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Quantum field theory

• “We have no better way of describing elementary particles 
than quantum field theory” − A. Polyakov, “Gauge fields and 
strings”

• Quantum field theory: unifies quantum mechanics and 
special relativity

• Triumph of quantum field theory: the Standard Model



The Standard Model



SM in condensed matter

The Theory of Everything
R. B. Laughlin* and David Pines†‡§

*Department of Physics, Stanford University, Stanford, CA 94305; †Institute for Complex Adaptive Matter, University of California Office of the President,
Oakland, CA 94607; ‡Science and Technology Center for Superconductivity, University of Illinois, Urbana, IL 61801; and §Los Alamos Neutron Science Center
Division, Los Alamos National Laboratory, Los Alamos, NM 87545

Contributed by David Pines, November 18, 1999

We discuss recent developments in our understanding of matter,
broadly construed, and their implications for contemporary re-
search in fundamental physics.

The Theory of Everything is a term for the ultimate theory of
the universe—a set of equations capable of describing all

phenomena that have been observed, or that will ever be
observed (1). It is the modern incarnation of the reductionist
ideal of the ancient Greeks, an approach to the natural world that
has been fabulously successful in bettering the lot of mankind
and continues in many people’s minds to be the central paradigm
of physics. A special case of this idea, and also a beautiful
instance of it, is the equation of conventional nonrelativistic
quantum mechanics, which describes the everyday world of
human beings—air, water, rocks, fire, people, and so forth. The
details of this equation are less important than the fact that it can
be written down simply and is completely specified by a handful
of known quantities: the charge and mass of the electron, the
charges and masses of the atomic nuclei, and Planck’s constant.
For experts we write

i!
!

!t !" " # !!" " [1]

where

! # $ "
j

Ne !2

2m #j
2 $ "

%

Ni !2

2M%
#%

2

$ "
j

Ne "
%

Ni Z%e2

!r!j $ R! %!
& "

j$$k

Ne e2

!r!j $ r!k! & "
%$$'

Nj Z%Z'e2

!R! % $ r!'!
. [2]

The symbols Z% and M% are the atomic number and mass of the
%th nucleus, R% is the location of this nucleus, e and m are the
electron charge and mass, rj is the location of the jth electron, and
! is Planck’s constant.

Less immediate things in the universe, such as the planet
Jupiter, nuclear fission, the sun, or isotopic abundances of
elements in space are not described by this equation, because
important elements such as gravity and nuclear interactions are
missing. But except for light, which is easily included, and
possibly gravity, these missing parts are irrelevant to people-
scale phenomena. Eqs. 1 and 2 are, for all practical purposes, the
Theory of Everything for our everyday world.

However, it is obvious glancing through this list that the
Theory of Everything is not even remotely a theory of every
thing (2). We know this equation is correct because it has been
solved accurately for small numbers of particles (isolated atoms
and small molecules) and found to agree in minute detail with
experiment (3–5). However, it cannot be solved accurately when
the number of particles exceeds about 10. No computer existing,
or that will ever exist, can break this barrier because it is a
catastrophe of dimension. If the amount of computer memory
required to represent the quantum wavefunction of one particle
is N then the amount required to represent the wavefunction of
k particles is Nk. It is possible to perform approximate calcula-
tions for larger systems, and it is through such calculations that

we have learned why atoms have the size they do, why chemical
bonds have the length and strength they do, why solid matter has
the elastic properties it does, why some things are transparent
while others reflect or absorb light (6). With a little more
experimental input for guidance it is even possible to predict
atomic conformations of small molecules, simple chemical re-
action rates, structural phase transitions, ferromagnetism, and
sometimes even superconducting transition temperatures (7).
But the schemes for approximating are not first-principles
deductions but are rather art keyed to experiment, and thus tend
to be the least reliable precisely when reliability is most needed,
i.e., when experimental information is scarce, the physical be-
havior has no precedent, and the key questions have not yet been
identified. There are many notorious failures of alleged ab initio
computation methods, including the phase diagram of liquid 3He
and the entire phenomenonology of high-temperature super-
conductors (8–10). Predicting protein functionality or the be-
havior of the human brain from these equations is patently
absurd. So the triumph of the reductionism of the Greeks is a
pyrrhic victory: We have succeeded in reducing all of ordinary
physical behavior to a simple, correct Theory of Everything only
to discover that it has revealed exactly nothing about many things
of great importance.

