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The results of the renormalization group are commonly advertised as the existence of power-law
singularities near critical points. The classic predictions are often violated and logarithmic and exponential
corrections are treated on a case-by-case basis. We use the mathematics of normal form theory to
systematically group these into universality families of seemingly unrelated systems united by common
scaling variables. We recover and explain the existing literature and predict the nonlinear generalization for
the universal homogeneous scaling functions. We show that this procedure leads to a better handling of the
singularity even in classic cases and elaborate our framework using several examples.
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I. INTRODUCTION

Emergent scale invariance is a key to many of our current
scientific and engineering challenges, including cell mem-
branes [1], turbulence [2], fracture, and plasticity [3.4],
and also the more traditional continuous thermodynamic
phase transitions. The current formulation of the field has
an elegant framework which can explain observables that
scale as power laws times homogeneous functions.
However, the literature on corrections to this result,
including logarithms and exponentially diverging quan-
tities, is much more scattered and does not have a similarly
systematic framework.

The renormalization group (RG) is our tool for under-
standing emergent scale invariance. At root, despite chal-
lenges of implementation, the RG coarse grains and
rescales the system to generate ordinary differential equa-
tions for model parameters as a function of the observed log
length scale #. A fixed point of these flows represents a
system which looks the same at different length scales;
systems near criticality flow near to this fixed point. In
cases where the flow can be linearized around the fixed
point, the RG implies that observables near criticality are
given by a power law times a universal function of
an invariant combinations of variables; e.g., the Ising
model has magnetization m ~ t» M (L), where L is the
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system size and t = (T —T.)/T. is the deviation of the
temperature 7" from the critical temperature 7.

Surprisingly often, this scenario of universal critical
exponents and scaling functions is violated; free energies
and correlation lengths scale with logarithms or exponen-
tials, and the proper form of the universal scaling functions
is often unknown. Specifically, deviations arise in the Ising
model in d =1 [5], 2 [6], and 4 [7], the tricritical Ising
model in d = 3 [8], the d = 2 XY model [9], the surface
critical behavior of polymers [10,11], van der Waals
interactions in the 3D spherical model [12], finite-size
scaling of the random field Ising model (RFIM) in d = 6
[13], thermodynamic Casimir effects in slabs with free
surfaces [14,15], the d = 2-, 4-state Potts model [16-18],
percolation and the 6D Potts model [19], and many other
systems. Each such system has hitherto been treated as a
special case.

Here we use the fact that the predictions of the RG can be
written down as a set of differential equations in the abstract
space of Hamiltonians. This allows us to apply a branch of
dynamical systems theory, normal form theory [20,21], to
provide a unified description applicable to all of these
systems. We arrange these systems into universality fami-
lies of theories, each defined by its normal form. Each
family has universal terms (linear and nonlinear), whose
values determine a system’s universality class within the
family. Finally, each family’s normal form predicts the
natural invariant scaling combinations governing universal
scaling functions.

The perspective we present here is transformative:
unifying, simplifying, and systematizing a previously
technical subject and promising new developments in the
field. Our best analogy is to the introduction of homotopy
theory in the 1970s [22-25] as a systematic method that
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unified the treatment of some of the many defect structures
studied in materials and field theories. Just as there have
been several previous works that correctly identified the
universal effects of nonlinear terms for phase transitions
where an analytic RG approach is available [16,26-33], the
Burger’s vector, winding number, wrapping number of
dislocations in crystals, disclinations in liquid crystals, and
Skyrmions in nuclei were understood individually before
the mathematics of homotopy theory was seen as the
natural mathematical framework. Just as homotopy theory
facilitated the study of defects in more-complex systems
(metallic glasses, cosmic strings, quasicrystals), so our
normal form methods are allowing the correct identification
and characterization of the singularity in systems in
experimental and numerical explorations where analytic
RG calculations do not yet exist [34]. Finally, homotopy
theory quickly uncovered the fascinating entanglement and
transformation properties of non-Abelian defects [24], with
early speculative applications in glass physics [35] and
eventually inspiring the closely related non-Abelian braid-
ing being developed for topological quantum computing.
Similarly, we demonstrate here that our methods allow, for
what appears to be the first time, the use of the correct,
remarkably rich, invariant scaling variables in the universal
scaling functions for systems where universal nonlinear RG
terms are needed, and we have discussed elsewhere [36]
how our methods can be powerful tools for systematically
incorporating corrections to scaling near critical points
even when universal nonlinear terms are not needed. For
example, in the future the normal form change of variables
we introduce here could become an inner expansion
matched to series and virial expansions at extremes of
the phase diagram; this would allow rapid and accurate
convergent characterizations of materials systems close to
and far from criticality.

Our machinery provides a straightforward method to
determine the complete form of the critical singularity in
these challenging cases. Our initial results are complex and
interesting; they pose challenges which we propose to
address in future work. The coordinate transformation to
the normal form embodies analytic corrections to scaling,
which allow us to address experimental systems as they
vary farther from the critical point. Finally, bifurcation
theory is designed to analyze low-dimensional dynamical
systems without detailed understanding of the underlying
equations; our methods should improve scaling collapses in
critical phenomena like 2D jamming [37] where there is
numerical evidence for logarithms but no RG framework is
available.

We begin by distinguishing our work from previous
literature connecting the RG to normal form theory. The
previous approach [38—40] compared the application of
RG-like methods and normal form theory to solving
nonlinear differential equations using perturbation theory.
The connection we are making is different. We are applying

normal form theory to the RG flow equations. Hence, our
approach is to apply normal form theory to make pre-
dictions about the general structure of the flows given the
topology (nature and number of fixed points), rather than to
apply it to the model that produces these flows.

We give an introduction to normal form theory in Sec. II.
We give a survey of the previous literature on nonlinear
scaling in the RG in Sec. III. We show how the application
of normal form theory allows us to define universality
families of fixed points in Sec. IV. We present several
worked-out examples starting with the 4D Ising model in
Sec. VA and the random field Ising model in Sec. V B.
We then work out the application of normal form theory to
the Ising model in dimensions one, two, and three in
Secs. VD-V F.

II. NORMAL FORM THEORY

Normal form theory [21] is a technique to reduce
differential equations to a “normal form” by change of
coordinates, often the simplest possible form. This is
achieved by making near-identity coordinate transforma-
tions to get rid of as many terms as possible from the
equation. It was developed initially by Poincaré to integrate
nonlinear systems [41,42]. The physical behavior should be
invariant under analytic changes of coordinates, and the
length (or time) parameter should stay the same, which
the mathematical literature addresses by perturbative poly-
nomial changes of coordinates (attempting removal of
nth-order nonlinearities in the flow by using nth-order
or lower terms in the change of variables). To any finite
order this gives an analytic change of coordinates, but it is
not, in general, guaranteed to converge to an analytic
transformation; we thus call it a polynomial change of
coordinates.

We give a brief introduction to normal form theory here
for completeness. A more detailed treatment can be found
in Ref. [21]. Typically one starts with a set of differential
equations of the form

do

=g0.c). ()
where € is some parameter, @ = {6,} is the vector of state
variables, and the vector field g defines the flow. In the
context of statistical mechanics and renormalization group
flows, ;’s are parameters or coupling constants that enter
into the free energy and ¢ is the difference in dimension
from the lower or upper critical dimensions. Let us first
work with the case where e¢ does not enter into the
equations. The first step is to find the fixed point of the
equation and use translations to set the fixed point of each
0; to 0. The next step is to linearize about the fixed point
and reduce the linear part to the simplest possible form. In
general, this is the Jordan canonical form, but it is often just
the eigenbasis. Then, the equation is

021014-2



NORMAL FORM FOR RENORMALIZATION GROUPS

PHYS. REV. X 9, 021014 (2019)

9 _ 10150,

=7 (2)

where J is the linearized matrix of the flow and the
remaining terms are in the vector field f(@) ~ O(6?).
Terms of order k are defined to be made up of homo-
geneous polynomials of order k. So for @ = (0,,6,,6),
620,05 ~ O(6*). We denote terms of order k by a lower
index. So,

f0)=>_f1(0).

k>2

3)

Note the index is giving the order of the polynomial and not
enumerating the components of the vector field. Let the
lowest nonzero term be at some order k > 2 (usually 2).
Then we can write

a9 _ e
27 = J0Hfi(0) +00).

(4)
The idea is to try to remove higher-order terms by making
coordinate changes. To remove the term f, we try to do a
coordinate change of order k:

0=0+n0). (5)
where h,(6) is a polynomial in . This construction is
similar to nonlinear scaling fields [26,43], which try to
linearize the RG flow equations, with a subtle difference
that we remark on later. The higher-order terms which we
can remove by coordinate changes correspond to analytic
corrections to scaling. Then, to find the equations in the
new variables,

a0  db dé
737" (:th)%.

(6)
Dh, is the matrix of partial derivatives of the vector field k;,
with respect to the parameters 6. Now, we substitute this
into the equation

do . »
(1+th)%:1(0+hk)+f(0+h(0))+(’)(0"+1), (7)
which upon simplification gives

j—‘; = JO — (Dhy)JO + (DJO)h;, + () + O(HF).

(8)
For the last line, note that the matrix J is the same as DJO
(i.e., the same as the matrix of partial derivatives with
respect to parameters € of the vector J@). Two of the terms
can be written as the Lie bracket (a commutator for vector

fields) defined as [hy,J0) = —((Dhy)JO — (DJO)h;) to
give the final equation:

a0 - < -
70 [hy, JO) +f( + OFF ).

9)
So, if we want to remove the term f, we need to solve the
equation [hy, JO] = —f, for h,. It is important to note that
whether this equation can be solved or not depends
only on the linear part of the equation given by the matrix
J. That is, within the space of transformations that we are
considering, the linear part of the equation completely
determines how much the equation can be simplified and
how many terms can be removed. This is not true if there
are zero eigenvalues and one then has to consider a broader
space of transformations, which we consider later.

