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INTRODUCTION

Examples of thin membranes are very numerous and diverse, from amphiphilic
bilayers to polymerized sheets, biological cell membranes and atomically-thin
two-dimensional materials [1-5]. Although these systems are very different micro-
scopically, they have in common that, in a coarse-grained continuum picture, they
can be represented as two-dimensional (2D) media able to deform and fluctuate
in three-dimensional space. After the progress of renormalization, scaling, and
universality concepts in the theory of critical phenomena, the possibilty to identify
universal properties in the physics of membranes has been the focus of an intense
theoretical research. Already in the 1980s, it was realized that the structural be-
havior of 2D continuum media cannot be completely universal, because it depends
crucially on the degree of internal order, fluid, crystalline, or hexatic, of the matter
composing the system [1, 2|. Fluid layers—such as, for example, non-polymerized
lipid bilayers—were predicted to be always in a highly-entropic "crumpled phase" [1,
4, 5]. The pioneering work of Nelson and Peliti [6] has shown instead that solid
membranes, with a nonzero shear modulus, can remain macroscopically flat, even
in absence of a supporting substrate and of an applied tension, provided that
the temperature is not too large. This crucial theoretical prediction, strikingly
in contrast with a naive application of the Mermin-Wagner theorem |[7, 8|, can
be traced to a strong suppression of out-of-plane thermal fluctuations induced by
a geometric "frustration" effect: fluctuations with a nonzero Gaussian curvature
generate inevitably a nonzero shear strain and are suppressed by an energy-costly
elastic stress. As a result, for temperatures lower than a crumpling transition
temperature T, thermal fluctuations induce a random distribution of ripples, but
do not destroy the macroscopic orientational order of the system [6]. The properties
of the "flat phase", at the same time, are strikingly determined by the presence of
thermal ripples. As it was soon realized, already in the first investigations in the
field, the nonlinear mechanical effects drive the distribution of thermal fluctuations
to a strongly-interacting renormalization-group (RG) fixed point [9-12]. Similarly to
order-parameter fluctuations at a second-order phase transition [13-16], correlation
functions of elastic degrees of freedom (the long-wavelength phonon modes) exhibit
a scale-invariant distribution, controlled by universal non-integer exponents. The
scaling phenomenon translates into singular power-laws in all response functions.
For example, when the system is subject to a small externally applied stress,
the response is not linear: the stress-strain relation is governed by an anomalous
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Hooke’s law €(o) o< o® [11, 17, 18], governed by an universal noninteger exponent
a.

Following the first pioneering predictions, the anomalous elasticity of freestanding
crystalline membranes has attracted a vast research effort for more than four
decades. The picture of a scale-invariant flat phase, the existence of a RG fixed
point, and the quantitative calculation of critical exponents have been addressed by
complementary field-theoretical techniques (the e-expansion [10, 19-21], the large-
d. expansion [9, 12, 22], the self-consistent screening approximation [23-25], and
the nonperturbative renormalization group [26-28]) and by numerical simulations
(see, for example, Refs. [4, 25, 29-38]), leading, over the years, to a growing control
over theoretical predictions.

Motivated by phenomenological applications to graphene and other laboratory
realizations of crystalline membranes, numerous analyses have addressed extensions
of the theory including effects of disorder [17, 25, 39-44], a quenched preferred
metric [45, 46], long-range interactions [47, 48], elastic anisotropy [25, 49, 50],
finite-size effects [18, 51-53], fluctuating charge degrees of freedom [54, 55], and
other!.

From the experimental side, an evidence in support of the existence of the flat
phase and the corresponding scaling behavior has been reported in Ref. [56], which
analyzed scattering of light and x rays from an ensemble of spectrin networks
extracted from the membrane of red blood cells. In the context of inorganic sur-
faces and two-dimensional materials, some experiments conducted in the 1990s
explored the conformations of an ensemble of graphite oxide (GO) membranes in
suspension [57-59]. The membranes observed in Ref. [57] had sizes of the order of
microns and estimated thicknesses between 50 and 100 A. The scattering structure
facture exhibited scale invariance over an order of magnitude of length scales
(between 500 and 5000 A), but the scaling exponent could not be interpreted via
the roughness exponent expected for the flat phase. In contrast, the data were
interpreted as resulting from a collection of crumpled membranes or a polydisperse
mixture between flat and crumpled membranes. The possibility that the mem-
branes were frozen into non-equilibrium conformations was also not ruled out. The
observation of micrometer sized GO membranes in Ref. [58] indicated evidence of
a crumpled state and a transition to a more compact collapsed structure triggered
by a change of solvent concentrations. The analysis of Ref. [59], however, revisited
measurements of GO by a freeze-fracture method and found, in the non-collapsed
phase, a structure factor with an exponent more close to that expected for a flat
phase. The small interval of wavevector probed in the experiment, however, was
not sufficient to establish the presence of a flat phase in a conclusive way. Other
early-investigated crystalline membranes are for example molybdenum disulfide
(MoS3) and polymerized lipid bilayers (see Refs. [1, 4, 5] for references). In the case

1 The list of contributions in this chapter is very far from being complete.
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of partially-polymerized bilayers, the experiments in Ref. [60] provided evidence of
a low-temperature wrinkled phase, which may be induced by quenched disorder
(see also Ref. [19, 43]).

After the isolation of graphene by Geim and Novoselov in 2004, the progress in
fabricating and controlling individual atomically-thin two-dimensional crystals has
offered new opportunities to study anomalous elasticity and scaling phenomena.
Since the binding forces of a substrate and strong external stresses suppress out-of-
plane fluctuations, the critical behavior is expected to be observable in free-standing
or suspended graphene subject to a weak tension. Quantitative estimates and
numerical simulations show that a clean free-standing graphene membrane at room
temperature should exhibit the critical flat phase behavior at all scales larger than
a few nanometers [3, 38, 51, 61, 62] and for tensions smaller than tenths of N/m [17].
Experimentally, the existence of out-of-plane random deformations in suspended
graphene samples has been widely documented [63—74]. The random deformations,
in general, are not only induced by thermal fluctuations, but depending on the
sample preparation and the experiment geometry, can be induced for example by
defects, inhomogeneous stress, and boundary forces. These different effects can
give rise to distorsions with very different wavelengths and aspect ratios. Despite
these difficulties, some experiments have reported on observations of anomalous
effects. For example, Ref. [69] measured the bending rigidity of a micrometer-sized
polycrystalline graphene sample immersed in water at room temperature. The
resulting value was found to be more than 1000 times larger than the microscopic
rigidity of graphene. This strong enhancement of rigidity may be a signature
of nonlinear renormalization effects—the frustration of out-of-plane motion due
to shear elasticity. The renormalization in this case, may not be triggered by
temperature effects, but rather by large static ripples present in the sample,
evidenced by interferometric measurements. Refs. [69, 72| reported on experimental
signatures of an anomalous Hooke’s law in suspended graphene samples subject
to small stress. Evidence of strong fluctuation effects have also been identified
in Refs. [74-77|, which explored mechanical and thermodynamic properties of
suspended graphene membranes made defective by controllable ion bombardment.
The experimental reports [69, 72, 74] have indicated that interpretation of data
require an account of static ripples.

