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Global symmetries
Symmetries are important. Let’s review ordinary U(1) 1-index 
currents:

An ordinary current counts particles; “catch them all” by 
integrating on a co-dimension 1 subspace (a “time-slice”):  

Local operators are charged under it:

Because local operators are 0-dimensional, we call these 0-form 
symmetries.



Global symmetries
What are global symmetries good for?

Landau told us: use them to classify phases of matter. Two cases: 

1. Unbroken: in this phase, all charged excitations are gapped, and 
charged correlation functions decay exponentially:  

2. Spontaneously broken: something has condensed, and charged 
correlation functions factorize and saturate at large distances: 

CFTs describe phase transitions: they sit in between these two cases. 



Landau-Ginzburg theory

Disordered Ordered

At critical point, m2 = 0: properties of phase transition (divergence of 

correlation length, thermodynamic singularities, etc.) described by this field theory.  

At the transition, we can often use a universal “Landau-Ginzburg” 
field theory: 
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The condensed phase 
Also provides low-energy description of the condensed phase: 
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At low energies, reduces to action for gapless Goldstone mode.  

Low energy physics is completely determined by the pattern of 
symmetry breaking. 



The (old) Landau paradigm

These ideas define the Landau paradigm: 

1. Phases of matter are classified by their 
patterns of broken and unbroken 
symmetries. (U(1) case described is superfluid). 

2. Critical points between phases can be 
studied by universal theories of the “order 
parameter”. 

This works spectacularly well for many phases of matter, and is the 
foundation of textbook CMT. 

However….



Beyond the (old) Landau paradigm

Much modern work in CMT involves phases 
and transitions between them that do not fit 
into this paradigm, e.g.

1. Topological order (e.g. deconfined phases 
of lattice gauge theory; fractional 
quantum Hall states). 

2. Many others… (deconfined criticality; 
(non)-Fermi liquids; etc. etc… ask me 
after!) 

Can we do better? 

‘Beyond-Landau’ critical points?

Landau paradigm part 2:
At a critical point, the critical dofs are the fluctuations of the
order parameter.
Apparent exceptions:
• Direct transitions between states

which break di↵erent symmetries

(deconfined quantum critical points),

e.g. Neel to VBS in D = 2 + 1.

[Image: Alan Stonebraker]

• Transitions out of topologically-

ordered states (no local order

parameter).

[Image: Fradkin-Shenker]
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Higher form global symmetries
Claim (Gaiotto, Kapustin, Seiberg, Willet):

There are other kinds of global symmetries.

Jµ ! Jµ⌫
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Higher form global symmetries
In the rest of this talk, we study 2-index currents, i.e.

A 2-index current counts strings; as they don’t end in space or time, 
“catch them all” by integrating on a co-dimension-2 subspace:  

Line operators are charged under it:

Because lines are 1-dimensional, these are called 1-form symmetries.
(can also have Zkdiscrete symmetry; then strings are conserved modulo k). 



Higher form global symmetries
What are higher form global symmetries good for?

Everything that normal symmetries are! (anomalies, hydrodynamics, etc.)

Follow Landau: use them to classify phases of matter. Two cases: 

1. Unbroken: in this phase, all charged excitations (strings) are 
gapped (have tension). Charged line operators have an area law. 

This is the line-like analogue of an exponentially decaying 
correlation function of local operators.  



Higher form global symmetries

2. Spontaneously broken: in this phase, strings have “condensed”, 
i.e. have no tension. More precisely: charged line operators 
develop perimeter laws at large distances: 

Depends only locally on the line operator: thus this is the line-like 
analogue of a factorized correlation function of local operators. 

Can prove a higher-form Goldstone theorem (Hofman, NI; Lake): 

perimeter law implies gapless mode in the spectrum. 



Examples
1. Maxwell electrodynamics with matter has a single U(1) 1-form 
symmetry, associated with conservation of magnetic flux. 

Charged line operator is the t’Hooft line (photon is a Goldstone!)

2. Pure SU(N) gauge theory has a ZN 1-form symmetry (“center 
symmetry”). Charged line operator is the fundamental Wilson line. 

2. 3d Ising model has a Z2 1-form 
symmetry associated with the integrity of 
domain walls. (Makes the most sense in the gauge 

formulation of the model). Charged line operator is 
the 3d Ising defect. 

Fermionic strings from 3d Ising model.

[Polyakov, 80s]

Disorder operator:

µ(C) ⌘
Q

hiji?SC ,@SC=C e�2��i�j .

µ is independent of local changes in SC by �i ! ��i

symmetry. SC is a branch cut for �i.

 a1···aL(C) ⌘ µ(C)
QL

s=1
�(xs + eas)

(xs = center of link s) satisfies

 a1···aL(C) = cosh(2�) a1···as+1,as+1,···aL(C)

� sinh(2�) a1···as�1,a0
s,as+2,a0

s+2,as+1,···aL
(C +⇧as)

Links like free Dirac particles, connected by

unbreakability of domain wall.

This description is shared by the RNS superstring.

 µ
�
ẋµ � x0

µ

�
|physi = 0.



The new Landau paradigm

It is tempting to define a new Landau paradigm: 

1. Phases of matter are classified by their 
patterns of broken and unbroken 
symmetries, which might be higher form. 

2. Critical points between phases can be 
studied by universal theories of the “order 
parameter”. 

#1 works for many examples of topological 
order, gauge theories, etc. Topological phases 
are those with spontaneously broken higher 
form symmetries. 