To see when the equation can be solved, we first note that
the space of homogeneous polynomials is a vector space
with a basis constructed in the obvious way, 6{"...6,". Any
term at order k can be written as a sum of such terms for
which > ;a; = k. The Lie bracket can be thought of as a
linear operator on this space. To find the set of possible
solutions is to find the range of this linear operator. Let us
take the case where the linear part is diagonalizable and so
just consists of the eigenvalues 4;. Let us say for simplicity
that the j component of the vector fy (fy)/ = c67'...85" for
some set of {@;}. Then, the jth component of the matrix
equation reduces to

Ai(he)T = (Zj:/l,»a,) (he)) = coP .00 (10)

This can be solved easily by choosing (i) = af'...0
and

(11)

C
a=——— .
l]— E i/l,»(xi

When all nonlinear terms can be removed by such a
coordinate transformation, then the usual case of power-
law scaling is obtained. The fixed point, in this case, is
called hyperbolic. Alternatively, if we have a term with
A; = > (a linear combination of other eigenvalues /;
with positive integer coefficients «;), this term is called
a resonance and cannot be removed from the equation
for df;/d¢. This contributes to the singularity at the
fixed point, which is no longer given by power-law
combinations.

A. Bifurcations

Notice a special case of these equations when for some
k, a particular 4, = 0. In this case, it is possible to get
an infinite number of resonances because the equation
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Ai = A; + ap Ay 1s also true for all @ and 4;. This case, when
one of the eigenvalues goes to O depending on some
parameter e, is called a bifurcation. If all linear eigenvalues
A; of the flows are distinct and nonzero, which terms can
be removed using polynomial coordinate changes depends
only on these 4;. As we saw, this approach can be
formulated elegantly as a linear algebra problem of the
Lie bracket on the space of homogeneous polynomials.
For more general cases—including bifurcations—
“hypernormal form” [44—46] theory develops a systematic
but somewhat more brute-force machinery to identify
which terms can and cannot be removed perturbatively
by polynomial changes of coordinates. Classic bifurcations
include the pitchfork bifurcation, the transcritical bifurca-
tion, the saddle node, and the Hopf bifurcation [47].

Confusingly, bifurcation theory separately has its own
“normal form” of bifurcations. These normal forms are
derived in a very different way using the implicit function
theorem. The basic idea is to ask for the smallest number of
terms in the equation which will preserve the qualitative
behavior of the fixed points (e.g., exchange of stability of
fixed points), and then map any other equation onto this
simple equation using the implicit function theorem. This
mapping allows for too broad a class of transformations to
be useful for our purposes. An important feature of the
flows that we want to preserve is their analyticity; we
therefore consider only polynomial changes of coordinates.

An explicit example is given by the 4D Ising model. It is
known that the magnetization M ~ t'/%(log t)'/3, with log
log corrections. The quartic coupling u and the temperature
t have flow equations which traditional bifurcation theory
would simplify to

du -
= = _Bu? 12
dr v (12)
dt

— = 2f. 1
= (13)

Calculating the magnetization with this set of flow equa-
tions leads to the wrong power of logarithmic corrections.
By allowing too broad a class of coordinate transforma-
tions, bifurcation theory hides the true singularity in the
nonanalytic coordinate change. We show that normal form
theory instead predicts

du

— = —Bu? + Du? 14
a7 u” + Du, (14)
dt -
— =2t-A 1
77 t — Atu, (15)

which does predict the correct behavior. We present the
explicit solution of this equation in Sec. V A. Here, we just
note that the traditional log and log-log terms follow from

the solution’s asymptotic behavior. To get these equations,
we will remove higher-order terms in u by using a
coordinate change that is lower in order (broadening the
formalism we considered in Sec. II). Using lower-order
terms to remove higher-order terms is part of hypernormal
form theory. For our purposes, the distinction is somewhat
artificial, and here we simply use normal form theory to
denote any procedure that uses only polynomial changes of
coordinates to change terms in flow equations.

In Secs. VA and V B, we explicitly work out the case of
a single variable undergoing a bifurcation for the 4D Ising
model and the 2D random field Ising model and show how
there are only a finite number of terms which cannot be
changed or removed. It is worth mentioning here that there
can be cases in which two variables simultaneously have 0
eigenvalues. The XY model [48] offers an example where
this happens. The de Almeida-Thouless-Gardner transition
in six dimensions has two variables that simultaneously go
through a transcritical bifurcation [49,50]. Polynomial
changes of coordinates in both variables can be used here
too, but because there are generically more terms at higher
order than at lower order (there are many more ways to
combine two variables into a sixth-order polynomial than
there are to combine them into a third-order polynomial),
we usually do not have enough freedom to remove all
terms. Therefore, simultaneous bifurcations in more than
one variable often have an infinite number of terms in their
flow equations that cannot be removed.

III. EARLIER WORK

The approach we take is inspired by the early work of
Wegner and co-workers [8,26], subsequent developments
by Aharony and Fisher [51,52], and by studies of Barma
and Fisher on logarithmic corrections to scaling [31,32].
The approach of Salas and Sokal on the 2D Potts model
[16], and of Hasenbusch er al. [33] on the 2D Edwards-
Anderson model is similar in spirit to ours.

Wegner [26] first constructed nonlinear scaling fields
which transform linearly under an arbitrary renormalization
group. His construction is very similar to the coordinate
changes we considered above for normal form theory. The
one difference is that Wegner explicitly allows the new
coordinates to depend on the coarse-graining length £. We
will not allow this explicit dependence on ¢ in our change
of coordinates, as it does not seem to offer any advantage
over regular normal form theory.

Eventually, the goal of using normal form theory to
understand the differential equations that describe RG
flow is to simplify and systematize scaling collapses.
This requires a systematic way of dealing with corrections
to scaling beyond the usual power laws. There are three
different types of corrections to scaling that have appeared
in the literature. These include logarithmic, singular, and
analytic corrections to scaling. Logarithms in the scaling
behavior typically occur at an upper critical dimension or in
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the presence of a resonance. Wegner and Riedel [8]
considered the case of zero eigenvalues, which occurs at
the upper critical dimension of Ising and tricritical Ising
models. They derived the form of the scaling in terms of
logarithmic corrections to scaling. However, they used
perturbation theory to ignore higher-order terms in the flow
equations rather than keeping only those terms which
cannot be removed by an application of normal form
theory. Here, we solve the full flow equations and see that
the logarithmic corrections to scaling are better incorpo-
rated as part of the true singularity using normal form
theory.

Analytic corrections to scaling were explored by
Aharony and Fisher [52], who gave a physical interpreta-
tion of the nonlinear scaling fields [see below Eq. (5)] in
terms of analytic corrections to scaling in the Ising model.
Analytic corrections to scaling capture the difference
between the physical variable T and H (that your ther-
mometer or gaussmeter measures) and the symbols 7 and /
in the theory of the magnet. The liquid-gas transition is in
the Ising universality class, but a theory of the liquid-gas
transition has to include analytic corrections to scaling to
match with the universal predictions of the Ising model.
Moreover, such corrections are also needed to explain the
nonuniversal behavior away from the fixed point. Analytic
corrections to scaling will correspond to terms in the
differential equations that can be removed by coordinate
changes.

The singular corrections to scaling are also incorporated
as part of the true singularity with the addition of irrelevant
variables. Finally, the ability to change the renormalization
scheme leads to what are called redundant variables. In
related work [36], we argue that these variables can be seen
as a gauge choice which contributes to the corrections of
scaling. In forthcoming work [53], we will explore the
consequence of this distinction between gauge corrections
and genuine singular corrections to scaling further.

Finally, Salas and Sokal, in the context of the 2D Potts
model, derived the normal form of the flow equations for
a transcritical bifurcation. Similarly, Hasenbusch et al
derived the normal form for the 2D Edwards-Anderson
model, which is also a transcritical bifurcation. Both
of these do not solve the full flow equations but
end up approximating the solution by logarithms. In the
context of QCD, Sonoda derived the solution for
the flow of a coupling which undergoes a transcritical
bifurcation [28].

Despite similar inclinations, none of these works make
the complete connection to normal form theory. One
advantage of our approach is precisely that it brings
together this disparate literature into a unified framework.
The analysis presented here is general and applicable to all
kinds of situations, ranging from old problems, like the
nonequilibrium random field Ising model (NERFIM) [54],
to newer research problems, like jamming [37].

IV. UNIVERSALITY FAMILIES

Traditionally, the RG contains the concept of a univer-
sality class. The universality class is essentially determined
by the critical exponents which explain the scaling behavior
of amodel, i.e., by linearized RG eigenvalues. Normal form
theory suggests another possible classification. Each fixed
point can be classified by the bifurcation or resonance that
it is at. The simplest case, which is also the traditional one,
is the hyperbolic universality family. In the hyperbolic case,
it is possible to remove all nonlinear terms in the flow
equations by changes of coordinates. Hence, the RG can be
written as a linear flow to all orders in perturbation theory.
Different values for the linear eigenvalues correspond to
different universality classes. While traditionally this is a
statement about the linearization of the RG, here it is a
statement about the only terms in the flow equations that
are universal in the sense that they cannot be removed by a
coordinate change.

The need for this generalization becomes clear when we
examine cases that are not traditional. In Table I, we present
common universality families and well-studied statistical
mechanics systems governed by each. The pitchfork
bifurcation shows up in the 2D random field Ising model;
it has a cubic term in the equations for w, the ratio of the
disorder to the coupling [55]. We have derived that the
correct equations require an additional w3 term [34], which
was not included in previous work. The 2D Ising model has
a well-known logarithmic correction to the specific heat,
which Wegner associated with a #> resonance term in the
flow equation [26]. The 1D and 4D Ising models have
transcritical bifurcations. The 1D Ising case is somewhat
special and we cover it later in Sec. V E. These cover all the
important bifurcations with one variable [56].

When more than one variable is undergoing a bifurca-
tion, or if more than one variable has an inherently
nonlinear flow, the analysis becomes considerably more
complicated. This is evidenced in the 2D XY model at the
Kosterlitz-Thouless (KT) transition [57]. It has been shown
that the simplest normal form of its flow equations (in the
inverse-temperature-like variable x ~ 1/T — 1/T, and the
fugacity y) has an infinite number of universal terms, which
can be rearranged into an analytic function f [30] (Table I).
We conjecture that the very similar transition observed
in randomly grown networks [58,59] is not in the KT-
universality class, but rather is in the same universality
family. It is not to be expected that a percolation transition
for infinite-dimensional networks should flow to the same
fixed point as a 2D magnetic system, but it is entirely
plausible that they share the same normal form with a
different universal function f.

