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Part I : Introduction



Introduction

Supersymmetric quantum field theories often admit exact moduli spaces

of vacua X parametrised by expectation values of local operators.

I Supersymmetry implies geometric structures e.g. Kähler,

hyper-Kähler.

I Global symmetry groups F act as isometries of X.

I Quantum field theory naturally gives rise to constructions such as

equivariant cohomology, K-theory, coherent sheaves.

I Many connections to geometric representation theory and

enumerative geometry.



Introduction

Recent developments have lead to a vast generalisation of the notion of

symmetry in quantum field theory 1.

I Ordinary symmetries F are groups and act on local operators.

I Generalised symmetries can form n-groups F acting on extended

operators of dimension 0, 1, · · · , n− 1.

The symmetries are categorical in nature and natural language is TQFT.

1Gaiotto-Kapustin-Seiberg-Willett ‘14



Introduction

In the context of supersymmetric field theories with eight supercharges, I

will explain how generalised symmetries act on moduli stacks 2.

π : X → X

I The base X is the underlying moduli space.

I The fiber π−1(x) captures the existence of a TQFT at a point

x ∈ X on the moduli space.

I Ordinary symmetries F act on X.

I Generalised symmetries F act on X .

2Hellerman-Sharpe ‘11, Sharpe ‘15



Part II : Moduli Spaces



Supersymmetry

I will consider supersymmetric quantum field theories eight supercharges.

I I will focus on three dimensions: 3d N = 4.

I I will assume they flow to a superconformal fixed point.

I I expect at least some conclusions are applicable (with caveats and

appropriate generalisations) to 4d N = 2, 5d N = 1.



Moduli Spaces

They admit moduli spaces that are conical symplectic singularities X0. 3

I The conical nature reflects the superconformal fixed point.

I There are sometimes parameters that allow symplectic resolutions

p : X → X0

I Examples are nilpotent orbit closures:

T ∗CP1 → Nmin ⊂ sl2(C)

How are moduli spaces constructed operationally in quantum field theory?

3Beauville ‘99, Nakikawa ‘11 : see Antoine Bourget’s talk.



Local operators I

We consider certain classes of BPS local operators.

I Translations are exact: ∂xO(x) = Q(· · · ).

I Correlation functions O1(x1) · · · On(xn) are independent of

positions x1, · · · , x2.

I This defines a commutative chiral ring A0.

I We then define the affine variety X0 = SpecA0.

<latexit sha1_base64="JKdiHsNnZkJrlyaRDX450aD4LG4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxI8bEruHFnBfuAdiiZNNOGZpIxyRTK0O9w40IRt36MO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfJv57QlVmknxaKYx9SM8FCxkBBsr+b0ImxHBPL2f9b1+ueJW3TnQKvFyUoEcjX75qzeQJImoMIRjrbueGxs/xcowwums1Es0jTEZ4yHtWipwRLWfzkPP0JlVBiiUyj5h0Fz9vZHiSOtpFNjJLKRe9jLxP6+bmPDaT5mIE0MFWRwKE46MRFkDaMAUJYZPLcFEMZsVkRFWmBjbU8mW4C1/eZW0LqreZbX2UKvUb/I6inACp3AOHlxBHe6gAU0g8ATP8ApvzsR5cd6dj8Vowcl3juEPnM8fs2eSCQ==</latexit>O1

<latexit sha1_base64="SEdP6kkFBN//WGq4jd8zY+nWypQ=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyU4mNXcOPOCrYW2qFk0kwbmknGJFMoQ7/DjQtF3Pox7vwbM+0stPVA4HDOvdyTE8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlUnQBrypmgLcMMp51YURwFnD4G45vMf5xQpZkUD2YaUz/CQ8FCRrCxkt+LsBkRzNO7Wb/WL1fcqjsHWiVeTiqQo9kvf/UGkiQRFYZwrHXXc2Pjp1gZRjidlXqJpjEmYzykXUsFjqj203noGTqzygCFUtknDJqrvzdSHGk9jQI7mYXUy14m/ud1ExNe+SkTcWKoIItDYcKRkShrAA2YosTwqSWYKGazIjLCChNjeyrZErzlL6+Sdq3qXVTr9/VK4zqvowgncArn4MElNOAWmtACAk/wDK/w5kycF+fd+ViMFpx85xj+wPn8AbTrkgo=</latexit>O2