But what about #2? Condensation of strings? 
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Towards mean string field theory
To describe such a transition, we would need a framework that 
is the analogue of the Landau-Ginzburg theory below. 

It should allow us to describe the condensation of strings. 
Notoriously hard problem. Can higher form symmetries help?  

Normal 
symmetries

Higher-form 
symmetries

Mean field theory ?

S[�] =

Z
ddx

�
@µ�@

µ�† �m2|�|2 � �|�|4
�

<latexit sha1_base64="GovgrtTEH8Z9K0HrRK8O9HwNM3I="></latexit>



Mean field theory ingredients
We will construct everything by analogy with ordinary symmetry:  
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Basic degree of freedom is a map from points to 
ℂ : 

Transforms linearly under symmetry: �(x) ! �(x)ei↵
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What are the analogues of these ideas for a 1-form symmetry? 



String field
A 1-form symmetry acts on line operators; our basic degree of 
freedom is a functional: map from the space of closed curves to ℂ

 [C]
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Γ is a closed 1-form

(Imagine this creates a string along C)

C
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1-form symmetry acts linearly:

We want to write down an invariant action for the string field. 
Want to do so in a way that lets us couple an external 2-form 
gauge field source: 

b ! b+ d�
<latexit sha1_base64="1T1t73HIWM5yCDiqy+1YqAgjuMU=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCIJSkCnosetBjBfsBTSibzaZdupuE3Y1San+KFw+KePWXePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds8v7LZVkktAmSXgiOwFWlLOYNjXTnHZSSbEIOG0Hw+up336gUrEkvtejlPoC92MWMYK1kXp2OUCeTlCATlHo3WAhcM+uOFVnBrRM3JxUIEejZ395YUIyQWNNOFaq6zqp9sdYakY4nZS8TNEUkyHu066hMRZU+ePZ6RN0bJQQRYk0FWs0U39PjLFQaiQC0ymwHqhFbyr+53UzHV36YxanmaYxmS+KMo7Ms9McUMgkJZqPDMFEMnMrIgMsMdEmrZIJwV18eZm0alX3rFq7O6/Ur/I4inAIR3ACLlxAHW6hAU0g8AjP8Apv1pP1Yr1bH/PWgpXPHMAfWJ8/MImSqg==</latexit>

 [C] !  [C]ei
R
C �

<latexit sha1_base64="CtGMzYOzNf+Jue/kc14eQYTqWKY=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWaqoMtiF7qsYB8wMw6ZNG1Dk8yQZIQy9A/c+CtuXCji1q07/8a0HUFbDwQO59zLzTlRwqjSjvNlFZaWV1bXiuuljc2t7R17d6+l4lRi0sQxi2UnQoowKkhTU81IJ5EE8YiRdjSsT/z2PZGKxuJWjxIScNQXtEcx0kYK7WM/UdSrB9DXMfzh5C6jPhU6rEP/CnGOxqFddirOFHCRuDkpgxyN0P70uzFOOREaM6SU5zqJDjIkNcWMjEt+qkiC8BD1iWeoQJyoIJvmGcMjo3RhL5bmCQ2n6u+NDHGlRjwykxzpgZr3JuJ/npfq3kWQUZGkmgg8O9RLGTTZJ+XALpUEazYyBGFJzV8hHiCJsDYVlkwJ7nzkRdKqVtzTSvXmrFy7zOsoggNwCE6AC85BDVyDBmgCDB7AE3gBr9aj9Wy9We+z0YKV7+yDP7A+vgHC/5vc</latexit>

(Γ arbitrary). 



Area derivative
To differentiate string field, use the area derivative, constructed by Migdal, 
Polyakov. Beautiful geometric construction that compares field between two 
nearby curves.

��µ⌫
<latexit sha1_base64="6KBSgrPxcxp2Yb1tDxpp6fMojOI=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUQZdFNy4r2Ac0sUwmk3bozCTMQyixC3/FjQtF3Pob7vwbp20W2nrgwuGce7n3nihjVGnP+3aWlldW19ZLG+XNre2dXXdvv6VSIzFp4pSlshMhRRgVpKmpZqSTSYJ4xEg7Gl5P/PYDkYqm4k6PMhJy1Bc0oRhpK/XcwyAmTCMYKNrn6D4PuAmEGffcilf1poCLxC9IBRRo9NyvIE6x4URozJBSXd/LdJgjqSlmZFwOjCIZwkPUJ11LBeJEhfn0/jE8sUoMk1TaEhpO1d8TOeJKjXhkOznSAzXvTcT/vK7RyWWYU5EZTQSeLUoMgzqFkzBgTCXBmo0sQVhSeyvEAyQR1jaysg3Bn395kbRqVf+sWrs9r9SvijhK4Agcg1PggwtQBzegAZoAg0fwDF7Bm/PkvDjvzsesdckpZg7AHzifP1htllE=</latexit>

C
<latexit sha1_base64="re76Zkt0iSC9uIARbCEdpPGTKdg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELh4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2txvP6HSPJYPZpKgH9Gh5CFn1FipUesXS27ZXYCsEy8jJchQ7xe/eoOYpRFKwwTVuuu5ifGnVBnOBM4KvVRjQtmYDrFrqaQRan+6OHRGLqwyIGGsbElDFurviSmNtJ5Ege2MqBnpVW8u/ud1UxPe+lMuk9SgZMtFYSqIicn8azLgCpkRE0soU9zeStiIKsqMzaZgQ/BWX14nrUrZuypXGtel6l0WRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJczjMs=</latexit>