Different universality classes within the same universal-
ity family, such as those of the 4D Ising model and the 2D
NERFIM, have different power laws and scaling functions.
However, as shown in Table I, because they both have a
transcritical bifurcation the two classes have the same
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TABLE I. Normal forms and universal invariant scaling combinations for traditional and intrinsically nonlinear renormalization group
critical points. The universal scaling of most critical points are power-law combinations of the control variables, derived from the
linearized normal form equations of hyperbolic RG fixed points. Many systems have well-studied logarithmic corrections, exponentially
diverging correlations, or other singularities that we attribute to intrinsic nonlinearities in the RG flow equations. In blue are new
universal terms predicted by our analysis of the corresponding dynamical system normal forms, which appear not to have been hitherto
discussed in the literature. In green are terms we explain which have been previously observed using other methods [26—30]. The normal
form equations are shown for the system in bold. Other systems in the same universality family have the same equations associated with
different variables (shown in parenthesis). The invariant scaling combination for the transcritical family requires the Lambert-W function
defined by the equation W(x) exp[W(x)] = x. Many of the results quoted herein were obtained in disparate literatures (QCD, glasses,
critical phenomena, etc.) but are united in this common framework. Other families are possible; the flow equations for the replica
symmetry-breaking transition in disordered media have a simultaneous transcritical bifurcation and possibly also have a Hopf
bifurcation [50].

Universality family Systems Normal form Invariant scaling combinations
. 3D Ising Model (¢) _ y
Hyperbolic 3D RFTM (w) dt/dl = (1/v)¢ Lt
] 2D RFIM (w) 3 5 1/(2w?) (1 /. 2 —B/2
Pitchfork 6D Potts model (q) dw/dl = w’ + Bw Le (1/w"+B)
T L | %o {\ISiEnRgF?Kf?EI (g)t) du/dl = —u® + Du’ Le'/*~P[1/(Du) —1]” = Ly”
ranscritica —w, oy 9 1/D A
1D Tsing model (—t, ) dt/dl = 2t—Atu tL* (W (yL' ") /(1/(Du) — 1)]
—57F 2 =2
Resonance 2D Ising model dféj/ldl__%;_;L,Ll tL+Alog L
Higher dr/dl = —y*[1 +af(27)] y? —2 fox s/[L+sf(s7)] ds
Codimension 2D XY model dy/dl = —zxy =y? —22+[2£(0)/3]2® — [£(0)?/2]z* + O(x®)

complicated invariant scaling combinations [60]. This
hidden connection is made apparent in the shared normal
form, where the quartic coupling and temperature (u, T') in
the first class are associated with the (negative of) disorder
strength and avalanche size (—w, §) in the second [61].
Indeed, the normal form not only unites these univer-
sality classes, but allows a more precise handling of their
singularity. It is usually stated that the magnetization
M ~1'2(logt)'/3, the specific heat C ~ (log?)'/3, and
the susceptibility y ~ (log)'/3/t with log-log corrections
[8]. We show in the Supplemental Material [62] that the
true singularity of the magnetization at the critical point is
M ~ t'2W (xt=27/25)1/3  where W is the Lambert-W func-
tion defined by W(z)e"®) = z, and x(u) is a complicated
but explicit function of the irrelevant variable u. [The
traditional log and log-log terms follow from the asymp-
totic behaviors of W(x) at large and small x. The universal

model, the XY model, and the Ising model in dimensions
one, three, and two.

A. 4D Ising

The study of critical points using the renormalization
group was turned into a dynamical system problem by
Wilson and Kogut [63]. These RG calculations are done by
first expressing the Ising model as a field theory with a
quartic potential u¢*. Then, by coarse graining in momen-
tum space and rescaling, one obtains the flow equations:

dt/dt = 2t — Atu + Ctu® + Etu’
+ Gtu* + Ttw’ + Ktu®..., (16)

du/d¢ = eu — Bu?> + Du® + Fu*

power 27/25 becomes manifest in the complete singularity, + Hu’ + Jub + Lu®..., (17)
but is disguised into a constant factor up to leading logs.]
We now show how to apply normal form theory to specific dfjdf = (4—e)f +---, (18)

examples.

where ¢ is the temperature, f is the free energy, and u
is the leading irrelevant variable. This is the highest order
to which the flow equations are known as of now.
The coefficients take the values A =1, B =3, C =5/6,
D =17/3,E=-7/2,F ~32.54,G ~ 19.96, H ~ —-271.6,

V. APPLICATION TO SPECIFIC SYSTEMS

In this section, we derive in detail the scaling form for the
entries shown in Table I. Our archetypal example is the 4D
Ising model. For this, we derive the scaling forms and use

them to perform scaling collapses of numerical simulations.
We then discuss the scaling of the random field Ising

I ~—150.8,J ~ 2849, K ~ 1355, L ~ —34776 [64,65]. The
flow equation for u in this case takes the form of a
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transcritical bifurcation with parameter ¢ = 4 — d tuning
the exchange of stability between the Gaussian (# = 0) and
Wilson-Fisher fixed point (¢ # 0).

Consider these equations for € = 0, which is the point
at which it undergoes a transcritical bifurcation. To derive
the normal form, one considers a change of variables of
the form

t=T+afi+a i+, (19)
u =i+ bii> + byit> + byu* + - --. (20)
This gives the equations up to order u*:
dijdt =2 — Afii+(-Ab, + a;B+ CO)tui> +---,  (21)
dii/d¢ = —Bii* + Dii®
+ (-b3B+byB+b D+ E)i*+---. (22)

Note that any term of the form ™t in the equations for
dt/d¢ and any term of the form u™ in the equations for
du/d¢ is a resonance. Hence, the coefficients A, B, and D
remain unchanged with this change of variables. However,
the coefficients C and E are changed (though the change is
independent of a, and b5 because they are resonances) and,
in particular, can be set to O by an appropriate choice of
coefficients.

This creates a general procedure for reducing this flow
to its simplest possible form. First, all terms that are not
resonances are removed in the usual way by solving
Eq. (11). Then, we perturbatively remove most of the
resonances using the following procedure. First consider
the u flow. Suppose the lowest-order term in the flow after
the u® term is u”, i.c.,

d _ _ -
d_; = —Bu? + Du® + Nu" + O(u™),  (23)

with n > 3. Consider a change of variables of the form
u = ii + b,_,ii"". Then,

dii
1 — )b, "] —
[ + (n ) n—2” ]df
= —B(ii + b,_»,@" ") + D(ii + b,_,a"")3
+ N, (i + b,_pad™ )" + O(a), (24)
dii —Bii* + Dii* + N, i —2Bb,,_,ii"
—= z 2 O(a*! 25
a¢ D+ (=)b, a2 o) ()

=—Bii> + Dit* + [N, —2Bb,_, + (n—1)b,_,B) + O(a"*").
(26)

Evidently, the coefficient of the #" term can be set to 0 with
an appropriate choice b,_, = N, /[B(3 — n)].

So all terms of the form u" with n > 3 can be removed
by a change of coordinates. Incidentally, this derivation
also shows why it is not possible to remove the u* term.
Now consider the ¢ equation with

% =2t — Atii + M, tii"~" + O(ti"). (27)
We consider a change of coordinates:
t =T+ a,_ "> (28)
It is then straightforward to show
df .= = —
- 21— Afii +[M, + B(n —2)a,_, + a,_,Alfi""!
+ O(r"). (29)

So setting a,_, = —M,,/[B(n — 2) + A] sets the coefficient
of the ru"! term with n > 2 to 0.

Any term which is not of this form can be removed in the
usual way by solving Eq. (11). Finally, we have another
degree of freedom (d.o.f.) that we have used. We can
rescale u and ¢ to set some of the nonlinear coefficients to 1.
This reflects the fact that the original coefficients A,.D
depend on an arbitrary scale of u# and ¢ that we have chosen.
Choosing the scale so B =1 and the coefficient of the
resonance is —1 defines D = D/B? and A = A/B. Hence,
by considering all such polynomial change of coordinates,
we can reduce this set of equations to their normal form:

di/d¢ = 27 — Aii f, (30)
dii/dt = —ii* + Di®, (31)
df/d¢ = 4f — 2. (32)

The resultant equations then have two parameters, A
and D, which are universal, in a way that is similar to the
eigenvalues of the RG flows as in Table I. The normal form
variables 7, i, f are equal to the physical variables 7, u, and
f to linear order (up to a rescaling). Corrections to these are
analytic corrections to scaling. Hence, we will henceforth
simply refer to the normal form variables as ¢, u, and f. It is
important to note that we are making a particular choice for
the analytic corrections to scaling by setting them equal to
zero. It is possible to make a different choice for the higher-
order coefficients. In particular, the equation for du/d¢
goes to oo at finite £ if u starts at a large enough value.
Hence, it may be more useful to make a different choice for
the higher-order coefficients. All of these choices will agree
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close to the critical point but will have different behavior
away from the critical point. Later, we will consider a
different choice for the higher-order terms.

The 4D Ising model has both a bifurcation and a
resonance. The u2, u?, and Aut terms come from the
bifurcation and cannot be removed by an analytic change of
coordinates. The > term is a consequence of an integer
resonance between the temperature and free-energy eigen-
value, 4, = 1/v =24y =d = 4.

Before examining the full solution of Egs. (30)-(32), we
first study the effect of each part of the RG flows. First,
considering only the linear terms and coarse graining until
t(£*) = 1, the free energy is given by f ~ 2. This is the
mean-field result and also the traditional scaling form that
RG results take in the absence of nonlinear terms in the
flow equations. Second, we include the resonance between
the temperature and free-energy eigenvalue, which leads to
an irremovable > term in the flow equation for the free
energy. This term cannot be removed by analytic coordinate
changes, and yields a log correction to the specific heat.
Third, the irrelevant variable u# undergoes a transcritical
bifurcation. Results in the hypernormal form theory liter-
ature, as well as some articles in the high-energy theory
literature [28,29], recognize that the simplest form that
the equation can be brought into is Eq. (31). The solutions
of Egs. (30) and (31) are u(¢) = 1/{D[l + W(ye’/P)]}
and t(£) = tye*’ (W(ye?/P)/(1/Duy — 1)), where y[uq)
is again a messy but explicit function: y = [1/(Dugy)—
1]exp[1/(Dugy) — 1]. We show how to derive this in the
Supplemental Material [62]. The traditional log and log-log
corrections are derived by expanding the W function for
large 7.

Let us use this to derive the finite-size scaling form of the
free energy. Early finite-size scaling work [66—68] attempted
scaling collapses with logs; recent work does not attempt
collapses at all [69]. Finite-size scaling requires an equation
for the magnetic field i given by dh/d¢ = 3h. Explicit
calculations show that the coefficient of the su term is zero
(see below). The free energy is then a function of three
scaling variables: u(¢), 1(¢), and h(Z). It is given by

f(to.ug) = e f(t(£). u(£). h(£))

of/DY—A
- WA (FUEDE D).

