a).
Likewise, the OPE between stress tensors yields the central charge ¢ = 1 + 6Q2.

Now we are ready to bridge the CBs and instanton partition functions. Originally, this

was done for Liouville theory in [1]. We can fix the scale by setting b = —2—, where Q = b+

€1e’

% and b is the parameter coming from the Liouville potential. Therefore, Q) = f};% = \/:172

Consider a quiver consisting of an SU(2) gauge group with 2 SU(2) antifundamentals and
2 SU(2) fundamentals with mass parameters (1 2 and u3 4 respectively. Then the instanton
partition function reads

GQWiT(‘Y1|+‘Y2|)

Linst = Z %(M1+H2)(2€*(M3+H4)) Zvec(c_iy Y)Zmattera (29)

Yie (1 _ eZﬂ'iT)

where the denominator correpsonds to the decoupling of a U(1) factor, and

— — —

Zmatter = Zantifund (C_i, Y_:, M1 ) Zantifund (Ei, Y, ,UfQ)qund (C_ia Y, M3 ) Zfund (da Y, H4> . (2 10)

The instanton number |Y;| is the number of boxes in Y;. Then under the following AGT

dictionary,
p Q 2 Q 3
= t+a— o, =a— a1+, =a3t+ag— ,
\/€E1€2 2 \/€E1€2 2 \/€E1€2 2
4 Q a Q TiT
ATty e=sames =G (2.11)

the instanton partition function is equal to B, (c;|¢), where the conformal block from
(Vay Vay Vs Va,) as in (2.1) can be written as B = (fem~2a1"2a2 B (;|¢) and “int”
stands for (the VO in) the intermediate channel. One may check this perturbatively, and
at level |Y |max, Bay,, and Zinsg should agree up to O (C‘Y|max+1) [1, 21]. Notice that when
we have ¢ = 1 CBs, viz, @ = 0, the AGT relation is simplified to

111 12 13 pao a
= Q3 — Oy,

VE1€2 €1€2 €1€2 €1€2 VE€1€2

= Qint-

(2.12)

It is also possible to build a similar correspondence between gauge theories and minimal

models. In [15], it was shown that Zj,s should recover the CBs for minimal models if we

put further restrictions to the Young tableaux pairs known as the Burge condition. For a
minimal model, we may write the central charge as

/)2
c:1—6@—¥23 (2.13)
pp
where p/, p are coprime integers and p’ > p > 1. The spectrum is finite and all the VOs
have conformal dimensions

/e 2 (0 )2

)



for integers r,s and 1 <r < p, 1 < s < p/. In other words, they should all live in the Kac
table. Then the instanton partition function leads to well-defined A-series minimal models
under (2.11) if the partitions Y7 o are restricted to be Burge pairs, that is, they satisfy [15]

Yor—Yigts—1>1—r, Yig—Yopip-s1>1—p +r, (2.15)

where Y; r denotes (the number of boxes in) the R™ row of Y;. In particular, the deforma-
tion parameters can now be written in terms of the screening charges as

€1 . /D €2 . p/
- i 7 2.16
NG ' P e ' D (2.16)

2.2 From 4d to 5d instanton partition functions and A-model topological
string partition functions

For type II string/M-theory (whose brane configurations are discussed in appendix B)
compactified on a Calabi-Yau 3-fold, the amplitudes at genus g correspond to the A-model
string amplitudes of the CY3 which enumerates the holomorphic functions from genus g
Riemann surfaces to the CY3 [22, 23]. The topological amplitudes for toric CY threefolds
can be computed by topological vertices introduced in [24-26]. A topological vertex is a
trivalent vertex as the (black) dual graph of the (grey) toric diagram:

Yo

Ya Cyi vy,

, (2.17)

Y1

where Y;’s are the Young tableaux associated to the legs, and Cy,y,y; () is the factor associ-
ated to the vertex, which can be expressed in terms of Schur and skew-Schur functions [24].
Albeit not labelled explicitly, each leg also has a direction such that the three legs attached
to the same vertex all have outcoming or incoming directions. Then each leg is assigned a
vector v; = (v;1, v;2) in that direction, such that the sum of the three vectors vanishes due
to charge conservation and det(v;,v;4+1) = £1 (i € Z3). Now two topological vertices

(2.18)

can be glued as

Z CY1TYTYOT (q) (_1)(n+1)|YO\q—nf-c(Yo)/2Ql)Yo\CYIIYéYO 7 (2.19)



where £ is related to quadratic Casimir of the representation corresponding to |Yp|, namely,

k(Yo) = S wi(y; — 20 + 1) with y; being the number of boxes in the i row. The framing
i

number n equals det(vin, Vout), where the two vectors are chosen such that v, - Vout > 0.

The parameter @ is the (exponentiated) Kéhler parameter for the 2-cycle corresponding
to the line in the dual toric diagram.

In [25], the above is extended to a refined topological vertex as

(IIV2]>+[Yol[?)/2
) "2 Py (1705, 1)

CY1Y2Y0(Q7t) = (q

t
(Inl+[Y1|=1Y2])/2
q o o
x> (t) SYT I (t Pq YO) Yy /n (t Yo q p) . (2.20)
1

where PYOT (t=P;q,t) is the Macdonald function and s,, /p’s are the skew-Schur functions.
The squared double slash denotes the quadratic sum of the number of boxes in each row of
the Young tableau. Notice that the three Young tableaux are not cyclically symmetric and
Yy corresponds to the preferred leg for gluing. One may check that when the Q2-background
parameters satisfy ¢ = ¢, we would recover the unrefined topological vertex.

Define the framing factors,
fy(q,t) = (_1)\Y\qllYTllz/QfllYllz/?7 fy(q,t) = (_1)|Y|q(I\YT\|2+|Y|)/2t*(||Y||2+\Y\)/27 (2.21)

and the edge factor, (—Q)*?l x [framing factor]. Then the topological string partition
function takes the sum over all the Young tableaux of internal legs' as

Ztopo = Z H [edge factor] H [vertex factor]. (2.22)

Y; edges vertices

Again, let us contemplate the SU(2) gauge theory with 4 flavours. The dual web
diagram is

Qs Q1

QB

Qr Qr
(2.23)

Qa Qs Q2

The Young tableaux of external legs would be 0.



Following the gluing process, the partition function reads?

Ziopo = _(=Qr)M Py (a:)(=Qr)™ iy (1. 0) (= Q)7 fr (0. 6) (= Q) 2 fix (£, q)

Apv

X (=Q)" I (=Q2)" (= Q)" /(= Q)" Cyr 2 (4, ) Cin o (4, )

XCy11,7 (8 @) Cugnaps (6, 0)Cirpp (4, 1) Can0 (a5 1) Crop(t, ) Covyo (£, 0) - (2.24)

Recall the 4d instanton partition function (2.9), which can be lifted to 5d as [28]

1 : I
Zinst,5d = = Z 627T”—(‘Yl'—HYQ|)Zvec,5d(ay Y)Zmatter75d- (225)
Zu(1)5d yr g

It is discussed in [28-32] that under the parameter identification®

. lR(74a+Z /»Li)
q= e_ , = e 7 Ql =e Ml_a)a QB = eQmTe2 ¢ ) QF = e—QRa’ (226)
where R is the radius of the compactified dimension S?, Ziopo reproduces Zipst 54 up to
perturbative part and U(1)/extra factor [30, 33-38]. Notice that when ¢; = —e9, i.e.,
@ = 0, we have the unrefinement ¢ = ¢t. In particular, under the 4d limit R — 0, the 4d
topological A-model partition function would give the 4d instanton partition function.

2.3 From topological string partition functions to Seiberg-Witten curves

As aforementioned, the low energy effective theory for 4d N' = 2 can be encoded by the

prepotential F, where F = limo €1€210g Znek in terms of the Nekrasov partition function®
€1,2—

which is in turn naturally related to topological partition functions in the A-model.

On the other hand, in the SW solution, the prepotential can be determined by the SW
curve. Given such auxiliary curve ¥, it is possible to translate into the form \? = q(2),
where A is the Seiberg- Witten differential, and g(z) is the meromorphic quadratic differential
on the Gaiotto curve C [5, 39]. In this subsection, we demonstrate how this translation
runs for the theory with a single SU(2) factor and Ny = 4. This theory will constitute our
running example throughout the paper.

To begin, following §9.1 of [39], ¥ for the SU(2) with N; = 4 theory in hyperelliptic
form is

foa A - Nm e - N

S@ = )@ = fio) + (f2)(F = fig) (@ = fua) = &° — w, (2.27)
where f and f’ are complex numbers and u parametrizes the space of supersymmetric
vacua, viz, the u-plane. We first choose the coordinate of Z so that f/ = 1. Completing a

square in Z by defining

f ~ ~
L(fin + o) + 2(jis +
p o gy Ut ie) + 2 u4)7 (2.28)

2(1-2-1)

*More generally, for SU(N.) gauge group with Ny = 2N,, the partition function was given in [27)].
30ften Q; would be written as e #(=#:=%) for ; = 2 4. However, due to invariance under Weyl group

w

symmetry, the Nekrasov partition function should not change under pz 4 — —p2 4.
4The finite non-zero deformation parameters could also physically make sense for SW curves, for example
in the context of topological B-models as in appendix A.
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Figure 1. The toric diagram and its dual diagram for SU(2) with 4 flavours.

we obtain 2% = g(%) where g has double poles at c1 2(f). Now rescale z = Z/c1(f) so that
the poles are at z = 1, (, and we get

2 _ P(z)
(= =1)%(z = ¢)?

for some quartic polynomial P(z) determined by fi;, ¢ and w. Then a and its magnetic dual

x (2.29)

ap can be obtained by integrating the SW differential A = xzdz/z along A- and B-cycles:

OF
= = — = . 2.
a ]i)\, ap = 5o ?{B)\ (2.30)

Construction of SW curves from toric diagrams. For 5d gauge theories, the 5-brane
web diagrams can be used to construct SW curves. In fact, such a web diagram is exactly
the same as the dual toric diagram in the geometric engineering in section 2.2 [40, 41]. The
standard algorithm of constructing SW curves from toric diagrams are proposed in [42] and
elaborated in [43]. Here, we will still focus on SU(2) with 4 flavours, where the web/dual
diagram is reproduced in figure 1, along with its toric diagram.