<latexit sha1_base64="rCCTMadDrrz8010VggEGjPSaaD0=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCq5KU4mNXcOPOCvYBbQiT6aQdOpmEmYlQQsGNv+LGhSJu/Ql3/o2TtgttPTBw5px7ufeeIOFMacf5tgorq2vrG8XN0tb2zu6evX/QUnEqCW2SmMeyE2BFORO0qZnmtJNIiqOA03Ywus799gOVisXiXo8T6kV4IFjICNZG8u2jXoT1kGCe3U589/en6ttlp+JMgZaJOydlmKPh21+9fkzSiApNOFaq6zqJ9jIsNSOcTkq9VNEEkxEe0K6hAkdUedn0hgk6NUofhbE0T2g0VX93ZDhSahwFpjJfUi16ufif1011eOllTCSppoLMBoUpRzpGeSCozyQlmo8NwUQysysiQywx0Sa2kgnBXTx5mbSqFfe8UrurletX8ziKcAwncAYuXEAdbqABTSDwCM/wCm/Wk/VivVsfs9KCNe85hD+wPn8AGMWXyg==</latexit>O1O2

<latexit sha1_base64="aPh5u1yR5ZowkFR9lyKLKMgUC90=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexK8HEQAl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zhJ9qCJBQ1FVTfdXUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo7uZ33pCpXksH8w4QT+iA8lDzqixUv22Vyy5ZXcOskq8jJQgQ61X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjqWSRqj9yfzQKTmzSp+EsbIlDZmrvycmNNJ6HAW2M6JmqJe9mfif10lNeO1PuExSg5ItFoWpICYms69JnytkRowtoUxxeythQ6ooMzabgg3BW355lTQvyt5luVKvlKo3WRx5OIFTOAcPrqAK91CDBjBAeIZXeHMenRfn3flYtOacbOYY/sD5/AGNBozB</latexit>=



Local operators II

There are additional properties of A0:

I Poincare supersymmetry implies a Poisson structure 4

{ · , · } : A0 ×A0 → A0

(The ring and Poisson structure come respectively from homology of

Conf2(R3) ∼ S2 in degree 0 and 2.)

I Superconformal symmetry implies Z-grading with

1. All degrees r ≥ 0, saturated only by 1.

2. The Poisson structure has degree −2.

This ensures X0 = SpecA0 is a conical symplectic singularity.

4Ben-Zvi, Beem, MB, Dimofte, Neitzke ’18



Resolutions

How can we construct resolutions X?

The idea is to study local operators at the end of a line operator.

I Choose a BPS line operator L.

I Consider local operators An at the end of Ln, n ≥ 0.

I Construct graded A0-algebra A := ⊕n≥0An.

I Proj construction: X = ProjA
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Lm <latexit sha1_base64="gCfUy367ccKMcdmWZ4IlASuQ/Is=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgo9bwIsHDxHMA5I1zE5mkyEzs8vMrBCWfIQXD4p49Xu8+TfOJnvQxIKGoqqb7q4g5kwb1/12Ciura+sbxc3S1vbO7l55/6Clo0QR2iQRj1QnwJpyJmnTMMNpJ1YUi4DTdjC+yfz2E1WaRfLBTGLqCzyULGQEGyu17x5TcSan/XLFrbozoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTaamXaBpjMsZD2rVUYkG1n87OnaITqwxQGClb0qCZ+nsixULriQhsp8BmpBe9TPzP6yYmvPJTJuPEUEnmi8KEIxOh7Hc0YIoSwyeWYKKYvRWREVaYGJtQyYbgLb68TFrnVe+iWruvVerXeRxFOIJjOAUPLqEOt9CAJhAYwzO8wpsTOy/Ou/Mxby04+cwh/IHz+QMciI9o</latexit>