In light of this fact it strikes a thinking person as odd that the
parameters e, !, and m appearing in these equations may be
measured accurately in laboratory experiments involving large
numbers of particles. The electron charge, for example, may be
accurately measured by passing current through an electrochem-
ical cell, plating out metal atoms, and measuring the mass
deposited, the separation of the atoms in the crystal being known
from x-ray diffraction (11). Simple electrical measurements
performed on superconducting rings determine to high accuracy
the quantity the quantum of magnetic f lux hc#2e (11). A version
of this phenomenon also is seen in superfluid helium, where
coupling to electromagnetism is irrelevant (12). Four-point
conductance measurements on semiconductors in the quantum
Hall regime accurately determine the quantity e2#h (13). The
magnetic field generated by a superconductor that is mechani-
cally rotated measures e#mc (14, 15). These things are clearly
true, yet they cannot be deduced by direct calculation from the
Theory of Everything, for exact results cannot be predicted by
approximate calculations. This point is still not understood by
many professional physicists, who find it easier to believe that a
deductive link exists and has only to be discovered than to face
the truth that there is no link. But it is true nonetheless.
Experiments of this kind work because there are higher orga-
nizing principles in nature that make them work. The Josephson
quantum is exact because of the principle of continuous sym-
metry breaking (16). The quantum Hall effect is exact because
of localization (17). Neither of these things can be deduced from
microscopics, and both are transcendent, in that they would
continue to be true and to lead to exact results even if the Theory
of Everything were changed. Thus the existence of these effects
is profoundly important, for it shows us that for at least some

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

28–31 ! PNAS ! January 4, 2000 ! vol. 97 ! no. 1

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

N
ov

em
be

r 1
1,

 2
02

0 

Pines and Laughlin “The Theory of Everything” PNAS 1999

does not look like quantum field theory 



QFT in CMP

• There are many ways that QFT appear in CMP

• Through second quantization 

•
• As a long-distance description of e.g., lattice systems

• effective field theory of low-energy degrees of freedom

• We will look at a few common themes in HEP and CMP

L = ψ†∂tψ −
1

2m
|∇ψ |2 + ⋯



Theme 1: Spontaneous 
symmetry breaking



Spontaneous symmetry 
breaking

• Spontaneous symmetry breaking plays a big role in particle 
physics

• In QCD, the SSB of the approximate chiral symmetry 
leads to the appearance of very light pseudoscalar mesons 
(pions and kaons)

• proton mass  MeV, pion mass  MeV

• naive quark model:  MeV

mp ∼ 900 mπ ∼ 140

mπ ≈ 2
3 mp ∼ 600



Goldstone mode: motion along the valley
Higgs mode: radial oscillation



SSB in CMP
• Spontaneous symmetry breaking also occurs in CMP 

and underlies many physical phenomena

• Example: ferromagnetism (Heisenberg model)

• At long distances: a field theory with a real scalar

•
• Changing T: effectively changing all parameters 

including 

• low temperature : ferromagnetism

L = (∇ϕa)2 + m2ϕaϕa + λ(ϕaϕa)2
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How many Nambu-
Goldstone bosons?