Definition can be used (in principle) to compute derivative of any functional. 
Examples:

 [C [ �C] =  [C] +
� [C]

��µ⌫(�)
��µ⌫(�)

<latexit sha1_base64="B3CaXyDxMh9PZp93dDLLyDI6Zxg="></latexit>

Coupling of curve to gauge field: 
�

��µ⌫(�)

Z

C
aµdx

µ = fµ⌫(x(�))
<latexit sha1_base64="BXVGUecdGrBrvn171ubyzONtYiI="></latexit>

Minimal area functional: 
�

��µ⌫(�)
A[C] = t[µn⌫](�)

<latexit sha1_base64="4I1sXP9KuB+atE6CnW9sW8yF4PY="></latexit>

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>

n
<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>



Area derivative
We can now construct an area derivative that lets us couple an external 
gauge field source b to our string field: 

D [C]

��µ⌫(s)
=

✓
�

��µ⌫(s)
� ibµ⌫(x(s))

◆
 [C]

<latexit sha1_base64="O6VBUbbCEuhA279eqkwIkwPxGL0="></latexit>

Transforms nicely under b ! b+ d�
<latexit sha1_base64="1T1t73HIWM5yCDiqy+1YqAgjuMU=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCIJSkCnosetBjBfsBTSibzaZdupuE3Y1San+KFw+KePWXePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZhZXVtfaO4Wdra3tnds8v7LZVkktAmSXgiOwFWlLOYNjXTnHZSSbEIOG0Hw+up336gUrEkvtejlPoC92MWMYK1kXp2OUCeTlCATlHo3WAhcM+uOFVnBrRM3JxUIEejZ395YUIyQWNNOFaq6zqp9sdYakY4nZS8TNEUkyHu066hMRZU+ePZ6RN0bJQQRYk0FWs0U39PjLFQaiQC0ymwHqhFbyr+53UzHV36YxanmaYxmS+KMo7Ms9McUMgkJZqPDMFEMnMrIgMsMdEmrZIJwV18eZm0alX3rFq7O6/Ur/I4inAIR3ACLlxAHW6hAU0g8AjP8Apv1pP1Yr1bH/PWgpXPHMAfWJ8/MImSqg==</latexit>

 [C] !  [C]ei
R
C �

<latexit sha1_base64="CtGMzYOzNf+Jue/kc14eQYTqWKY=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxVWaqoMtiF7qsYB8wMw6ZNG1Dk8yQZIQy9A/c+CtuXCji1q07/8a0HUFbDwQO59zLzTlRwqjSjvNlFZaWV1bXiuuljc2t7R17d6+l4lRi0sQxi2UnQoowKkhTU81IJ5EE8YiRdjSsT/z2PZGKxuJWjxIScNQXtEcx0kYK7WM/UdSrB9DXMfzh5C6jPhU6rEP/CnGOxqFddirOFHCRuDkpgxyN0P70uzFOOREaM6SU5zqJDjIkNcWMjEt+qkiC8BD1iWeoQJyoIJvmGcMjo3RhL5bmCQ2n6u+NDHGlRjwykxzpgZr3JuJ/npfq3kWQUZGkmgg8O9RLGTTZJ+XALpUEazYyBGFJzV8hHiCJsDYVlkwJ7nzkRdKqVtzTSvXmrFy7zOsoggNwCE6AC85BDVyDBmgCDB7AE3gBr9aj9Wy9We+z0YKV7+yDP7A+vgHC/5vc</latexit>

(Area derivative is exactly the right thing to make this higher-form 
gauge-covariant-derivative possible!) Now that we know its possible, 
set b to 0 for simplicity (can always restore it if we want). 

Finally: replace integral over points with an integral over curves. 
Z

ddx
<latexit sha1_base64="araWcu9VHkCtDVsZKnQ4cbOIyto=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4DOWDKZTBuaSYYkI5ahv+HGhSJu/Rl3/o1pOwttPRA4nHMv9+SEKWfauO63s7K6tr6xWdoqb+/s7u1XDg7bWmaK0BaRXKpuiDXlTNCWYYbTbqooTkJOO+HoZup3HqnSTIp7M05pkOCBYDEj2FjJ95kwKHrIowl66leqbs2dAS0TryBVKNDsV778SJIsocIQjrXueW5qghwrwwink7KfaZpiMsID2rNU4ITqIJ9lnqBTq0Qolso+m2Gm/t7IcaL1OAntZILNUC96U/E/r5eZ+CrImUgzQwWZH4ozjoxE0wJQxBQlho8twUQxmxWRIVaYGFtT2ZbgLX55mbTrNe+8Vr+7qDauizpKcAwncAYeXEIDbqEJLSCQwjO8wpuTOS/Ou/MxH11xip0j+APn8weumZFz</latexit>

Z
[dC]