Lm+n
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<latexit sha1_base64="aPh5u1yR5ZowkFR9lyKLKMgUC90=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexK8HEQAl48JmAekCxhdtKbjJmdXWZmhRDyBV48KOLVT/Lm3zhJ9qCJBQ1FVTfdXUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo7uZ33pCpXksH8w4QT+iA8lDzqixUv22Vyy5ZXcOskq8jJQgQ61X/Or2Y5ZGKA0TVOuO5ybGn1BlOBM4LXRTjQllIzrAjqWSRqj9yfzQKTmzSp+EsbIlDZmrvycmNNJ6HAW2M6JmqJe9mfif10lNeO1PuExSg5ItFoWpICYms69JnytkRowtoUxxeythQ6ooMzabgg3BW355lTQvyt5luVKvlKo3WRx5OIFTOAcPrqAK91CDBjBAeIZXeHMenRfn3flYtOacbOYY/sD5/AGNBozB</latexit>=

With some conditions on L, this is a symplectic resolution X → X0.



Gauge Theories

Consider a supersymmetric gauge theory labelled by

I A complex reductive group G (complexification of connected

compact Lie group Gc).

I A complex symplectic representation ρ : G→ Sp(T ∗V ).

I will assume ker ρ is at most finite subgroup of Z(G).



Higgs and Coulomb

There is in general an intricate moduli space of vacua. 5

There are two components distinguished by which classes of BPS

operators we consider:

1. Higgs branch.

2. Coulomb branch.

Today, I will focus on the Higgs branch.

Please feel free to ask about Coulomb branches at the end!

5See talks by Hiraku Nakajima and Antoine Bourget.



Local operators

The Higgs branch is constructed as follows:

I Hypermultiplet scalars are linear functions on T ∗V .

I Local operators are invariant polynomial functions on T ∗V subject

to complex moment map constraint.

I In other words

A0 = C[µ−1(0)]G

where µ : V → g∗ is the moment map.

I The Higgs branch is the affine GIT quotient

X0 := SpecA0 = µ−1(0)//G



Resolutions

To study resolutions, the relevant line operators are labelled by

co-characters θ of the topological symmetry:

Z(LG) = π1(G)∨

.
I Example: G = GL(N), θ ∈ Z.

I The line operators are Wilson lines Wθ in representation (detV )θ

where V is fundamental of GL(N).

I Local operators ending Wilson lines are not gauge-invariant.

I An consists of semi-invariants f(g · x) = (det g)nθf(x) on µ−1(0).

The resolution is the GIT quotient X = ProjA = µ−1(0)χθ//G.



Example I

Consider supersymmetric QED: G = C×, V = C2, weights (1, 1).

I Introduce linear coordinates (Xj , Yj) on T ∗V .

I Form 2× 2 matrix of invariant functions Mij = XiYj .

I Complex moment map µ =
∑
j XiYj = 0 implies

Tr(M) = 0 M2 = 0

We recover minimal nilpotent orbit

X0 = Nmin ⊂ sl(2,C)



Example I

Consider supersymmetric QED: G = C×, V = C2, weights (1, 1).

I Consider the Wilson line W of charge +1.

I Operators ending on Wn with n ≥ 0 are

An = A0 × {homogeneous polynomials in Xj of degree n}
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1
<latexit sha1_base64="ci0SpGlZI+tKdQfpr3MakvTWI7w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjXa/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1kXVu6peNi4rtds8jiKcwCmcgwfXUIN7qEMTGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ALXvjOA=</latexit>

W
<latexit sha1_base64="jOQcCMJ8zn1++ttlj1YjR2rHYbU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V7luPlV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH2xSNhA==</latexit>

W 2

<latexit sha1_base64="/7ojucrJXXJODcHYfJc/ky7AxVw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1JMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVo9GCk2/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6q/mW1dl+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB7ARjzQ=</latexit>· · ·
<latexit sha1_base64="JHim8ITZjtKYJT/hgONJyr/KB8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxonlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7puP591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucP3JiNhQ==</latexit>

W 3

We recover the resolution

X := ProjA = T ∗CP1 .