In addition to providing new experimental platforms for testing predictions,
two-dimensional materials have opened the way to atomistic numerical simulations.
This approach is made possible by the simple structure of these materials which,
in contrast with a lipid bilayer or a thick graphite oxide system, have a simple
unit cell composed of just a few atoms. Fluctuations of clean graphene samples
have been simulated by complementary techniques, from classical Monte Carlo
and molecular dynamics methods [62, 78] to quantum path approaches [36, 38]. A
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Figure 1.1: Snapshot from a molecular dynamics simulation of graphene (Courtesy of
Jan Los).

snapshot of a fluctuating graphene membrane simulated by a molecular dynamics
method is shown in Fig. 1.1.

The contributions presented in this thesis focus mostly on renormalization
group and field theory methods in disorder-free membranes. Chapter 3 presents
a calculation of the fixed point and the scaling indices at second order in the
g-expansion. At the moment in which the work was completed, the result was the
first calculation beyond leading order in €. During the last two years, analyses
developed by other authors have pushed calculations to three- [19, 20] and four-loop
orders in the expansion [21], leading to an improved quantitative control. Chapter 4
investigates a fundamental question: whether the scale invariance emerging at the
fixed point is enhanced to a full conformal invariance. The analysis is performed
to all orders in the e-expansion and is worked out considering two alternative
dimensional continuations of membrane theory. For both models, the theory is
shown to be scale-invariant but not conformal. This implies that the recently
developed bootstrap methods [79, 80| cannot be straightforwardly applied to
membrane theory. At the same time, the result sheds light in the search for general
connections between scale and conformal symmetries. Chapter 5 presents an analysis
on how quantum mechanical effects affect the low-temperature thermodynamic
of crystalline membrane. Finally, chapter 6, illustrates a theory of fluctuations in
bilayer graphene, obtained by combining a phenomenological model, an ab-initio
calculation of model parameters, and a numerical solution of Dyson equations
within the self-consistent screening approximation. All chapters have been written
by modifying and extending the text of published articles (see page 181 for a list
of publications).

In order to make the reading of the thesis more self-contained, chapter 2 provides
an introduction to the statistical mechanics of thermally-fluctuating membranes.
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This chapter provides brief introduction to the statistical mechanics of fluctuating
membranes, focused on the physics of the flat phase and, in particular, on the
effects of thermal fluctuations in homogeneous crystalline layers (without defects
and disorder). After discussing the elasticity theory of solid membranes, this
chapter introduces two crucial theoretical predictions, already derived in the first
investigations on the field: the stability of the flat state and the existence of
anomalous scaling behavior. We then review field-theoretical methods for the
description of scaling behavior and the analogies between flexible membranes and
critical phenomena. The quick introduction presented here does not attempt to
provide a complete review of the vast field of fluctuating membranes. The objective
is instead to give a summary of conceptual and methodological aspects used in the
research works of this thesis, which are presented in the succeeding chapters.

Some parts of this chapter have been derived from the article:

Achille Mauri and Mikhail I. Katsnelson, "Scale without conformal invariance in
membrane theory", Nucl. Phys. B 969, 115482 (2021); preprint: arXiv:2104.06859
(2021)


https://doi.org/10.1016/j.nuclphysb.2021.115482
https://doi.org/10.48550/arXiv.2104.06859
https://doi.org/10.48550/arXiv.2104.06859

STATISTICAL MECHANICS OF MEMBRANES

2.1 CONTINUUM ELASTICITY THEORY

In the theory of phase transition and critical phenomena, a crucial phenomenon
is the universality of scaling behavior. Systems with very different microscopic
constituents near a critical point can exhibit identical scaling properties, provided
that they have the same symmetries and dimensionality [14, 81, 82]. For example,
the behavior of an Ising ferromagnet at the Curie point is identical, when looked
upon from a sufficiently large distance, to the critical opalescence of a liquid-vapor
mixture. From a fundamental point of view, universality derives from the fact that
the scaling behavior is induced by thermal fluctuations which have a wavelength
much larger than the atomic scales. The behavior of diverse systems can be thus
analyzed in terms of similar continuum field theories, despite having very different
models at an atomistic scale.

In the theory of fluctuating membranes, similarly, it is useful to analyze a
continuum-medium description, which is simpler than a microscopic dynamical
theory, but still captures the physics of long-wavelength fluctuations [1, 3, 4, 6, 10-12,
19, 22, 25|. For a 2D solid which is able to deform into the three-dimensional space,
the natural continuum-medium model is provided by elasticity theory [1, 6, 83]. In
this framework, the kinematic description of the configurations of the membrane
can be given by introducing a continuous 2D coordinate x € R?, which acts as
a label distinguishing different infinitesimal area elements, and a 3D coordinate
r(x) specifying the location of area elements in 3D space (see Fig. 2.1). A given
function r(x) fixes a specific ’snapshot’ of the system, by assigning the coordinates
of all infinitesimal elements. Although the coordinate x on the manifold could
be chosen arbitrarily [11], for solid surfaces the crystalline structure singles out a
natural choice: the identification of x with the rest coordinates of the atoms in an
undeformed structure. With this convention, x is defined in such way that r(x) = x
when the medium assumes a planar and undeformed configuration. To describe
deformations it is then convenient to parametrize r(x) = (x4 + uq(x), h(x)), where
the Greek index a = 1,2 runs over 2D cartesian components, u,, is the component
of the displacement r(x) —x in the direction parallel to the plane, and h(x) the out-
of-plane displacement (see Fig. 2.1). According to elasticity theory, the Hamiltonian
of the deformed medium can be assumed to take the form?!:

1 2
H = Heuv + /d2$ |:ng)ﬁ1 Uarp, + c((11)ﬁ1,a2ﬁ2 UarprUase
R 2.1)

a1 B1,a2B2,a3083

+c Ualﬁan252Ua3ﬁ3 o

More exactly, H could be interpreted as a free energy functional obtained by a partial trace over
microscopic degrees of freedom at fixed h(x) and uq(x). To simplify the notation, the elastic free
energy will be referred to as a Hamiltonian since as usual the partial free energy plays the same
role of an effective Hamiltonian in the Gibbs distribution Z~! exp[—H/(kgT)] [1, 6, 84].
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bending strain energy

Figure 2.1: Schematic representation of a deformed crystalline membrane.

where
1 1
Uag = 5(80; . (951‘ — 5(1[3) = §(aalL5 + 85% + (9ah(95h + aauwaguv) (2.2)

is the strain tensor?, and H,,,, denotes contributions to the free energy involving
higher derivatives 0°r, 9°r, ... The underlying assumption is that the Hamiltonian
can be written as a local functional of strains, which is valid in absence of long-range
forces. Assuming locality, Eq. (2.1) is the most general possible form of free energy
consistent with homogeneity and isotropy of the 3D space.

