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AWhat am | doing?

ANonperturbative generalization of the Wilsonian RG theoretical framework:
Given an exact functional renormalization group differential equation,
| reformulate its solution in a path integral representation.

AWhy?

AHow?
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The following is a list of notable unsolved problems grouped into broad areas of physics.!!

Some of the major unsolved problems in physics are theoretical, meaning that existing theories are currently unable to explain
certain observed phenomena or experimental results. Others are experimental, involving challenges in creating experiments to
test proposed theories or to investigate specific phenomena in greater detail.

A number of important questions remain open in the area of Physics beyond the Standard Model, such as the strong CP
problem, determining the absolute mass of neutrinos, understanding matter-antimatter asymmetry, and identifying the nature
of dark matter and dark energy.[2(3]

Another significant problem lies within the mathematical framework of the Standard Model itself, which remains inconsistent
with general relativity. This incompatibility causes both theories to break down under extreme conditions, such as within known
spacetime gravitational singularities like those at the Big Bang and at the centers of black holes beyond their event horizons.!*!
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A weakly coupled UV fixed point: C

RG flow to

A strongly correlated IR fixed point: /
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A weakly coupled UV fixed point: Quasiparticles + perturbations

non-perturbatively RG flow to

A strongly correlated IR fixed point: Absence of quasiparticles or

fractionalized (novel) quasiparticles + novel multiparticle spectra

Dynamics of quasiparticles are correlated with various multiparticle spectra,
the description of which needs higher  -order quantum corrections.



How C Renormalization group transformation



1950 ~ 1970: Era of symmetries,
their spontaneous breaking, and

resulting dynamical effects
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Era of symmetries, their spontaneous breaking,
and resulting dynamical effects

High energy physics

A 1947 Lamb shift

A 1948 Renormalization of QED (Feynman,
Tomonaga Schwinger)

A 1954 Yang-Mills theory ( nonabelian gauge
theory)

A 1961 ~ 1962 Electroweak theory (Glashow -
Weinberg -Salam)

A 1964 Anderson-Higgs mechanism

A 1971 ~ 1972 Renormalization of nonabelian
gauge theories ( @Hboft & Veltman)

A 1973 Asymptotic freedom

Condensed matter physics

A 1950 Ginzburg-Landau theory
Al1957Landauds
A 1957 BCS theory

A 1958 Anderson localization

Fer mi

A 1962 Anderson-Higgs mechanism (Nambu,

Gol dstone, &)
A 1964 Kondo effect
A1971 ~ 1972 Wil sonds

procedure

A Theory of magnetism, Mott insulators,
Heavy fermion systems, and etc.
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The Path Integral Formulation of Your Life

quantum mechanics

>

)2
W =/ (Dgl[DA][DY)[D®] exp 2'/(1"1:1'\/—9 ’—';51?
k<A -

1

— = F2o Fo¥ 4 i yE D ap* + (u?;,v,-,-qwr}; + h.c.) — |D,®* — V(®)

4 e

Kenneth G. Wilson

A RG = A careful way of the path integral for low energy
physics = A way of f®ummation of Feynman diagrams

A RG is to define an effective field theory (EFT) at a given

scale.

A2 AtazyQa wD fft2¢ga dza 02
completion.

A2 AtazyQa wD &asSNwVsSa |a |

transformation.C Numerical RG (NRG) & Functional 3

A Hamiltonian formulation for the RG transformation is FISEE
possibleC NRG & dual holography (QEC) RN