To get a finite-size scaling form, we coarse grain until
¢ =log L, the system size. Note that u(L) cannot just be
ignored because it is a dangerous irrelevant variable.
However, we can account for it by taking the combination
t(L)/u(L)"? and h(L)/u(L)"* as our scaling variables
[70]. The scaling form of the free energy then depends on
ugy, which we do not have a way to change or set in the
simulation. Instead, we treat u, as a fit parameter in the
scaling form of the susceptibility:

y = LAW(yL'/?) +1]'/?® {IOLQ( W(yL'/P) )—A:|'

1/(Duy) — 1
(34)

At the critical point t =0, the function ® must be
analytic for finite L (since nonanalyticity requires an
infinite system size). ®(0) is therefore a constant indepen-
dent of L and u, at t = 0. Using this, u;, may be estimated
from y at different values of L by fitting to its predicted
dependence y o L2{W (y[ug]L'/P) + 1}1/2, where y[uy)] is
defined above.

Figures 1 and 2 show the scaling collapse of the
magnetization and susceptibility. The magnetization is
collapsed using the best-fit value of uy = 0.4. Though
our collapses are not significantly better than the traditional
logarithmic forms, the correct form of the singularity will
be more apparent at larger values of u,. This is because the
log-log term, which is the second term in the asymptotic
expansion of the W function, is very small compared to the
log, except at large u, and small L. Changing the value of
uq will require a model different from the nearest-neighbor
square lattice Ising model.

So far, we have been considering the effects of changing
coordinates in the control variables on the predictions of the
theory. Wegner [71] had also considered changing coor-
dinates in the d.o.f. of the theory. These changes lead to
“redundant” variables, the corrections from which can be
removed by coordinate changes. We discuss them in
separate work. Here we merely note that they can be used

M / M, scaling
[3e]
\\\

I

-100 -50 0 50 100
t/tscaling

FIG. 1. Scaling collapses for the magnetization and suscep-
tibility using the scaling form given by the normal form Egs. (30)—
(32). Simulations are done on a 4D lattice using a Wolff algorithm
for lattice sizes ranging from L =4 to L = 32. Here, M jing=
L{IW(yLYP)+1]}/* and t.cuing=L (W (yL'/?)/ (1/ Dug=1)]'/*
{[W(yLYP)+1]}~"/2. We find uy = 0.4 + 0.1 for the 4D nearest-
neighbor hypercubic lattice. An estimate of the error is given by
estimating u, with a different choice of normal form, which gives
uy = 0.5.
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FIG. 2. Scaling collapse for the susceptibility using the
scaling form given by the normal form Egs. (30)-(32). Simu-
lations are done on a 4D lattice using a Wolff algorithm for
lattice sizes ranging from L =4 to L =32. Here, yaing =
L2{W(LYP) + 1112 and fygng — LWL/ {1/ Dutg—
DI'V3{W(LYP) +1]}7"/2. We find uy = 0.4 for the 4D
nearest-neighbor hypercubic lattice.

to explain some features of the scaling, like the fact that the
coefficient of the Au term is zero.

1. Choice of normal form

There are certain choices we have made in our appli-
cation of normal form theory. One is to keep the flow
parameter £ unchanged. Some of the dynamical systems
literature considers changing # to depend on other para-
meters. This would be unusual since the coarse-graining
length would depend on the physical parameters but does
not seem to be disallowed. We show in the Supplemental
Material [62] that this does not change the predictions for
the 4D Ising model.

Normal form theory makes a particular choice for what
to do with the coefficients that can be changed by
coordinate changes: it sets them equal to zero. In general,
however, it is not clear that the best choice to make is to set
them equal to zero. Consider the equation

d
a_ —u® + Du’,

ar (3)

which, as we saw, has the solution u(¢) = 1/{D[1+
W(ye!/P)]}. Here, y = [1/(Dug) — 1]exp[l/(Duy) — 1].
Note that u, > 0 as a requirement for the stability of the
free energy. If uy < 1/D, then y > 0, and if uy < 1/D,
y < 0. Hence, the domain of attraction of the fixed point at
uy =0 has a length 1/D. If we have a system where
uy > 1/D, then this will lead to u(¢£) — oo in a finite
coarse-graining length. This is reflected in the branch cut of
the W function at —1/e. In the context of high-energy

physics, some have tried to find deep meaning in this
pole [29].

However, for scaling purposes, we generally prefer a
choice of coordinates for which there is no such unphysical
behavior. One natural choice is to use the equations

du_ u?
d¢  1+Du’

(36)

For small u, this has the same behavior as Eq. (35).
However, the behavior at large u is now well behaved.
The solution of this equation is

1

W[ef/Dl/(Duo)el/(D”o)} ) (37)

u(t) = 5

which is in fact somewhat simpler that the solution to
Eq. (35). Scaling collapses with this choice of normal form
for the susceptibility are shown in the case of the Ising
model in Fig. 3. Better numerics are needed to tell if this
choice of normal form is really useful. It turns out that this
form has been implicitly used before in the random field
Ising model, as we show explicitly in the next section.

B. Random field Ising model

Finding critical exponents for the random field Ising
model has been a long-standing challenge in physics. Some
initial results used supersymmetry to prove an equivalence
of the random field Ising model in dimensions d + 2 with
the Ising model in dimensions d [72,73]. It was later shown
that the lower critical dimension of the random field Ising
model is not three (as would be expected from such a
correspondence) but rather two [74]. The upper critical
dimension is six. Here, we look at the scaling behavior

0.35
0.30 F A ]

0.25 / 1

0.20 1

/ \ j

~
0.05 | — 1

0.15|

X/ Xscaling

0.10

0.00 £

-20 0 20 40 60 80
t Z‘scalmg

~40

FIG. 3. Scaling collapse for the susceptibility using the
scaling form given by a different choice of normal form derived
from Eq. (36). Simulations are done on a 4D lattice using
a Wolff algorithm for lattice sizes ranging from L =4
to L =32. Here, Xscaling = Lz[(W(yLl/D)]l/z and tscaling =
L= (W(yLYP)) /5 /(1) (Dug))' exp(1/BW(yLIP)).  with
y = 1/(Dug)e'/P®). We find uy = 0.5 for the 4D nearest-
neighbor hypercubic lattice using this method.
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of the random field Ising model at its lower critical
dimension, d = 2.
Consider a spin system with a random field.

H= —ZJSiSj + Zhis,-, (38)
(if) i

where J is the nearest-neighbor coupling and /#; is a random
field chosen from a Gaussian distribution with width r.
A phenomenological theory for the RG was formulated by
Bray and Moore [55]. It turns out to be useful to define a
quantity w = r/J. Then, using heuristic arguments on the
stability of domain walls, they derive

dw 3

7= €/2w + Aw”, (39)
with € = d — 2, and d is the dimension. Note that the flow
equations have a symmetry under w — —w because the
physics is invariant under » — —r about the critical point at
r = 0. This is an example of a pitchfork bifurcation. Bray
and Moore argue for this scaling form by looking at the
scaling of r and J separately. The scaling of J is given by
looking at the energy of a domain wall of size b¥. The
energy of the domain wall is proportional to b%~!. By
considering the cost of roughening the domain wall
because of the presence of random fields, which goes as
r?, they are able to derive the next term in the equation
for J, which is now

% = (d - 1)J + Dw*J + O(w?). (40)
For the random field r, the energy of a region of size b? is
proportional to b%2. Any corrections require forming a
domain of “wrong spins” which, being akin to a barrier
crossing problem, is exponentially suppressed. Hence the
equation for r is given by

dr d
a_ < 41
e 2" (41)

with exponentially small corrections. These two equations
together can be used to derive Eq. (39). Bray and Moore
conjecture that Eq. (41) holds exactly to all orders in w (up
to exponential corrections). However, it is possible for
Eq. (40) to have higher-order terms in w and thus Eq. (39)
is only correct to order w”. Integrating Eq. (39), we get
£ ~—=1/(2Aw?) + 1/(2Aw3). This implies that the corre-
lation length is

En el/(ZAwé)' (42)

For finite-size systems, the system size L~exp(1/(2Aw3)).
Meinke and Middleton [27] showed that their finite-size

data were much better fit by a function of the form

Wy Y exp(C/ w3), where C is a constant they fit to
(C = Ay in their notation) and y = 1.07. We show that
this prediction is consistent with the results of normal form
theory.

As we have already argued, there is no reason Eq. (39) is
true to all orders in w. Indeed, the normal form prediction
for the flow equations can be derived in a straightforward
way. Consider adding a term A,w" to Eq. (39) at ¢ = 0.
This is a resonance and cannot be removed usually under
normal form theory. Suppose we make a change of
coordinates w = W + a,w" 2. Then, to order O(W"), we get

.
=2 = AW + [34a, - Aay(n = 2) + 4,0 + O ).

(43)

We can set the coefficient of W' =0 if we use
a, =A,/[(n—5)A]. This procedure fails for n =5 but
works for all n > 5. [75] Hence, the normal form of the
equilibrium RFIM is given by

dw
~3 ~5

— =w — Dw". 44
17 (44)
As before, we have used the freedom to rescale w to set the
coefficient of the w* term to 1.

The solution of this equation gives us an expression for
the correlation length:

E~ (1/w? = D)P/2e!/w, (45)

This scaling form could explain the data in Meinke and
Middleton with D as a fit parameter. Note that for this to
work, D must be positive. However, this solution has the
strange property that the correlation length goes to 0 for
w? = 1/D. If w? > 1/D, w*(l) decreases until it reaches
1/D. If w* < 1/D, it increases until it reaches 1/D. As in
the 4D Ising model, it may be more useful to consider
instead the flow equation:

dw W
—_—=—. 46
d¢ 1+ Dw? (46)
This gives the scaling form
En~ el/(zwz)(WZ)—D/z_ (47)

This is exactly consistent with the scaling form Meinke and
Middleton use to collapse their data. Their data would
predict the universal value for D = 2.14 [76]. Any system
in the same universality class should see a value of D
consistent with this value. However, different values of D
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would correspond to different universality families within
the same class. We now turn to discussing the XY model
before returning to the Ising model in dimensions three,
two, and one.

C. 2D XY model

The 2D XY model is a remarkable system for several
reasons. It was the site of recently celebrated insight into
the connection between ground-state topology and phase
transitions [77]. Thermodynamic quantities have essential
singularities at its phase transition, not ordinary power
laws, and their derivatives remain continuous to arbitrary
order, making its phase transition infinite order [48,78,79].
This is related the fact that its RG flow equations are
inherently nonlinear: they have no relevant and two
marginal state variables, and the procedure laid out by
Eq. (11) for removing higher-order terms from the flow
equations contributes nothing to their simplification.

