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Preamble: the SW solution for SQCD
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Preamble: the SW solution for SQCD

The Seiberg-Witten solution

Let us first go back to ‘basics’:
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We stndy the vacuum structure and dyon spectrt of N = 2 supersymumetric gauge theory
‘i four dimensions, with gauge group SU()- The theory turms out to have remarkably rich
and physical properties which can nonetheless be described precisely; exact formulas can
e abtained, for nstance, fo clectron and dyon s and the metric on the moduli spece
of vcua. The description involves a version of Olive- Montonen electric-magnetic dulity:
The “strongly coupled” vacuum turas out o be a weakly coupled theory of monopolcs:
und with a suitable perturbation confinement s described by monopole condensation:

6/94

[Seiberg, Witten, 1994]
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Preamble: the SW solution for SQCD

4d N =2 SQCD

We are interested in 4d A = 2 supersymmetric gauge theories. For simplicity, focus on
SQCD with SU(2) gauge group:
» Vector multiplet for gauge group SU(2):

V: (¢7AM7)‘155‘15D1J)

Scalar potential includes term V = ’[&,QSHQ > 0.

» Ny ‘flavors': hypermultiplets in the fundamental, 2 ® 2, with masses m;.

> Flavour symmetry algebra gr: 50(2Ny) if m; = 0, Vi, u(Ny) if m; = m, and u(1)™+
with generic masses.

» Asymptotic freedom implies Ny < 4. The theory with Ny =4 and gr = s0(8) is a
4d SCFT with an exactly marginal gauge coupling.



Preamble: the SW solution for SQCD

4d N =2 SQCD

» Generic vacuum is on the Coulomb branch:

7 a O
¢:_ﬁ (0 a) , SU(2) - U(1)

The SW solution gives the exact low-energy effective action for the IR U(1):

S = /d4x Im(T(a)) (Fu F* 4+ 8yad"a + - +)

» By supersymmetry, the CB metric is determined by an holomorphic function, the
prepotential:

L _OF
"~ Oa?
» The CB is parameterised by the gauge-invariant parameter:
u=(Te(¢) ~ —a® + -+
The CB of 4d N’ =2 SQCD is ‘the u-plane’.

The point at infinity, u = oo, is the weak coupling point.



Preamble: the SW solution for SQCD

The u-plane of SQCD
Electric-magnetic duality of a U(1) vector multiplet:

(“f) — M, (af) , M. €SL(2,Z) = <S: ((1) _01> , T = (é }>>

with SL(2,Z) monodromies of the ‘electromagnetic periods’ (modulo constant shifts if
m; # 0). We have:

_oF o
" da’ " Oa
For fixed masses, the u-plane has the form:

ap

Uoo » paths v,, v=1,--- ,k, and v = co.
' > Yoo =—(Y1++ W)
Uo » If m; generic, k = Ny + 2.
* > Moo [[}_, M =1.
We will think of the u-plane as a projective
U L ® * \ U plane, P! 2 {u} with a distinguished point

u = Q.
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Preamble: the SW solution for SQCD

The SW solution

Postulate that 7 with Im(7) > 0 is the modular parameter of an elliptic curve, E.:

» We then have:

wD dap
- T=—=
= oo
N>

_— daD
wp = — = w
du ’
B

__da

Wg = — = w .
[ﬂ du /M

{
\
TTTTtTT

» The SW solution is a specific elliptic fibration over
the CB. The one-parameter family of curves F,, is
usually called ‘the SW curve'.

» The 'Seiberg-Witten geometry’ is the total space of
the SW fibration over the u-plane.

» |t necessarily has singular fibers.
Kodaira classification.
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Preamble: the SW solution for SQCD

The SW solution

» Singularity at infinity determined at weak coupling (1-loop 3-function):

Iin, : Moo = —T* N7

» Simple singularities in the interior: I,, singularity (multiplicative fiber):
I, : M, =T"

The actual monodromy is conjugate to 7.
If a single dyon of charge (m, q) becomes massless at u = u,:

M(m,q) _ B*lTB _ 1+ mq q2
* -m? 1—mq) "’

» Other possibilities, from the Kodaira classification of singular elliptic fibers:

II : M. = (ST)™ ", I M. = ST,
IIT : M, =571, IIr . M, =5,
IV : M. = (ST)"?, > M., = (ST)” .
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Preamble: the SW solution for SQCD

The u-plane of massless SQCD

For massless SQCD, we have: [Seiberg, Witten, 1994]
I I I
I I
(d)Nf=3 (e)Nf=4

I,, singularity: n mutually local particles become massless.
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Preamble: the SW solution for SQCD
The symmetry group of 4d N' =2 SQCD

The (global) symmetry group of a theory is, by definition, the group that acts effectively
on gauge-invariant states. In particular, we must quotient by gauge redundancies.