Part III : Moduli Stacks



Motivation

This construction of X does not capture the presence of topological

sectors e.g. discrete gauge theory.

I Promoted moduli spaces to moduli stacks X , X0.

I The Higgs stack of a supersymmetric gauge theory:

X0 = [µ−1(0)/G] X = [µ−1(0)χθ/G]

Expected structure under my assumptions:

1. X0 is an algebraic stack whose generic point has finite

automorphisms.

2. With appropriate θ, X is a Deligne-Mumford stack.

I will focus on the latter!



Heuristic Picture

The moduli stack can be understood heuristically as a fibration

π : X → X

I The base X is the underlying coarse moduli space.

I The fibres are classifying stacks π−1(x) = BAx = [pt/Ax]

I The automorphism group Ax ⊂ G is the discrete unbroken gauge

symmetry at x ∈ X.

How to see this structure?



Lines Again

Discrete automorphism groups are detected by Wilson lines that cannot

end on local operators.

I Consider the finite abelian group

Âx = {Wilson lines}/ ∼

where W1 ∼W2 if there exists a non-trivial operator at their

junction that does not vanish at x.

I This enumerates line operators that cannot end.

I Then the automorphism group / unbroken gauge symmetry is

Ax = Hom(Âx, U(1)) .



Example I

Consider Supersymmetric QED: G = U(1), V = C2, weights (2, 2).

I The operators ending on Wilson lines are

A =

A0 × {homog. poly. in X1, X2 degree n
2 } n even

0 n odd

<latexit sha1_base64="DRaAAucgzXEl5U7ww/C0Eqi/1WA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHxXjLo=</latexit>

1
<latexit sha1_base64="ci0SpGlZI+tKdQfpr3MakvTWI7w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjXa/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1kXVu6peNi4rtds8jiKcwCmcgwfXUIN7qEMTGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ALXvjOA=</latexit>

W
<latexit sha1_base64="jOQcCMJ8zn1++ttlj1YjR2rHYbU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V7luPlV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH2xSNhA==</latexit>

W 2 <latexit sha1_base64="/7ojucrJXXJODcHYfJc/ky7AxVw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1JMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVo9GCk2/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6q/mW1dl+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB7ARjzQ=</latexit>· · ·

<latexit sha1_base64="/7ojucrJXXJODcHYfJc/ky7AxVw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1JMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVo9GCk2/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6q/mW1dl+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB7ARjzQ=</latexit>· · ·
<latexit sha1_base64="JHim8ITZjtKYJT/hgONJyr/KB8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxonlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7puP591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucP3JiNhQ==</latexit>

W 3

I The coarse moduli space is X = T ∗CP1.

I Since W 2 ∼ 1, there are automorphisms Ax = Z2 for all x ∈ X.

I X is the total space of a Z2-gerbe on T ∗CP1.

This captures a discrete Z2 gauge theory everywhere on X.



Example II

Consider Supersymmetric QED: G = U(1), V = C2, weights (1, 2).

I Consider operators ending on Wilson lines:

<latexit sha1_base64="DRaAAucgzXEl5U7ww/C0Eqi/1WA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHxXjLo=</latexit>

1
<latexit sha1_base64="ci0SpGlZI+tKdQfpr3MakvTWI7w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjXa/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1kXVu6peNi4rtds8jiKcwCmcgwfXUIN7qEMTGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ALXvjOA=</latexit>

W
<latexit sha1_base64="jOQcCMJ8zn1++ttlj1YjR2rHYbU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V7luPlV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH2xSNhA==</latexit>