The XY model is usually posed as ferromagnetically
interacting planar spins. Its partition function is exactly
equivalent to the product of a trivial Gaussian model—
corresponding to spin wave d.o.f.—with a neutral Coulomb
gas—corresponding to the interaction of spin vortices [80].
The latter component contains the interesting critical
behavior, which is characterized by these vortices going
through an unbinding transition. The flow equations for a
Coulomb gas in dimension d are given by

1
dK/dl:—K(ZKy2+d—2>+..., (48)

dy/dl=—-y(K—-d)+---, (49)
where K ~ T~! and y is the fugacity of the vortices [57],
which for an XY model is a function of temperature and
cannot be tuned independently but is a free parameter in
other equivalent models, e.g., the Coulomb gas itself. For
d > 2 there is no phase transition in this system, and for
d < 2 anontrivial unstable fixed point appears and there is
a phase transition in the hyperbolic universality family. It is
worth noting that these flow equations do not describe the
XY model for any dimension besides d = 2; two is the
upper critical dimension of the Coulomb gas and these flow
equations, while it is the lower critical dimension for the
XY model. At d = 2 the flow equations undergo a novel
bifurcation: there appears a line of stable fixed points at
y = 0forall K > 2, terminating at K = 2. This termination
is the Berezinskii-Kosterlitz-Thouless (BKT) critical point.
The flow equation near this point with x = K — 2 is

dx/dl = —y* + - -, (50)

dy/dl = —xy +---. (51)

These flow equations are zero to linear order and have zero
Jacobian at the fixed point.

In principle, arbitrary higher-order terms in these equa-
tions exist, but there are several constraints on their form.
There is a symmetry y — —y in the partition function
arising from the neutrality condition—y enters the partition

function in factors of y‘zr”% for »,n, = 0—which
implies that dx/dl be even in y and dy/dl be odd.
In addition, when the fugacity is zero, the model is trivial
and x cannot flow, meaning that dx/dl must only have
terms proportional to y. Having applied these constraints,
the simplest normal form has been proven by induction
in polynomial order (Appendix A of Ref. [30]) to take
the form

di/dl = —3% — byXy? — b\ B35 + - - (52)
= =9 [1 + (%)), (53)
dy/dl = %5 . (54)

For the BKT point in the sine-Gordon model, which is
thought to display to the same universality as the XY
model, it is known that by = 3/2 [30,81]. An infinite
number of coefficients remain, represented here in the form
of the Taylor coefficients of an analytic function f(x?).
These numbers are universal in the sense that there is no
redefinition of ¥ and ¥ such that the flow equations take on
the form above and contain different coefficient values.
Unlike those in the previous sections, this bifurcation does
not have a named classification to the best of our
knowledge.

A constant of the RG flow can be found by integrating
these forms. First, dividing Eq. (54) by Eq. (53) (and
dropping the tildes), we find

dy ,dx X

A — 55
dl / dl  y[1+xf(x%)] (55)
which separates into
dy X dx
= 56
YAl T 1+ xf () di (56)

Integrating both sides and choosing /, such that x(y) = 0,
we find

1 y(h) L dy
3002 =5y = [yay= [yGar (57
v(lo) ly
l X dx x(1) X
/lolerf(xz) dl /0 1+ xf(x?) * (58)
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It follows that

o =y =2 [ s (59)

= Y02 =30 + 2 box() — b (60)

o

+Z (B3 + by)x(1)° + O(x(1)%) (61)

is a constant of the flow. The expansion of the integral can
be taken to arbitrary order with ordinary computer algebra
software. The finite-size behavior of the flow is rather
complicated and does not yield closed-form results; details
can be found in Ref. [30].

The XY model and other infinite-order transitions are
usually characterized by the anomalous exponent ¢ para-
metrizing the essential singularity in the correlation length,

En et (62)

which for the BKT transition is ¢ = 1/2 [48]. Conformal
field theory predicts the presence of infinitely many models
with this anomalous exponent [82]. The value of ¢ been
shown to be fixed by the quadratic-order truncation of the
system’s flow equation, independent of any higher-order
terms [83]. There are six possible quadratic-order terms in
flow equations with two variables. Of these, two can be
removed by linear transformations of the two variables.
Two more can be set to 1 by rescaling the variables. Hence,
there are two parameters at quadratic order which deter-
mine the universality family that the system belongs to, and
infinite number of subsequent terms which determine the
universality class. Giving a full classification of possibil-
ities is beyond the scope of this paper, but we give some
examples below.

For instance, when the requirement of symmetry under
y — —y is lifted, the flow equations can no longer be
brought to the form Eqs. (53) and (54); though the simplest
form that results is not yet known, it is certainly different
from the symmetric case, a fact that can be found by simply
trying to eliminate the nonsymmetric cubic terms. In such a
case the codimension of the bifurcation would likely be
different, corresponding to the fact that no a priori reason
exists for the vanishing of the term linear in y in dx/dl.
Such linear terms would change the universality family.
Among the infinite collection of BKT-like conformal
theories—including the many physical models identified
as having a BKT-like transition because their behavior
resembles Eq. (62) like percolation in grown networks
[58,59]—there may already be examples of models with
o =1/2 but belonging to another universality class.

It could also be the case that all BKT-like transitions are
in fact members of the same universality family and class.

Other universality classes and families definitely do exist,
characterized by novel values for 6. The level-1 SU(N)
Wess-Zumino-Witten model has been found to be charac-
terized by 6 =N/(N +2) [84]. Dislocated-mediated melt-
ing alone has produced a melange of anomalous exponents,
with 6 = 1/2, 6 = 2/5, and 6 = 0.36963... depending on
precise specification of the model and the lattice geometry
[85,86]. Topological transitions in systems whose vortices
are non-Abelian produce several series of ¢ values depen-
dent on particular symmetry [87]. Each value of ¢ indicates
either a different universality family or merely a different
class within the same family depending on how it affects the
terms at quadratic order. A classification of possible bifur-
cations and corresponding simplest normal forms is in order
for flow equations whose leading order is quadratic, and
whose expansions are constrained or not by various sym-
metries. This would be the first step in developing tech-
niques for distinguishing between universality classes and
families of this type using experimental or simulation data.

D. 3D Ising model

We will now see the structure of the fixed points in the
Ising model, summarized in Fig. 4, in dimensions other
than 4. There is a sense in which the Ising model is simplest
in three dimensions because it is part of the hyperbolic
universality family. It is also the first natural application of
the ¢ expansion. The transcritical bifurcation at four
dimensions leads to an exchange of stabilities of the
Gaussian fixed point and the Wilson-Fisher fixed point

e

du

— 2 3
2 s
= o 42 —27/2541/3
a 0062,) M ~ Y20 (2t )
o
D]
Na
- 2/t
&) fre
o'
Transcritical
dt  t?
| a=—5 | | |
1 2 3 4
Dimension

FIG. 4. Fixed points as a function of dimension in the Ising
model. There is a transcritical bifurcation in both four and one
dimensions, leading to W functions and exponential correlation
lengths, respectively. The fixed point in 3D is hyperbolic and the
flow can be linearized. The fixed point in 2D has a resonance
which leads to a logarithmic specific heat. The challenge is to find
a scaling form which interpolates between dimensions giving the
correct behavior in all of these dimensions.
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at a nonzero value of u = u*. About this Wilson-Fisher
fixed point, the flow equations of the 3D Ising model are in
the hyperbolic universality class with linear coefficients
which define the Ising universality class.

However, another approach is to consider the scaling
form as a function of the dimension € in a way that is well
defined even at € = 0. Doing this naturally requires us to
keep nonlinear terms in the equation because we already
know that the 4D Ising model has nonlinear terms in its
flow equations.

We want to write the flow equations about the 3D fixed
point but keep the nonlinear terms required for the scaling
form to have the correct limiting behavior in 2D and in 4D.
We can write the normal form of the flow equations as

di/dt = 2,7 — Aiif, (63)
dii/dt = A,ii — ii* + Dii®, (64)
df/d¢ = df — 7, (65)
dh/dt = i,h. (66)

We have included the nonlinear terms in u required for
the correct scaling behavior and the resonance between
the temperature and the free energy. As usual, we switch
notation to ¢, h, and u with the understanding that they are
different from the normal form variables by analytic
corrections. Let us look at the scaling variable formed
with ¢ and u# which can be obtained by solving

di
di
The solution of this equation gives the scaling variable,

(Ad = Aii 7)) (A, — ii> + D). (67)

[(u)—ﬂr/Duluz (u - ul)—(ﬂr—Aul)/Dﬂl(ul—uz)

X (0 — uy) PuAum) /Do)t — congt, (68)
where u; and u, are the two nonzero roots of the
denominator on the rhs of Eq. (67), which to first order
in 4, are given by u; = 4, and u, = 1/D — ,,. The form of
the scaling variable is interesting; it is essentially given by a
product of the linearized scaling variables at the three fixed
points that the equation has. Taking the limit ¢ — 0, we get

te™2/"y?P=A(1 — Du)A~?P = const, (69)
which is the right scaling variable in 4D. We have not yet
been able to obtain an analytical form for the scaling
variable involving ¢ and &. This is because the equation for
u(l) does not seem to have a closed-form solution here
(unlike the 4D case). Nevertheless, we are motivated by
an attempt to create scaling variables which interpolate

between different dimensions and have the correct scaling
behavior in many dimensions going down from four to one.
Once the full scaling variables are written down, a first
test would be to see if these scaling variables do better
collapsing the numerical data in 3D.

E. 1D Ising model

The 1D Ising model is somewhat different because it is
the lower critical dimension and does not have a phase
transition. The 1D Ising model has an exact solution which
can be obtained by using transfer matrices. The partition
function can be written as the trace of a transfer matrix 7V,
where N is the number of spins in the system. The matrix
T ;; = e P55 Coarse graining here can be done by a
well-defined procedure; the coarse-grained transfer matrix
is defined as 7 = 7%, where b is the coarse-graining length
scale. Defining # = log b and expanding for b close to 1,
we can get flow equations for the temperature 7

dTr T? 2 1
7y sinh <T) log [tanh <T> } .