The global symmetry of massless SQCD is easily determined in the UV:
Gr = SO(2Ny)/Z2

We also write this as:

Ny, 0] 1 2 3 4
Gr || - | UQ) | (SU®R)/Z2)%(SU(2)/Z2) | SUA)/Za | Spin(8)/(Z2 x Z2)

The pure SU(2) gauge theory (N; = 0) has a one-form symmetry:

[Gaiotto, Kapustin, Seiberg, Willett, 2014]
zM =7,
which acts on Wilson loops in the fundamental (i.e. background quark worldlines):

Zo : W — —-W
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Preamble: the SW solution for SQCD

The symmetry group of 4d N' =2 SQCD

We would like to determine the symmetry directly in the IR.

Let us start with a partial answer:

Claim: The semi-simple part of the flavor symmetry algebra g&* = Lie(Gr)™* is given

in terms of the Kodaira singularities in the interior:

k
o' =Po.
v=1

with:

F, I, I, 11| 111 1V Ir

1Ir-

A%

gv || su(n) | s0(8+2m) | — | su(2) | su(3) | es

e7

¢6

We will soon explain how to determine G itself, directly from the SW geometry.

12 /56



Rational elliptic surfaces and rational sections

Rational elliptic surfaces and rational sections
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Rational elliptic surfaces and rational sections

SW curve and periods: generalities

It is convenient to bring the SW curve into the Weierstrass normal form:
y? = 42® — go(u,m)z — g3(u, m)
The singular fibers are located along the zeros of the discriminant:
A(u) = g2(u)® — 27g3(u)’

For SQCD, this is a polynomial of order Ny 4 2. At generic masses, we have Ny + 2
simple roots in u (giving rise to I singularities).

Example: For pure SU(2), we have:

and the discriminant:
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Rational elliptic surfaces and rational sections

SW curve and periods: generalities

Kodaira's classification of singularities of elliptic fibrations:

ga ~ (u —u )ord(gz) g3 ~ (u —u )Ord(ga) A ~ (u —u )Ord(A)
* 9 * 9 * .

fiber [ 7 [ ord(g2) | ord(ga) [ ord(A) [ M. [ flavor

I, 100 0 0 k TF su(k)

IF ico 2 3 k+6 —TF 50(2k+8)
Iy 70 > 2 >3 6 -1 50(8)

I | F ] > 1 2 (ST)~! -

1+ | % >4 5 10 (ST) es

IIT i 1 >2 3 ST su(2)
11T i 3 >5 9 5 o7

v | 5 > 2 2 4 (ST)=2 |  su(3)
e | 5 | >3 4 8 (ST)? ¢
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Rational elliptic surfaces and rational sections

SW curve and periods: generalities

We are interested in the ‘physical periods’:

aD:/ Asw a:/ ASW -
VB va

with the Seiberg-Witten differential such that:

dAsw

du

=w, w

g

Thus, we can find the physical periods from the ‘geometric periods’:

wD:/w7 Wa /w.
B YA

At any fixed m, they satisfy a standard Picard-Fuchs equation:

d

A(u) Ju?

+ P +Qu)w =0
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Rational elliptic surfaces and rational sections

SW geometry and rational elliptic surface
The low-energy physics on the CB is determined by the (affine) bundle:
C? — (SW geom) — B = {u}

with the fibers given by the periods (ap,a).

Once we geometrize the periods by introducing the SW curve E,, we have:
E—-S—B
We compactify the base by adding the point at infinity:
B {u} =P
The SW geometry S is then a rational elliptic surface (RES) with a section.

Note: Any (resolved) RES S can be obtained as a blow up of the projective plane at 9
points, dPy = Blg(P?). This is also called ‘half-K3 surface’ by string theorists. A deep
fact is then that:

H2(87 Z) = <(O)7E> D (—Eg)

with Es denoting the Ejs lattice, for the 2-cycles with the intersection pairing.
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Rational elliptic surfaces and rational sections

SW geometry and rational elliptic surface

The singular fibers lead to ADE singularities on S, in correspondence with the ADE
‘flavor’ type.