• Folk theorem in high-energy physics: the 
number of NGBs is the number of broken 
generators

• For the model at hand, the vacuum breaks 
rotations around  expects 2 NGBs

• But in ferromagnet: one NGB with dispersion 
relation 

•  Reason: the two broken generators form a 
canonically conjugate pair of operators

x, y →

ω ∼ q2
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Theme 2: 
Renormalization

See also  “How Mathematical Hocus-Pocus Saved Particle Physics”, 
Quanta Magazine



Renormalization

• Late 1940s: Quantum electrodynamics 

• successful predictions: Lamb shift, anomalous 
magnetic moment of the electron

• but requires subtraction of infinity (renormalization)

• The meaning of renormalization wasn’t clear

• Nambu: In 1947 I joined Tomonaga’s group an listened to 
his lectures… Tomonaga called renormalization the principle 
of “hohki”, which means either “giving up” or “broom”.
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Renormalization: executive summary



Renormalization group

• An important step in the understanding of QFT: 
renormalization group

• Gell-Mann, Low, Bogoliubov, Shirkov, etc.

• resummation of logarithmic divergences

• coupling constants depending on 
renormalization scale

• The physical meaning of renormalization 
procedure was not clear until Wilson’s work on 
2nd order phase transitions



Second-order phase transition

• Prototypical model of 2nd order phase transition: 
the Ising model

•  ,      

• Gibbs ensemble:  

H = − J∑
⟨ij⟩

SiSj Si = ± 1

ρ[Si] ∼ e−βH[Si]

⟨Si⟩ ≠ 0 T < Tc

⟨Si⟩ = 0 T > Tc



Critical exponents

⟨S⟩ ∼ (Tc − T )β

⟨S(x)S(0)⟩ ∼ e−|x|/ξ

ξ(T ) ∼
1

|T − Tc |ν



Mean field theory (Landau)

• Landau’s mean field theory is basically the tree-
level analysis of the field theory

•
•

• :  

• Analogously 

L(ϕ) =
1
2

(∂μϕ)2 + V(ϕ), V(ϕ) = m2ϕ2 + λϕ4

m2 = α(T − Tc)

T < Tc ⟨ϕ⟩ =
−m2

λ
∼ (Tc − T )1/2 β =

1
2

ν = 1/2



Breakdown of mean-field 
theory

• We have to go beyond the tree-level analysis

• Loop correction: shifts the location of the phase 
transition: 

• But when : infrared divergences

m2
phys = m2

bare + δm2

m2
phys → 0

∫
d3q
q4



Kadanoff block spin



Kadanoff block spin



Kadanoff block spin



Kadanoff block spin



Kadanoff block spin



Kadanoff block spin



Kadanoff block spin

H = − J∑
⟨ij⟩

SiSj H′ = − J′ ∑
⟨ij⟩

SiSj + ⋯



Ken Wilson’s insight
• K.Wilson: Renormalization Group is a rigorous 

way to perform the Kadanoff block spin 
transformation

• Field theory: integrate out high energy degrees of 
freedom, reducing the UV cutoff

• how coupling constants change under this 
procedure is determined by the RG equation

Λ(s) = e−sΛ0
∂g(s)

∂s
= − β(g)



2nd order pt as RG fixed 
point

S = ∫ d3x [(∂μϕ)2 + m2ϕ2 + λϕ4]

SSB

SSB



2nd order pt as RG fixed 
point

S = ∫ d3x [(∂μϕ)2 + m2ϕ2 + λϕ4]

changing T

SSB

SSB



Critical exponents

• At the IR fixed point the theory is interacting

• non-mean-field critical exponents

• Advanced theoretical methods allow very precise 
determination of the critical exponents

• 0.629971(4)

• 0.326419(3)

ν =

β =



Wilsonian view on QFT

• Wilson’s work completely changed our views of QFT

• The central object in QFT is the renormalization group 
flow. Some would say that QFT is RG flow.

• Organization by energy scales. Previously, organization in 
number of loops.

• Effective Field Theory (Weinberg, 1970s). Almost all field 
theories are EFTs, with cutoff.

• Renormalizable field theories are field theories where 
the cutoff can be pushed to be exponentially large 
without increasing the number of coupling constants.