The conventional choice that r(x) = x in the ’ground state’ at zero temperature
(1)

a1
@, B . in Eq. (2.1), then play the role of linear and nonlinear elastic moduli,

and encode anharmonic elasticity at arbitrarily high order. For small fluctuations
near a quasi-planar configuration, the dominant effect is due to the leading term
of second order with respect to strain, which is controlled by the coefficient ¢(2).
The matrix ¢(? must transform as an invariant tensor with respect to the discrete
symmetries of the crystal. For hexagonal lattices, this forces the elastic constants

implies that the linear coefficient ¢ must be equal to zero®. The coefficients

The Einstein summation convention is assumed throughout the thesis, and the notation 0, is
used as a short-hand for 8/0zq.

Other conventions are possible and often used in the literature (see, for example, Refs. [11, 12,
26, 41]). For example, a choice could be to define the reference point in such way that r(x) = x
at a given temperature 7. Any choice of parametrization gives the same physical results.



STATISTICAL MECHANICS OF MEMBRANES

to be actually fully isotropic under all continuous rotations* [83]. As a result, in
the Hamiltonian H = H.yv + Hg, the elastic contribution can be approximated as

1
He = 2 /dsz‘(Uaa)z + 20UaUag] - (2:3)

The coefficients A and p are, respectively, the first Lamé modulus and the shear
modulus.

For 2D membranes which are able to deform into three-dimensional space it is
essential to take into account not only the elastic energy but also a stiffness to
extrinsic curvature [1, 10]. An energy term describing resistance to curvature can
be written as [1, 10]

Heyy = g/d2$(aal’l : &xn) ) (24>

where £ is the bending rigidity and n(x) is, for each point of the membrane, the
local normal to the surface. The specific form of curvature energy is not unique.
Another form which is often considered in the literature is [22, 26]

Hiywe =5 / d%a(6%r)? . (2.5)
For small deformations, both H.u and H.,,., reduce to the same expression,
%(9%h) /2. The difference between the two terms, thus, is unimportant, at least when
the membrane is in its low-temperature "flat phase" (see Sec. 2.2), characterized
by small deformations with respect to a planar state.

When the membrane is not free but subject to an externally-imposed in-plane
tension o, the free-energy includes an additional term coupling tension with the
in-plane displacement [18, 41, 52, 85]. For small in-plane strain and within an
"isotensional ensemble" this term can be written as®

H, = —U/d2$ Ol - (2.6)

For small deformation H, can be equivalently interpreted as a coupling of the form
—o(A) — A), where A is the rest area of the membrane and A the area of the
projection of the membrane on the xy plane.

The overall energy can thus be modelled, collecting elastic, tension, and curvature
terms as

H= % /de[n((?Qr)z + A(Uaa)? + 21UapUnp — 20040 - (2.7)

See Ref. [49, 53] for theories of anisotropic crystalline membranes.
The "isotensional ensemble" is the 2D analogue of the conventional fixed-pressure, fixed-
temperature ensemble in three-dimensions: the tension is fixed and the area is allowed to fluctuate.
Most analyses in this thesis focus on membranes subject to a vanishing tension and with free
boundaries, which are expected to be captured by an isotensional ensemble with o = 0. For an
analysis of the complementary "isometric" ensemble see Ref. [18].
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An essential property of H is that, after expansion in terms of u, and h it is
nonlinear: the strain elasticity terms give rise to terms of the type du(dh)? and
(Oh)%. These nonlinearities arise even if, as in Eq. (2.7), the energy is expanded only
up to the Hookean order. The reason is that the very definition of the strain tensor
U.p, which is dictated by rotational invariance, is a nonlinear expression when
expanded in terms of u, and h. These nonlinearities of purely geometric origin are
responsible for driving some of the most important phenomena in membrane: the
stability of a flat phase and scaling behavior.

2.2 FLAT PHASE AND CRUMPLING TRANSITION

At finite temperature, the partition function Z and the thermal averages can
be computed by using the free energy (2.7) as an effective Hamiltonian in the
Gibbs probability distribution P = Z~! exp[—H/(kgT)]. The statistical mechanical
behavior of this model has been investigated extensively for more than three
decades®, and is briefly introduced in this chapter.

A crucial prediction, already derived in the first theoretical investigations [1,
6, 9, 10], is that 2D crystalline membrane can exist, even for vanishing external
tension ¢ = 0, in a thermodynamically-stable "flat phase", characterized by
an extended, macroscopically planar, state. This strikingly contrasts with one-
dimensional polymers and two-dimensional fluid membranes [1, 4, 23], which for
zero tension are always "crumpled" manifolds, even at an arbitrary low temperature
(see Fig. 2.2). The very nontrivial character of this prediction can be appreciated
by noticing the following analogy [1]. After identification of the local normal vector
n(x) with a Heisenberg spin, the bending rigidity term (d,mn)?/2 plays a role
analogue to an exchange stiffness tending to align the spins. Since for o = 0 the
membrane model is completely isotropic, we can thus make a parallelism with a
fully-symmetric Heisenberg model without an applied magnetic field. It is well
known that the Heisenberg model in two dimensions remains paramagnetic at
arbitrarily low temperature: in the thermodynamic limit, the spins are disordered
and the average magnetization in vanishing field is zero for any T' > 0 [15]. The
phase structure of membranes, instead, includes a flat phase and a crumpled phase
and thus realizes the analogues of ferromagnetic order and a paramagnetic state.

Why crystalline membranes behave so differently from the 2D Heisenberg model
can be explained by two different reasons. First, the local normal n(x) cannot
fluctuate arbitrarily as if it was a localized spin, because the condition that n(x)
is orthogonal to the surface imposes additional constraints [1, 86]. Secondly, the
out-of-plane fluctuations which tend to disorder the flat phase are suppressed not
only by the bending stiffness but also by elastic strain energy, an effect which has no

6 See, for example, Refs. [1, 3, 4, 6, 9-12, 18, 19, 22, 23, 25-28].
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(a) (b)

Figure 2.2: Qualitative structural behavior of crystalline membranes in the flat phase (a)
and in the crumpled phase (b). The arrows represent unit vectors normal to the surface.
In the flat phase, the vectors are 'ferromagnetically’ ordered, while in the crumpled phase
they are decorrelated beyond a coherence length. Membrane theory predicts that the flat
phase is stable below a finite transition temperature T.. Above T, the system behaves as
a crumpled manifold. (Figure redrawn from [4]).

analogue in the spin model. The suppression of out-of-plane modes derives from the
fact that most curved configurations must inevitably induce a local elastic strain.
If we imagine to consider a fixed profile of out-of-plane displacement, specified
by a function h(x), it is in general impossible to choose in-plane displacements
U (x) in such way that the total deformation has zero strain at each point. This
follows directly from the fact that u,(x) provides two degrees of freedom while
Uap(x) = 0 requires the solution of three constraints (one for each independent
components of the symmetric 2x2 matrix U,g) [1]. This results in a frustration of
thermal out-of-plane fluctuations and a suppression of their amplitude [1, 6]. A
mathematical basis for describing this frustration effect is provided by the Gauss’s
Theorema Egregium, which relates components of extrinsic and intrinsic curvatures.
As a consequence of the theorem, deformations for which the Gaussian curvature
K (x) = det [(n - 0,03r)] is nonzero must inevitably present a position-dependent
strain field and, thus, a nonzero elastic energy” |6, 87].