They admit a standard resolution, S — S. (Kodaira-Neron model.)

mqy—1

—1 2:
(U*U = m’vz v,T

Example: The E,, family.

VA Oy L

@) Lok (B) (b) Is (1) )11 () ) IV (o)
O—O—Q—i:O—O—Q Q—Q—E—Q—Qa G
2 3 1 3 2 2 4 6 5 4 32
(e) III (Er) (f) IT (Es)
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Rational elliptic surfaces and rational sections

The Mordell-Weil group of rational section

Elliptic curves are additive groups:

P+P =P

Given an elliptic fibration E — S — P!, there may exist non-trivial rational sections. In
Weierstrass form:

P = (x(u),y(u)) , z(u), y(u) € C(u)
They form a finitely generated abelian group, the Mordell-Weil group:

d=MW(S) 22" a7, @0, .
The number of free generators, rk(®) > 0, is called the rank of the MW group.
The trivial element in @ is the zero section, O = (o0, 00).

Importantly, the MW group can have non-trivial torsion elements, k; Pior = O.
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Rational elliptic surfaces and rational sections

The classification of rational elliptic surfaces

Rational elliptic surfaces S are fully classified. [Persson, 1990; Miranda, 1990]

They are characterised by:
> A set of ‘allowed’ singular fibers, (Fy).
» The MW group ®.

In fact, in most cases, the set of singular fibers fully determines S.

A basic but powerful global constraint is:

> ord(A)|o., = 12

v

where the sum includes ‘v = oo”. There is thus a finite set of allowed singularities.

Additional considerations show that these are the following 20:

Ly dy, I3, Ii, I, I, IV, II*, IIT", IV*.

Total number of distinct RES: 289.
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4d SQFTs of rank one, revisited
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4d SQFTs of rank one, revisited

Fixing the fiber at infinity

The RES perspective, and Persson’s classification, gives us a bird's-eye view of rank-one

4d N = 2 theories.

The basic idea, generalising [Caorsi, Cecotti, 2018], is that the UV N = 2 SQFT is determined

by the fiber at infinity:

Treo — {S|7n7 (00) = Fao} .
Fo | b | B | K | L | I % B L | I
DgiTzq || Es E; Es | Es Ey Es3 E, | EiorE | E
#5 | 227 | 140 | 7 | 51| 2 16 6 2+2 |1
Fo ([ |1 | v\ g | 1 I I I
T || Bs | B | Es (| Da| Ds D, |Nj=1| Nj=0
#s I\ 137 | 93 | 49 J a9 | 13 6 2 1
Fo Ja e | oo | oI {\
Taa Az (Hz) | A1 (Hy) | — (Ho)
#S 8 4 2 \
MM’*L‘,“M AD Xheovies \

s&cp
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4d SQFTs of rank one, revisited

Fixing the fiber at infinity

Some comments:

>

>

>

>
>

Fixing Fwo, the list of distinct RES with such a fiber gives the number of distinct CB
configurations for 7., which we denote by:

Sg(FOOaFla"'7Fk)

For instance, pure SU(2) has a single CB configuration, S = (I}, I1, I1).

The above ‘periodic table’ includes the 3 ‘classic AD SCFTs [Argyres, Douglas, 1995] and
the 3 E,, MN theories [Minahan, Nemeschansky, 1996].

It does not include the other 4d SCFTs [Argyres, Wittig, 2007; Argyres, Lotito, Lu, Martone, 2016]
with enhanced CB (although, see [Caorsi, Cecotti, 2016]).

Conjecture (?): the table gives the full list of CB configurations for rank-one 4d
N =2 SQFTs with a ‘trivial' CB (i.e. with only a U(1) vector multiplet).

The top row corresponds to 5d SCFTs on R* x S!, as we will show.

If we choose Fuo = I (the trivial fiber), we get the E-string on R* x T2. There are
therefore 289 distinct CB configurations for that theory.
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4d SQFTs of rank one, revisited

Symmetry group and rational sections

We claimed above that the non-abelian part of the flavour symmetry was captured by the
singular fibers (in the interior), Fyzoco.

We also claim that each generator of ®xec = @/ P10, gives rise to a U(1) flavor
symmetry.