Theme 3: Duality



Duality

L1 = |@µ�|2 �m2|�|2 � �|�|4
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Two quantum field theories that look different are in fact 
equivalent

two phases:  and 
The two are separated by a second order phase transition
(in the mean field theory: )

⟨ϕ⟩ ≠ 0 ⟨ϕ⟩ = 0

m2 = 0

L2 = |(@µ � iAµ)�|2 +m2|�|2 � �|�|4 � 1

4e2
F 2
µ⌫
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two phases: : massless photon 
                  : massive photon

⟨Φ⟩ = 0
⟨Φ⟩ ≠ 0



Bosonic particle-vortex duality
Peskin; Dasgupta, Halperin 1978-81: exact equivalence of two 
theories in 2+1 D
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Bosonic particle-vortex duality
Peskin; Dasgupta, Halperin 1978-81: exact equivalence of two 
theories in 2+1 D

Theory 1 Theory 2
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Bosonic particle-vortex duality
Peskin; Dasgupta, Halperin 1978-81: exact equivalence of two 
theories in 2+1 D

Theory 1 Theory 2
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<latexit sha1_base64="2Bd+FTr6Or4nDV0vFe9FBlGjH0E="></latexit><latexit sha1_base64="ghKSXFgogH0wYAD112VnRV5OPmA="></latexit><latexit sha1_base64="ghKSXFgogH0wYAD112VnRV5OPmA="></latexit><latexit sha1_base64="VgDIiAjoxuL4cJTIKsHjB9AtPqw="></latexit>

Goldstone boson photonm2 < 0
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Bosonic particle-vortex duality
Peskin; Dasgupta, Halperin 1978-81: exact equivalence of two 
theories in 2+1 D

Theory 1 Theory 2
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particle vortexm2 > 0
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Bosonic particle-vortex duality
Peskin; Dasgupta, Halperin 1978-81: exact equivalence of two 
theories in 2+1 D

Theory 1 Theory 2

L1 = |@µ�|2 �m2|�|2 � �|�|4
<latexit sha1_base64="2Bd+FTr6Or4nDV0vFe9FBlGjH0E="></latexit><latexit sha1_base64="ghKSXFgogH0wYAD112VnRV5OPmA="></latexit><latexit sha1_base64="ghKSXFgogH0wYAD112VnRV5OPmA="></latexit><latexit sha1_base64="VgDIiAjoxuL4cJTIKsHjB9AtPqw="></latexit>