W 2

<latexit sha1_base64="/7ojucrJXXJODcHYfJc/ky7AxVw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1JMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVo9GCk2/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6q/mW1dl+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB7ARjzQ=</latexit>· · ·
<latexit sha1_base64="JHim8ITZjtKYJT/hgONJyr/KB8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxonlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7puP591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucP3JiNhQ==</latexit>

W 3

<latexit sha1_base64="DRaAAucgzXEl5U7ww/C0Eqi/1WA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHxXjLo=</latexit>

1
<latexit sha1_base64="ci0SpGlZI+tKdQfpr3MakvTWI7w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjXa/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1kXVu6peNi4rtds8jiKcwCmcgwfXUIN7qEMTGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+ALXvjOA=</latexit>

W
<latexit sha1_base64="jOQcCMJ8zn1++ttlj1YjR2rHYbU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V7luPlV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH2xSNhA==</latexit>

W 2

<latexit sha1_base64="/7ojucrJXXJODcHYfJc/ky7AxVw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1JMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVo9GCk2/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6q/mW1dl+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB7ARjzQ=</latexit>· · ·
<latexit sha1_base64="JHim8ITZjtKYJT/hgONJyr/KB8k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxonlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7puP591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucP3JiNhQ==</latexit>

W 3

<latexit sha1_base64="km9XLdpbdvvt2UMtes2ZWOkKEVI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mk+HErePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrWjLU=</latexit>

1
<latexit sha1_base64="jdhxvjmUkkx/WBbmiqrhiCW8VjY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4kLJbih+3ghePFWy70q5LNs22oUl2SbJCKf0VXjwo4tWf481/Y9ruQVsfDDzem2FmXpRypo3rfjsrq2vrG5uFreL2zu7efungsKWTTBHaJAlPlB9hTTmTtGmY4dRPFcUi4rQdDW+mfvuJKs0SeW9GKQ0E7ksWM4KNlR780HusnvthNSyV3Yo7A1omXk7KkKMRlr66vYRkgkpDONa647mpCcZYGUY4nRS7maYpJkPcpx1LJRZUB+PZwRN0apUeihNlSxo0U39PjLHQeiQi2ymwGehFbyr+53UyE18FYybTzFBJ5ovijCOToOn3qMcUJYaPLMFEMXsrIgOsMDE2o6INwVt8eZm0qhXvolK7q5Xr13kcBTiGEzgDDy6hDrfQgCYQEPAMr/DmKOfFeXc+5q0rTj5zBH/gfP4AQJmPYQ==</latexit>

X2
1 , X2

<latexit sha1_base64="68BldB/YuP+xuHfU/Qy+lUtCfyk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK8HELePEY0TwgWcLsZDYZMju7zPQKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuj0vX654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAKDITzDK7w50nlx3p2PRWvByWeO4Q+czx/bGo2A</latexit>

X1
<latexit sha1_base64="g/ADrkyjBu3ZuxaMVvigRafzHwg=">AAAB9HicbVDLTsJAFL31ifhCXbqZSExcGNIi8bEjceMSE4EmUJvpMIUJ02mdmZKQhu9w40Jj3Pox7vwbB+hCwZPc3JNz7s3cOUHCmdK2/W2trK6tb2wWtorbO7t7+6WDw5aKU0lok8Q8lm6AFeVM0KZmmlM3kRRHAaftYHg79dsjKhWLxYMeJ9SLcF+wkBGsjeS5vvN4cY5Mc/2qXyrbFXsGtEycnJQhR8MvfXV7MUkjKjThWKmOYyfay7DUjHA6KXZTRRNMhrhPO4YKHFHlZbOjJ+jUKD0UxtKU0Gim/t7IcKTUOArMZIT1QC16U/E/r5Pq8NrLmEhSTQWZPxSmHOkYTRNAPSYp0XxsCCaSmVsRGWCJiTY5FU0IzuKXl0mrWnEuK7X7Wrl+k8dRgGM4gTNw4ArqcAcNaAKBJ3iGV3izRtaL9W59zEdXrHznCP7A+vwBcVaQkg==</latexit>

X3
1 , X1X2

<latexit sha1_base64="w99GRtD0IjOSJElNwUCFyBmeq5s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK8eNW8OKxoq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvpn5j0+oNI/lg5kk6Ed0KHnIGTVWuu/0a/1yxa26c5BV4uWkAjma/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEratap3Ua3f1SuN6zyOIpzAKZyDB5fQgFtoQgsYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4A3J6NgQ==</latexit>

X2
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X1 = 0

I X is a a hyper-toric stack. 6

I {X1 = 0} is a stacky locus with Z2 automorphism.