<latexit sha1_base64="TtyP4HTQOfsBXsYcpgR4tgK/efU=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLYjcsK9oHToWQymTY0kwxJRihD/8KNC0Xc+jfu/BvTdhbaeiBwOOdecu4JU860cd1vZ219Y3Nru7RT3t3bPzisHB13tMwUoW0iuVS9EGvKmaBtwwynvVRRnIScdsNxc+Z3n6jSTIoHM0lpkOChYDEj2Fjpsc+EQX7UDNCgUnVr7hxolXgFqUKB1qDy1Y8kyRIqDOFYa99zUxPkWBlGOJ2W+5mmKSZjPKS+pQInVAf5PPEUnVslQrFU9tkEc/X3Ro4TrSdJaCcTbEZ62ZuJ/3l+ZuKbIGcizQwVZPFRnHFkJJqdjyKmKDF8YgkmitmsiIywwsTYksq2BG/55FXSqde8y1r9/qrauC3qKMEpnMEFeHANDbiDFrSBgIBneIU3RzsvzrvzsRhdc4qdE/gD5/MHhL6QKA==</latexit>



Mean string field theory action
Present the action of mean string field theory: 

Idea: like normal Landau-Ginzburg, write down most general* 
dynamics for string field that respects the symmetries… 

Basic degree of freedom Ψ[C] is a functional; even evaluating 
the action requires a functional integral over the space of 
closed curves.  

Difficult but well-posed problem: what does this theory 
describe?  

Easier than “real” string field theory; not UV complete (similar 
actions: Rey 1989). *This is not the most general. 

S =

Z
[dC]

✓
1

L[C]

I
ds

� †[C]

��µ⌫(s)

� [C]

��µ⌫(s)
+M2 †[C] [C] + �| [C]|4

◆

<latexit sha1_base64="qRt83i+1x3itNp0KsRlLt2Cr4ys="></latexit>

Z
[dC] =

Z
[dX]e�mL[C]

<latexit sha1_base64="DJjOJ8Nx5/OVgkBedhTWcUSNdjk=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oEN5aZKuhGKHbjwkUFe4HpWDKZTBuaZIYkI5Sheze+ihsXirj1Bdz5NqbtLLT1h8DHf84h5/xBwqjSjvNtLS2vrK6tFzaKm1vbO7v23n5LxanEpIljFstOgBRhVJCmppqRTiIJ4gEj7WBYn9TbD0QqGos7PUqIz1Ff0IhipI3Vs0tdKjT0wroPL2HOHR+S++yEwxuv7o9hzy47FWcquAhuDmWQq9Gzv7phjFNOhMYMKeW5TqL9DElNMSPjYjdVJEF4iPrEMygQJ8rPpreM4ZFxQhjF0jyzzdT9PZEhrtSIB6aTIz1Q87WJ+V/NS3V04WdUJKkmAs8+ilIGdQwnwcCQSoI1GxlAWFKzK8QDJBHWJr6iCcGdP3kRWtWKe1qp3p6Va1d5HAVwCErgGLjgHNTANWiAJsDgETyDV/BmPVkv1rv1MWtdsvKZA/BH1ucPmyuY3Q==</latexit>



Phases of mean string field theory

Unbroken phase: 

Classical equations of motion are complicated equations in functional 
space. Hard to solve linear equations (both conceptual and 
calculational issues). 

V ( ) =
<latexit sha1_base64="z7ThVfTVrQisT9Ui/CTlRarCgeU=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJexGQS9C0IvHCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDv1m0+oNI/lgxkl6Ee0L3nIGTVWemyUOonmZ+SadAtFt+zOQJaJl5EiZKh1C1+dXszSCKVhgmrd9tzE+GOqDGcCJ/lOqjGhbEj72LZU0gi1P55dPCGnVumRMFa2pCEz9ffEmEZaj6LAdkbUDPSiNxX/89qpCa/8MZdJalCy+aIwFcTEZPo+6XGFzIiRJZQpbm8lbEAVZcaGlLcheIsvL5NGpeydlyv3F8XqTRZHDo7hBErgwSVU4Q5qUAcGEp7hFd4c7bw4787HvHXFyWaO4A+czx/Js4+u</latexit>

S =

Z
[dC]

✓
1

L[C]

I
ds

� †[C]

��µ⌫(s)

� [C]

��µ⌫(s)
+M2 †[C] [C] + �| [C]|4

◆

<latexit sha1_base64="qRt83i+1x3itNp0KsRlLt2Cr4ys="></latexit>

I
ds

�

��µ⌫(s)

✓
1

L[C]

� [C]

��µ⌫(s)

◆
= M2 [C]

<latexit sha1_base64="RodIu0yQUShE0dRpEm5TC3RRFzs="></latexit>

Try for limit when curve C is large…



Phases of mean string field theory

Expected behavior in the unbroken phase! “Confinement” without 
gauge bosons (expected for unbroken center symmetry. Relation to loop formulation of QCD by 
Migdal, Makeenko?) 