A Applications in condensed matter physics, statisticahttps://en.wikipedia.org/
mechanicsand etc.in addition to particle physics  \viki/Kenneth G. Wilson

gravity
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spacetime
.- 1982 Nobel Prize in Physics
for his work on phase
transitions R illuminating the
subtle essence of phenomena
like melting ice and emerging
magnetism. It was embodied

in his fundamental work on
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"Renormalization group and Kadanoff scaling picture [1| , Phase space cell
analysis of critical behavior[2|” but Ken said that he could not explain his
ideas in one talk. The University (thanks to David Gross I think) had the
good idea of inviting him to talk as much as he needed and Ken ended up
giving 15 lectures in the spring term of 1972, which resulted in the well-known
1974 Physics Reports ” The renormalization group and the e-expansion ” by
Wilson and Kogut (who had been taking notes throughout the lectures), one

of the most influential articles of the last decades [3].
Laboratoire d Wilson’s ideas were so different f.rom the standard views at t%le time,
o that they were not easy to accept. His style was also completely different :
Unité Mizte de Recherche 85. for him field theory was not a set of abstract axioms but a tool to perform
Scientiﬁque et de practical calculations even at the expense of oversimplified models whose
bre; relationship with reality was tenuous. Let us try to understand why Ken's
ideas, nowadays so inbred in the training of any young physicist that they
seem nearly obvious, were so difficult to accept. Let us first review the

conventional wisdom at the time.

Wilson’s renormalizatio

e Renormalization was a technique to remove perturbatively the ultra-
violet singularities for those theories which were known to be renormal-
izable, i.e. theories for which this removal could be done at the expense

A personal and subjective recolle :
of a finite number of parameters.

delivered over the spring of 1972 :
at Cornell University on Novembe e Why should one consider such theories? Presumably because they were
Kenneth G. Wilson conference). the only ones for which practical calculations are conceivable. For
instance in QED, the minimal replacement p — p — eA provides such
a theory but gauge invariance alone would allow for more couplings,
such as a spin current coupled to the field strength, which would ruin
the renormalizability.

1 Why was it so d

VleWp Olnt? o As a result one obtained with renormalized QED a theory which, a
priori, was potentially valid at all distances from astronomical scales
down to vanishingly small ones.

In 1971-72 I was on leave from St — - : : .
e The renormalization group in its conventional formulation was appli-

physics department of Princeton 1
mainly field theory. Just before tl
the use of classical approximatios
pair creation by an oscillating el
the understanding of the intrigui
near a critical point was a diffict
was invited in the fall of 1971 to g

cable only to renormalizable theories ; it allowed one to understand
leading logarithms, at a given order in perturbation theory, from lower
orders.

So what is it which was surprising in Wilson’s approach?

e Why renormalization in a theory in which there is a momentum cut-

off A = a™' |, in which a is a physical short distance such as a lattice
spacing, or a typical interatomic distance, and there is no reason to let
a go to zero?

The momentum space reduction of the number of degrees of freedom
that Wilson used introduced singularities in the Hamiltonian gener-
ated by the flow. It was not quite clear that the procedure could be
systematized.

Irrelevance of most couplings was of course a fundamental piece of the
theory but it looked a priori purely dimensional. For instance if one
adds to a gso* theory in four dimensions a coupling (gs/A?)¢°® one
obtains a flow equation for the dimensionless gg which concludes at its
irrelevance as if the 1/A? sufficed :

d
Aa—Agﬁ — 296 = B6(94, g6)
However the inclusion of the gg/A? into a Feynman diagram with only
g4 vertices produces immediately an extra A? which cancels the previous
one. So why is gg irrelevant?

Although it is now physically very clear, it was not easy to understand
that the critical surface had codimension two for an ordinary critical
point, in others words that there are two and only two relevant opera-
tors in the large space of allowed coupling parameters.

Even more difficult to take was the statement that four-dimensional
renormalizable theories such as p* or QED, i.e. non asymptotically free
theories (an anachronistic name), if extended to all energy scales could
only be free fields. How could one believe this, given the extraordinary
agreement of QED with experiment?