The elastic strain fields induced by out-of-plane deformations propagate at a
distance, leading to effective long-range forces. For this reason, the theory of
crystalline membranes does not fulfill the assumptions of the Mermin-Wagner
theorem [7, 8, 11, 25, 88]. Despite being two-dimensional, the membrane exhibits
at low-temperatures, extended orientational order.

To make the discussion quantitative, it is necessary to solve the statistical me-
chanical problem explicitly. As in many field-theoretical calculations, it is useful to
consider, instead of the physical case of 2D membranes in three-dimensions, the
more general problem of a D-dimensional manifold embedded in d-dimensional

For an introduction to differential geometry methods in membranes see for example Chap. 7 of
Ref. [1].
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space. The derivation of the Hamiltonian for arbitrary dimensionalities remains
almost identical to that in Sec. 2.1. The in-plane displacement field u, (x), how-
ever, becomes a D-dimensional vector and similarly all Greek indices become
D-dimensional cartesian components. The out-of-plane field h(x), which is a scalar
in the physical case, becomes promoted to a vector h(x) € R with d. = d— D com-
ponents. The free energy (2.7) remains then valid, with r(x) = (24 + (%), h(x)),
and Uaypg(x) = (Oaug + 0gua + Ouh - 9gh + 0qu,0puy) /2, where O,k - Ogh denotes

the scalar product in d.-dimensional space®.

2.3 HARMONIC APPROXIMATION

For a system with finite size in the limit of very low temperatures, the amplitudes
of fluctuations are small and the anharmonic effects are suppressed. In this case,
the theory can be well described by a harmonic approximation. In the framework of
the isotensional ensemble [18], we assume that the tension ¢ is fixed while the total
projected area of the system is free to fluctuate. The harmonic fluctuation theory is
then derived by expanding the Hamiltonian H at quadratic order near its minimum.
Explicit calculation shows that the minimum occurs at h = 0, uq (x) = (€© — 1)z,
The extension factor £(9) describes the macroscopic stretching of the membrane in
the zero-temperature limit of the model (2.7), and is fixed, for small strain, by the
zero-temperature equation of state

(DA +2u) (€0 1) =0 , (2.8)

which is the linear Hooke’s law. Expansion of the free energy at the minimum then
gives, at quadratic order and for £(© ~ 1, the Hamiltonian

g -1 / APz [k(6%h)? + 0 (d.h - Duh) + K(0%u,)?

2 (2.9)

+ A+ 1)(Oatia)? + p(Daup)(Daus)]

which describes, at linearized level, the fluctuations of non-uniform modes of
Uq (%) and h(x). The equipartition theorem then shows that, at finite temperature
T, the amplitude of in-plane and out-of-plane fluctuations in Fourier space are,

respectively?:10:

A less straightfoward adaptation is needed if the bending rigidity is described by a term x(dan -
9an)? /2 because the unit vector normal to the surface n(x) loses meaning in general dimension
D # 2, d # 3. However, as shown in Ref. [10], the product dan - dan can be rewritten in terms
of the components of the curvature tensor. The expression in terms of curvature has a natural
extension to generic dimensionality.

The Latin indices ¢ and j run over Cartesian components of d.-dimensional space.

In a model in which the bending rigidity is not represented as x(9%r)2/2 but modeled via a term
involving the square of the extrinsic curvature tensor [10], the fluctuation spectrum of in-plane
modes does not contain the contribution kg*, but only the elastic stiffness terms.
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(ua(Q)ua(—q')) = (2m)%5(q — q') D) (q)
(hi(@)h;(—d')) = (2m)%8(q — q)GY (@) |

PO () = BT Tap(@) | keTPs(q) (2.10)
o rgt+ A+ 2u)2 kgt + pg®
kpTd;;
GO (q) = BZ%
9 ( ) qu4 + 0-q2

In Eq. (2.10), P(fﬁ(q) = gaqs/q* and Pgﬁ(q) = 0ap — Pofﬂ(q) are longitudinal and
transverse projectors. The fact that both amplitudes diverge for q — 0 reflects
the gapless nature of acoustic phonons, which play the role of Goldstone modes
associated with the spontaneously-broken translational invariance (the energy does
not depend on h and u, but only on their derivatives). The fluctuation spectrum
of the h field, furthermore, shows that when o = 0, the dispersion of out-of-plane
modes becomes doubly soft [11, 25, 61, 88-90]: it diverges as ¢~* and not as ¢~ 2.
This stronger divergence can be traced to the fact that when o = 0 the system
presents, in addition to translational invariance, also rotational symmetry in the
d-dimensional ambient space. This symmetry is spontenaously broken by the flat
phase, which develops long-range orientational order. The out-of-plane phonon
field h then plays the role of a Goldstone fluctuation associated not only with
translational symmetry but also with the broken rotations. As it was already noticed
by Lifshitz in 1952 [89] the broken rotational symmetry forces the dispersion to be
doubly soft.

Although the harmonic approximation could be a valid description for finite
size systems at small T, the strong infrared (IR) singularities generated by the
small q behaviors in Eq. (2.10) destroy its validity in the thermodynamic limit.
The failure of the linearized theory becomes evident, for example, if we try to
use the Hamiltonian (2.9) to estimate the value of the projected area A at finite
temperatures. Using the thermodynamic relations of the fixed-tension ensemble
Aj/A =~ 1 - 0G/do and the harmonic approximation to the Gibbs free energy
density G = —A7 kT In Z gives [18]

A D T
Aoy & / ATg kel (2.11)
A A2u/D 2 ] 2n)P k¢4 o
For zero applied tension, the reduction of the projected area [11, 18, 72, 85, 91|
AH qu k‘BT
— - — 2.12
/ 2m)P kg2 (2.12)

reflects physically the fact that out-of-plane undulations tend to shrink the average
size of the membrane in the planar directions (see Fig. 2.3).
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T

A A||<A

Figure 2.3: Schematic representation of the contraction of the area: at finite 7', the
thermally excited out-of-plane undulations reduce the projected extension in the xy
plane [11, 18, 72, 85, 91].