The full flavour symmetry algebra is then:

rk(®) k
or = Pu) o P .
s=1 v=1

One can also show that:
rank(gr) = 8 — rank(geo) -

Example: SU(2), Ny = 1. The massless CB configuration is S 2 (I3, 31[1). In that case,
one indeed finds ® 2 Z, in agreement with gr = u(1).
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4d SQFTs of rank one, revisited

Symmetry group and rational sections

The global form of flavour group can be determined by analysing the full MW group.
For simplicity, assume that rk(®) = 0, so that G is semi-simple:

(I):q)tor:Zklee"'@Zkt

Let Gr denote the simply-connected group such that gr = Lie(Gr).

Define the subgroup of ®,, of ‘interior-narrow sections'’:

ZM = {P € by

(P) intersects O, for all Fyoo } ,
and denote by .% the cokernel of the inclusion map z Doy
020 5 & - F 0.

Then, we claim that:

> G = Gr/.ZF is the flavour symmetry group.

> z[ s the one-form symmetry group.
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4d SQFTs of rank one, revisited

Symmetry group and rational sections

The proof of the above statements goes through local mirror symmetry and borrows
arguments from the F-theory literature. [Aspinwall, 1998; Mayrhofer, Morrison, Till, Weigand, 2014; Cvetic,
Lin, 2017; Monnier, Moore, Park, 2017]. We will not go through it today.

A complementary way to understand the result is by taking the CB configuration of 7#_,
with generic masses, so that we have the explicit symmetry breaking pattern:
Gr — U(l)rank(Gp)

These U(1)'s are generated by sections in ®gee. Furthermore, there is a natural lattice,
the (narrow) Mordell-Weil lattice of S, which was computed for any S. [Shioda, 1990] Using
these mathematical results, we can confirm the above claims in a case-by-case basis.
(The narrow MWL is the weight lattice of Gr.)
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4d SQFTs of rank one, revisited

Symmetry group and rational sections

Example: SQCD. For massless SQCD, one finds:

N, 0 1 3 3 1
S ([Z,Q[l) (I§,3I1) (1572]2) ([;(7147[1) (IS,IS)
P Lo VA V] m 75

This matches the results expected from the UV:

> Ny = 0: we have Oy = AR Zs2, in agreement with known results.
> Ny =2: we have Oy = .F and Gp = SU(2) x SU(2))/(Z2 x Z2).
> Ny = 3: we have Oior =% and Gr = SU(4)/Za.

> Ny =4: we have Oior = F and Gr = Spin(8)/(Z2 X Z2).
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4d SQFTs of rank one, revisited

Symmetry group and rational sections

The general result can also be applied to non-Lagrangian theories. We have the following
interesting RES: [Miranda, Persson, 1986]

> S =(II,1I"), with ® = 0.

® If Foo = II*, we have the AD point Hy with trivial flavour group.
® If Foo = II, we have the Eg MN SCFT, with Gr = Ejg.

> S=(III,IIT"), with ® = Zs.
® If Foo = I1I*, we have the AD point H; with flavour group Gp = SO(3).
® |f Foo = I11, we have the E; MN SCFT, with Gp = E7/Zs.

> S = (IV, ]V*), with & = Z3.
® If Foo = IV™*, we have the AD point H2 with flavour group G = PSU(3).
® If Fiow = IV, we have the Eg MN SCFT, with G = Eg/Zs.

All these flavour groups are centerless. For the MN theories, this determination
reproduces recent results [Bhardwaj, 2021]. The H; flavour group was determined in [Buican,
Jiang, 2021], and the Hs flavour group is a new result.
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4d SQFTs of rank one, revisited

Systematic analysis of CB configurations

Using the Persson classification and some direct computations, we can map out the full

set of CB configurations of a given SQFT 7, in principle.

Example: SU(2), Ny = 3. There are 13 allowed configurations:

wassless
W) spm

AD ﬂ"‘& Hz

8&4\“\(

—)

—

{Fy} my ma m3 9F tk(®) | Peor
I I, I 0 0 0 Az 0 Z4
I, 13,21, my my my Ay ®u(l) 1 -
It IV, I A/2 my m Ay ®u(1) 1 -
It Is,II || —A/16 m m Ay ®u(1) 1 -
I, 1111 A/4 0 0 2010u(l) | 1 | Ze
I7,2L, I my 0 0 24, @u(l) | 1 Zs
I, 111,11 -IA iV2A my A; @ 2u(1) 2 -
LIIL2L | ™S48 | oy m | AMea)| 2 | -
I, 11, I, my % my Aro2u(l) | 2 -
It, I, 31, my ma my Ayo2u(1) | 2 -
I, 2115 || (—2TA + 2A3, 5ToA? — 3TAY) | 3u(1) 3 -
I, 11,30 || (AToA — A3, 1TpA% — EA%) 3u(1) 3 -
17,55 my ’ my ‘ m3 3u(1) 3 -
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4d SQFTs of rank one, revisited
Modularity of the u-plane

For any 4d A/ = 2 SQFT with mass parameters m, we have an ‘extended CB’ where m
are viewed as VEVs for background vector multiplets.