[ must admit that my initial difficulties at grasping the views exposed in Ken’s

e Critical points such as liquid-vapor, Curie points in magnets, Ising lectures led me, in a friendly collaboration with David Wallace, to check their
models, etc., are a priori classical problems in statistical mechanics. consistency. Amazed to see that the theory defeated our skepticism, we ended

Why would a quantum field theory be relevant?

up working out with Ken the critical equation of state [4].
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Open system quantum dynamics can generate a variety of long-range entangled mixed states, yet it has
been unclear in what sense they constitute phases of matter. To establish that two mixed states are in the
same phase, as defined by their two-way connectivity via local quantum channels, we use the
renormalization group (RG) and decoders of quantum etror correcting codes. We introduce a real-space
RG scheme for mixed states based on local channels which ideally preserve correlations with the
complementary system, and we prove this is equivalent to the reversibility of the channel’s action. As an
application, we demonstrate an exact RG flow of finite temperature toric code in two dimensions to infinite
temperature, thus proving it is in the trivial phase. In contrast, for toric code subject to local dephasing, we
establish a mixed-state toric code phase using local channels obtained by truncating an RG-type decoder
and the minimum weight perfect matching decoder. We also discover a precise relation between mixed-
state phase and decodability, by proving that local noise acting on toric code cannot destroy logical
information without bringing the state out of the toric code phase.

DOI: 10.1103/PhysRevX.14.031044 Subject Areas: Condensed Matter Physics,
Quantum Information

et Quantum Error Correction For Dummies

situations in which the Knil
herent states. We verify this t

a %enﬁrall:]elaltiorllsh.iphbet'Wf Avimita Chatterjee Koustubh Phalak Swaroop Ghosh
igrrsspc;:] d eilgz fasights mt CSE Department CSE Department School of EECS
,,,,,,,,,,,,,,,,,,,,,,,,,,, Penn State University Penn State University Penn State University
Subject Index B30, B32 PA, USA PA, USA PA, USA
amc8313@psu.edu krp5448 @psu.edu szg212@psu.edu



Nonperturbative generalization of the Wilsonian RG
theoretical framework  C Path integral reformulation

of the exact functional RG differential equation
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Abstract

Bayesian statistical inference, which we refer to as Bayesian renormalization. The main insi
Bayesian renormalization is that the Fisher metric defines a correlation length that plays th
an emergent renormalization group (RG) scale quantifying the distinguishability between

points in the space of probability distributions. This RG scale can be interpreted as a proxy
maximum number of unique observations that can be made about a given system during
statistical inference experiment. The role of the Bayesian renormalization scheme is subsec
to prepare an effective model for a given system up to a precision which is bounded by the
aforementioned scale. In applications of Bayesian renormalization to physical systems, the
emergent information theoretic scale is naturally identified with the maximum energy tha
probed by current experimental apparatus, and thus Bayesian renormalization coincides w
ordinary renormalization. However, Bayesian renormalization is sufficiently general to apg
in circumstances in which an immediate physical scale is absent, and thus provides an idea
approach to renormalization in data science contexts. To this end, we provide insight into

Bayesian renormalization scheme relates to existing methods for data compression and dat
generation such as the information bottleneck and the diffusion learning paradigm. We co
by designing an explicit form of Bayesian renormalization inspired by Wilson’s momentun
renormalization scheme in quantum field theory. We apply this Bayesian renormalization
to a simple neural network and verify the sense in which it organizes the parameters of the
according to a hierarchy of information theoretic importance.

https://doi.org/10.1088/2632-2153/ad0102
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The Inverse of Exact Renormalization Group Flows as
In this note we present a fully information theoretic approach to renormalization inspired St ati Sti C al Inf erence
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d.s.berman@qmul.ac.uk
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Abstract: We build on the view of the Exact Renormalization Group (ERG) as an instantiation of
Optimal Transport described by a functional convection—diffusion equation. We provide a new
information-theoretic perspective for understanding the ERG through the intermediary of Bayesian
Statistical Inference. This connection is facilitated by the Dynamical Bayesian Inference scheme,
which encodes Bayesian inference in the form of a one-parameter family of probability distributions
solving an integro-differential equation derived from Bayes’ law. In this note, we demonstrate how
the Dynamical Bayesian Inference equation is, itself, equivalent to a diffusion equation, which we
dub Bayesian Diffusion. By identifying the features that define Bayesian Diffusion and mapping them
onto the features that define the ERG, we obtain a dictionary outlining how renormalization can be
understood as the inverse of statistical inference.