The difficulty with this harmonic theory is that in the physical dimension D = 2,
the integral (2.12) is infrared divergent. This seems to indicate that the flat phase
is unstable at arbitrarily small 7', similarly to systems obeying the Mermin-Wagner
theorem. In fact, as it has long been realized [1, 6, 12], the flat phase is physically
stable, but can only be described by a theory which goes beyond the harmonic
approximation.

2.4 MOMENTUM-SHELL RENORMALIZATION GROUP

The effect of anharmonic interactions can be understood by using an analysis based
on Wilson’s momentum-shell renormalization group [18, 51]. At low temperatures,
the smallness of undulations allows us to approximate [1, 6, 10-12, 41]

(0%r)? ~ (9*h)? |

1 (2.13)
Uaﬁ > Ugg = 5(6QU5 + agua + Onh - 6Bh)
and, thus, to replace the full model (2.7) with the Hamiltonian
1
H= 3 /d2z[fz(32h)2 + MUaa)? + 21Uapllap — 2oaaua} ) (2.14)

The neglected terms can be shown, in fact, to be irrelevant in the flat phase, in the
sense of the perturbative renormalization group and within an e-expansion!® [10-
12].

The Hamiltonian (2.14) contains anharmonic interactions of order h* and uh?,
but is a quadratic function with respect to the in-plane displacement field u, (x).

11 See Sec. 2.5 and chapter 3 for a discussion on the e-expansion.
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It is thus convenient to integrate out explicitly the fluctuations of u,(x), which
can be done exactly via the calculation of a Gaussian functional integral. Similarly
to the theory of compressible magnets, the Gaussian integration over u, requires a
careful separation between uniform modes of dyu, (With momentum q = 0) and
non-uniform fluctuation parts (with Fourier components at non-zero momentum
q # 0) [1, 18, 85]. In the isotensional ensemble, the zero mode ugllﬁ of the strain
tensor (Jqus+0suq)/2 is integrated out without constraints and the integral over its
components has the effect to remove all interactions with zero momentum transfer [1,
18]. The remaining integral over the nonuniform in-plane displacement fields gives
rise, instead, to an effective quartic interaction for out-of-plane undulations. After
integration, the effective field theory for h fields reads [6, 10, 23, 25]

Hor = 5y i+ 3 [ (sa® + o) InGa)l
T Tt 2u/D) 2 T T

(2.15)

b1 [ Ranas(@bahashshis (b)) - (k) (b(ks) (k)
ki,ko ks

where h(k) are Fourier components of h, k; = —k; — ks — ks, [, = [dPk/(2m)P

denotes momentum integration, and A is the total area (in D dimensions, the

total D-dimensional volume). The bare vertex function R.g.+s(q) depends only

on the momentum transfer q = ki + ko = —k3 — k4 and is given by R.g.~5 =

bNaB,'\/ti + /’LMaﬂ,’yﬁv with b = /J/(D)‘ + 2/’(’)/()‘ + 2/,[,)’

L

55— Pas(@Ps(a) , (2.16)

Naﬁ,’y5 (q) =

Musrs(@) = 5(PL (@Phy(a) + P PE (@) — Nagosl@) . (217

The effective interaction (2.15) describes quantitatively the geometric frustration
effect described in Sec. 2.2. After fixing a given configuration of the out-of-plane
displacement field h(x), it is impossible in general to adjust the in-plane displace-
ment field u,(x) in such way to make the strain u,g(x) vanish at all points. The
non-vanishing strain induced by out-of-plane fluctuations results in the nonlinear
interaction, quartic in h(x), expressed in the second line of Eq. (2.15).

The solution of the nonlinear model by renormalization group methods presents
a close analogy to the theory of critical phenomena [13-16, 81]. The RG equation
can be derived by the following sequence of steps'2. (i) Integrating out modes
within a momentum shell e A < |k| < A, where A is the maximum wavenumber
in the system (of the order of the inverse of the lattice spacing). After integration,
the initial microscopic Hamiltonian is mapped to an effective theory for slowly

More generally, the RG transformation could be defined as a combination of a scale transformation
and a general nonlinear change of field variables [92].
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varying modes with momenta |k| < e ‘A, where the effects of short-wavelength
modes are encoded in a renormalization of effective interactions. Following step

(i), the renormalization group transformation is defined by two additional steps:

(ii) rescaling momenta as q = e~‘q’, and (iii) rescaling the field as h(q) =
! P=2)h'(q') [13, 14]. After steps (i), (ii), and (iii), the microscopic Hamiltonian is
mapped to an effective Hamiltonian Heg(¢), dependent on the scale factor ¢, which
lives in the same space of the initial Hamiltonian (it has the same cutoff A and
the same number of degrees of freedom) [93], but which physically describes the

system when regarded with a resolution and a magnification lowered by a factor e.

Similarly to the theory of critical phenomena, it is sufficient to consider simple
truncated forms of the Hamiltonian Heg(¢) to obtain a qualitatively correct solution
of the theory. In the simplest approximation, it can be assumed that Heg(¢) has the
same functional form of Eq. (2.15), but with renormalized, ¢-dependent, parameters
k(£), b(£), p(f), o(£). With this assumption, it can be shown that renormalized

parameters evolve with scale according to the differential RG equations!?:14
dj R 2(LDkBT(b + (D — Q)M)ADiz
de kA2 + 0o ’
do
- =2-n0,
ds 5
4 (4= p— o)y ek TV A =
ae " (kA2 +0)2
dpu 2apd kT p?AP
— =4—-D—-2n)pu— .
a MH = D 1) (kA2 1 02
where 7 = 4 — D + 2A is the anomalous dimension, and
2(D+1) T'(D/2
o _ 2D+ T(D/2) .19)

D(D +2) (4m)P72

The structure of Eqgs. (2.18) can be understood as follows. The first terms on the
right hand side of Egs. (2.18), which do not depend explicitly on T, describe simply
the effect of rescaling lengths and field amplitudes. The anomalous dimension 7 can
be chosen arbitrarily without changing physical predictions of the theory but, as in

For derivations (in different notations and field-theoretical schemes) see Refs. [18-20, 51].