There are many ‘special loci’ on the extended Coulomb branch which have modular
properties. More precisely, it can happen that, at some fixed values of the masses, the
u-plane is a modular curve:

B~H/T, I C SL(2,7)
for some particular modular subgroup I'. When this happens, the map:
w: H/T =B : 7 u(r)

is an isomorphism. The I'-invariant function u(7) is called the Hauptmodul (or principal
modular function) of I.

When the CB is modular, the singularities are in one-to-one correspondence with cusps
and elliptic points of I'. This simplifies the analysis of e.g. the monodromy group.

Note: even when the CB is not modular, it is advantageous to work on the 7-plane.
See [Aspman, Furrer, Manschot, 2000, 2021] for recent discussions.
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4d SQFTs of rank one, revisited

Modular curves for SQCD

Massless SQCD with Ny # 1 is modular:

[Seiberg, Witten, 1994; Nahm, 1996]

Theory || A(u) =0 | Fyzoo | Foo Modular Function Monodromy | Cusps T
Ny=0| +1,-1 | I,0 | I} | w(r)=1+1 (”((T))) r9(4) 0,2, 00
Ny=1|| wd=1 | 3 | I} | «*= _amnd Tyn—1 | 0,1,2,ic0
E4(T)%+E6(T)
« 1 (58 '
Ny=2|| +1,-1 | Bk | I |u(r)=1+}(58) r@2) 0,1,i00
N;=3 0,1 L | I INEGRN To(4 0,-1,4
= : oh | I | uln) = —4 (D) o) | 0,400

Note: Massless Ny = 1 is not modular.
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4d SQFTs of rank one, revisited

Modular curves for SQCD

Example: pure SU(2). Modular curve for T'°(4). Two cusps of width 1.
1/ -1 1 3 5 d 9 1
u(t) = 3 (q 142097 —62g%1 +216¢9% — 64197* + 163691 + O (q 1 ))

(a)

Figure 4: Fundamental domains for I'°(4). Figure (a) shows a standard choice, with width
one cusps at 7 = 0 and 2, while in figure (b) the cusp at 7 = £2 is split, with the branch cut
of the periods indicated by the dashed line.

Associated monodromies:

My = STS™", Mu——y = (T°S)T(T?S) ™", Moo = PT* .
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4d SQFTs of rank one, revisited

Modular curves for SQCD
Another example: SU(2), Ny = 1.

‘ {Fy} H mp ‘gp rk(@)‘q)mr

I;, 3[1 mi u(l) 1 -

ILILL || m$=2A% | u(1) 1 —

Two configurations: massless one is not modular. The other is modular for T' = T'°(3):

12
1(n(3)
9\ nlm ’

Note the AD points Hy as an elliptic point: [Argyres, Plesser, Seiberg, Witten, 1995]

5
u(t) = -3

(2]
Al

Figure 7: Fundamental domain for I'°(3) corresponding to the configuration (I3, I1,1I) on
the CB of the 4d SU(2), Ny =1 theory. The marked point 7 = 2+ €27/3 is the elliptic point

of the congruence subgroup I'%(3). -



The U-plane of the E4, 5d SCFTs

The U-plane of the E,, 5d SCFTs
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The U-plane of the E4, 5d SCFTs

Geometric engineering in IIA and M-theory

Consider a Type 1A string theory on R* x X, with X a Calabi-Yau manifold. The
low-energy theory is a 4d A/ = 2 supergravity theory. If X is non-compact, we have a 4d
N =2 QFT in the infrared. [Katz, Klemm, Vafa, 1996]

Plot twist: the low-energy QFT associated to X itself is ‘secretly’ five-dimensional. [witten,
1995; Nekrasov, 1996]. Indeed, we may consider M-theory on R® x X. If we take a smooth X
which is a crepant resolution of a canonical singularity X:

XX
we are on the Coulomb branch of a 5d SCFT 7.
We then have:
T2 on R* x §* VES M-theory on R* x §' x X

> IIA string theory on R* x X

This gives us a 4d N = 2 supersymmetric Kaluza-Klein (KK) field theory:

5d 4 5d 4 1
Dg1Tx° on R® = <% on R x S}
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The U-plane of the E4, 5d SCFTs

Geometric engineering in IIA and M-theory

Let us focus on the simplest example, of rank one: [Morrison, Seiberg, 1996]
X =Tot(K - S), S=TFyordP, (n<8)

Singularity X: blow-down the zero section S, which is a Fano surface.