For each vertex (i,7) in the toric diagram, we assign a non-zero number ¢;;. With
these coefficients, the SW curve is given as

> cijt'w’ = 0. (2.31)
ij

By multiplying an overall constant to this equation, we can impose
cog =1 (2.32)
without the loss of generality. There are four boundaries, so the boundary conditions
according to the toric diagram now are
lw| > 1,  copw? + cratw? + coat®w? = copw?(t — 1) (t — t3),
W™ > 1, et + ot + oo = ca0(t — o) (t — ta),
[t > 1,  eo0t® + cort?w + eoot’w? = coot® (w — 1) (w — 172),

> 1, cppw? + corw + coo = coa(w — 1) (w — 1), (2.33)
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where ¢ and w can be thought of as the horizontal and vertical coordinates of the diagram
respectively. In order for the curve to satisfy all the conditions consistently, we need the
compatibility condition which reads

1ty gty = matymaty . (2.34)
Since the SW differential is invariant under the rescaling of ¢, we can impose
ta =1 (2.35)
for simplicity. Also, by rescaling w, we can further impose
ity Tigty = 1. (2.36)

This condition turns out to correspond to the traceless condition of the vacuum expectation
value of the SU(2) vector multiplet [29]. The instanton factor is the geometric average of

t;, which is
1
EM)Q
== . 2.37
= (3 (2:37)
The only undetermined coefficient ¢;; = —U’ is interpreted as Coulomb moduli parameter.

Defining a parameter S = mymemsmy, we have
ty =g, to=1, t3=mume(S) ¢, ti=(S)2, (2.38)
and thus, the SW curve for 5d N' =1 SU(2) gauge theory with Ny =4 is
62 (w — i) (w — i) — t (winrmz (14 ¢ (8)72) +wl’ + s (1+¢(8)?))
+C(8)77 (Aaima)? (w — g) (w — g) = 0.
(2.39)

The 4d limit curve. Till now, the SW curve is a 5d curve, its 4d SW curve can be
obtained by taking the vanishing limit of size of compactification circle 5 — 0, where

we have
w=e P iy =e P (2.40)
We then expand the 5d Coulomb parameter U’ as
o
U =Y wpr (2.41)
k=0
In particular,
up = —2(1+¢), ur =2(¢+1)(p1 + p2). (2.42)

For the Ny = 4 curve, we then have the 4d limit

4
t2 (v —p1) (v —p2) + (v —p3) (v — pa) +t(1+C) <—U2+Cv2m+U> =0, (2.43)

I+¢iH
where )
S e S 3 (244)
- 1+¢ H1 T 2 4(1 +<) pt K . :
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Reparametrization. Let us rewrite the curve as

4
; @Zuz ¢ o1
1+C(U—M1)(U—N2)—U +?<+U+21+C(U—M3)(U—M4):O- (2.45)
Redefining
.t o G
f/Z— Cv fz_t(1+<)7
4
i=v i C)z;u“ fii = pi — 1+C Zm,
4
u:< 110 Zlu> (2.46)

recovers the curve of form (2.27), which is reproduced here:

foe o Na - Na e Nge - .
L@ — )@ — o) + (1'2)(3 — i) (3 — fia) = 3 — . (2.47)
2.4 From Seiberg-Witten curves to dessins d’enfants

We begin with a refresher on some preliminary definitions and key results [44, 45].

Definition 2.1. A dessin d’enfant, or child’s drawing, is an ordered pair (X, D), where
X is an oriented compact topological surface and D C X is a finite graph, such that

1. D is a connected bipartite graph, and

2. X\D is the union of finitely many topological discs that are the faces of D.

There is a bijection between the dessins and Belyi maps known as the Grothendieck
correspondence [46], where

Definition 2.2. A Belyi map f is a holomorphic map from the Riemann surface X to P!
ramified at only 3 points, which can be taken to be {0,1,00} € PL.

Recall that ramification means that the only points Z € X where % B(w)] = 0 are
such that §(Z) = 0,1 or co. In other words, the local Taylor expansion of B(x) about the
pre-images & of {0,1, 00} have (at least) vanishing linear term.

From Belyi maps to dessins. We can associate S(x) to a dessin via its ramification
indices: the order of vanishing of the Taylor series for G(z) at & is the ramification index
rﬁ(j)e{071700}(i) at that i*" point. By convention, we mark one white node for the i*" pre-
image of 0 with ro(i) edges emanating therefrom. Similarly, we mark one black node for
the ' pre-image of 1 with r1(j) edges. We then connect the nodes with the edges, joining
only black with white, such that each face is a polygon with 2r (k) sides. In other words,
there is one pre-image of oo corresponding to each polygon of D. Moreover, there is a cyclic
ordering arising from local monodromy winding around vertices, i.e., around local covering
sheets that contain a common point.
The power of dessins comes from Belyi’s remarkable theorem.
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Theorem 2.1. There exists an algebraic model of X (as a Riemann surface) defined over
Q iff there exists a Belyi map on X.

Thus, the existence of a dessin on X is equivalent to X admitting an algebraic equation
over the algebraic numbers. Moreover, the Galois group Gal(Q : Q) acts faithfully on the
space of dessins.

Quadratic differentials. A (holomorphic) quadratic differential g on a Riemann surface
X is a holomorphic section of the symmetric square of the contangent bundle. In terms of
local coordinates z, ¢ = f(z)dz ® dz, for some holomorphic function f(z).

A curve y(t) C X can be classified by ¢ as

o Horizontal trajectory: f(v(t))%(t)? > 0;
o Vertical trajectory: f(v(t))¥(¢)? < 0.

Locally, one can find coordinates so that horizontal tracjectories look like concentric circles
while vertical trajectories look like rays emanating from a single point.
Then we can define the Strebel differential:

Definition 2.3. For a Riemann surface X of genus g > 0 with n > 1 marked points
{p1,...,pn} such that 2 —2g < n, and a given n-tuple a;=1,. n € R, a Strebel differential
q = f(2)d2? is a quadratic differential such that

o f is holomorphic on X\{p1,...,pn};
e f has a second-order pole at each p;;

e the union of all non-compact horizontal trajectories of q is a closed subset of X of
measure 0;

e every compact horizontal of q is a simple loop A; centered at p; such that a; =
fAi V4. (Here the branch of the square root is chosen so that the integral has a
positive value with respect to the positive orientation of A; that is determined by the
complex structure of X.)

The upshot is that [47]

Theorem 2.2. The Strebel differential is the pull-back, by a Belyi map 3 : X — P!, of a
quadratic differential on P with 3 punctures,

P G S W () LA -
= <47T2C(1 - C)) T an?B(1-B)  4m2B(l— B)d ) (2.48)

where z and ¢ are coordinates on X and P! respectively.

Recall the definition of the SW differential
dz

A=v—. 2.49
v (2.49)

~13 -



Graph B(t) Ramification Strebel ¢

3 (t46)> (t*> —6t436)3 9t(t34216)
I'(3) 1728(¢—3)3 (t2+3t+9)3 [34|26|34] T I —2n)?

14422412 4256)3 4 2
To(4) N T(2) e [34120]42, 22| — g

T (5) (t*4248t% 44064t 422312t +40336)> [34|26|52 12] _ t*4248¢% 1406412422312t +40336
1 1728(t+5) (3 —t—31)° ) AnZ(t45)2 (62 —t—31)2

(t+7)3 (t3 +237t% +144314+2287)° 4166 (t+7) (t3+237t%+1443t+2287)
Lo(6) 1728(t43)2(t+4)3(t—5)8 (3%12°]6,3,2,1] T An2(t45)2(t+3)2(t+4)2

(t*+240t%+2144t% 43840t +256)° 4196 2 _ t*4240t% 421447 43840t+256
FO(8) 1728t (t+4)2(t—4)8 [3 |2 |87271 ] In2t2 (12— 16)2

(t+6)3 (> +234t2 4756t +2160)° 4106 3 (t46) (t34+234t> +756t+2160)
FO(Q) 1728(¢2+3t+9)(t—3)° [3 ‘2 |9’1 } - An2 (3 —27)2

Table 1. The list of the six genus-zero, torsion-free, congruence subgroups of the modular group
T, of index 12. The corresponding Belyi maps 5(¢) and their ramification indices, as well as the
Strebel differentials are also shown. Note that the ramification indices for all 6 are such that there
are 4 pre-images of 0 of order 3 and 6 pre-images of 1 of order 2. The pre-images of co (aka the
cusp widths) all add to 12, as do the ramification indices for 0 and 1. This is required by the fact
that all the subgroups are of index 12 within T.

Then
g=X\ =0 =: §(2)d2? (2.50)

is the quadratic differential on C. For our purposes, the important point to note is that
the SW curve (2.29) can be written in the form (2.50) [39]. This construction will prove
essential in what follows.

SW curves and dessins. As mentioned above, the SW curve X is related to the
quadratic differential q. Moving in the moduli space of the theory in question will alter
the parameters in the SW curve, thereby altering the parameters in ¢ [9]. Following [47],
it was found in [9] that at certain isolated points in the Coulomb branch U, where g is
the genus of the Gaiotto curve C with n marked points, ¢ is completely fixed and becomes
a Strebel differential ¢ = ¢(t)dt? = Wﬁf—mt))'

As examples for SU(2) with Ny = 4, we will discuss 6 Strebel points in Uy, x R",
for which the Belyi maps are presented in table 1. These six Belyi maps are those found
in [7, 48] to be associated to the six genus zero, torsion-free, congruence subgroups of the
modular group I' = PSL(2,7Z) & Zy * Z3, where * denotes the free product.”

From the Belyi maps in table 1, we can compute the associated dessins as displayed in
figure 2. The dessins d’enfants associated to each Strebel point of the generalised quiver
theory in question turn out to have an interpretation as so-called ribbon graphs on the
Gaiotto curve C. For details, the readers are referred to [9, 47].

5For the background on the congruence subgroups of I', see appendix C. It remains an open question
whether dessins associated to other subgroups of the modular group, perhaps of higher index, arise for other
N = 2 generalised quiver theories in a parallel manner.
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To(4) N T(2)

I'(3) I'1(5)
Lo(6) Lo(8) L'o(9)

Figure 2. The dessins d’enfants associated to the six Strebel points of the SU(2), Ny = 4 theory.

3 From dessins to conformal blocks

Let us now complete the cycle of the route map above by considering what gauge theory
and CFT data we can obtain starting from these 6 dessins.

3.1 The SU(2) with 4 flavours

Given that all our graphs in figure 2 are drawn on the Riemann surface (genus zero) with 4
marked points (one for each face), we can naturally interpret these as Gaiotto curves [6, 9],
and thence N' = 2 gauge theories.