Egs. (2.18) are derived by computing one-loop Feynman diagrams illustrated in Fig. 2.4, assuming
that internal lines are confined to the momentum shell e=¢A < |k| < A. Since in the differential
form of the RG flow the width of the momentum shell is infinitesimal, the one-loop calculation
is in fact exact within the framework of perturbation theory. Indeed, each loop in a Feynman
diagram corresponds to a free momentum integration. Thus diagrams with L > 2 loops are
suppressed by powers of (d¢)Z and do not contribute to the differential equation. Egs. (2.18) are
however approximate due to the truncation of the action. The one-loop structure is a general
property of momentum-shell implementations of the RG and also emerges in exact formulations of
the renormalization group such as the Wegner-Houghton RG [94] and the Wetterich equation [95].
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(@ m (5 :

Figure 2.4: Feynman graphs determining the renormalizations of the bending rigidity

and elastic constants expressed in Eqs. (2.18). The solid line represents the propagator
of flexural fields GZ(?)(k) = kpT/(kk* + ok?), the curly line the nonlinear interaction
(ksT) ™" Rap.rs(Q)k1akapksy kas.

the theory of critical phenomena, needs to be set to a special value in order for the
RG to exhibit fixed points. The terms proportional to kgT on the right-hand side
of Egs. (2.18) describe, instead, renormalizations induced by the interplay between
anharmonic effects and thermal fluctuations and can be explicitly calculated by
evaluating the Feynman diagrams in Fig. 2.4. The equations show that, due to the
interaction of fluctuations, the bending rigidity x becomes enhanced by nonlinear
effects, while the elastic moduli, represented by b and p become softened. The
direction of these renormalization can be intuitively understood by an analogy
with the familiar properties of a sheet of paper [1, 74]. Compared to a perfectly flat
sheet, a corrugated sheet of paper which is on average flat but presents random
buckles is much easier to stretch: pulling the system from one side generates a
dilatation of the in-plane projected area by "ironing" the ripples rather than
by stretching the molecular bonds. At the same time, a buckled sheet of paper
presents an enhanced stiffness to curvature, and for strong buckling can hold its
own gravitational weigth [1, 74]. The same occurs in corrugated iron roofs [1], which
receive a strong enhancement of the effective bending rigidity from the interplay
between elasticity and their geometrical shape.

Differently from k, b, and u, the external in-plane tension ¢ does not receive
corrections from fluctuations: the self-energy diagram (a) in Fig. 2.4 vanishes
as ¢* where q is the momentum, and does not contain a term proportional to
¢? corresponding to a tension renormalization. This property can be traced to
rotational invariance and the related Ward identities [11, 12, 18] (see Sec. 2.5).

To solve the RG equations, it is convenient to introduce the couplings
kBTbAD_4 kBTuAD_4 o

= . . 6= —— (2.20)

b= kA2

K K

which are dimensionless quantities for any D. The anomalous dimension 7 can be
chosen in any conventional way without modifying the physics of the system [14].
To study membranes with small external tension, it is convenient to choose

_ 2ap(b+ (D - 2)p)
n="" : (2.21)
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in such way that, by Eq. (2.18), dx/d¢ = 0. The RG flow can thus be rewritten as

dé

= = (2—-n)é

a0 = 2-m7a,

db - apd.b?

= @W-D—2mb- (FCER (2.22)
dpi X 2apd.fi°

L —(@4-D-mp— ——2%

a WA= Br a1

where 7 is fixed by Eq. (2.21).

Eq. (2.22) shows immediately that the surface oy = 0 is invariant under the RG
flow. This is a consequence of the fact that for zero external in-plane tension, the
system is symmetric under rotations in d-dimensional space'®. Since symmetries
are preserved under renormalization, if g = 0 initially, it must remain zero at each
step of the RG trajectory.

When restricted to the surface of rotationally-invariant theories, the RG flow
takes, for D < 4, the form illustrated in Fig. 2.5. There are four fixed points,
denoted as P|, Pj, P}, P; at which the renormalization group flow stops [18-20,
51]. At these points, the theory becomes scale-invariant: it remains equal to itself
under a change of length scale. The coordinates and anomalous dimensions at the
four fixed points are listed in table 2.1.

b fi
Py 0 0 0
4-D 2(4—D)

P2/ (dc+4)aD 0 d.+4
P! 0 (D+1)(4=D) 2(D-2)(D+1)(4=D)

3 A(D?=D-2)+2d.)ap 4(D2—D—2)+2d,
P 4-D (D+1)(4—D) D(D—-1)(4-D)

4  [2D2—2D+d.)ap 2(2D2—2D+d.)ap (2D2—2D+d.)

Table 2.1: Coordinates of fixed points and corresponding anomalous dimensions. The
values of the anomalous dimensions are exact at first order in ¢ = 4 — D [19, 20|. For
D =2 and d. =1, P; and Pj have, in this approximation, n = 4/5 [18, 51].

A generic solid membrane with nonzero shear modulus is described by an initial
theory having b # 0 and p # 0. If the temperature T is small, the model is very
close to the "Gaussian fixed point" PJ, which is the harmonic approximation.

More precisely, after taking the small-undulation approximation, the theory is invariant under
the transformations h — h+ Aqxq, uqa — e — AaXq, which are linearized versions of rotations
in the d-dimensional embedding space [1, 10, 11]. See Sec. 2.5 for a discussion of the symmetries
of the small-undulation approximation.
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Figure 2.5: RG flow for tensionless membranes (oo = 0). The figure represents the flow
functions (2.22) in the case D = 3.99, d. = 1.

However, after many iterations of the RG transformations, the effective theory
flows, independently of the initial conditions, to the fixed point P;. As a result, in
the limit of large length scales and small wavevectors, thermal ripples are governed
by an effective theory which is universal, independent on the temperature and the
material parameters [1, 6, 9-11, 26]. Furthermore, being a fixed point, the model
described by Pj is scale-invariant!'6. Scaling arguments can be used to show that
correlation and response functions behave in the limit of long wavelengths and
small tension, as power laws with universal non-integer exponents. In particular,
the correlation function (h;(q)h;(—q’)) = (2m)P8(q — q')Gi;(q) behaves, for zero
applied tension and q — 0, as G;;(q) o< §;;/|q|*~™ where 7, is the anomalous
dimension at the fixed point. Higher-order correlations are also scale-invariant
in the long-wavelength limit: the n-point function (h;, (q1)hi,(qz)...h, (qn)) =
2m)P(qr+qa+ ...+ qn)G(n) i, (d1,d2, ..., qy) satisfies the self-similarity relation

11%2...

G o (pan, pz, ey pt) = pP PTG (qr e )

= pP—5(D+4=n) ()

(2.23)
1192...9n (q17 q2, .- qn) .

In the physical case D = 2, the tensor Mg ,5(q) vanishes identically and thus the coupling
constant p becomes redundant. In the limit D — 2, the two fixed points P; and P, remain formally
distinct, but their anomalous dimensions approach the same limiting value. The coalescence of
the two fixed points implies that both Pj and P, can be regarded as alternative continuations of
the theory from dimension D = 2 to a general dimensionality. The use of P} as a dimensional
continuation is discussed in detail in chapter 3.
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As mentioned in Sec. 2.2, an essential consequence of scaling behavior is that,
differently from the harmonic model, the full nonlinear theory admits a stable
flat phase in the thermodynamic limit, which spontaneously breaks rotational
symmetry and which exhibits long-range orientational order [1, 6, 10, 12]. This can
be seen by noticing that, within the small undulation theory (2.14), the average
projected area is given by the relation [11, 12, 18, 22, 41, 51, 85, 91|

A o 1 o 1 9

- -+ NTo/D §<(aah-6ah)> =1+ NTo/D 2/qq Gii(q) - (2.24)
This expression can be derived, for example, by applying the Hellmann-Feynman
theorem A@g/80|T = (0H/J0o) to the Hamiltonian (2.15). For zero tension o = 0,
the anomalous dimension 7, > 0 makes the integral fq ¢>Gi(q) convergent in the
thermodynamic limit, even in dimension D = 2. This ensures the stability of a flat
phase at sufficiently low temperatures [11, 12, 18, 25, 41, 85, 96].