This is different from the flow equations we have consid-
ered so far because of the presence of nonanalytic terms in
the flow. The nonanalytic term which multiplies the 72 term
is =—1 at T=0. So, this equation corresponds to a
transcritical bifurcation,

(70)

dr T?
=4, 71
e 2 + (71)
where the additional terms are nonanalytic at 7 = 0. This
can be used to derive a correlation length y ~ exp(2/T). To
interpret the flow further, consider the change of coordi-
nates k = exp(—2/T). In these variables, the flow is

dx 5 1 -«
= — 1)1 .
d¢ (i )0g<1<+1)

Evidently, the flow is analytic in this variable. Solving the
full flow Eq. (70) gives y ~ —1/[logtanh(1/T)].

For nonzero e, this argument is usually extended in what
is called a Migdal-Kadanoff procedure for doing RG
[88,89]. The flow equations are identical except for the
presence of a —eT term which serves as the bifurcation
parameter. The 1 + e expansion can be summed completely
because the flow equation is known to all orders. It does not
yield very accurate critical exponents though it gives the
exact value of the critical temperature in 2D (because it
respects duality symmetry). Several people have improved
the expansion [90,91].

The presence of nonanalytic terms in the flow equations
complicates the application of normal form theory. We will

(72)
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come back to it when discussing Legendre transform of
flow equations.

F. 2D Ising model

The 2D Ising model is a particularly nice example
because it has an exact solution in the absence of a
magnetic field. All predictions then can be compared to
the exact solution. Surprisingly, despite the known exact
solution, the scaling behavior of the 2D Ising model is still
not completely understood. A full discussion of the 2D
Ising model will be given in separate work [53]. Here, we
give a brief summary of the issues involved.

The only variable required to describe the 2D Ising
model in the absence of a field is the temperature . The
linear eigenvalues of the free energy and the temperature
are 2 and 1, respectively. The normal form of the flow
equations can be written as

df

Y _»
de

-7, (73)

~

di .
27 4
27! (74)

We have used the fact that the only term which cannot be
removed by traditional normal form analysis is the reso-
nance #>. In fact, it cannot be removed by any analytic
change of variables. We have also used the freedom to
rescale ¢ to set the coefficient of the resonance equal to —1
[92]. The solution to this can be written as 7 = 7ye’ and the
free energy

Fio, ) = e F(i0e") ~ Bt 75)
Coarse graining until 7(£) = 1 or [ = —log(7,), we get

F(@o) = {F(1) + T log . (76)

Now, the normal form variable 7, is some analytic
function of the physical variable 7,. It is linear to first
order in #,. Hence, we can write it as 7y = ty[1 + c(#y)],
where ¢ is some analytic function. Then, we can expand

F(to) = i5[1+ e (1) £ (1) + 15[1 + e(10) [P log 101 + ¢ (1)),
(77)

= B[1+ c(to)2£ (1) + 21 + c(t)]* log[1 + c(ty)]
+ 131 + ¢(19)]* log to, (78)

= a(ty) + b(ty) log 1o, (79)

where both a(7y) and b(t,) are some analytic functions of
to. Meanwhile, any change of coordinates which adds an
analytic function of #, to f can be absorbed in the

definition of a(#y). Hence, we can write the final most
general form of the free energy of the 2D Ising model as
f=al(ty) + b(ty) log ty. Indeed, the exact solution of the
2D Ising model can be written in this form [93].

While the basic solution of the 2D Ising model is simple,
some challenges still remain. The scaling form in the
presence of other variables (like the magnetic field and
other irrelevant variables), which has so far only been
conjectured [52,93], naturally follows from an application
of normal form theory. It is given simply by including other
variables in the argument of the free energy in Eq. (75)
before coarse graining until 7(¢) = 1. Irrelevant variables are
the source of singular corrections to scaling. An interesting
unresolved issue is the presence of higher powers of
logarithms in the susceptibility which are not found in the
free energy [94,95]. This is usually attributed to the presence
of irrelevant variables. Here it is possible to show that the
irrelevant variables which are derived from conformal field
theory [93] would in fact lead to higher powers of logarithms
in the free energy which are not observed. Hence, they
cannot explain the higher powers of logarithms in the
susceptibility. It is possible that there are other irrelevant
variables in the 2D square lattice nearest-neighbor Ising
model with a field which are not predicted by conformal
field theory but can capture the higher powers of logarithms
in the susceptibility, as they turn on with a field.

The logarithm due to the resonance in the 2D Ising
model is most apparent in the specific heat. It is easy to
derive the flow equation for the inverse specific heat which
has the form

dac!
d¢

=202, (80)

and has a transcritical bifurcation in two dimensions. This
raises a question: is it legitimate to talk about a bifurcation
in two dimensions for the Ising model if it happens in the
space of results rather than in the space of control variables?
Intriguingly, though perhaps unrelated, a bifurcation has
been observed in two dimensions using methods of
conformal bootstrap [96,97]. In thermodynamics, a natural
framework which interchanges between results and control
parameters is given by Legendre transforms. However, the
flow equations for the Legendre transformed coordinates
generically have nonanalyticities in them. We suspect that
the variable ¢, h are uniquely specified as the correct
variables for the RG. It is possible that it is more natural to
consider removing d.o.f. in the canonical ensemble
(t and f) than in a microcanonical one (E and S) [98].
A fuller discussion will be given in forthcoming work [53].

VI. CONCLUSION

We have shown how normal form theory leads to a
systematic procedure for handling the singularity in RG
flows. The concept of universality families broadens the
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notion of a universality class and we have elucidated it with
several different examples. We have focused on getting a
precise handle on the singularity at the critical point.
However, normal form theory also gives an elegant way
to fit corrections to scaling. Interestingly, even the scaling
of the 2D Ising model which has an exact solution has some
unresolved mysteries which we are exploring. It is possible
that interpolating between dimensions in a way that
captures the correct singularities can improve scaling
collapses in all dimensions. Finally, we are exploring the
application of our methods to systems like jamming in 2D
[37], where logarithmic corrections are observed but no
renormalization group theory is available. In general, we
expect this fruitful confluence of dynamical systems theory,
and the renormalization group will not only clarify and
illuminate previously known technical calculations, but
will also facilitate quantitative analysis of experimental and
theoretical systems farther from their critical points and
before the underlying field theory is well understood.

ACKNOWLEDGMENTS

We thank Tom Lubensky, Andrea Liu, John
Guckenheimer, Randall Kamien, and Cameron Duncan for
useful conversations. A.R., C.B.C., L. X.H., J.P.K-D.,
D.B.L., and J.P.S. were supported by the National
Science Foundation through Grant No. NSF DMR-
1719490. L.X.H. was supported by a fellowship from
Cornell University. D.Z.R. was supported by the Bethe/
KIC Fellowship and the National Science Foundation through
Grant No. NSF DMR-13080809.

[1] B.B. Machta, S.L. Veatch, and J.P. Sethna, Critical
Casimir Forces in Cellular Membranes, Phys. Rev. Lett.
109, 138101 (2012).

[2] L. Canet, B. Delamotte, and N. Wschebor, Fully Developed
Isotropic Turbulence: Nonperturbative Renormalization
Group Formalism and Fixed-Point Solution, Phys. Rev.
E 93, 063101 (2016).

[3] A. Shekhawat, S. Zapperi, and J. P. Sethna, From Damage
Percolation to Crack Nucleation through Finite Size Criti-
cality, Phys. Rev. Lett. 110, 185505 (2013).

[4] Y.S. Chen, W. Choi, S. Papanikolaou, M. Bierbaum, and
J.P. Sethna, Scaling Theory of Continuum Dislocation
Dynamics in Three Dimensions: Self-Organized Fractal
Pattern Formation, Int. J. Plast. 46, 94 (2013).

[5] E. Ising, Beitrag zur Theorie des Ferromagnetismus, Z.
Phys. A 31, 253 (1925);[, A Contribution to the Theory of
Ferromagnetism, Phys. Rev. 26, 274 (1925)].10.1103/Phys-
Rev.26.274

[6] J. Salas, Exact Finite-Size-Scaling Corrections to the
Critical Two-Dimensional Ising Model on a Torus: IL
Triangular and Hexagonal Lattices, J. Phys. A 35, 1833
(2002).

[7] A.1. Larkin and D.E. Khmel’nitskii, Phase Transition
in Uniaxial Ferroelectrics, World Scientific Series in

20th  Century Physics (World Scientific,
1995), Vol. 11, pp. 43-48.

[8] F.J. Wegner and E. K. Riedel, Logarithmic Corrections to
the Molecular-Field Behavior of Critical and Tricritical
Systems, Phys. Rev. B 7, 248 (1973).

[9] J. M. Kosterlitz and D. J. Thouless, Ordering, Metastability
and Phase Transitions in Two-Dimensional Systems,
J. Phys. C 6, 1181 (1973).

[10] H. W. Diehl and E. Eisenriegler, Walks, Polymers, and
Other Tricritical Systems in the Presence of Walls or
Surfaces, Europhys. Lett. 4, 709 (1987).

[11] E. Eisenriegler and H. W. Diehl, Surface Critical Behavior
of Tricritical Systems, Phys. Rev. B 37, 5257 (1988).

[12] D. Dantchev, H. W. Diehl, and D. Griineberg, Excess Free
Energy and Casimir Forces in Systems with Long-Range
Interactions of van der Waals Type: General Consider-
ations and Exact Spherical-Model Results, Phys. Rev. E 73,
016131 (2006).

[13] B. Ahrens and A.K. Hartmann, Critical Behavior of the
Random-Field Ising Model At and Beyond the Upper
Critical Dimension, Phys. Rev. B 83, 014205 (2011).

[14] H. W. Diehl, D. Grneberg, M. Hasenbusch, A. Hucht,
S. B. Rutkevich, and F. M. Schmidt, Exact Thermodynamic
Casimir Forces for an Interacting Three-Dimensional
Model System in Film Geometry with Free Surfaces, Euro-
phys. Lett. 100, 10004 (2012).

[15] H. W. Diehl, D. Griineberg, M. Hasenbusch, A. Hucht, S. B.
Rutkevich, and F. M. Schmidt, Large-n Approach to
Thermodynamic Casimir Effects in Slabs with Free Surfa-
ces, Phys. Rev. E 89, 062123 (2014).

[16] J. Salas and A.D. Sokal, Logarithmic Corrections and
Finite-Size Scaling in the Two-Dimensional 4-State Potts
Model, J. Stat. Phys. 88, 567 (1997).

[17] L. N. Shchur, B. Berche, and P. Butera, Numerical Revision
of the Universal Amplitude Ratios for the Two-Dimensional
4-State Potts Model, Nucl. Phys. B811, 491 (2009).