To begin, the Seiberg-Witten curve ¥ for the SU(2) Ny = 4 theory in algebraic form
is standard [39]. For future convenience, we start with the SW curve of form (2.43) and
write the SW differential as [13, 14]

Py(2) 2 . 2 . 4—
Asw = ———————dz, Pi(z)=mg||(z—N) =m 2478, (3.1)
(2= 1)z~ () oLl r0=meg s
under the substitution
Asw = vdz/z, t =z,
p1 = mag + mo, H2 = ma — My, p3 = ms +mq, pa =mz—my,  (3.2)
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The parameters S; are given in terms of the flavour mass and coupling parameters
mo1.23,C, U € C so that Sy = 1 for the top coefficient and

mdS) = — (md +m3(¢ — 1) +m¢ + 2mamsC + (1 + V),

miSy = (m& + m? — m2 + 2mams3)C + m3(¢ — 1)¢ 4 2mams¢? + mi¢? + (1 4 ¢)*U,

m3Sy = — ((m? —m3)C + (md + 2mams + m3)¢2 + (1 + QU ,

m3Sy = mic* . (33)
Now the SW curve is of the form

22(v — (mo +m2)) (v — (ma — mg)) + 2(1 +¢) (—v2 + (ma + m3)v + U)

2¢
(1+0)
+¢(v — (m1 +m3))(v — (m3 —my)) = 0.
(3.4)

On the other hand, the S-parameters can be written in terms of the \; as standard
symmetric polynomials,
Sk=" D>, AN (3.5)
1< <. SjR<4
Following appendix E.1, we can then write
da(U) 1 1+¢
AU wimgy/ Oz — A3) (O — A1)

K(r), (3.6)

where N A —
22— (A= A2)(As — 4)7 (3.7)
(A2 = A3)(A1 — A1)
and K (r) is the elliptic integral of the first kind. The right hand side of (3.6) implicitly

depends on U, through \; and thence S;, thus we only need to integrate it to obtain a(U)

as a function of U, which could be a daunting task analytically.

Let us nevertheless attempt at some simplifications. First, we see that the right hand
side depends only on the cross-terms in the four A;, which we will denote as A¢;jx) =
(Ai =) (A — ;). Combining with (3.5), let us see whether these can be directly expressed
in terms of S;, and thence, in terms of U. This is a standard algebraic elimination problem
and we readily find the following:

Lemma 3.1. Consider the monic cubic polynomial,
2%+ (-28% + 65155 — 248, ) 2
+ (s;JL — 6515355 + 245,52 + 95252 414452 — 72515354) x4 275381 + 45553
—1855535,53 — 144555252 + 4535,5% + 6555157 — 185,855 + 19253525,
18053535, + 2755 — 25655 + 45552 — S75552 + 1285357
—16555, — 1445,528,. (3.8)

Then the squares of the 8 cross-products

1= )‘%12)(34)’ T2 = )‘%23)(41)7 T3 = A%13)(24) (3.9)

are the three roots of it.

~16 —



Of course, we can substitute the .S; parameters in terms of the m;,(,U parameters
from (3.1), though the expression become too long to present here. Now, we have

14 ¢ P au K(“m(U’))
momi Ju V) \ V)

To determine the integral constant, we choose Uy such that a(Up) = 0. We can find such

(I(U()) - CL(U) =

(3.10)

Uy by solving the discriminant of Py(z) where two branch points coincide and the A-cycle
shrinks.® Hence,

C14¢ (Y QU K(‘*azl(U’)). (3.11)

O = o o V)™ \ @)

In general, when we integrate from some U to Uy, the positions of branch points and cuts
might change. Therefore, this is really a sum of integrals:

Uo U, Us Un=Uop
/ _ / TR (3.12)
U U Uy Un—1

such that z; does not change its expression for each integral on the right hand side.
Recall the definition of the Seiberg-Witten differential from (2.50), we have that

Mw = ¢sw(z)dz? (3.13)

is a quadratic differential. This is the above mentioned meromorphic quadratic differential
on C. Moving in the moduli space of the theory in question will alter the parameters in
the Seiberg-Witten curve, thereby altering the parameters in ¢ (cf. [9]). Following [47], it
was found in [9] that at certain isolated points in the Coulomb branch of the moduli space
Uy of the gauge theory in question, where g is the genus of the Gaiotto curve C with n
marked points, g is completely fixed, which becomes a Strebel differential.

We therefore have two forms of the Strebel differentials, ¢g(t) coming from the dessin
and ¢gw(z) coming from the physics. Now, because dessins are rigid, they have no param-
eters. The insight of Belyi and Grothendieck is precisely that the maps § have parameters
fixed at very special algebraic points in moduli space. Thus, ¢g(t) is of a particular form,
as a rational function in ¢ with fixed algebraic coefficients.

On the other hand ¢gw(z) from the gauge theory has parameters which we saw earlier,
corresponding to masses, couplings etc. Therefore, up to redefinition of the variables (t, z)
and identifying ¢gw(2) and ¢g(t) it is natural to ask how the special values of the param-
eters from the dessin perspective fix the physical parameters in the gauge theory and if a
dessin implicates any interesting physical theory.

We have now introduced all the necessary dramatis personae of our tale and our strat-
egy is thus clear. There are also some further details that we should be careful about in the
calculations. We will work through an example in detail to illustrate them in the following
subsection.

S Alternatively, we may also integrate from U to oo as the large U behaviour can be determined as in
appendix E.2.
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3.2 Example: I'(3)

Let us take the dessin for I'(3), whose Belyi map is

3 3042 _ 3
8(1) = t3(t + 6)3(t2 — 6t + 36)

= : 3.14
1728(t — 3)3(t2 + 3t +9)3 (3:.14)

We can readily get the pre-images of 0, 1 and oco:

Pre-image Ramification
B710) —6
0
3—3iV3
3+3iV3
s7H1) 3(1-V3)
3(1++v/3)
(1+4) (va+(-2-9)
(-3-%) (va++9)
(=34 9i) — (3 3i)V3)
(=34 9i) + (3 3i)V3)
B () 00
3
4i(va-
i (V3+1)

w

(3.15)

N NN NN DN W W W

NN

1
2
1
2

wWw W w w

We can construct the corresponding dessin as in figure 2. Subsequently, using (2.48), we
see that the Strebel differential is ¢ = ¢ (t)dt?, where

9t(t3 + 216)

“IR @ 2 (3.16)

Pp(t) =

We have marked ¢ with a subscript § to emphasize its dessin origin. On the other side, we
have the Seiberg-Witten curve and quadratic differential for SU(2) with Ny = 4 from (3.1)
and (3.13), to be

P4(Z)
(2(z = 1)(z = ¢)*
Py(z) =2'm2 - 23 (m% +m3(¢ — 1) +miC + 2mamsC + (1 + C)U)

where

Psw(z) =

+2? ((m3+m%—m§+2m2m3)g+m§(g—1)§+2m2m3§2+m§§2 + (1+C)2U)
— 2 ((m} = m3)¢ + (md + 2mamg + M+ L+ QU) +mi%. (317)

Here, likewise we have marked ¢ with a subscript “SW” to emphasize its Seiberg-
Witten origin. We have also explicitly written the differential coming from the Seiberg-
Witten side in terms of the parameters mg123,¢,U.
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We need to match (3.16) with (3.17), up to an PGL(2, C) transformation on the com-
plex variable z. The reason for this is that we are dealing in this example with a quadratic
differential on the sphere. For curves of higher genus, such PGL(2, C) transformations are
generically not permitted, as they will not preserve the structure of the poles and zeros of
the quadratic differential.

We can therefore write

at+b
Z—m, a,b,C7d€C (318)

and solve for complex coefficients a, b, ¢, d as well as the parameters mg123,(,U so that

s L9y

we have identically for all ¢ that

(3.19)

Pp(t) = dsw (at+ b) :

ct+d

There are actually continuous families of 2 x 2 matrices solving this equation for a given
dessin. As the elliptic curve is the same up to an overall factor, it turns out that each
continuous family would simply scale the SW differential by ¢gw — k?pgw with k? € R,
where the square comes from the )‘%W in the differential. Obviously, equating the numera-
tors of ¢ and psw as well as equating their denominators would give a solution. For future
convenience, such solution will be referred to as the “basic” values of the parametrization.
Then other parametrizations would simply follow

(bSW = k2¢SW,basic- (320)
There are two points we should pay attention to:

e As we will try to relate this to minimal models, due to modular invariance, we
can only allow primary states with pure imaginary charges [49]. Recall the AGT
relation (2.11), which in terms of m; is

o —|—9:0¢ o —i—Q:a T2 —a o a,—i-Q:Oé'
B 2 4, \/@ 9 1, B 3 B 2, B 2 int
(3.21)

In fact, €12 are not completely free once Q = (e; + €2)/ /€1€2 is chosen. Moreover,
to have real conformal dimensions, m;’s and a should only be real or pure imaginary
(depending on €; ). This is also the reason why k2 should be real.

e One may easily check that an SW differential /elliptic curve would have the same j-
invariant under ¢ — k%¢. As a result, the parameters, based on their mass dimensions
or by looking at P4(z) and a(U), would follow

m; — km;, a — ka, €; — ke, U — k*U;
¢—=¢, Qi int — O int;, Q— Q. (3.22)

Therefore, rather than discrete parameters, we would have families of differentials.
Importantly, we can see that the coupling ( is invariant. Following the AGT map,
the dimensionless CF'T parameters, «; ijns and @), are also invariant under the scaling
though we still have the freedom to choose /eré€s.
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Now expanding the above and setting all the coefficients of ¢ to vanish identically gives
a complicated polynomial system in (a,b,c,d,mp123,(,U) for which one can find many

Pt ]

solutions. For example, the following constitutes a solution (with k? = 1),

PO
2\/§7‘(‘7 9 9
with (a,b,c,d) = ( L (ﬂ — ﬂ) + 3 + il 0, (1t 33/4) The numerator of

V233747 2V2 22 2v2 1 22
the SW differential takes the form

62 —41<\f 31)2 +<6+61\f>z —8iv3z +3iv3 -3
Pi(z) = s (3.24)

We now need the roots \; of Py(z) as given in (3.1):

A4 (—2 - j%) 2t (1+iv3) 22 - jigz + %i (VB+i) = E(z — ). (3.25)

The SW curve itself is genus 1 and is in fact an elliptic curve. We can recast (3.17) as

mop = —Mmjp =My = —M3 = U= (3.23)

y? =2tmd - 23 (mg +m3(¢ — 1) +miC + 2momsC + (1 + C)U)
+ 2 ((mg +m} —m? + 2mam3)¢ + m3(¢ — 1)¢ + 2mamzC? +mi¢% + (1+ C)2U)
— 2 ((m? = m3)C + (m3 + 2mamg + m3) 2+ C(1+ QU ) +mic?, (3.26)

where the redefinition 32 = (2(2—1)(2—())?¢sw(z) = P4(z) is used. Following appendix D,
as one may check, the j-invariant we get from the parameterization (3.23) agrees with the
one directly from the Strebel differential (3.16):

j=0. (3.27)

Indeed, 7 = 0 corresponds to a special elliptic curve with Z/3Z-symmetry, much like the
dessin for I'(3) itself.