S =

Z
[dC]

✓
1

L[C]

I
ds

� †[C]

��µ⌫(s)

� [C]

��µ⌫(s)
+M2 †[C] [C] + �| [C]|4

◆

<latexit sha1_base64="qRt83i+1x3itNp0KsRlLt2Cr4ys="></latexit>

 [C] = exp(�S(A[C]))
<latexit sha1_base64="b6UGfPGO1UQg8YGaev7DhrMcm3c=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSxCu7AkVdCNUO3GZUX7gCSUyXTSDp0kw8xELKFu/BU3LhRx61+482+ctllo64ELZ865l7n3+JxRqSzr21hYXFpeWc2t5dc3Nre2zZ3dpowTgUkDxywWbR9JwmhEGooqRtpcEBT6jLT8QW3st+6JkDSO7tSQEy9EvYgGFCOlpY6573JJnZoHL6BLHnjx+LZ4qZ+lUscsWGVrAjhP7IwUQIZ6x/xyuzFOQhIpzJCUjm1x5aVIKIoZGeXdRBKO8AD1iKNphEIivXRywQgeaaULg1joihScqL8nUhRKOQx93Rki1Zez3lj8z3MSFZx7KY14okiEpx8FCYMqhuM4YJcKghUbaoKwoHpXiPtIIKx0aHkdgj178jxpVsr2Sblyc1qoXmVx5MABOARFYIMzUAXXoA4aAINH8AxewZvxZLwY78bHtHXByGb2wB8Ynz8utpTG</latexit>

Try WKB-inspired ansatz where answer depends only on minimal area 
A[C] that fills in curve:  

Because of simplicity of area derivative acting on minimal area, obtain:

S0(A)2 = M2 +O(A� 1
2 )

<latexit sha1_base64="8obgYrzo6dItkw/4FScyH8cHygo=">AAACFnicbVDLSgMxFM3UV62vUZdugkVskZaZUdCN0OrGjVjRPqAvMmmmDc08SDJCGeYr3Pgrblwo4lbc+Tdm2i609UDC4Zx7ufceO2BUSMP41lILi0vLK+nVzNr6xuaWvr1TE37IMalin/m8YSNBGPVIVVLJSCPgBLk2I3V7eJn49QfCBfW9ezkKSNtFfY86FCOppK5euDvMlfMdC57Da/UfwZaL5AAjFt3EuXInKrQcjnBkxpEVx/munjWKxhhwnphTkgVTVLr6V6vn49AlnsQMCdE0jUC2I8QlxYzEmVYoSIDwEPVJU1EPuUS0o/FZMTxQSg86PlfPk3Cs/u6IkCvEyLVVZbK0mPUS8T+vGUrnrB1RLwgl8fBkkBMyKH2YZAR7lBMs2UgRhDlVu0I8QCoHqZLMqBDM2ZPnSc0qmsdF6/YkW7qYxpEGe2Af5IAJTkEJXIEKqAIMHsEzeAVv2pP2or1rH5PSlDbt2QV/oH3+ALqLnK8=</latexit>

 [C] = exp(�MA[C])
<latexit sha1_base64="UcdprvM7m1RCd5RAf5kOi3w7u4o=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUBeWmSroRqh240aoYB8wM5RMmmlDM5mQZMRSuvFX3LhQxK2f4c6/MW1nodUDF07OuZfce0LBqNKO82XlFhaXllfyq4W19Y3NLXt7p6mSVGLSwAlLZDtEijDKSUNTzUhbSILikJFWOKhN/NY9kYom/E4PBQli1OM0ohhpI3XsPV8o6tUCeAF98iBKxzfw0jyPOnbRKTtTwL/EzUgRZKh37E+/m+A0JlxjhpTyXEfoYISkppiRccFPFREID1CPeIZyFBMVjKYHjOGhUbowSqQpruFU/TkxQrFSwzg0nTHSfTXvTcT/PC/V0XkwolykmnA8+yhKGdQJnKQBu1QSrNnQEIQlNbtC3EcSYW0yK5gQ3PmT/5JmpeyelCu3p8XqVRZHHuyDA1ACLjgDVXAN6qABMBiDJ/ACXq1H69l6s95nrTkrm9kFv2B9fAOu0pSF</latexit>



Broken phase of mean string field theory

Broken phase: V ( ) =
<latexit sha1_base64="z7ThVfTVrQisT9Ui/CTlRarCgeU=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJexGQS9C0IvHCOaByRJmJ73JkNnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDv1m0+oNI/lgxkl6Ee0L3nIGTVWemyUOonmZ+SadAtFt+zOQJaJl5EiZKh1C1+dXszSCKVhgmrd9tzE+GOqDGcCJ/lOqjGhbEj72LZU0gi1P55dPCGnVumRMFa2pCEz9ffEmEZaj6LAdkbUDPSiNxX/89qpCa/8MZdJalCy+aIwFcTEZPo+6XGFzIiRJZQpbm8lbEAVZcaGlLcheIsvL5NGpeydlyv3F8XqTRZHDo7hBErgwSVU4Q5qUAcGEp7hFd4c7bw4787HvHXFyWaO4A+czx/Js4+u</latexit>

Action minimized at:  [C] = v
<latexit sha1_base64="dOcb58YDroOZNjG7E1771p/bHBU=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQS9CsRePFewHbJeSTbNtaDZZktlCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDAR3IDrfjuFjc2t7Z3ibmlv/+DwqHx80jYq1ZS1qBJKd0NimOCStYCDYN1EMxKHgnXCcWPudyZMG67kE0wTFsRkKHnEKQEr+b3EcL8R4Ds86ZcrbtVdAK8TLycVlKPZL3/1BoqmMZNABTHG99wEgoxo4FSwWamXGpYQOiZD5lsqScxMkC1OnuELqwxwpLQtCXih/p7ISGzMNA5tZ0xgZFa9ufif56cQ3QYZl0kKTNLloigVGBSe/48HXDMKYmoJoZrbWzEdEU0o2JRKNgRv9eV10q5Vvatq7fG6Ur/P4yiiM3SOLpGHblAdPaAmaiGKFHpGr+jNAefFeXc+lq0FJ585RX/gfP4AJoiQgg==</latexit>