[18] B. Berche, P. Butera, and L.N. Shchur, The Two-
Dimensional 4-State Potts Model in a Magnetic Field,
J. Phys. A 46, 095001 (2013).

[19] O. Stenull and H.-K. Janssen, Logarithmic Corrections
to Scaling in Critical Percolation and Random Resistor
Networks, Phys. Rev. E 68, 036129 (2003).

[20] J. Murdock, Normal Forms and Unfoldings for Local
Dynamical Systems (Springer Science & Business Media,
New York, 2006).

[21] S. Wiggins, Introduction to Applied Nonlinear Dynamical
Systems and Chaos (Springer Science & Business Media,
New York, 2003), Vol. 2.

[22] G. Toulouse and M. Kléman, Principles of a Classification
of Defects in Ordered Media, J. Phys. (Paris), Lett. 37, 149
(1976).

[23] D. Rogula, Large Deformations of Crystals, Homotopy, and
Defects, in Proceedings of the Symposium on Trends in
Applications of Pure Mathematics to Mechanics, Lecce,
Italy, 1975 (Pitman Publishing, Ltd., London, 1976),
pp. 311-331.

[24] N.D. Mermin, The Topological Theory of Defects in
Ordered Media, Rev. Mod. Phys. 51, 591 (1979).

[25] P.M. Goldbart and R. D. Kamien, Tying It All Together,
Phys. Today 72, No. 2, 46 (2019).

Singapore,

021014-15


https://doi.org/10.1103/PhysRevLett.109.138101
https://doi.org/10.1103/PhysRevLett.109.138101
https://doi.org/10.1103/PhysRevE.93.063101
https://doi.org/10.1103/PhysRevE.93.063101
https://doi.org/10.1103/PhysRevLett.110.185505
https://doi.org/10.1016/j.ijplas.2013.02.011
https://doi.org/10.1016/j.ijplas.2013.02.011
https://doi.org/10.1088/0305-4470/35/8/304
https://doi.org/10.1088/0305-4470/35/8/304
https://doi.org/10.1103/PhysRevB.7.248
https://doi.org/10.1088/0022-3719/6/7/010
https://doi.org/10.1209/0295-5075/4/6/012
https://doi.org/10.1103/PhysRevB.37.5257
https://doi.org/10.1103/PhysRevE.73.016131
https://doi.org/10.1103/PhysRevE.73.016131
https://doi.org/10.1103/PhysRevB.83.014205
https://doi.org/10.1209/0295-5075/100/10004
https://doi.org/10.1209/0295-5075/100/10004
https://doi.org/10.1103/PhysRevE.89.062123
https://doi.org/10.1023/B:JOSS.0000015164.98296.85
https://doi.org/10.1016/j.nuclphysb.2008.10.024
https://doi.org/10.1088/1751-8113/46/9/095001
https://doi.org/10.1103/PhysRevE.68.036129
https://doi.org/10.1051/jphyslet:01976003706014900
https://doi.org/10.1051/jphyslet:01976003706014900
https://doi.org/10.1103/RevModPhys.51.591
https://doi.org/10.1063/PT.3.4139

ARCHISHMAN RAIJU et al.

PHYS. REV. X 9, 021014 (2019)

[26] F.J. Wegner, Corrections to Scaling Laws, Phys. Rev. B 5,
4529 (1972).

[27] J.H. Meinke and A.A. Middleton, Linking Physics and
Algorithms in the Random-Field Ising Model, arXiv:cond-
mat/0502471.

[28] H. Sonoda, Solving Renormalization Group Equations with
the Lambert W Function, Phys. Rev. D 87, 085023 (2013).

[29] B. A. Magradze, An Analytic Approach to Perturbative
QCD, Int. J. Mod. Phys. A 15, 2715 (2000).

[30] A. Pelissetto and E. Vicari, Renormalization-Group Flow
and Asymptotic Behaviors at the Berezinskii-Kosterlitz-
Thouless Transitions, Phys. Rev. E 87, 032105 (2013).

[31] M. Barma and M. E. Fisher, Corrections to Scaling and
Crossover in Two-Dimensional Ising and Scalar-Spin
Systems, Phys. Rev. Lett. 53, 1935 (1984).

[32] M. Barma and M. E. Fisher, Two-Dimensional Ising-like
Systems. Corrections to Scaling in the Klauder and Double-
Gaussian Models, Phys. Rev. B 31, 5954 (1985).

[33] M. Hasenbusch, F. P. Toldin, A. Pelissetto, and E. Vicari,
Universal Dependence on Disorder of Two-Dimensional
Randomly Diluted and Random-Bond +j Ising Models,
Phys. Rev. E 78, 011110 (2008).

[34] L. Hayden, A. Raju, and J. P. Sethna, Nonlinear Scaling
Theory of the Two-Dimensional Non-Equilibrium Random-
Field Ising Model (to be published).

[35] D.R. Nelson, Liquids and Glasses in Spaces of Incom-
mensurate Curvature, Phys. Rev. Lett. 50, 982 (1983).

[36] A. Raju and J. P. Sethna, Reexamining the Renormalization
Group: Period Doubling Onset of Chaos, arXiv:1807
.09517.

[37] C.P. Goodrich, S. Dagois-Bohy, B. P. Tighe, M. van Hecke,
A.J. Liu, and S.R. Nagel, Jamming in Finite Systems:
Stability, Anisotropy, Fluctuations, and Scaling, Phys. Rev.
E 90, 022138 (2014).

[38] R.E. L. DeVille, A. Harkin, M. Holzer, K. Josi¢, and T.J.
Kaper, Analysis of a Renormalization Group Method and
Normal Form Theory for Perturbed Ordinary Differential
Equations, Physica (Amsterdam) 237D, 1029 (2008).

[39] S.-I. Ei, K. Fujii, and T. Kunihiro, Renormalization-Group
Method for Reduction of Evolution Equations; Invariant
Manifolds and Envelopes, Ann. Phys. (N.Y.) 280, 236
(2000).

[40] M. Ziane, On a Certain Renormalization Group Method,
J. Math. Phys. (N.Y.) 41, 3290 (2000).

[41] H. Poincaré, Les Nouvelles Méthodes de la Mécanique
Céleste (Gauthier-Villars, Paris, 1899), Vols. I-III.

[42] A. Chenciner, Poincaré and the Three-Body Proble, in
Henri Poincaré, 1912-2012 (Springer, New York, 2015),
pp- 51-149.

[43] J. Cardy, Scaling and Renormalization in Statistical Physics
(Cambridge University Press, Cambridge, England, 1996),
Vol. 5.

[44] J. Murdock, Hypernormal Form Theory: Foundations and
Algorithms, J. Differ. Equations 205, 424 (2004).

[45] P. Yuand A. Y. T. Leung, The Simplest Normal Form and Its
Application to Bifurcation Control, Chaos, Solitons Fractals
33, 845 (2007).

[46] P. Yu Computation of the Simplest Normal Forms with
Perturbation Parameters Based on Lie Transform and
Rescaling, J. Comput. Appl. Math. 144, 359 (2002).

[47] J. Guckenheimer and P. J. Holmes, Nonlinear Oscillations,
Dynamical Systems, and Bifurcations of Vector Fields
(Springer Science & Business Media, New York,2013,
Vol. 42.

[48] J.M. Kosterlitz, The Critical Properties of the Two-
Dimensional XY Model, J. Phys. C 7, 1046 (1974).

[49] P. Charbonneau and S. Yaida, Nontrivial Critical Fixed
Point for Replica-Symmetry-Breaking Transitions, Phys.
Rev. Lett. 118, 215701 (2017).

[50] P. Charbonneau, Y. Hu, A. Raju, J. P. Sethna, and S. Yaida,
Morphology of Renormalization-Group Flow for the de
Almeida-Thouless-Gardner Universality Class, Phys. Rev.
E 99, 022132 (2019)..

[51] A. Aharony and M.E. Fisher, Universality in Analytic
Corrections to Scaling for Planar Ising Models, Phys.
Rev. Lett. 45, 679 (1980).

[52] A. Aharony and M. E. Fisher, Nonlinear Scaling Fields and
Corrections to Scaling Near Criticality, Phys. Rev. B 27,
4394 (1983).

[53] C. Clement, A. Raju, and J. P. Sethna, Normal Form of the
Two-Dimensional Ising Model Renormalization Group
Flows (to be published).

[54] O. Perkovic, K. Dahmen, and J.P. Sethna, Avalanches,
Barkhausen Noise, and Plain Old Citicality, Phys. Rev. Lett.
75, 4528 (1995).

[55] A.J.Bray and M. A. Moore, Scaling Theory of the Random-
Field Ising Model, J. Phys. C 18, 1L.927 (1985).

[56] We have not studied any example of a saddle node
bifurcation which would require a transition from a critical
point to no critical point.

[57] J. M. Kosterlitz, The d-Dimensional Coulomb Gas and the
Roughening Transition, J. Phys. C 10, 3753 (1977).

[58] D.S. Callaway, J. E. Hopcroft, J. M. Kleinberg, M. E. J.
Newman, and S. H. Strogatz, Are Randomly Grown Graphs
Really Random?, Phys. Rev. E 64, 041902 (2001).

[59] S.N. Dorogovtsev, J. F. F. Mendes, and A.N. Samukhin,
Anomalous Percolation Properties of Growing Networks,
Phys. Rev. E 64, 066110 (2001).

[60] A correlation length y~? from Table I defined in terms of the
marginal variable in both cases diverges exponentially;
in terms of the temperature, the correlation length is a
power law.

[61] The minus sign on w and ¢ for the 1D Ising model and the
NERFIM is because w and ¢ are marginally relevant whereas
u is marginally irrelevant for the 4D Ising model.

[62] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevX.9.021014 for details on
how to solve Egs. (30) and (31).

[63] K. G. Wilson and J. Kogut, The Renormalization Group and
the € Expansion, Phys. Rep. 12, 75 (1974).

[64] M. Kompaniets and E. Panzer, Renormalization Group
Functions of ¢* Theory in the MS-Scheme to Six Loops,
arXiv:1606.09210.

[65] K. G. Chetyrkin, S.G. Gorishny, S.A. Larin, and F. V.
Tkachov, Five-Loop Renormalization Group Calculations
in the g¢p* Theory, Phys. Lett. B 132, 351 (1983).

[66] N. Aktekin, The Finite-Size Scaling Functions of the Four-
Dimensional Ising Model, J. Stat. Phys. 104, 1397 (2001).