In this case, we can integrate (3.11) numerically to obtain a(U) = ﬁ.7 Now we
can use the AGT relation (3.21) to get the parametrizations for CBs. If we take @ = 0,

we have i i
i i

] =9 = —Q3=—Q4 = ——, Qint = —F—, 3.28
where we have chosen —e; = €5 = 1 as an example.
We can also have pure imaginary m;’s and a for the above example such as
i 1 V3 1 i
mp=-mi=mo=-mg=——"(==-+—, U=———, a=———. 3.29
0 1 2 3 2\/§7T C 2 2 o2 3\/37_‘_ ( )

Then we can still get the same CFT parameters for @ = 0 as in (3.28) with the choice
—€] = €9 = i

"Numerical integration would often give decimals rather than precise values. For instance, here we get
a ~ 0.06125877. In some cases like here, we give exact values for a with the help of minimal models. This
can be done by checking multiple minimal models and finding certain €12 so that A; would fit into their
Kac tables. Then the correct closed form of a can be obtained if Aj.: also lives in these Kac tables for
all these minimal models. (To get the correct CBs under AGT map, we further need the fusion rule, but
even if the corresponding Ai,: does not satisfy the fusion rule for some CB, this could still be regarded as
a verfication of fine-tuning a as long as Aint, along with A;, belongs to the Kac table.)
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¢ =e2mi7 mg my Mo ms U Yo.mi | a= T - %
) ) ) ) 1 P )
237 237 23 2v/3m 972 NEY 337
1 - 3 7 7 [ 1 [
5(1 - Z\/g) _2\/§7r 2\/571' _2\/571' 2\/571' T on2 0 _3\/577
) ) ) ) 1 0 4
2\/§7T 2\/§7'r 2\/571’ 2\/571’ 972 3\/57\'
i i i i 1| i i
2\/57\’ 2\/571' 2\/571' 2\/571' 972 \/§7r 3\/571'
) ) ) ) 1 ) )
231 24/3m 2v/3m 231 9m2 V3r 337
1 . i 7 7 [ 1 1
5(1 + Z\/g) _2\/§7r 2V/37 _2\/§7r 237 T on? 0 3V/3m
i i i i 1 0 i
2\/37'( 2\/37'( 2\/571' 2\/§7T 92 3\/571'
i ) ) % 1 3 )
2\/§ﬂ‘ 2\/571' 2\/571' 2\/571' 972 ﬁ 3\/577

Table 2. The parameters obtained from I'(3). Using (3.21), we can get the values for a;’s.

3.3 Matching parameters

Here, we report all parameters from the six dessins in tables 2-7. Notice that we are
only giving solutions coming from (£)@sw pasic With pure imaginary m;’s and a. There is
actually a family for each parametrization following (3.22).

As the size of the table increases, we will give a more compact version for the remaining
cases below. For each (, there are usually 2* = 16 possibilities. For a, as the sign of a only
depends on the sign of mg (in the following sense), “+” in a means that a has the same
sign as mg while “F” in a indicates that mg and a have opposite signs.

Based on the above calculations, there are some remarks we can make:

e One may check that the elliptic curves parametrized by these m;, ¢ and U have the
same j-invariants as in table 8 for the six Belyi maps. Moreover, there are two cases
with ¢ = (1 £1v/3)/2, which are the cusp points for the fundamental diagram of
SL(2,Z). They are exactly the dessins whose Belyi maps have j-invariant 0.

o It is obvious that for each dessin, the parametrizations for different (’s are related by

triality
1
¢« ( =

This is explicitly listed in table 9. Modular invariance of the curve also leads to the

o "=1-¢C (3.30)

following transformations of mass parameters:

1 1
CH Z : (m07m17m2am3) e m(moam17m3am2>;
C 1 C : (m07m17m27m3) < (m03m27m17m3)' (331)

In particular, the two rows for I'; (5) are also related by triality: 1 — (%5 + %\/5) =
123 _ 55
5.

2 2
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(= 2™ | myg mi mo ms U >oimi a
S R S IR N I S R S 31 i
8m 4m 47 8m 19272 4 8m
i (N R T Y 2 I S i _ i
87 4 4 8m 19272 2r 8w
N A R __3_ i i
8w 4ar 4 8T 6472 2 8T
N A A R A R S S i
8w 4 4 8T 19272 4
i N i - i _ 4
8T 4 4 8T 6472 4 8T
_ 4| i i i | __3 i 4
8w 4 4 8T 6472 4 8T
R T T T ! 0 | _.i
8 4 4 8 19272 8
1 _ i i _ i i __3_ 0 i
2 8 4m 4 8 6472 8
G| i i | i —3_ 0 | _.i
8w 4 i 8m 6472 8w
i i i | L |1 T o i
8w 4m A 8m 19272 8w
i i _ i i __3_ i _ i
8m 4m 47 8m 6472 4 8m
_ i i i i _ 3 _ i i
8w 4m 4 8w 6472 4 8w
4| | i 1 _i | i
87 4 4 8m 19272 4am 8w
K K K _ i _ 3 _ _ 4
8T 4 4 8T 6472 2 8T
_ 4 g K i R _ i K
8T 4 4 8T 19272 2 8T
i g i i __1 _ 3t i
8T 4 4 8T 19272 4 8T
i 4| 4| 4| 1 3i
4 2 4 2T 672 2 2T
i JR N S A 1 i _ i
4 2 4 2 672 I 2
SR R i A I R i i
47 2 4 27 672 s 27
i _ i i _ i _ 1 i _ 4
4 2 4 2w 672 27 2w
S B S A 1 . i
4 2 47 2w 672 27 2w
S I A 1 a4 i
47 2 4 2 672 27 27
i 4| _i| L 0 | -4
4 2m 4 2m [ 2m
i i i i 1 i
2 “ix | 2 | Im | o= 6 0 2
JECE A R 1 0 _i
4 2r 4 2 672 2T
S R I o 1 0 2
4 2 4 2 672 2T
R A i 1 P
4 2 4 2m 672 2 2T
i 4 N J P
4 2 4 2 672 2 2
_i i _i | 4 J I i
4 2 4 27 672 27 27
i [ A 1 _i _
4 2 4 27 672 T 27
i 4 i i 1 _ i i
47 2 Am 2w 672 s 2w
i i i i 1 3t | _ 4
4 2 47 2w 672 27 2
N R S i i
4 4m 27 2 2m
N B i _ i
4 4m 27 2 27
i i i i
ir | "4 | "9 | 0
i i i i
-1 w | = = |~ Any 0 0
i i i i *
= = | | 3 value(*) 0
1 1 2 1
4 | 4 | 9 | o« 0
i [ A _ i
4 4m 27 27 27
i i 4| 1 I
4 4m 27 2 27

(*): here, any complex number can be a basic value for U since all the terms of U in P4(z) contain
(14 ¢) as well. Moreover, the integral for a always vanishes.

Table 3. The parameters obtained from T'g(4) NT'(2). Using (3.21), we can get the values for a;’s.
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¢ =e’mm mo my ma ms U a
LV 15 /5 iv/5 (—607+85V/5) +iv/5
507 107 107 50m 6275072 257
111 iv/5 iv/5
3 5V0 —Tor ~50r
iv5 iv/5 iv/5 iv/5 9(—=69+20v/5) iv/5
567 ST Tom —5om 313TER? T 557
_w/5 iv/5
107 507
iv/b iV/5 iv/b iV (—607—85/5) iV
+50r 707 Tor 50n 6275072 Fo5m
1, 11 iv/5 iv5
3+ 5V0 ~Tor ~50r
iv/5 iv/5 iv/5 iv/5 9(—69-20/5) iv/5
+50r +T0x Tor ~ 507 3137502 Fa5n
_a/5 iv/5
107 507
iz’(&/jjn) ii5(5\ﬁ+11> i(5\/45:11) z‘5(5£+11) 100.010534 j:2‘2(5\275}11)
125 | 55 i(5v5+11) i5(5v/5+11)
20 + 7\5 — s = s
iz‘(s\/457T+11) ii5(5\ﬁ+ll> i(5\/45:11) _i5(5\ﬁ+11) 38.200625 ii2(5\ﬁ+11)
_i(5v/5+11) i5(5v/54+11)
A A
+56r +56r T0r Tor —0.000843 + o5
123 | 55 iv/5 iv/5
—F 3V ~Tor ~Tor
iv/5 iv/5 iv/5 iv/5 iv/5
+50r +50 107 ~Tor —0.000674 Fa5r
_ i/ iv/5
107 107
+i5 +8/5 5 w5 ~0.001278 Fi
125 _ 55 V5 iv/5
- %Vh ~50m St
igﬂ j:llﬁ EOﬂ' —Zlﬁ —0.003346 ﬁ:;ﬁ
_iV5 iV/5
507 107
i(5v/5+11) i(5v/5+11) i5(5v/5+11) i5(5v/5+11) i2(5v/5+11)
T £ 4°Tr z ‘)4; 2 i 303.899917 | £X=2v2or) ‘)4;)7
123 _ 55 i5(5v/5+11) i5(5v/5+11)
2 7\/5 - 4r - 4r
:|:i<5\/45:11) ii(s.\/f:n) i5(5ﬁ+11) _1‘5(5\ﬁ+11) ~10.195921 ii2(5\ﬁ+11)
_i5(5v/5+11) i5(5v/5+11)
Am Am
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Table 4. The parameters obtained from I'1 (5). Using (3.21), we can get the values for «;’s and Q.