Keywords: Bayesian Inference; Exact Renormalization; Renormalization Group; diffusion; diffusion
learning; Stochastic Differential Equations; Fisher Information; Information Geometry; entropy;
relative entropy; gradient flow; error correction; channels




In Polchinski’s picture, K (p?) has a prescribed dependence on A, thus Polchinski’s ERG equation arises
by determining the equation which must be obeyed by Sin; A [¢] in order to satisfy the principle (2). By a
straightforward computation, one can show that the resulting equation can be put into the form:
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Spec1ahzmg to Fokker—Planck ERG schemes, we can expand on this discussion. As was introduced in

detail in [18], a (functional) Fokker—Planck equation of the form (4) is associated with a (functional)

|stochastic differential equation (SDE):'

x) zl—gradCA Va [¢] (dIn A)I—!—l\/E/M ddy o (x,y) dWy ()

(13)

Here, Wy (x) is a function valued Weiner process, and o is the diffusivity kernel defined by the property that

it ‘squares’ to the covariance Cy:

/ dzon (x,2) 0 (2,y) = Ca (x,7). (14)
M



The Fokker—Planck equation corresponds to a bonafide ERG because it satisfies the ERG principle (2). To
see that this is the case, let us now show that we can rewrite (4) in the form Conservation law

- P16 o [ a5 (Walosdpa o). 7)

where M is the spacetime manifold on which the theory is defined [12]. Hopefully it is clear that any one
parameter family Py [¢] satisfying (7) also satisfies (2). This is because (7) specifies a divergence flow, that is
the right hand side of (7) is a divergence in the space of field configurations. We can therefore employ the
divergence theorem to observe that

dliA/fD‘bPAM fm/dd

In order to write (4) in the form (7) we take

;x| Py [¢]) = 0. (8)
) 'Q‘(f)(') NOQQe ¢
WEIT Qs 1 |
9)

o
e‘ Or
Q
o)
a —_—
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as has appeared previously in [12, 16, 17, 41, 45]. Here Cx (x,y) is the ERG kernel appearing in the

Fokker—Planck equation associated to the ERG, and X5 [¢; PA] is called the scheme functional which is
determined through the ERG potential V via the equation

Ol (O'Q WAE &) |valo] = /M dy Ca (x,y)
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Plugging (9) back into (7), we reconcile (4) with the diffusion and drift aspects given by (Cy, V), as desired.

Together (Cy, V) therefore specify a consistent scheme for regulating the high energy degrees of freedom of

the field theory, in analogy with the regulating function K ! (p?) appearing in (3).
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Entropy Production along a Stochastic Trajectory and an Integral Fluctuation Theorem

Udo Seifert
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(Received 29 March 2005; published 20 July 2005)

For stochastic nonequilibrium dynamics like a Langevin equation for a colloidal particle or a master
equation for discrete states, entropy production along a single trajectory is studied. It involves both
genuine particle entropy and entropy production in the surrounding medium. The imegrated sum of both
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AThe path integral formulation of the functional RG equation gives rise to a non-
perturbative theoretical framework, which can be identified with emergent dual

holography.

AThe fundamental property of the RG flow is governed by unitarity & KMS (Kubo-
Martin-Schwinger) symmetry, which can be translated into N = 2 BRST
symmetries. In other words, the Ward identities from these symmetries allow us

t o i nt rofuhaicone eelativdientropyo , wh i c imonsdmioitw s

AWe discuss the monotonicity of the RG flow (c theorem in 2d & a theorem in 4d)
In the nonequilibrium thermodynamics perspectives, i.e., the Fokker-Planck

form of the FRG equation.
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Entanglement transfer from quantum matter to
classical geometry in an emergent holographic dual