Since renormalization softens the elastic constants b and p, the effect on in-plane
translational order is opposite: rather than stabilizing the crystalline order, they
lead to an enhancement of the amplitude of fluctuations. Eq. (2.18) implies in
particular that the physical elastic constants bgr(q) and pr(q) (coarse-grained
but expressed in standard units of measurements, without rescaling) vanish as
br(q) o< ¢*~P=27 ug(q) o< ¢*~P~27 where g is the momentum scale [10, 11]. As a
result, the propagator of in-plane displacement fields D,z(q) scales as 1/¢5=P =27
which is more infrared-singular than in the harmonic approximation Dg)ﬂ) x1/q?
(see Eq. (2.10)).

Scale invariance and the existence of a fixed point also imply that the response
functions are governed by universal power law. An important example is the stress-
strain relation, which can be accessed by experiments on suspended graphene [69,
72]. It can be shown that in the limit of a very small external stress ¢ — 0, the
ordinary linear relation becomes replaced by an anomalous Hooke’s law: the strain
e(o) scales for o — 0 as €(0) oc o/7 where vy = (2 —n.)/(D — 2 +n.) [11, 12, 18,
41, 51, 85].

2.4.1 Euxternal tension

The RG equations (2.18), (2.22) show that the external tension o is a relevant
perturbation: a deviation from the "critical surface" o = 0 grows under scaling. This
reflects the fact that a membrane under stress behaves in the long-wavelength limit
in a very different way from a tensionless membrane. In the case of tensile stress,
o > 0, tension has the effect to suppress the amplitude of out-of-plane fluctuations
by introducing the "mass" term ok? in the dispersion Gi_jl(k) = 0;;(kk* +ok?). For
o < 0, instead, the applied stress is compressive and tends to buckle the membrane
out of plane. For this reason the equilibrium phase of tensionless membranes can
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also be interpreted as the critical state associated with a "buckling transition" [11,
18, 52] separating the regimes o > 0 and o < 0. The role played by tension in the
phase diagram has some analogy with the role of an applied magnetic field in a
spin system below the Curie point [11]. The buckled state with ¢ < 0 (a 2D solid
subject to lateral compression) however is much more complex [11] that a spin
system with negative magnetic field, which is just the mirror image of a system
with positive field'”.

2.4.2 Remarks

In most applications of RG approaches, locality plays an essential role [14-16, 81].
Since the effective Hamiltonian (2.15) is not local, the applicability of RG theory
may appear problematic. Actually, the effective interaction Rag s(d)k1ak2sksykas
x (h(k;) - h(ks2))(h(ks) - h(ky)) is not a generic fourth order coupling: in real
space, it corresponds to a long-range interaction between two local composite
operators. By using a Hubbard-Stratonovich (HS) transformation, the model can
thus be expressed by an effective theory having only local vertices. A more explicit
derivation will be described in chapter 3, where it is shown that the line of theories
with 4 = 0 and b # 0 can be represented by a quasi-local model, involving an
auxiliary scalar field y, proportional to the Airy stress function. A similar derivation
could be used in the case u # 0, b # 0. In this case, the HS transformation could
be achieved by introducing an auxiliary tensor field. After HS transformation,
standard RG methods can be applied!®.

As a second remark, note that the integration over the field u, is a simple
step only due to the small-undulation approximation 2.13. In the full theory (2.7),
integration over u, would generate instead a complex model, with infinitely many
non-local vertices. The analysis in Sec. 2.5 shows that terms beyond the small-
undulation approximation are in fact irrelevant in the e-expansion. This justifies
the application of standard RG methods to the non-local model'®.

See, for example, Refs. [18, 83, 97-99] for discussions of buckling, wrinkling, and other elastic
instabilities.

The coupling matrix R,g,4s(q) has a non-analytic dependence on q proportional to g~ %. Thus,
after Hubbard-Stratonovich transformation, the kinetic term (o< g*) of auxiliary fields is local (see
Chap. 3). Note, however, that in the framework of perturbation theory, standard RG methods can
be applied even to theories in which propagators are non-local but interaction vertices are local
(see for example Refs. [15, 100| for a discussion in the context of magnetic phase transitions).

A systematic analysis of the full theory (2.7) is a complex task. This problem has been addressed,
for example, by a large-d method in Ref. [9] and by non-perturbative renormalization group
approaches in Refs. [26-28].
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2.5 PERTURBATION THEORY AND THE £-EXPANSION

The picture of a scale-invariant flat phase has been corroborated by numerous
field theoretical techniques, such as the e-expansion [10-12, 19, 20, 96|, the large-d
expansion [9, 22, 96], the self-consistent screening approximation [23-25], and
the nonperturbative renormalization group [26-28]. These techniques are closely
analogue to similar methods in the theory of critical phenomena and provide a basis
for a systematic expansion of the scaling index 7. The next sections summarize
the main results obtained in the literature by these complementary techniques,
starting from the e-expansion method.

As in the case of second-order phase transitions [14-16, 81, 101] the e-expansion
is based on the fact that the critical fixed point approaches the Gaussian fixed
point at a certain dimension Dy, (the upper critical dimension). The scaling index
71 is thus small near D,. and can be expanded in powers of ¢ = Dy, — D. The
upper critical dimension D, is determined by a stability analysis of the Gaussian
fixed point: for D > D, the harmonic approximation is stable and anharmonic
effects are irrelevant while for D < D, anharmonic effects become relevant and
drive the RG flow away from the Gaussian fixed point.

In the case of the flat phase of crystalline membrane, the scaling behavior of
propagators implies that the canonical dimensionalities [15] of in-plane and out-of-
plane displacement field are respectively {un} = (D —2)/2 and {h} = (D —4)/2.
It is then simple to check that for D > 4 all anharmonic interactions consistent
with translational and rotational invariance are irrelevant. For D < 4, instead,
the anharmonic interaction (9,h - 9,h)? and other are relevant at the Gaussian
fixed point. The upper critical dimension? is, therefore, D,. = 4 [10] and the
e-expansion is a series expansion of (D) in powers of e =4 — D.