C=e¥7 | myg my mo ms U a

i V109 2i 27i 595 :
i | £ik & = 1822 +0.30258¢
1 2 _omi
2 ™ 4m
e 4v/109 20 _ 27 _ 269 "
i | £/ : 2 269 +£0.30258i
2 27i
T 4ar
KA 24 1v/109 27 —665+108+/109 .
+i | 42 AT 27 +108Y +£0.741431
1 _ 1V/109 2
2 27 T
7 2 v/ 109 271 —665—108v/109 -
4| 2| iV — 20| 665 108VI09 | 1).741431;
_ /109 271
27 4m
i V109 271 4i 455 -
271 41
2 I -
ol | £ 20 —4 2, +0.6051525i
T ™ T i 3
_ 27 4i
2 ™
i 44 274 1v/109 125+4-54v/109 .
+o- + o - =2 +1.4828632:
2 _ 2T _1Vv/109
27 ™
) 4i 271 _ /109 125-54v109 -
+5- 5 S - 30 +1.48286321
27 i7/109
2T ™

C=¢e*" | my my mo ms U a
i i i i 11
+o6= & | o 6 ez | £0.0528623
1 _ 1 i
2 2T 167

: —— : -
o |2 | L | o |~ | £0.0528623

1 2
T or 167
i i 3 3 7
|2 | & | -L | & | £0.1057
2 _8277 %
] ] 3 23
isir iﬁ 8’” % 52 +0.1057
_d _i
81 T

Table 6. The parameters obtained from I'y(8). Using (3.21), we can get the values for «;’s and Q.
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¢=e*T | mg my ma ms U a
e | | B | SR | (0.1402495 + 0.03154417)
1-iv/3 i _iV3
2 6v/3m 27
bt | a8 IS (00887502 + 0.03620710)
i iV/3
6v/3m 27
Sl | | 8 ERRYE) | (0.1402495 — 0.03154414)
1+iv/3 i _i/3
2 637 27
ke | e | 58| SRS (- 0.0887502 — 0.03620717)
i | s
631 27

Table 7. The parameters obtained from T'y(9). Using (3.21), we can get the values for o;’s and Q.

(3) 0

To(4)NT(2) | 35452
I'1(5) By
INO) —3072
I'o(8) 12
T'o(9)

Dessin ¢ ¢ ¢”
I'(3) 3(1£iV3) 3(LFiv3) 3(LFiv3)
To(4) NT(2) 2 : -1
I'y(5) 5~ 5V5 22+ V5 3+ V5
Lo(6) 2 3 —
To(8) 2 : —
T'o(9) $(1+iv3) (1 FiV3)

Table 9. The parametrizations for each case are related by triality. The hyphens indicate that
such ¢ either gives no solution to mass parameters (I'g(6) and I'g(8)) or does not satisfy the trans-
formations of masses (I'g(9)).
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3.4 Minimal models and T'(3)

As an example, let us match the parametrizations for I'(3) obtained above to 4-point CBs
in minimal models. In fact, as we will see, such CB first appears for the tetracritical Ising
model when p’ = 6 and p = 5, that is, ¢ = 4/5. As usual, we can write the 4-point CB as

Qa2 (0%

.

aq Qint Qyq (332)

Then the intermediate field ¢;; should satisfy the fusion rule

min(m+r—1,2p—1—m—r) min(n+s—1,2p’ —1—n—s)

¢T‘,S X ¢m,n = Z Z (ﬁk,l, (333)

k=|m—r|+1 I=|n—s|+1
k—m+4r—1€27Z l—n+s—1€2Z

where the entire conformal family of a primary is implicit in the above abuse of notation.
Let ¢y, s; correspond to aj 4 and ¢, », correspond to ag 3 (¢ = 1,2). Then the fusion rule
for the 4-point CB is

(;Sk,l 6 ¢T1,81 X ¢m1,n1’ ¢k,l e ¢T2782 X ¢m2,n2 (334)

with constraints on k, [ indicated in (3.33).
Before we insert the specific values of the parametrizations, we can make some
simplifications:

e Recall that the mass parameters are real or pure imaginary. If we have some
parametrization with ml € R, without loss of generality we can choose ¢; < 0 < €.
Then since i}% = (\/> \F) we have /€162 = —162\/7 Likewise,
for some parametrizatlon with m; € iR, without loss of generality we can choose
€1/1 < 0 < €2/i. Such two cases related by m; — im; should give the same €1,2 up to
a factor of i.

o If we make the choice in the above point for some specific m;, then m; — —m;
should give the same CFT parameters with €; 9 — i€ 2. If we only have mg — —myg
or m; — —my, then we should always get the same parametrization even without

changing €; 2 since the corresponding conformal dimension is < — —

e Swapping meo <+ m3 and swapping mg <> m; simultaneously should give the same
CFT parameters (for same €1 2) due to the AGT map. This simply corresponds to
read the CB (3.32) from the left or from the right.

In light of these points it suffices to only contemplate one parametrization,® say mg =
—m1 = Mg = —M3z = 2\[, for T'(3). When p’ = 6,p = 5, we find that there is only one
possibility for A and Ay, that is,

1
A=Ay = —.
T
8Since Ay = A4, when considering ¢ > 1/¢, it is equivalent to swapping both my < m3 and mo < m;.

Therefore, ¢ = (1 % 4v/3)/2 should give the same parametrizations. Even if |¢| # 1, as long as A1 = Ag,
swapping 2 <> 3 always gives same CFT parameters as the extra factor of 1/|(| can be absorbed into \/€1€3.

(3.35)
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Al (
AQ (
Ag (
A4 (
Aint (

Table 10. There are 8 possible combinations. Each column gives a CB. In the leftmost column, A;’s
follow the nomenclature correpsonding to (3.36). For (3.37), it just swaps 2 <» 3 (and A; = Ay).
Therefore, it essentially gives the same CBs. In other words, the two solutions just correspond to
reading the 4-point CB (3.32) from left or from right.

There are two possible solutions for the remaining mass parameters (and deformation

parameters):
2 1 1
“ NELs 2740 578 (3.36)
2 1 1
= Ag = = Az = —. 3.37
€2 J3n 2 =3 5= 10 (3.37)
Moreover, for the intermediate channel,
1 1
a=——=—, Ajpt = —. (3.38)

3\/§7T7 40

Hence, the intermediate channel (k,[) obtained from I'(3) corresponds to (2,2) or (3,4)
(and another (k,!) satifying the fusion rule but not from the dessin is (2,4) or (3,2)). It is
not hard to see that the above two solutions both give the 8 CBs in table 10.

In fact, this corresponds to not only a CB in the tetracritical Ising model, but also
CBs in many other minimal models. In figure 3, we give the Kac tables for a few examples.

By looking at these examples, one might see some patterns of the minimal models and
the positions of conformal dimensions in cyan appeared in the Kac tables. Now, we are
going to show

Proposition 3.2. The dessin T'(3) gives rise to the charges/momenta of the states in
4-point conformal blocks, where the corresponding weights of the primaries satisfy the con-
ditions in table 11, in minimal models.

Following the specific values for m; and a, we can define M := \/76”1%2 so that
2 M
= =My + %7 g = =My, az = Mo, ag = Mo+ %, Qing = TO + % (3.39)

There are two possible choices for A; in the Kac table. For future convenience, let us
denote them as A,, 5, and A,, 5,. Then

Wri—psi)? =@ -p)? _ Q@ »_ @-p° o (3.40)
4p/p 4 0 4p/p o ‘
Therefore,
(p'Tz' - P&')Q
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—_
(=]
w

2 1 15 3 3 1
NER NERF S B
110 ¢ 53 % 3 110 % 7 5% 7 7
1 2 3 4 5 12 3 4 5 6
(a) (b)
22 12 5 1
|5 7 = 7 7 0 A2 BT 21 1
412 8 3 5 1 3 2 32 4 32 4 32
8 56 56 56 56 8 3|0 187 9 7 1 21 1
3|4 W 1 1 10 4 5 160 20 160 20 160 10
3 21 20 21 2 3 oz 20 1 7 9 18T 1
213 L 5 33 8 23 10 160 20 160 20 160 5
8 56 56 56 56 8 1 0 _ 1 1 27 7 95 9
110 L 2 12 22 ¢ 32 1 32 1 32 2
LT 1 T 12 3 4 5 6 7
1 2 3 4 5 6
(c) (d)
6| L 16 18 57 3 35
2 32 4 32 4 32
5|3 655 3 9 5
7 224 28 224 14
4] 39 5 15 1 99
14 28 224 28 224
3 9 T 515 39
224 28 224 28 14
9|5 3 3 675 34
14 224 28 224 7
11lo & 3 5 13 16 15
32 4 32 4 32 2
1 2 3 4 5 6 7
(¢)

Figure 3. Here we list the first five possible examples of CBs that I'(3) corresponds to: (a)
p=6p=5(Mb)p =Tp=5(c)p =7p=6,(d)p =8p=>5,(e) p =8p=7 Those
appeared in the CBs are in cyan in the Kac tables. For (e), we also have another combination of
CBs in green.

It is also immediate from (3.39) that A; = A4. Hence, we can denote Ay or 3 as Ay, n,
without specifying whether (m; 2,n12) corresponds to Az or Az. We can plug this into
Apyim; = A3 = —Mg + QMjy and get

(p'm; — p'ni + xn2)? — 2 = (p'rj — p'sj +xs;)? — 2x(p'r; — p's; + xsj), (3.42)

where x := p’ — p is some positive integer. Its expansion gives

p'Q(mi - ni)2 +2p' (m; — ng)zn; + l’2n? — 22
= p’2(rj — 8]‘)2 +2p'(r; — sj)(sj — L)z + a;25j2~ — 2x28j. (3.43)

Since this is for general p’, by comparing coefficients at different orders of p’, we have

2 _

mi —n; = +(r; —s;), ni=+(s; — 1), n? —1 = s;

2s;, (3.44)
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Cases Conditions

All (r1,81) = (p— 12,0 — $2) € 3(Z,7)
(r1,81),(r1 + 1,81+ 1),(r1 — 1,81 — 1), (11, $1)
(r1,s1), (r1 + 1,81 + 1), (ro + 1,89 + 1), (r2, s2) r o< 3= o< 3(”/4_1),
(r1,81),(r1 — 1,81 — 1), (ro — 1,80 — 1), (12, s2) k= %rlJ = %sl
(ro,82), (ra + 1,82+ 1), (ro — 1,80 — 1), (12, $2)
(ro,s2), (r1 + 1,81 +1),(r1 — 1,81 — 1), (12, 52) (172—1 <r<p-2
(ro,82),(r1 + 1,81+ 1), (ro + 1,82 + 1), (11, 51) or LQI <r < 3(’:1) or p= 27"1)
(rg,82),(r1 — 1,51 — 1), (ro — 1,55 — 1), (1, 51) | and (similar relations™*) with p — p/, 7] — s1)
(r1,81),(ra+ 1,80+ 1),(ra — 1,80 — 1), (r1, 1) and k=p—2r,l=p — 25

(%) : note that the relation with p = 2r; and p’ = 2s; is automatically ruled out as p’ — p = 1.