Expect gapless Goldstone mode, parametrized by space-time 
dependent 1-form symmetry transformation: 

 [C; a] = vei
R
C a

<latexit sha1_base64="kEshn2dR3WX3VLJWInpgMnJTcdg=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQKCiIUu3FZwT4giWEynbRDJ5MwMymUkJUbf8WNC0Xc+g3u/BunbRbaeuDC4Zx7ufeeIGFUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/LeNUYNLCMYtFN0CSMMpJS1HFSDcRBEUBI51g2Jj4nRERksb8Xo0T4kWoz2lIMVJa8s0jN5HUaVwhD17DESQPGXUpV37WyCHKfbNiVa0p4CKxC1IBBZq++eX2YpxGhCvMkJSObSXKy5BQFDOSl91UkgThIeoTR1OOIiK9bPpGDk+00oNhLHRxBafq74kMRVKOo0B3RkgN5Lw3Ef/znFSFl15GeZIqwvFsUZgyqGI4yQT2qCBYsbEmCAuqb4V4gATCSidX1iHY8y8vknatap9Va3fnlfpNEUcJHIJjcApscAHq4BY0QQtg8AiewSt4M56MF+Pd+Ji1LhnFzAH4A+PzB7/smAk=</latexit>

Effective action? 

S =

Z
[dC]

✓
1

L[C]

I
ds

� †[C]

��µ⌫(s)

� [C]

��µ⌫(s)
+M2 †[C] [C] + �| [C]|4

◆

<latexit sha1_base64="qRt83i+1x3itNp0KsRlLt2Cr4ys="></latexit>



Broken phase of mean string field theory

S =

Z
[dC]

✓
1

L[C]

I
ds

� †[C]

��µ⌫(s)

� [C]

��µ⌫(s)
+ · · ·

◆

<latexit sha1_base64="nHMHcVWIlMJqQzfffillqOh5cuE="></latexit>

 [C; a] = vei
R
C a

<latexit sha1_base64="kEshn2dR3WX3VLJWInpgMnJTcdg=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaQKCiIUu3FZwT4giWEynbRDJ5MwMymUkJUbf8WNC0Xc+g3u/BunbRbaeuDC4Zx7ufeeIGFUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/LeNUYNLCMYtFN0CSMMpJS1HFSDcRBEUBI51g2Jj4nRERksb8Xo0T4kWoz2lIMVJa8s0jN5HUaVwhD17DESQPGXUpV37WyCHKfbNiVa0p4CKxC1IBBZq++eX2YpxGhCvMkJSObSXKy5BQFDOSl91UkgThIeoTR1OOIiK9bPpGDk+00oNhLHRxBafq74kMRVKOo0B3RkgN5Lw3Ef/znFSFl15GeZIqwvFsUZgyqGI4yQT2qCBYsbEmCAuqb4V4gATCSidX1iHY8y8vknatap9Va3fnlfpNEUcJHIJjcApscAHq4BY0QQtg8AiewSt4M56MF+Pd+Ji1LhnFzAH4A+PzB7/smAk=</latexit>

Plug in: 

S = v2
Z

[dC]

✓
1

L[C]

I
dsfµ⌫(x(s))f

µ⌫(x(s)) + · · ·
◆

<latexit sha1_base64="s8uZBRRD2Ah8OMiz7+eI+wDF48g="></latexit>

Do the integral over curves using worldline QFT technology  (cf Strassler, 

etc.). Find: 

S = #v2
Z

ddx (fµ⌫(x)f
µ⌫(x))

<latexit sha1_base64="T5FaU10lHX2LF2tHeTRsFVQML9c="></latexit>

Gapless Goldstone mode! (Origin of massless photon).  



Other gapless modes? 
Can imagine doing more general modulations of the phase, e.g. 

Same procedure results in an action for t(x), gapped at UV cutoff scale.  

 [C; a, t] = v exp

✓
i

Z
ds(ẋµaµ(x) + t(x) + · · ·

◆

<latexit sha1_base64="zEgi87jtqN6ui7U4KQIxlettgjM="></latexit>

S = #v2
Z

ddx
�
f2 + (@t)2 + µ2t2 + · · ·

�
<latexit sha1_base64="K8iDoar2GWkQtnBrwFg0QShBZ+o="></latexit>

Happens because there is no symmetry protecting it. 
See no evidence for any other gapless modes (no 
gravity). 

This is not “real” string field theory.  

(In discrete symmetry case, reproduce expected TQFT 
in broken phase).



Transition?

There is a ”mean-field” transition at Mc = 0. 

S =

Z
[dC]

✓
1

L[C]

I
ds

� †[C]

��µ⌫(s)

� [C]

��µ⌫(s)
+M2 †[C] [C] + �| [C]|4

◆

<latexit sha1_base64="qRt83i+1x3itNp0KsRlLt2Cr4ys="></latexit>

 [C] ⇠ exp
⇣
�
p
M2 �M2

cA
⌘

<latexit sha1_base64="tb3Ieeh1Ndt4Ie9ZQcW7LGUna+g="></latexit>

Mean-field scaling of string tension at critical point! Compare with 
data?   