[67] P.-Y. Lai and K. K. Mon, Finite-Size Scaling of the Ising
Model in Four Dimensions, Phys. Rev. B 41, 9257 (1990).

021014-16


https://doi.org/10.1103/PhysRevB.5.4529
https://doi.org/10.1103/PhysRevB.5.4529
http://arXiv.org/abs/cond-mat/0502471
http://arXiv.org/abs/cond-mat/0502471
https://doi.org/10.1103/PhysRevD.87.085023
https://doi.org/10.1142/S0217751X00001117
https://doi.org/10.1103/PhysRevE.87.032105
https://doi.org/10.1103/PhysRevLett.53.1935
https://doi.org/10.1103/PhysRevB.31.5954
https://doi.org/10.1103/PhysRevE.78.011110
https://doi.org/10.1103/PhysRevLett.50.982
http://arXiv.org/abs/1807.09517
http://arXiv.org/abs/1807.09517
https://doi.org/10.1103/PhysRevE.90.022138
https://doi.org/10.1103/PhysRevE.90.022138
https://doi.org/10.1016/j.physd.2007.12.009
https://doi.org/10.1006/aphy.1999.5989
https://doi.org/10.1006/aphy.1999.5989
https://doi.org/10.1063/1.533307
https://doi.org/10.1016/j.jde.2004.02.015
https://doi.org/10.1016/j.chaos.2005.12.051
https://doi.org/10.1016/j.chaos.2005.12.051
https://doi.org/10.1016/S0377-0427(01)00573-8
https://doi.org/10.1088/0022-3719/7/6/005
https://doi.org/10.1103/PhysRevLett.118.215701
https://doi.org/10.1103/PhysRevLett.118.215701
https://doi.org/10.1103/PhysRevE.99.022132
https://doi.org/10.1103/PhysRevE.99.022132
https://doi.org/10.1103/PhysRevLett.45.679
https://doi.org/10.1103/PhysRevLett.45.679
https://doi.org/10.1103/PhysRevB.27.4394
https://doi.org/10.1103/PhysRevB.27.4394
https://doi.org/10.1103/PhysRevLett.75.4528
https://doi.org/10.1103/PhysRevLett.75.4528
https://doi.org/10.1088/0022-3719/18/28/006
https://doi.org/10.1088/0022-3719/10/19/011
https://doi.org/10.1103/PhysRevE.64.041902
https://doi.org/10.1103/PhysRevE.64.066110
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
http://link.aps.org/supplemental/10.1103/PhysRevX.9.021014
https://doi.org/10.1016/0370-1573(74)90023-4
http://arXiv.org/abs/1606.09210
https://doi.org/10.1016/0370-2693(83)90324-6
https://doi.org/10.1023/A:1010457905088
https://doi.org/10.1103/PhysRevB.41.9257

NORMAL FORM FOR RENORMALIZATION GROUPS

PHYS. REV. X 9, 021014 (2019)

[68] I. Montvay and P. Weisz, Numerical Study of Finite Volume
Effects in the 4-Dimensional Ising Model, Nucl. Phys.
B290, 327 (1987).

[69] P.H. Lundow and K. Markstrém, Critical Behavior of the
Ising Model on the Four-Dimensional Cubic Lattice, Phys.
Rev. E 80, 031104 (2009).

[70] K. Binder, M. Nauenberg, V. Privman, and A.P. Young,
Finite-Size Tests of Hyperscaling, Phys. Rev. B 31, 1498
(1989).

[71] E.J. Wegner, Some Invariance Properties of the Renorm-
alization Group, J. Phys. C 7, 2098 (1974).

[72] G. Parisi and N. Sourlas, Random Magnetic Fields, Super-
symmetry, and Negative Dimensions, Phys. Rev. Lett. 43,
744 (1979).

[73] C. De Dominicis and 1. Giardina, Random Fields and Spin
Glasses: A Field Theory Approach (Cambridge University
Press, Cambridge, England, 2006).

[74] J.Z. Imbrie, Lower Critical Dimension of the Random-Field
Ising Model, Phys. Rev. Lett. 53, 1747 (1984).

[75] We note that we are assuming here that the coordinate
transformations respect the symmetry of the problem
w — —w. Otherwise, it is possible to remove the W° term
at the cost of introducing a w* term.

[76] Note that they also have a fit parameter which sets the scale
of the exponential. However, this parameter is not universal
since it depends on the scale of w unlike D.

[77] J.M. Kosterlitz, Nobel Lecture: Topological Defects and
Phase Transitions, Rev. Mod. Phys. 89, 040501 (2017).

[78] V. L. Berezinskii, Destroying of Long-Range Order in One-
and Two-Dimensional Systems with Continuous Group
Symmetry, 1. Classical Systems, Zh. Eksp. Teor. Fiz. 59,
907 (1970) [JETP 32, 493 (1971)].

[79] J. M. Kosterlitz and D. J. Thouless, Ordering, Metastability
and Phase Transitions in Two-Dimensional Systems,
J. Phys. C 6, 1181 (1973).

[80] H.J.F. Knops, Exact Relation between the Solid-on-Solid
Model and the XY Model, Phys. Rev. Lett. 39, 766 (1977).

[81] J. Balog, M. Niedermaier, F. Niedermayer, A. Patrascioiu,
E. Seiler, and P. Weisz, The Intrinsic Coupling in Integrable
Quantum Field Theories, Nucl. Phys. B583, 614 (2000).

[82] P. Ginsparg, Applied Conformal Field Theory, arXiv:hep-th/
9108028.

[83] C. Itoi and H. Mukaida, Renormalization Group for
Renormalization-Group Equations toward the Universality
Classification of Infinite-Order Phase Transitions, Phys.
Rev. E 60, 3688 (1999).

[84] C. Itoi and M.-H. Kato, Extended Massless Phase and the
Haldane Phase in a Spin-1 Isotropic Antiferromagnetic
Chain, Phys. Rev. B 55, 8295 (1997).

[85] D.R. Nelson and B.I. Halperin, Dislocation-Mediated
Melting in Two Dimensions, Phys. Rev. B 19, 2457 (1979).

[86] A.P. Young, Melting and the Vector Coulomb Gas in Two
Dimensions, Phys. Rev. B 19, 1855 (1979).

[87] S. A. Bulgadaev, Berezinskii-Kosterlitz-Thouless Phase
Transitions in Two-Dimensional Systems with Internal
Symmetries, J. Exp. Theor. Phys. 89, 1107 (1999).

[88] L. P. Kadanoft, Notes on Migdal’s Recursion Formulas,
Ann. Phys. (N.Y.) 100, 359 (1976).

[89] P. M. Chaikin, T. C. Lubensky, and T. A. Witten, Principles
of Condensed Matter Physics (Cambridge University Press,
Cambridge, England, 1995), Vol. 1.

[90] G. Martinelli and G. Parisi, A Systematical Improvement of
the Migdal Recursion Formula, Nucl. Phys. B180, 201
(1981).

[91] A.D. Bruce and D.J. Wallace, Droplet Theory of Low-
Dimensional Ising Models, Phys. Rev. Lett. 47, 1743 (1981).

[92] The sign is set to match the exact solution of the square
lattice nearest-neighbor Ising model.

[93] M. Caselle, M. Hasenbusch, A. Pelissetto, and E. Vicari,
Irrelevant Operators in the Two-Dimensional Ising Model,
J. Phys. A 35, 4861 (2002).

[94] W.P. Orrick, B. Nickel, A.J. Guttmann, and J. H. H. Perk,
The Susceptibility of the Square Lattice Ising Model:
New Developments, J. Stat. Phys. 102, 795 (2001).

[95] Y. Chan, A.J. Guttmann, B. G. Nickel, and J. H. H. Perk,
The Ising Susceptibility Scaling Function, J. Stat. Phys. 145,
549 (2011).

[96] J. Golden and M. F. Paulos, No Unitary Bootstrap for the
Fractal Ising Model, J. High Energy Phys. 03 (2015) 167.

[97] S. El-Showk, M. Paulos, D. Poland, S. Rychkov, D.
Simmons-Duffin, and A. Vichi, Conformal Field Theories
in Fractional Dimensions, Phys. Rev. Lett. 112, 141601
(2014).

[98] In fact, there is an interesting connection here with in-
formation geometry. It is much more natural to talk about
the Fisher information metric in the canonical ensemble. To
be able to talk about the uncertainty in a thermodynamic
quantity, one has to be able to exchange that quantity with
the environment. Otherwise, calculating the Fisher infor-
mation metric can give ill-defined answers. This is further
motivation to consider that a particular thermodynamic
ensemble may be more suitable for some purposes.

021014-17


https://doi.org/10.1016/0550-3213(87)90191-X
https://doi.org/10.1016/0550-3213(87)90191-X
https://doi.org/10.1103/PhysRevE.80.031104
https://doi.org/10.1103/PhysRevE.80.031104
https://doi.org/10.1103/PhysRevB.31.1498
https://doi.org/10.1103/PhysRevB.31.1498
https://doi.org/10.1088/0022-3719/7/12/004
https://doi.org/10.1103/PhysRevLett.43.744
https://doi.org/10.1103/PhysRevLett.43.744
https://doi.org/10.1103/PhysRevLett.53.1747
https://doi.org/10.1103/RevModPhys.89.040501
https://doi.org/10.1088/0022-3719/6/7/010
https://doi.org/10.1103/PhysRevLett.39.766
https://doi.org/10.1016/S0550-3213(00)00277-7
http://arXiv.org/abs/hep-th/9108028
http://arXiv.org/abs/hep-th/9108028
https://doi.org/10.1103/PhysRevE.60.3688
https://doi.org/10.1103/PhysRevE.60.3688
https://doi.org/10.1103/PhysRevB.55.8295
https://doi.org/10.1103/PhysRevB.19.2457
https://doi.org/10.1103/PhysRevB.19.1855
https://doi.org/10.1134/1.559059
https://doi.org/10.1016/0003-4916(76)90066-X
https://doi.org/10.1016/0550-3213(81)90415-6
https://doi.org/10.1016/0550-3213(81)90415-6
https://doi.org/10.1103/PhysRevLett.47.1743
https://doi.org/10.1088/0305-4470/35/23/305
https://doi.org/10.1023/A:1004850919647
https://doi.org/10.1007/s10955-011-0212-0
https://doi.org/10.1007/s10955-011-0212-0
https://doi.org/10.1007/JHEP03(2015)167
https://doi.org/10.1103/PhysRevLett.112.141601
https://doi.org/10.1103/PhysRevLett.112.141601