Table 11. The possible CBs of minimal models that T'(3) corresponds to.

where + can be seen from the symmetry of p? and p’ terms in (3.43). Due to a similar
symmetry for (m;,n;) > (p—m;, p'—n;), it is possible to replace (m;, n;) with (p—m;, p’—n;)
or (rj,s;) with (p —rj,p — s;) in (3.42). It turns out that they also give the same set of
equations. The third equation is actually redundant, and hence we have

m; —n; = :I:(T’j — Sj), n; = :I:(Sj — 1). (345)

Strictly speaking, in (3.42), we should really have |p'r; — p's; 4+ xs;| on the right hand side.
Taking this into account, we would obtain another set of solutions with —1 replaced by
+1. Therefore,

mi:rj—l, ni:Sj—l, (346)
or miy=r;+1, n;=s;+1. (3.47)

As we also have similar relations for Ay and we have seen that Ay, 5, # Ay on, for @ # 0,
we learn that

(mi,ni) = (rj,85) £ (1, 1), (m1,n1) # (ma,n2), (m1,n1) # (p—me,p’ —ng).  (3.48)

For the intermediate channel, using \/572 = %, we have
4
(k= pl+0)* = 5(0'r; = p's; + )%, (3.49)
so likewise,
2 2
k= 57’1, = 581, (350)
2 2

or k:p—grl, l=p — 350 (3.51)

where without loss of generality we have chosen j = 1 for convenience. As k, [ are integers,
we must have r1,s1 € 3Z (or in other words, (p — r2),(p) — s2) € 3Z). Asp =p' — 1,
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it is straightforward to see that k,l € 2Z for (3.50) while (k,l) € (2Z,2Z 4+ 1) or (k1) €
(2Z + 1,27Z) for (3.51).

We also need to take the fusion rule into account. In general, there are 22 x (;l) =24
possible choices of external legs, where 22 is the number of choices of A; and A4 and (;1)
corresponds to the choices of Ay # Ajz. Therefore, we can discuss these possibilities case
by case. Here, we will provide the details for three representative cases as examples.”

Example 1: 71,71 + 1,71 — 1,71. In such case, the fusion rule gives

2 <k <min(2ry,2p — 2r; — 2);
2 <k <min(2r; —2,2p — 2ry). (3.52)

Putting them together, we have
2 <k <min(2r; —2,2p —2r; — 2). (3.53)
Therefore,
r>2, p—ry>2. (3.54)

In fact, we can omit r; > 2 as we already have r; € 3Z. Furthermore, we also require
k—(ri+1)+mr —1 € 2Z, that is, k € 2Z. We can write similar conditions for /. In
particular, [ should also be even, so (k,[) should obey (3.50). Therefore, we also need to
plug (3.50) into the above inequality. This gives

3(p—1)
4

3¢ — 1)

r <
1= 4

51 < (3.55)
Comparing p — 2 with 3(p — 1)/4, we find that p — 2 < 3(p — 1)/4 only when p < 5 (with
equality at p = 5). However, for p < 4, we cannot have p — r; > 2 as r; € 3Z. Hence,
r1 < min(p —2,3(p —1)/4) = 3(p — 1)/4 and likewise for s;. In all, the conditions for this
case are

3(p-1) _ _ 30/ -1 2 2

S1 y k= AT = =S1. (3.56)

< N2
n =" 3 3

>~ Ta
Example 2: r2,71 + 1,71 —1,73. In such case, it is not hard to see that k£ and [ should
satisfy (3.51). Besides, the fusion rule gives

p—2rm —1+1<k<p-2
p—2m+1+1<k<p-2. (3.57)

Putting them together, we have
max(|p—2ry — 1+ Lp—2rm+1[+1) <k<p-2. (3.58)

Since p — 2r; — 1 < p — 2ry + 1, there are three possibilities:

9Below we will use the correpsonding r’s for external legs to denote each case.
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1. p—2r; —12>0:if
p=>2r1+1, (3.59)
then
p—2r+2<k<p-2. (3.60)

Plugging k = p — %rl into (3.60), one may check that (3.59) and (3.60) are indeed
consistent (they give the conditions r; > 2/3 and r; > 3 which are automatic as

r € 3Z).
2. p—2r1 +1<0: if
p<2r—1 (3.61)
then
2ri—p+2<k<p-—2. (3.62)

For this inequality to hold, we need p > r1 4+ 2. Plugging k = p — %rl into the

inequalities, we need r; < %

3(p—1)
keep r < =5

. Following the above same reasoning, it suffices to

3. p—2ry =0:if
p=2ry, (3.63)

then
2<k<p-2. (3.64)

Plugging k =p — %7“1 into the inequalities, one may check that these inequalities are
indeed consistent (they give the conditions r; > 2/3 and r; > 3 which are automatic
as ry € 3Z).

The disussion for p’, [, s1 is the same.
Example 3: r1,71 + 1,71 — 1,72 In such case, the fusion rule gives
2 <k <min(2ry,2p — 2r; — 2);
2<k<min(r; +re2—2,2p—7r1 —72) = min(p — 2,p) = p — 2. (3.65)
Putting them together, we have
2 <k<min(2r; —2,2p—2r, — 2,p — 2). (3.66)

Therefore,
7"122; p247 p—T122a (367)

where we can omit the first two conditions as we already have r; € 3Z. Furthermore, we
also require k — (r; +1) +r1 — 1 € 2Z, that is, k € 2Z. We can write the similar conditions
for [. In particular, [ should also be even. However, we also have k— (r; —1)+ry—1 € 2Z,
that is, k —ry —ro =k —p =k —p +1 € 2Z. Likewise, [ — p’ € 2Z. This means that
k,l cannot be even at the same time (i.e., they should satisfy (3.51)). Hence, we reach an
contradiction and this case is not possible.
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In fact, we can still reduce the number of cases to be checked. Since r1 = p — ro, we
have r1 £1 = p—(r2F1). Therefore, we can rule out the cases where we choose 71 +1,7r2 F1
from the (;1) possibilities as Ay # As. Hence, there are 16 cases (including the above three
examples) overall. Moreover, just like in Example 3, we see that it fails to satisfy the fusion
rule due to the parity of k, . This can also be used to reduce the number of possible cases.
One may check that

r=r,m=r;x1l,i=j = (kI)e2Z,27),
r=rim=r;x1l,i#j = (k)€ (2Z,2Z+1) or (2Z+ 1,2Z). (3.68)

This further reduces the number of possible cases (including the first two examples) to 8.
Although there are 8 distinct cases, there are only two conditions as in Example 1 and 2.
This is because for the combination r;,r; £ 1,7; £ 1,7;, we always have

2 <k <min(2r; —2,2p — 2r; — 2), (3.69)
and for the combination 7;,7j4; £ 1,7, 7.2, & 1, we always have
max(|p—2r; — 1|+ 1,lp—2r + 1|+ 1) <k <p-—2. (3.70)

This completes the proof, and the above conditions are summarized in table 11. We
can also see why the tetracritical Ising model is the one with smallest p’ for T'(3). One
way is to compute p’ = 3,4,5 (with possible p) case by case, and none of them would give
parametrizations from I'(3). Alternatively, it is straightforward to use the above conditions
as well. Likewise, we can deduce that the smallest possible p is 5. Moreover, this also tells
us why we cannot have r; = 6 or s;1 = 6 for p’ = 6,7 and why s; = 6 is not allowed for
(p',p) = (8,5) as in figure 3 etc.

If a minimal model has CBs corresponding to I'(3), then (71, s1) = (3,3) (and hence
(re,s2) = (p— 3,p" — 3)) must be one solution. It is not hard to find that (k,1) is (2,2) or
(p—2,p" — 2), and either Ay or Az corresponds to (2,2) or (p — 2,p’ — 2) for all the eight
cases. Therefore, we may use this to solve My and €1 2. Suppose Ay, = Az, then

2 4

Hence, My = % or % with Q = ﬁ If we consider Aj,y = Ay (which we have seen
P (p'—

that this would give no new CBs), then we have the opposite values, that is, My = —%
or —%. Using My = \/Z% and /€162Q = €1 + €2, we may also solve €; 3.

3.5 Minimal models and T'¢(4) NI'(2)

Let us now discuss one more example, I'g(4) N T'(2). We first focus on the cases when

¢ = 1/2. In terms of the simplifications we can make as above, there are only two cases we

need to consider. Again, we set My = \/”E%. In particular, one can find that the two cases

only differ by Asz. However, after some calculations, the fusion rule would always lead to
p',p € 2Z, which is impossible for coprime p’ and p.
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Cases Conditions
27’0, 2?”0 + 1, To + 1,’["0

2r0,2r0 £ 1,p — (ro£1),p — 1o ro < EEL
p—2r9,p— (2ro £ 1), £ 1,79 k= 2rg

p—2r9,p— (2ro£1),p—(rox1),p—ro
p—2rg,2rox1,p— (ro £ 1),79 (r0<pT7L1 or
p—2r0,2r0 + L,rg £ 1,p — g PEL < gy < R2M2FL2 o gy = 221

2ro,p— (2ro £ 1),p— (ro £ 1), 70 and k =p—2rg
27’0,[] - (2T0 =+ 1),7’0 + ]-7p —To

Table 12. One set of possible CBs in minimal models that I'g(4) NT'(2) corresponds to. There are
similar relations for sg, 1, p’ by a simple substitution of the corresponding letters, where we have set
Q4 = Qlpg,sq-

Cases Conditions
2r9,2rg £ 1,790 F 1,70
2r9,2r0 £ 1,p— (1o ¥ 1),p — 70 TOSP_THI,
p—2rg,p— (2ro £1),70 F 1,70 k=2rg
p—2rg,p—(2rox1),p—(ro ¥ 1),p — 1o
p—2rg,2ro £ 1,p—(ro ¥ 1),70 (ro < B+ or
p—2rg,2rox1,roF 1,p—ro me <rg < 717_1/3;1/2 or T = %)
2rg,p— (2ro £ 1),p — (ro F 1), 70 and k = p — 2rg
2ro,p— (2ro £ 1), 10 F1,p —ro

Table 13. The other set of possible CBs in minimal models that T'g(4) N T'(2) corresponds to.
There are similar relations for sg,[,p’ by a simple substitution of the corresponding letters, where
we have set ay = 0, -

Next, for ¢ = 2, it is very similar to ( = 1/2 but with a swap of mg, m3 and an overall

rescaling. We also have two distinct cases. For (+,+,—,—),!

using the same method
yields the CBs in minimal models with conditions in table 12. Likewise, the other case
with (—, 4+, —, 4) gives the conditions in table 13. It is not hard to see that for (4, +, —, —),
the first CB appears in the minimal model with p’ = 5, p = 4, viz, the tricritical Ising model.
For (—,+,—,+), the first CB appears in the minimal model with p’ = 4,p = 3, viz, the
(critical) Ising model. The Kac tables and corresponding CBs are shown in figure 4.
Finally, let us consider ( = —1. Since a always vanishes, Aj,; = %2 - ;;,Z )
p'k —pl = 0, that is, p’/p = l/k. However, as ged(p/,p) = 1 and k < p,l < p/, this is

impossible.