6Jiang-Tseng ‘08



Part IV : Symmetries



2-group Global Symmetry

The global symmetries acting on configurations of local operators and

line operators may form a 2-group F .

In the present setup, this boils down to the following data:

I A compact connected Lie group Fc.

I A discrete abelian group A.

I A class in H3(BFc, A)

The proposal is that this captures automorphisms of the stack X .



0-form Symmetry I

The compact connected Lie group Fc is the 0-form symmetry.

I Genuine local operators transform in faithful representation of Fc.

I Local operators at the end of line operators may transform in

representations of a central extension F̃c.

I The corresponding complex reductive F acts on X.



0-form Symmetry II

In a supersymmetric gauge theory ρ : G→ Sp(T ∗V ):

I The global symmetry acting on Higgs branch operators is

F = NSp(T∗V )(G)/G

I This acts on the symplectic GIT quotient X = µ−1(0)χθ//G.

I Example: in supersymmetric QED with G = C×, V = C2 weights

(1, 1) we have

X = T ∗CP1 F = PGL(2)



1-form Symmetry I

The discrete abelian group A is the 1-form symmetry.

This arises when there is a common subgroup A ⊂ Ax of automorphisms

at all points x ∈ X.

I Consider the finite abelian group

Â = {Wilson lines}/ ∼

where W1 ∼W2 if there are any non-trivial junction operators.

I They correspond to line operators that cannot end.

I Then A = Hom(Â, U(1)).

I BA acts on the fibers of π : X → X.



1-form Symmetry II

In a supersymmetric gauge theory ρ : G→ Sp(T ∗V ),

A = ker ρ ⊂ Z(G)

In the examples considered earlier:

I Supersymmetric QED with weights (1, 1): A = ∅
I Supersymmetric QED with weights (2, 2): A = Z2

I Supersymmetric QED with weights (1, 2): A = ∅.

More generally in supersymmetric QED with charges Q1, . . . , QN ,

A = Zgcd(Q1,...,QN )



Postnikov Class I

The interaction between F , A is controlled by the Postnikov class

Θ ∈ H3(BFc, A)

I will not explain how to construct it it general 7 but

I Suppose Â ∼= Zk is generated by a line operator Lk ∼ 1.

I If Lk ends on local operators transforming in a central extension of

Fc it is possible that Θ 6= 0.

Here is an example...

7See Bhardwaj ‘21, Lee-Ohmori-Tachikawa ‘21



Example

Consider Supersymmetric QED: G = U(1), V = C2, weights (2, 2).

I Recall that X is a Z2 gerbe over T ∗CP1.

I Fc = SO(3) acts on T ∗CP1.

I BA = BZ2 acts in the BZ2 fibers.

I The Wilson line W 2 ∼ 1 ends on local operators X1, X2

transforming in fundamental of SU(2); an extension of SO(3).
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X1, X2

I Postnikov class Θ ∈ H3(BSO(3),Z2) ∼= Z2 is non-trivial.



Part V : Final Thoughts



Mirror Symmetry

In a 3d N = 4 theory there are two potential 2-group symmetries:

I FA acting on the Coulomb branch stack XA.

I FB acting on the Higgs branch stack XB .

I They have mixed ’t Hooft anomalies!

Matching these structures provides new tests of mirror symmetry.

I An example is supersymmetric QED with charges (2, 2):

XA = T ∗CP1/Z2

XB = Z2-gerbe overT ∗CP1.

I Ask me about the mirror afterwards!