3d Ising numerics (‘80s): same exponent is 1.26 ≠ 0.5. 

Upper critical dimension of MSFT is (at least) 8 (intriguing connection to old 

arguments of Parisi…). We do not expect it to be quantitatively accurate in 
3d anyway. 



Issues with universality 

The action discussed is not the most general:
1. Intrinsically stringy (topology-changing) terms exist:

C1
<latexit sha1_base64="b342B6lxS9u4MYepTTuvsFWGG+U=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjsxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WBcn/ntJ1Sax/LRTBL0IzqUPOSMGis91Ptev1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTtCF4yy+vkla14l1WqvdX5dptHkcBTuEMLsCDa6jBHTSgCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gC8MY1v</latexit>

C2
<latexit sha1_base64="1qkECvOB+R2I9+RxbCR24LYk+kg=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQPWnfFblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984bSOo6IELh3Pu5d57/JgzpR3nw1pb39jc2s7t5Hf39g8OC0fHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe360+bC795TqVgk7vQspl6Ix4IFjGBtpNvmsDQsFB27WqpfVitoRcr1jFRqyLWdJYqQoTUsvA9GEUlCKjThWKm+68TaS7HUjHA6zw8SRWNMpnhM+4YKHFLlpctT5+jcKCMURNKU0Gipfp9IcajULPRNZ4j1RP32FuJfXj/RQd1LmYgTTQVZLQoSjnSEFn+jEZOUaD4zBBPJzK2ITLDERJt08iaEr0/R/6RTst2yXbqpFBtXWRw5OIUzuAAXatCAa2hBGwiM4QGe4Nni1qP1Yr2uWtesbOYEfsB6+wRSr43X</latexit>

C3
<latexit sha1_base64="3iDpH6MRg0ngr4gVSKGCmFgZBDA=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQPWnfFblxWtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984bSOo6IELh3Pu5d57/JgzpR3nw1pb39jc2s7t5Hf39g8OC0fHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe360+bC795TqVgk7vQspl6Ix4IFjGBtpNvmsDwsFB27WqpfVitoRcr1jFRqyLWdJYqQoTUsvA9GEUlCKjThWKm+68TaS7HUjHA6zw8SRWNMpnhM+4YKHFLlpctT5+jcKCMURNKU0Gipfp9IcajULPRNZ4j1RP32FuJfXj/RQd1LmYgTTQVZLQoSjnSEFn+jEZOUaD4zBBPJzK2ITLDERJt08iaEr0/R/6RTst2yXbqpFBtXWRw5OIUzuAAXatCAa2hBGwiM4QGe4Nni1qP1Yr2uWtesbOYEfsB6+wRUM43Y</latexit>

S = g

Z
[dC1,2,3]�[C1 � (C2 + C3)] 

†[C1] [C2] [C3]
<latexit sha1_base64="pIu382+aN2OkeTpWmFQxT0CpW08="></latexit>

Likely important, but hard to treat! 
(Generated along RG? Confusion about meaning of 

locality in loop space) May affect upper 
critical dimension. 

2. Couplings could depend on proper length of curve, e.g.

M2(L[C]) = M2
0 +M2

1
1

L[C]⇤
+ · · ·

<latexit sha1_base64="diCHnLrDehLKicaFdEnWIJOZvlk="></latexit>

Such issues are likely important near phase transition (especially if you want 

to compare with lattice…). Need to build a framework for RG in loop space…



A little philosophy

Grand existing tradition since ‘70s to reformulate Yang-Mills theory 
in terms of gauge-invariant loop equations (Migdal, Makeenko, Polyakov…)

But what is Yang-Mills theory, really? Gauge symmetry is not a 
symmetry but a redundancy. 

Candidate answer: pure Yang-Mills theory is a theory that has a ZN 
1-form global symmetry. It is gratifying that the simplest way to 
build dynamics around that organizing principle gives us an area 
law in the unbroken phase. 

Z
d4xF a

µ⌫F
µ⌫a

<latexit sha1_base64="Wl3/s3obDVQCOv/t91uBvZR1xzQ=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiS1oMuiUFxWsA9o0jCZTNuhk0mYmYgl5Avc+CtuXCji1rU7/8Zpm4W2Hhg4c8693HuPHzMqlWV9G4W19Y3NreJ2aWd3b//APDzqyCgRmLRxxCLR85EkjHLSVlQx0osFQaHPSNefXM/87j0Rkkb8Tk1j4oZoxOmQYqS05JkVh3IFg0H9ATa91AkThyfZIEUZbA7yL0SZZ5atqjUHXCV2TsogR8szv5wgwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8QSPS15SjkEg3nZ+TwYpWAjiMhH56ubn6uyNFoZTT0NeVIVJjuezNxP+8fqKGl25KeZwowvFi0DBhUEVwlg0MqCBYsakmCAuqd4V4jATCSidY0iHYyyevkk6tap9Xa7f1cuMqj6MITsApOAM2uAANcANaoA0weATP4BW8GU/Gi/FufCxKC0becwz+wPj8Ad7XnAE=</latexit>



Future directions

Solve linear equations of motion, construct off-shell string 
propagator, build perturbation theory. 