description of a scalar field theory
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ABSTRACT: Applying recursive renormalization group transformations to a scalar field
theory, we obtain an effective quantum gravity theory with an emergent extra dimension,
described by a dual holographic Einstein-Klein-Gordon type action. Here, the dynamics
of both the dual order-parameter field and the metric tensor field originate from density-
density and energy-momentum tensor-tensor effective interactions, respectively, in the re-
cursive renormalization group transformation, performed approximately in the Gaussian
level. This lincar approximation in the recursive renormalization group transformation
for the gravity sector gives rise to a linearized quantum Einstein-scalar theory along the
z-directional emergent space. In the large N limit, where N is the flavor number of the orig-
inal scalar fields, quantum fluctuations ot both dynamical metric and dual scalar fields are
suppressed, leading to a classical field theory of the Einstein-scalar type in (D+1)-spacetime
dimensions. We show that this emergent background gravity describes the renormalization
eroup flows of coupling tunctions in the UV quantum field theory through the extra dimen-
sion. More precisely. the IR boundary conditions of the gravity equations correspond to
the renormalization group S-functions of the quantum field theory, where the infinitesimal
distance in the extra-dimensional space is identified with an energy scale for the renormal-
ization group transformation. Finally, we also show that this dual holographic formulation
describes quantum entanglement in a geometrical way, encoding the transter of quantum
entanglement from quantum matter to classical gravity in the large N limit. We claim that
this entanglement transfer serves as a microscopic foundation for the emergent holographic
duality description.

Keyworps: AdS-CFT Correspondence, Renormalization Group, Holography and con-
densed matter physics (AdS/CMT), Resummation
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ABSTRACT: Applying recursive renormalization group transformations to a scalar field
theory, we obtain an effective quantum gravity theory with an emergent extra dimension,
described by a dual holographic Einstein-Klein-Gordon type action. Here, the dynamics
of both the dual order-parameter field and the metric tensor field originate from density-
density and energy-momentum tensor-tensor effective interactions, respectively, in the re-
cursive renormalization group transformation, performed approximately in the Gaussian
level. This lincar approximation in the recursive renormalization group transformation

ORI I IERI (W)
Qa —— 0
‘ QaQ Q p

eroup flows of coupling tunctions in the UV quantum field theory through the extra dimen-
sion.

Q& "Q o

More precisely, the IR boundary conditions of the gravity equations correspond to
the renormalization group S-functions of the quantum field theory, where the infinitesimal
distance in the extra-dimensional space is identified with an energy scale for the renormal-
ization group transformation. Finally, we also show that this dual holographic formulation
describes quantum entanglement in a geometrical way, encoding the transter of quantum
entanglement from quantum matter to classical gravity in the large N limit. We claim that
this entanglement transfer serves as a microscopic foundation for the emergent holographic
duality description.

Keyworps: AdS-CFT Correspondence, Renormalization Group, Holography and con-

densed matter physics (AdS/CMT), Resummation
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As a result, the firsbrder RG flow differential equations at UV are promoted
to be the secondorder ones with UV & IR boundary conditions in the extremized RG

path, selfconsistently determined by the theoretical framework itself.

Yab "Q@o



Claim: Field theoretic O( N) , O( 1), O( 1/ N)
guantum corrections are resumed and reorganized to form a

holographic dual effective field theory In the large N limit.
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Implementing Wilsonian renormalization group transformations in an iterative way, we develop a
nonperturbative field theoretical framework for strongly coupled quantum theories, which takes into account
all-loop quantum corrections organized in the 1/N expansion. Here, N represents the flavor number of
strongly correlated quantum fields. The resulting classical field theory is given by an effective Landau-
Ginzburg theory for a local order parameter field, which appears in one-dimensional higher spacetime. We
confirm the nonperturbative nature of this field theoretical framework for the Kondo effect. Intriguingly, we
show that the recursive Wilsonian renormalization group method can explain nonperturbative thermodynamic
properties of an impurity, consistent with Bethe ansatz for the whole temperature region.
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An effective Hamiltonian at UV
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