. Hence,

Now that we have found two dessins that corresponds to CBs in minimal models, we
can consider their CBs in the same minimal model. Such example would first appear when

0Here, it is still sufficient to choose two representatives for the two distinct cases. As different
parametrizations of the masses would only differ by signs of m;’s, we will only use their signs to denote
(mo, m1, m2,m3). This should be clear from the tables in section 3.3.
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% w (b)

Figure 4. Here we list the first possible examples of CBs that I'g(4) N T'(2) corresponds to: (a)
The first CB for (4, +,—, —). For reference, the one in grey is the CB from (—,+, —, +) for this
minimal model. (b) The first CB for (—,+, —, +).

13 2 1
. i;) 281 3 i 2
315 @ 5
9| 2 21 7
A -
1 s 3 % 3
1 2 3 4 5
1 1 1 1 0 1
40 |8 15| |40 | |40
1 1 1 1 1 0 1 1 0
15 40 15 40 40 40 40

Figure 5. The CBs from I'(3) (cyan) and I'g(4) NT'(2) (green) in the tetracritical Ising model. The

ones in orange appear for both of the dessins. The three CBs, from left to right, come from I'(3),

(+,4+,—,—) and (—, 4, —,+) in T'o(4) NT'(2) respectively.

p =6,p=>5 as in figure 5.

3.6 Minimal models and general dessins

Following the above steps, we can derive the results for any dessin in general.

Proposition 3.3. Suppose for a dessin, we have the gauge theory parameters with relation
m1 = £/ F kimo, me = £/ F kamo, mz = £/ F ksmo, a = £/ F kintmo, (3.72)

where kit > 0. Then the dessin corresponds to the states of 4-point CBs satisfying
conditions in table 14 in minimal models.

In fact, we may further make the following conjecture.

Conjecture 3.4. For a dessin satisfying the conditions in proposition 3.3, it corresponds
to a family of 4-point CBs whose states follow table 14.

So far, we have already discussed how a dessin can reproduce the charges/momenta of
the states in a 4-point CB of a minimal model. However, as ( is fixed for each dessin and we
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Cases Conditions
kyro, karo £ 1,ksro £/ F 1,79 max(|a £1],] A £1]) +1
kyro,karo £ 1,p— (ksro =/ F1),p—10 < kingro < %min(* —3,4p—3— %),
p—kiro,p — (karo £ 1), ksro £/ F 1,70 and k = kit
p—kirg,p — (karo £1),p — (ksro =/ F1),p — 10

p— kiro,karo £ 1,p— (ksro £/ F1),70 max(|(ky + ko)re £ 1], |(ks + D)ro £ 1]) + 1

p— kiro,karo £ 1L, ksro £/ F1,p— 10 < kintro < min(p—2 — |A],p—2—| A ),
kyro,p — (karo £1),p — (ksro £/ F 1), 70 and k = p — kintro

kiro,p — (karo £ 1), k3o F 1,p — 1o

Table 14. The set of possible CBs in minimal models that a general dessin corresponds to. There
are similar relations for sg, [, p’ by a simple substitution of the corresponding letters, where we have
set g = Ay s and A = (kz — kl)ro, A= (1 — kg)?"o,* = ( - |/<31 + kz — kg — 1| + Zz ki)To. In
particular, k;intro € N* is a necessary condition.

2 12 5 1 .
S| 7= % 7 7 0 6 %
402 & 3 5 1 3

AT B U G
33 = a2 a1 a3 2 L0
ol 3 1 5 B & 3

SO L S R
1/0 7 7 7 % 5

1 3 4 5 6

Figure 6. The CB on the right has conformal dimensions coloured cyan in the Kac table.

are only obtaining ¢ by relating the Strebel and SW differentials rather than describing it
as a concrete mathematical object in the language of dessins, further study on whether/how
dessins could fully recover the CBs and the spectra is required.

With the conditions in table 14, we can check what CBs in minimal models we can
obtain from a dessin. For instance, when ( = % + %\/5 for I'1(5), we have ko = 1,k =
ks = 5, kine = 2. It is not hard to find that the first CB it corresponds to appears when
p' =7,p =6 as in figure 6.

Examples not giving minimal models. From proposition 3.3, it is straightforward to
see that there could be dessins that do not correspond to CBs in minimal models. Besides
the inequalities in table 14, a necessary condition is that k;int7o and k;intso should be
positive integers. Let us verify this with some examples.

For T'y(6), there are two big classes of parametrizations. If mg or mg has the factor
V109, then we cannot get the rational conformal dimensions for all the external legs.
If instead m; has the factor /109, all the conformal dimensions can be rational since
Al = %2 — M. However, if we now express My in terms of the labels (rg, s2) for A4 and
insert this into Ay, we find that

(p'r1 — p51)2 =4 x 109(p're — p52)27 (3.73)
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where 109 is not a square number, and hence no integer solutions (except when 0 = 0
which is excluded for minimal models). Therefore, it is not possible to get CBs in minimal
models for T'o(6).

For I'y(8), m; and a are non-zero and cannot simultaneously be real/pure imaginary

a

as in table 6. Without loss of generality, suppose \/’Z% is pure imaginary and then NGT

is real. This yields

4 2 2
Ajnt = % — :TQ < % (3.74)
Therefore,
Wh—p)® - -p? @ _ /-p° (3.75)
4p'p 4 4p'p
In other words,
'k —pl)? < 0. (3.76)

Hence, it is not possible to get CBs in minimal models for T'y(8).
For T'y(9), since the a’s are not real or pure imaginary, it should not give CBs in
minimal models.
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A The B-model and omega deformations

When mapping gauge theory/SW geometry parameters to CFT parameters, we need to

include a factor of ——, which would lead to divergence under the flat space limit €; 2 — 0.

Ve
Here, we discuss a way in terms of topological B-model so that the SW geometry is still
physically meaningful when €; o are non-zero.

Recall that we have related N' = 2 gauge theories to A-model topological strings. The

mirror in B-model is defined by the equation
vw+ f(z,y) =0, (A1)

which is a CY3 that can be considered as fibration of uv = ¢ for some constant ¢ over the
Riemann surface f(z,y). In particular, f(z,y) = 0 can be identified as the SW curve X.
Denote the multiplicity of a BPS state in this 5d theory as N?, where j is essentially the
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charge of the BPS state.!! Mathematically, the BPS configuration can be defined by a
(complex) one-dimensional sheaf F (plus certain section in H°(F)) such that

B :ChQ(F)7 n= X(‘F)7 (A2)

where € Hy(M,Z) and n € Z.
The topological string amplitude then has the expansion

F(El, €2, t) = log(Z) = i (61 + 62)2n(6162)g71F(n’g) (t), (A3)

n,g=0

where Z is known as the (refined) Pandharipande-Thomas (PT) partition function, and g
stands for the genus while ¢ denotes the Kéhler parameter measuring the volume of a curve
in 3, which can be identified as the Coulomb parameter a as we are focusing on SU(2)
gauge group in this paper [50-52]. In particular, when n = g =0, F’ (0.0) ig the prepotential
F. In the limit €; 5 — 0, the PT partition function is naturally identified as the Nekrasov
partition function at leading order:

log(Z) = (ere2) F(O0), (A.4)

Moreover, F(O and F(10) can also be determined using the metric on M and the dis-
criminant of ¥ as in Equation (3.22) and (3.23) in [52]. Then F(™9) with higher (g + n)
can be deduced from the (generalized) holomorphic anomaly equation [50-52]

8 F(m9) — %Og’“ (DjDkF(”’g_l) +> /DjF(m’h)DkF(”_m’g_h)>, g+n>1, (A.5)

m,h

where the three-point coupling C’g s given in [51, 52], and D; is the covariant derivative.
The prime in the sum indicates the omission of (m,h) = (0,0), (n,g). We also require the
first term on the right hand side to vanish if g = 0.

Therefore, the non-zero €; 2 would also make sense for the SW theory physically as
the prepotential generates the topological string amplitudes. Hence, we could avoid the
divergence when mapping the gauge theory parameters to CF'T parameters as in section 3.

B Brane configurations

B.1 The type IIA brane configuration

A type ITA configuration of parallel NS/D5-branes joined by D4-branes can be represented
in M theory as a single M5-brane with a more complicated world history.

Before we write the rule for finding the Seiberg-Witten curve, we need to find out
whether we have a U(N) or an SU(N) gauge theory. This is discussed in [53], and goes
as follows.

" More precisely, we should also include the indices denoting the SU(2)r x SU(2)r spin representations,
but for our purpose here, it suffices to label it with the topological data 8 only. For more details, see for
example [50].
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First, consider D5-branes and D4-branes in type ITA superstring theory. The world-
volume of a D5-brane is described as follows. D5-branes are located at 27 = 2% = 29 = 0

and, in a semi-classical approximation, at fixed values of 2. The world-volume of D5-branes

L ... 2% In addition, D4-branes are parameterised by

6

are parameterised by values of 20, x

20, 21, 22, 2% and 2%. D4-branes have their =

-coordinate finite so that they terminate on
D5-branes. We need to introduce a complex variable v = z% + iz, Classically, every D4-
brane is located at a definite value of v. Since a D4-brane ending on a D5-brane creates
a dimple in the D5-brane, the value 2% is the value measured at v = oo, far from the
disturbance created by the D4-brane. By minimizing the volume of the D5-brane, at large
v, we obtain

2% = kln|v| + const. (B.1)

This is not well-defined for large v. Nevertheless, with D4-branes attached to the left and
to the right of the D5-brane, we have

ar ar
x5 = k‘Zlnh} —a;| — kz In|v — bj| + const, (B.2)
i=1 j=1

where a; and b; are the v-values, or 8

6

-coordinates of D4-branes ending on the left and
right respectively. Now z° is well-defined for large v if and only if q; = ¢g, that is, if
the forces on both sides are balanced. For infrared divergence, we need to consider the
motion of the D4-branes, whose movement causes the D5-brane to move. The motion of a
D5-brane contributes to the kinetic energy of the D4-brane. The D5-brane kinetic energy

is given by [ d*zd?v 22:0 9,50+ 25, Therefore, with 2° in (B.2), we have

2
. (B.3)

k2 / d*zd?v

Re<z da; S 0,ubj )

—~v—a 7 v —b;

This integral converges if and only if

8M(Zai — ij) = 0, (B.4)

so that

Zai—ij = (o, (B5)

where ¢, is characteristic of a-th plane. From the D4-brane point of view, (B.5) means the
U(1) part of U(k) for k D4-branes between two D5-branes are frozen. This is because Y, a;
is the scalar part of U(1) vector multiplet in one factor U(k,) and }°; b; is the scalar part
of the U(1) vector multiplet in the factor U(ky41). Since, following (B.5), the difference is
fixed by supersymmetry, the entire U(1) vector multiplet is missing, and we have SU(N).