Goldstone boson photonm2 < 0
<latexit sha1_base64="JST+YjkLL9K3nuLGZeO0T2o9rEc=">AAAB+3icbVA9SwNBEJ3zM8avqKXNYhCswl4aLQSDNpYRvCSQnHFvs5cs2b07dveEcNxvsNXaTmz9MZb+DDs3H4VJfDDweG+GmXlBIrg2GH85K6tr6xubha3i9s7u3n7p4LCh41RR5tFYxKoVEM0Ej5hnuBGslShGZCBYMxjejP3mE1Oax9G9GSXMl6Qf8ZBTYqzkyYfqJe6WyriCJ0DLxJ2R8tVPGD4CQL1b+u70YppKFhkqiN ZtFyfGz4gynAqWFzupZgmhQ9JnbUsjIpn2s8mxOTq1Sg+FsbIVGTRR/05kRGo9koHtlMQM9KI3Fv/z2qkJL/yMR0lqWESni8JUIBOj8eeoxxWjRowsIVRxeyuiA6IINTafuS2BzG0m7mICy6RRrbi44t7hcu0apijAMZzAGbhwDjW4hTp4QIHDM7zAq5M7b8678zFtXXFmM0cwB+fzF/xSlws=</latexit><latexit sha1_base64="36Sv8G6d9pJ33A9L7WSkSh5CHcY=">AAAB+3icbVA9TwJBEJ3DL8Qv1NJmIzGxIns0WphItLHExAMSOMnesgcbdu8uu3sm5MJvsNXaztj6Yyz9GXYuB4WAL5nk5b2ZzMwLEsG1wfjLKaytb2xuFbdLO7t7+wflw6OmjlNFmUdjEat2QDQTPGKe4UawdqIYkYFgrWB0O/VbT0xpHkcPZpwwX5JBxENOibGSJx9rV7hXruAqzoFWiTsnleufMEejV/7u9mOaShYZKojWHR cnxs+IMpwKNil1U80SQkdkwDqWRkQy7Wf5sRN0ZpU+CmNlKzIoV/9OZERqPZaB7ZTEDPWyNxX/8zqpCS/9jEdJalhEZ4vCVCATo+nnqM8Vo0aMLSFUcXsrokOiCDU2n4UtgZzYTNzlBFZJs1Z1cdW9x5X6DcxQhBM4hXNw4QLqcAcN8IACh2d4gVdn4rw5787HrLXgzGeOYQHO5y+vlJhD</latexit><latexit sha1_base64="36Sv8G6d9pJ33A9L7WSkSh5CHcY=">AAAB+3icbVA9TwJBEJ3DL8Qv1NJmIzGxIns0WphItLHExAMSOMnesgcbdu8uu3sm5MJvsNXaztj6Yyz9GXYuB4WAL5nk5b2ZzMwLEsG1wfjLKaytb2xuFbdLO7t7+wflw6OmjlNFmUdjEat2QDQTPGKe4UawdqIYkYFgrWB0O/VbT0xpHkcPZpwwX5JBxENOibGSJx9rV7hXruAqzoFWiTsnleufMEejV/7u9mOaShYZKojWHR cnxs+IMpwKNil1U80SQkdkwDqWRkQy7Wf5sRN0ZpU+CmNlKzIoV/9OZERqPZaB7ZTEDPWyNxX/8zqpCS/9jEdJalhEZ4vCVCATo+nnqM8Vo0aMLSFUcXsrokOiCDU2n4UtgZzYTNzlBFZJs1Z1cdW9x5X6DcxQhBM4hXNw4QLqcAcN8IACh2d4gVdn4rw5787HrLXgzGeOYQHO5y+vlJhD</latexit><latexit sha1_base64="O4f6hky6u17r04lX+EcFL3hG0Jg=">AAAB+3icbVA9TwJBEJ3DL8Qv1NJmIzGxIns0WlgQbSwx8YAETrK37MGG3bvL7p4JudxvsNXaztj6Yyz9Jy5whYAvmeTlvZnMzAsSwbXB+NspbWxube+Udyt7+weHR9Xjk7aOU0WZR2MRq25ANBM8Yp7hRrBuohiRgWCdYHI38zvPTGkeR49mmjBfklHEQ06JsZInnxo3eFCt4TqeA60TtyA1KNAaVH/6w5imkkWGCqJ1z8WJ8T OiDKeC5ZV+qllC6ISMWM/SiEim/Wx+bI4urDJEYaxsRQbN1b8TGZFaT2VgOyUxY73qzcT/vF5qwms/41GSGhbRxaIwFcjEaPY5GnLFqBFTSwhV3N6K6JgoQo3NZ2lLIHObibuawDppN+ourrsPuNa8LdIpwxmcwyW4cAVNuIcWeECBwwu8wpuTO+/Oh/O5aC05xcwpLMH5+gWc0JSn</latexit>

particle vortexm2 > 0
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NUMERICAL EVIDENCE: the same critical exponent 
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Modern developments 
in duality

• A fermionic version of the duality may be 
underlying some phenomena in fractional quantum 
Hall effect arxiv:1805.04472

• explains the emergence of a quasiparticle called 
“composite fermion”

• Many more example of dual pairs of QFTs have 
been discovered in (2+1) dimensions



holographic 
higher-spin duality

large N Chern-Simons
matter duality

half-filled
Landau level

interacting 
topological 
insulators

gauge/gravity
duality

boson-fermion
seed duality

fermionic particle-
vortex duality

Peskin-Dasgupta-
Halperin duality

self-dual
Nf=2 QED

many more dualities



Epilogue

• What is Quantum Field Theory?

• Most field theories are effective field theories

• New types of field theories needed in CMP?

• Landau’s Fermi liquid theory as an effective field 
theory

• “Non-Fermi liquids”, possibly underlying high-Tc 
superconductivity

• “Fractons”



Thank you