h †[C1] [C2]i
<latexit sha1_base64="x/QsXKGRuNpsWs93PRt9mPcVJiM=">AAACF3icbZDLSsNAFIYnXmu9VV26GSyCq5JUQZfFblxWsBdIYphMT9Ohk0mYmQgl9C3c+CpuXCjiVne+jdO0C239YeDjP+dw5vxhypnStv1trayurW9slrbK2zu7e/uVg8OOSjJJoU0TnsheSBRwJqCtmebQSyWQOOTQDUfNab37AFKxRNzpcQp+TCLBBowSbaygUvM4EREH7KWK3eden0QRyAl2m4HjF6ahuiFZtAWVql2zC+FlcOZQRXO1gsqX109oFoPQlBOlXMdOtZ8TqRnlMCl7mYKU0BGJwDUoSAzKz4u7JvjUOH08SKR5QuPC/T2Rk1ipcRyazpjooVqsTc3/am6mB1d+zkSaaRB0tmiQcawTPA0J95kEqvnYAKGSmb9iOiSSUG2iLJsQnMWTl6FTrznntfrtRbVxPY+jhI7RCTpDDrpEDXSDWqiNKHpEz+gVvVlP1ov1bn3MWles+cwR+iPr8wfugJ8i</latexit>

Connect to data? Order of transition of our 
theory is still a bit unclear. In literature most 
seem 1st order above d = 3. New motivation to 
search for continuous transitions. Do numerics
on lattice.  

Quiet discomfort: far too many degrees of freedom to describe a 
local theory (but they are gapped…). Issues of universality. 

Upper critical dimension is D – can we do (D – ε) expansion? 
Describe new critical points without Lagrangian description?   

‘Beyond-Landau’ critical points?

Landau paradigm part 2:
At a critical point, the critical dofs are the fluctuations of the
order parameter.
Apparent exceptions:
• Direct transitions between states

which break di↵erent symmetries

(deconfined quantum critical points),

e.g. Neel to VBS in D = 2 + 1.

[Image: Alan Stonebraker]

• Transitions out of topologically-

ordered states (no local order

parameter).

[Image: Fradkin-Shenker]



Longer term directions

Many questions: if we use 
higher form symmetries (and 

anomalies), what is the new Landau 
paradigm? Does it include all 
phases of matter?   

Can string theory – in this 
putative “mean string field 
theory” form -- help us 
understand critical phenomena 
and statistical physics? Or vice-
versa? 

Fermionic strings from 3d Ising model.

[Polyakov, 80s]

Disorder operator:

µ(C) ⌘
Q

hiji?SC ,@SC=C e�2��i�j .

µ is independent of local changes in SC by �i ! ��i

symmetry. SC is a branch cut for �i.

 a1···aL(C) ⌘ µ(C)
QL

s=1
�(xs + eas)

(xs = center of link s) satisfies

 a1···aL(C) = cosh(2�) a1···as+1,as+1,···aL(C)

� sinh(2�) a1···as�1,a0
s,as+2,a0

s+2,as+1,···aL
(C +⇧as)

Links like free Dirac particles, connected by

unbreakability of domain wall.

This description is shared by the RNS superstring.

 µ
�
ẋµ � x0

µ

�
|physi = 0.



Summary

1. Higher form symmetries are a new kind of global symmetry 
that may let us build a new Landau paradigm. 

2. Possible to build a Landau-Ginzburg “mean string field 
theory” that non-perturbatively describes the condensation 
of strings. 

3. Line operators has an area law in the unbroken phase, and 
Goldstone modes in the broken phase. 

4. Theory is not yet well-understood; much to be explored. 

��µ⌫
<latexit sha1_base64="6KBSgrPxcxp2Yb1tDxpp6fMojOI=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUQZdFNy4r2Ac0sUwmk3bozCTMQyixC3/FjQtF3Pob7vwbp20W2nrgwuGce7n3nihjVGnP+3aWlldW19ZLG+XNre2dXXdvv6VSIzFp4pSlshMhRRgVpKmpZqSTSYJ4xEg7Gl5P/PYDkYqm4k6PMhJy1Bc0oRhpK/XcwyAmTCMYKNrn6D4PuAmEGffcilf1poCLxC9IBRRo9NyvIE6x4URozJBSXd/LdJgjqSlmZFwOjCIZwkPUJ11LBeJEhfn0/jE8sUoMk1TaEhpO1d8TOeJKjXhkOznSAzXvTcT/vK7RyWWYU5EZTQSeLUoMgzqFkzBgTCXBmo0sQVhSeyvEAyQR1jaysg3Bn395kbRqVf+sWrs9r9SvijhK4Agcg1PggwtQBzegAZoAg0fwDF7Bm/PkvDjvzsesdckpZg7AHzifP1htllE=</latexit>

C
<latexit sha1_base64="re76Zkt0iSC9uIARbCEdpPGTKdg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELh4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2txvP6HSPJYPZpKgH9Gh5CFn1FipUesXS27ZXYCsEy8jJchQ7xe/eoOYpRFKwwTVuuu5ifGnVBnOBM4KvVRjQtmYDrFrqaQRan+6OHRGLqwyIGGsbElDFurviSmNtJ5Ege2MqBnpVW8u/ud1UxPe+lMuk9SgZMtFYSqIicn8azLgCpkRE0soU9zeStiIKsqMzaZgQ/BWX14nrUrZuypXGtel6l0WRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJczjMs=</latexit> The End.