B.2 The M-theory brane configuration

The world-volume of the M5-brane is such that,

1. It has arbitrary values in the first M?* coordinates z°,--- , 23, and is located at 27 =
8 9
z° =2z =0;
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2. In the remaining four coordinates, which parametrize a 4-manifold Q = R? x S!,
Db-brane worldvolume spans a 2d surface ;

3. The N = 2 supersymmetry means we give ) the complex structure in which v =
z* +iz® and s = 25 + iz'° are holomorphic, then ¥ is a complex Riemann surface in
Q. This makes M* x ¥ a supersymmetric cycle in the sense of [54] and so it ensures
spacetime supersymmetry.

When projected to type ITA brane diagrams, 3 has different components described locally
by saying that s is constant (the D5-branes) or that v is constant (the D4-branes). In type
IIA, different components can meet and singularity appears in there. However, in going
to M theory, singularities disappear. Hence, for generic values of parameters, ¥ will be a
smooth Riemann surface in Q.

C Congruence subgroups of the modular group

In this appendix, we very briefly recall some essential details regarding the modular group
I'=T(1)=PSL(2,Z) = SL(2,Z) /{£I}, the group of linear fractional transformations
7>z — gzzis, with a,b,c,d € Z and ad — bc = 1. It is generated by the transformations
T and S defined by

T(z)=2z4+1 , Skz)=-1/z. (C.1)

The presentation of I is <S,T]52 = (ST)* = I>.

The most important subgroups of I' are the congruence subgroups, defined by having
the entries in the generating matrices S and T obeying some modular arithmetic. Of
particular note are the following;:

e Principal congruence subgroups:

I'(m):={Ae€SL(2;Z); Ajj =+1l;; mod m} /{£l};

o Congruence subgroups of level m: subgroups of I' containing I" (m) but not any I" (n)
for n < m;

o Unipotent matrices:

I (m) = {A S SL(2,Z) ; Aij =+ (1 b)

01 modm}/{:l:[};

)

o Upper triangular matrices:
ab
Lo (m) := {( d) el; czOmodm}/{:l:I}.
c

In [6, 48], attention is drawn to the conjugacy classes of a particular family of subgroups
of I': the so-called genus zero, torsion-free congruence subgroups:
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e Torsion-free means that the subgroup contains no element of finite order other than
the identity.

o To explain genus zero, first recall that the modular group acts on the upper half-plane

H:={re€C, Im(r)> 0} by linear fractional transformations z — ‘Clzzj_'g Then H

gives rise to a compactification H* when adjoining cusps, which are points on R LI oo

fixed under some parabolic element (i.e. an element A € T" not equal to the identity
and for which Tr(A) = 2). The quotient H*/I" is a compact Riemann surface of
genus 0, i.e. a sphere. It turns out that with the addition of appropriate cusp points,
the extended upper half plane ‘H* factored by various congruence subgroups will also
be compact Riemann surfaces, possibly of higher genus. Such a Riemann surface, as
a complex algebraic variety, is called a modular curve. The genus of a subgroup of
the modular group is the genus of the modular curve produced in this way.

The genus zero torsion-free congruence subgroups of the modular group are very rare: there
are only 33 of them, with index I € {6,12,24,36,48,60}, as detailed in [48].

D Elliptic curves and j-invariants

Given the Weierstrass function p

p (2] W17W2):;7+ > <( ! 5 — ! 2), (D.1)

n24m2£0 \\# + mwy + nws) (mwy + nwa)

where w; and wy are complex-valued vectors that span the lattice A = {mw; + nws :
m,n € Z}, and we can write @ (z| wi,w2) = p (2| A). The embedding of a torus, as an
elliptic curve over C in the complex projective plane, follows from

(¢'(2))? = 4(p(2))* — g20(2) — g3, (D.2)

where ¢/(z) is the derivative of p(z) with respect to z. Naturally defined on a torus C/A,
g is doubly-periodic with respect to lattice A. This torus can be embedded in the complex

projective plane by z — [1: p(z) : p/(2)]. Close to the origin, p(z) can be expanded as
1 22 2 6
o (2] A)—;+gz%+93%+0(z), (D-3)

where

1 4
- 60 -
92 Z (mwl + nwz> ’

(m,n)#(0,0)
1 6
= 140 _ . D4
93 (m n%é:(o 0) (mwl + nw2> (D-4)

The summed terms in go and g3 are the first two Eisenstein series respectively. The
Eisenstein series Gy, with weight 2k are modular forms of weight 2k, that is, they transform
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as Gop(1) = (e + d)*" Gop(7) under SL(2,7Z) with 7 = w; /ws in upper half-plane . If
two lattices are related by a multiplication by a non-zero complex number ¢, then the
corresponding curves are isomorphic. The j-invariants are defined as

9

() = 172892
™ 93 — 2793

(D.5)
This definition shows that the j-invariant is a weight-zero modular form. From the above
discussion, we can see that each isomorphism class of elliptic curves over C has the same
j-invariant.

As the SW curves and Strebel differentials we have are of quartic form, y? = az* +
bz® + c2? + dz + ¢2, we can make the substitution (for ¢ # 0)

X400 120X +0)-d/(20) (20X +0) -2
- Y YT TS, Y Y
(D.6)
so that the elliptic curve can be expressed in the standard Weierstrass form
Y24+ XY +a3Y = X2 + ae X% + ay X + ag, (D.7)
where
d > 2 2 2
a; = —, ag =c¢— —,a3 = 2bq, ay = —4aq”,a6 = ad” — 4acq”. (D.8)
q 4q
Using SAGE [55], we can compute its j-invariant
s ((a? + 4a2)? — 24ara3 — 48a4)?
J (a2a% — arazas + a?ag — ad? + dasag) (a2 + 4as)? + 8(aras + 2a4)? — 9(a? + 4as)(aras + 2a4)(a3 + 4ag) + 27(a3 + 4126)2 : )
D.9

If ¢ = 0 such as the Strebel differential for I'(3), we can replace z and y with 1/z and y/22
respectively to obtain a quartic form with a non-vanishing constant term [56].

E Elliptic functions and Coulomb moduli

E.1 The elliptic integral of first kind
We first give a quick review on deriving (3.6). From (3.1), we have

dAsw 1+¢

=— . E.1
dU 2\/Py(z) (E1)
Then q L \
1 2 2 1
da 1 fddsw 214G 0 (B.2)
dU 27 Jp dU 2mi Sy, 24/ Py(2)
Therefore, the integral boils down to solving
A2 d
: . (E.3)
MV (E=M)E =)z = A3)(z — \)
First, we make a PSL(2,Z) transformation, z = éiiIB)’ such that Aj23 are mapped to

0, 1,00 respectively. Then A = ()\1 - )\2))\3,3 = ()\2 - )\3))\1,0 = )\1 - )\Q,D = )\2 - )\3
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gives a solution, and \y = % =: tg. After substitution of variables and some

algebra, the integral becomes

1 1 dt
/ . (E.4)
V2 =) = M) Jo i1 — 41— g5)
In particular,
1 11 —
/ dt =7 oF <2 2,1,15 ) = 2K(t, 1/2)7 (E.5)
0\t —t)(1—t5't)
where K is the elliptic integral of the first kind
1 dt
= . E.6
™) /0 JA =21 = 20) (E6)
Hence,
A —X2)(Az—A
o 4z 2K ( W)
(E.7)

M VE=AME-2)E-X)E-A) Ve =)= A)
E.2 The elliptic logarithm

Here we present an alternative way to obtain a from da/dU by integrating from U to oc.
Therefore, we need to determine a when U — oo. At large U, we have

PR g a2 (a0 (B:5)
U—oo
which yields
Py(2)|umoo = —(1+ QU2 + (14 0)*Uz* — (1 4+ U= (E.9)
If |¢] <1, then
dCL o 1 + C A2 3 2 71/2
Ty = "3 (CA+ONE -1+ Q2 +¢2) T dz
= 2;\—/‘;/ (1+¢)2% + ¢2) 712z
isas
= Y R0 -1 0, (E.10)
where EL is the elliptic logarithm defined as
) _1 dt — /73 2
EL(z,y;a,b) = 5 /oo Nt Yy 3 + az? + bx. (E.11)
Therefore,
(U)o o0 = 2V TH CBL(L, 01— GOV (E12)
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However, notice that the above steps are not rigorous. We need to be careful about the
branches of square roots. Taking this into account, when 1 + ( < 0, there should be an
minus extra sign,'? that is,

(U)o cet = %\/1 TCELA,0;—1— ¢, OVT. (B.13)

Henceforth, we will not repeat this point below. As a sanity check, we can see what would
happen at weak coupling. When ¢ = 0, EL(1,0; —1,0) = 7/2. We learn that'3

a(U)|rso0cs0 = —VU, (E.14)

which is the familiar behaviour in the (semi)classical limit.
If || > 1, then we can just replace [; with fgoo, and hence

a(U)]U_>OO:—%\/I—FCEL((,O;—l—C,C)\FU. (E.15)

Likewise, we can also write down a similar expression for ap at large U,

ap = —%\/1+CEL(0,0;—1—C,C)\/E. (E.16)

If we take ¢ = 0, then EL(0,0; —1,0) goes to oo. This is expected as the monopoles are
heavy for weak coupling.
Therefore, the integral for a(U) can be written as

a(U) = a(oo L+¢ $1(U’)> , (E.17)

i WK (m

where [7°, just like (3.12), could still be a sum of integrals due to the non-trivial
monodromy.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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