Intersection form H3(S,Z) x H2(S,Z) — Z can be written as:
9-n OE , I,J=1,--- ' n, 9—n=deg(S) =K -K
0 —Alr

= MZ2-brane particles on CB form representations of F,, = ¢,, algebra.

Note: We may also consider dPy (a RES.) The theory is then secretly six-dimensional.
That is the E-string theory (a 6d NV = (1,0) SCFT) on R* x T2
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FE),, theories from del Pezzos

The U-plane of the Ey, 5d SCFTs

These SCFTs are all related by RG flows triggered by massive deformations:

dPg

D S

.

Py

dP; dPs dPs
° O o
u(1) u(1)
*—o
dPs dP, ap
Fo P2
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The U-plane of the Ey, 5d SCFTs

The 5d gauge theory limit

» These 10 rank-one SCFTs were first discovered by Seiberg as UV fixed points of 5d
N =1 gauge theories. [Seiberg, 1996]

» Recall that 5d gauge theories are IR-free effective theories. The perturbative
gauge-theory description is valid for RG scales:

1
u<Lmo = ——
92a

< TES admits a mass deformation to a 5d A/ = 1 gauge theory in the IR:

E<mo= g% : 5d V' =1 SU(2) with Ny = n—1 fundamentals.
5d
This mass deformation breaks the flavor algebra as:
E, — 50(2Ny5) @ u(1)
asz
o—o—I+ * Q—I+ .
a1 a2 a4 as an a2 a4 op
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The U-plane of the Ey, 5d SCFTs

The U-plane of Dgi1 T4

As a first approximation, we can then think of our FE, theories as 5d SU(2) gauge
theories. The low-energy U(1) scalar is:

. . 27 As A
a=1i(p+1iAs), e = elst

and the gauge-invariant order parameter is:

U = <VV> — e‘zwia + 67277ia 4. ‘

Here W is a supersymmetric Wilson line in 5d, wrapped along the S*.
Similarly, the complexified mass parameters are flavor Wilson lines:

A[I — e27‘rz’;11 _ (if,"ﬁm] +idr
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The U-plane of the E4, 5d SCFTs

The U-plane of Dg1 T34

At fixed M;, the Coulomb branch is one-dimensional, with local coordinate U € C.

& @

This is the U-plane.

As in ‘ordinary’ 4d N = 2 theories, the low-energy physics is fully determined by some
Seiberg-Witten geometry. The F,, curves were derived in [Ganor, Morrison, Seiberg, 1996; Eguchi,
Sakai, 2002].
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The U-plane of the E4, 5d SCFTs

The U-plane from local mirror symmetry

The SW solution is essentially local mirror symmetry: [Katz, Mayr, Vafa, 1996]
CB of Dg1 7" —> IIA string theory on R* x X
— 1B string theory on R* x Y

We have the local mirror symmetry between smooth threefolds:
X « Y, D(X) <+ Fuk(Y)

In particular:
» U, M1 are complex structure parameters of Y.
» a, s are Kahler parameters of X.

» The exact expression:

1 1 :
a(U) = o log i + E e U”
k

is the mirror map.
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The U-plane of the Ey, 5d SCFTs

The fiber at infinity

Consider the E,, theory. One can determine the large volume monodromy from the
semi-classical periods.

Let us give a more "5d QFT" derivation: Take a limit where the 5d SU(2), Ny =n —1
gauge-theory description is valid. At one-loop, the prepotential of the theory on R* x S*
reads: [Nekrasov, 1998]

2 . Tia wi(xa a
F = /Loa2+7(2m,)3L13(e4 ) 2m ZZLI mi(Fatp ))

and ap = %—f. The large volume monodromy is:
n—1
aD—>aD+(9—n)a+,uo—Z,ua, a—a+1
a=1

We thus have:

o 9—n __ 1 9—n
)

This determines the fiber at infinity, F... = I9_,,, as anticipated.
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The U-plane of the E4, 5d SCFTs

Rational elliptic surfaces and generic masses:

¥
f ’-ﬁ,‘ IZI‘A/:
Ql‘ 4‘() :1 (A/(-o-Z)I,’
Sp suld), Mg 4D suz) . wp
(Wy==1-3) % :5.-3)

The I}, fiber has monodromy conjugate to 7. The bulk I; corresponds to a single BPS
particle becoming massless:

Mo —gipp = (Ltme 4
* -m? 1-—mg
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The U-plane of the E4, 5d SCFTs

The massless curves

Consider now M7 = 1. One finds:

Es Iren d=0
Er INrren D =72
FEs vV el b =73
Es IToh D =74
E, oL n D =175
Es L h D =17Zs
Ey LeohLhoholh =7
Ey LeohLeh D=7,
By LoLhoeLoh d=127
Ey LeLh D =173
in agreement with old ‘classic’ results. [Ganor, Morrison, Seiberg, 1996]

o This reproduce the F,, flavor symmetry, including abelian factors.
o The 4d LEEFT is IR free for n < 6
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The U-plane of the Ey, 5d SCFTs

MW group and global symmetry

The general prescription for the global symmetry works here too. We find:
Gr =En/Z(E,)

for the massless theories with semi-simple symmetry group.

» This agrees with the 5d result of [Apruzzi, Bhardwaj, Oh, Schafer-Nameki, 2021], which found G g
centerless using directly the M-theory geometry.

» The fiber Foo = I3 does not determine the SQFT uniquely. 5
Two distinct choices for 2[1]' either Zs or trivial. This gives F or Ej.

» The case Ej is special, with & = Z,4 and zZ = Zo, with:
Lo — Ly —> F = Lo

so that Gp = SO(3).
> All other theories have 21 = 0, and thus ®or = Z.
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The U-plane of the E4, 5d SCFTs

RG flows to 4d

Two types of flows:
> “zooming in”:
Here we just decouple the KK
scale.

> ‘“geometric engineering
limit”:
We decouple the KK scale and
the instanton particles.

¥

—_— —_—

T, T,
X X
I.

L’J SU/Z) |/s :q
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The U-plane of the E4, 5d SCFTs
Modularity of the U-plane
In many interesting special limits, the U-plane is a modular curve:

B~H/T, I c SL(2,7Z)

This means, in particular, that the mirror map is a modular function:

a=a(U) “~ U=U(r)

Example: the massless curves:

E; HnHrrehL )
Es v el o )
Es Lol . T°(4)
Es Lehaol, : I'Y(5)
Es LeLaol, : I'°06)
Ey LehLael, : Q)
Ey LeLaeL : T°9)

The massless Es, E» and E; are not modular.
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The U-plane of the Ey, 5d SCFTs

Example: the massless F; theory
This is “5d pure SU(2)o at infinite coupling.”

The CB of the massless is a modular curve for the congruence subgroup T°(8):

Ts

Singularities and monodromies:
M(_g) =STS™ ", My = (T?S)T*(T?S)™!, Mo = (T*S)T(T*S)~" .

» At U = —2, the monopole (1,0) is massless, ap — 0. “Conifold point.”
» At U = 0, two dyons (—1,2) are massless.
» At U = 2, the dyon (1, —4) is massless.
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5d BPS quivers

5d BPS quivers
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5d BPS quivers

BPS quivers of 4d KK theories

Given any 4d N = 2 field theory T, are hard question is to compute the BPS spectrum
Y atu € B.

In principle, one can proceed in two steps:
> Identify the BPS category F2F5 of T.
> Identify the stable objects in .ZPFS.

In physics language, it's a F-term/D-term dichotomy.

For our 5d theories on a circle,
T = D1 7"

the BPS states are D0/D2/D4 bound states in lIA.

The BPS category of the KK theory is the derived category of coherent sheaves on the
resolved singularity X:
BPS b S
stﬂ',‘Zd = D”(cohX)

[I-stables branes are the stables objects that give us the BPS spectrum. [pougias, Fiol,
Romelsberger, 2000]. They are (essentially) counted by the DT invariants of X. (See [Duan, Ghim,
vi, 2020] for an important caveat.)
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5d BPS quivers

BPS quivers of 4d KK theories

There often exists a quiver description of the BPS states. [Alim, Cecotti, Cordova, Espahbodi, Rastogi,
Vafa, 2011]

Let Ag be the Jacobian algebra of (Q, W). We then have:
> TPPS — D(Ag-mod).

» The BPS states are given by (quantising the moduli spaces of) the §-stable
representations.

For the KK theories of interest, we call this the the 5d BPS quiver. In the physics
literature, it is best known as the fractional-brane quiver of the canonical singularity X (if
X admits a crepant resolution), and as non-commutative crepand resolution (NCCR) of
X in the maths literature. One expects:

D’(cohX) 2 D(Ag-mod)

Various techniques exists to extract the quiver (and superpotential) (Q, W) from the
B-model on X — see e.g. [cC, Del Zotto, 2019].

Here, we would like to directly derive @Q from the type 1IB mirror — i.e. from the SW
geometry.
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5d BPS quivers

5d BPS quivers from the U-plane: simple prescription

We focus again on rank-one theories.
Basic idea: consider a CB configuration with only Ij singularities at . ;.
Then, motivated by the IIB and F-theory picture, we:

» conjecture that the BPS spectrum consists of charges (m, ¢) that are generated by
the dyons 7; = (m;, ¢;) that become massless at u.,;;

» to each Ij, we associate k quiver nodes;

» the number of arrows between nodes, (i) — (j), is given by the Dirac pairing:

mq 1
nij = (vi, ;) = det ( d )

m; g5
Comments:

» This pedestrian method does not gives us W.

» In simple cases, we can prove that this quiver description exists by computing the
central charges Z, near the origin of the CB.
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5d BPS quivers

Example: the massless F; theory

Consider the F4 theory. Recall that we have the light dyons:

(1,0),  (=1,2)x2,  (1,-4).

This gives the quiver:

Ey1=(1,0) —— Eya=(-1,2)

S

Era=(-1,2) = — Eyu=(1,-4)

Indeed, the E; geometry is the well-known local Fo = P! x P!, and the quiver above is a
known ‘toric’ quiver for this geometry. It is valid at U = 0 on the massless CB.
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5d BPS quivers

Modular curves and quiver points

In practise, we use modularity to identify the light dyons. We can classify all modular CB
configurations for any of the rank-one theories.

For instance, for Dg1 Es and restricting to congruence subgroups (for simplicity):

LR} [ k@) | b oF | T € PSL(2,2) |
LLIIF | o | z Er @A, To(2)
I, Is, IV* 0 | zs Ee @ As To(3)

2L, I} 0 | 2z, Ds To(4)
I, Iy, It 0 | Zs | Ds@As To(4)
21,215 0 | zs Ag @ Ag Iy(5)
I, Is, I3, I 0 Ze | As@ A2 @ Ay To(6)
25, Ig, I 0 Zy A7 @ Ay T'o(8)
31y, I 0 | zs As To(9)
L0001 | 1 - E; PLS(2,Z)
LIILIV: | 1 - Ee® Ay PLS(2,Z)
I, I3, 11T 1 Zy D ® A; To(2)
I, I3, IT 1 - Dy To(3)
L2 || 2 | - | Aie24 To(5)
I, Ip, 201 2 | - Ag To(7)
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5d BPS quivers

Modular curves and quiver points

One can then identify the light particles and, in favourable cases, the 5d BPS quiver.

Example: The Dg1 Es CB configuration S = (I1, Is, I3, I2), with:

S+ Ig: 6(1,0),  IL: 2(=3,1), I3: 3(2,—1),

871,2,3,4,5,6=(1,0) ? 877,8=(_371)

T

v9,10,11=(2,—1)

This is a correct 3-blocks quiver for dPs, which can be obtained from B-branes |wijnholt,

2002; Karpov, Nogin, 1997]. Here, we derived it from the mirror.

Note: By removing 71, we get a BPS quiver for the 4d Eg MN theory.
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Conclusions

Summary and outlook

Summary:

o We revisited a general approach to rank-one 4d A/ = 2 SQFT in terms of rational
elliptic surfaces.

o We pointed out that the Persson classification of RES gives classification of CB
configurations.

o We determined the flavour symmetry group directly from the SW geometry.
© We discussed the Coulomb branch physics of 5d SCFTs on R* x S*.
© We studied global properties of the U-plane, such as modularity.

Outlook:

o We initiated a study of quiver points on the U-plane. More systematic analysis
needed.

o These elementary considerations are fundamental to a better understanding of
partition functions of 5d SCFTs on five-manifolds. Work in progress.
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