Similarly to the Ginzburg-Landau theory [101], the series coefficients n(D) =
ni1e+n2e2+... can be computed from a Feynman graph expansion of any theory in the
universality class of the flat phase fixed point. In order to discuss the perturbative
series, it is useful to start from the model membrane Hamiltonian (2.7) (adapted to
general D =4 — ¢ and d. # 1). After the field rescalings h — h = (\/x/(kgT))h,
Uq = U = £/(kBT)Uq, the reduced Hamiltonian H = H/(kgT) reads, in the case
of zero external stress

1 _ _ _
H=3 /d% [(62h)2 + 0(0%1a)? + Mo (Uaa)? + 2M0UQ5UQB] , (2.25)
where \g = ksT /K2, o = kT /K?, ag = kT /k and
_ 1 _ _
Uag = 5 (80725 + 351_1@ + Onh - 8511 + Oéoaaﬂ,yagﬂpy> . (2.26)

That Dyc = 4 is evident in the RG flow expressed in Eq. (2.18) and in the coordinates of the
fixed points in table 2.1.
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A simple dimensional analysis shows that h has the units of ¢/°?~%)/2 while %, has

units ¢” 3, where ¢ is a wavevector scale?!. Since H, appears in the exponential
of the partition function e=*, it must be dimensionless. Matching dimensionalities
shows that Ao and po have dimension ¢*~”, while a has dimension ¢~ .

As a result, near four dimensions, A\g and pg are weakly relevant while g has
a negative canonical dimension =~ —2 and, thus, is irrelevant. According to the
general theory of the field-theoretical e-expansion [15], the canonically-irrelevant
interactions are not essential for the calculation of the exponents and can be set
equal to zero without changing the structure of universality classes near D = 4
and the values of the exponents to all orders in powers of €.

It is thus possible to set oy = 0 and to analyze the effective model

1 —
"= / df%c[(a?h)2 +Xo(Tiaa)® + 2Holiapliag | (2.27)

with tias = (Oalig + Oplia + Ouh - Ogh) /2. This effective theory is identical to the
small-undulation Hamiltonian introduced in section 2.4, which contains only the
relevant and marginal part of propagators and interactions. The irrelevance of «g
near four dimension thus shows that the small-undulation theory actually remains
to all orders in the e-expansion [10-12].

2.5.1 Symmetries of the effective Hamiltonian

The neglection of the irrelevant parameter g induces a "deformation" of the
symmetries of the Hamiltonian [10, 11]. The full model (2.25), before neglection of
ap, is symmetric under translations and rotations of the membrane in d-dimensional
space. The corresponding infinitesimal transformations read, in terms of rescaled
fields h and 4,

b'(x) = h(x) + B+, (translations in L space)
il (x) = ta(x) + Bl | (translations in || space)
h) = h; + Ei- h,, , (rotations in L space)
U, = U + EL'{B (x5 + aolig) , (rotations in || space) (2.28)

{h’(x) = E(X) + Aa(Ta + 0lia(x)) (mixed rotations)

), (X) = g — Ag - h(x)
In Egs. (2.28), B+, Bl‘y, and A, are fixed, space-independent, vectors and B =

Im
fE#;l, EL'{B = nga fixed antisymmetric matrices.

The unit of the in-plane field, ¢ —3, differs from the power-counting dimension q(D_Z)/2 because
in the Hamiltonian (2.25) the propagator of @ is not canonically normalized: the part of the
action quadratic in 44 is multiplied by factors Ag and po which are not dimensionless.
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The effective Hamiltonian (2.27) obtained by neglecting irrelevant operators is
instead invariant under

{ﬁ'(x) =h(x) + B + EL -h+ Az, (2.20)

al,(x) = tq(x) + Bl + Elﬁxg — A, -h(x)

which is the ag — 0 limit of (2.28)22:%3.

The Ward identities [10, 11, 15] imply that order by order in the perturba-
tive expansion (2.27), the effective action I'[h(x), @, (X)], generating functional of
one-particle irreducible correlation functions, is also invariant under the transfor-

mations (2.29).

2.5.2  Diagrammatic rules, Ward identities, and infrared divergences

The elasticity theory defined in Eq. (2.27) has a perturbative expansion described
by the Feynman rules illustrated in Fig. 2.6.

k _ (Sij q P(fﬁ(q) Pgﬁ(q)

_— ANNANANANANAN =

i J k4 el B (Ao + 210)g? Hoq?

= —i0ij (Moqa (k1 - k2) + po(d - k2)k1a + po(q - ki)kaa)

= —0;0m (Mo(ki - ko) (ks - ky)
+ po(ky - k3) (ko - ka) + po(ky - ka) (ko - k3))

k4

Figure 2.6: Feynman rules for the elasticity theory of crystalline membranes. Solid and
wiggly lines represent propagators of the h and of the %, field respectively. The model
has a three-leg vertex, corresponding to interactions of the form (9%)(6h)? and a four-leg
vertex corresponding to (9h)*.

22 For compactness, Eq. (2.29) is expressed by collecting together the action of independent generators.
The notation E - h stands for the vector Ef;nhm.

23 The invariance of the effective Hamiltonian under the transformation (2.29) was derived in
Refs. [10, 11].



24

24

STATISTICAL MECHANICS OF MEMBRANES

Some of the most crucial properties of the perturbative series can be understood
by explicit inspection of diagrams after calculating the fundamental "building
block"

ki ks

a (2.30)

k2 k4

= —(boNagrs(a) + poMap~s(Q))k1akopksykas |

which is identical to the effective interaction obtained by integrating out the in-
plane displacement fields (see Eqgs. (2.16), (2.17)). The tensors Nog s and Mag 45,
being constructed from transverse projectors, annihilate the component of ky, ko,
ks, and k4 which is longitudinal to the momentum transfer q. Since, by momentum
conservation, k; + ko = —ks — kg4 = q, it follows that the vertex (2.30) vanishes
as k? when one of the momenta k; (i = 1,...,4) tends to zero at fixed q.

This simple property provides the basis of how the Ward identity is realized
diagrammatically. In any one-particle irreducible (1PI) diagram [15], each external
solid line which is attached to an internal curly line comes with a factor k2 of
its momentum. The substitution (2.30) can be applied to all internal dashed and
wiggly lines a part from those internal dashed lines which, when cut, disconnect the
diagram (see Fig. 2.7). As a result, it can be checked by inspection of diagrams that
the effective 1PI action?* must take the form I'[h(x), tia(x)] = ['[0a0sh(x), as(x)].
In other words, I is a (generally nonlocal) functional of the strain tensor @qs(x)
and of the curvature tensor. This ensures consistency with the Ward identities
associated with the transformations (2.29).

A particular case of the Ward identities is an analogue of the Goldstone theorem
ensuring that the ultrasoft behavior of flexural phonons is preserved to all orders
in perturbation theory [11, 25, 85, 88|. The exact propagator of out-of-plane
phonons, including all diagrammatic corrections, is determined by expanding the
effective action I' at second order in h at its minimum. The minimum occurs
for h =0, @, = (£ — 1)z, or any other configuration obtained by application of
the symmetries (2.29). After setting the value of £ by the condition 9T'/9¢ = 0,
the expansion of the effective action cannot contain terms linear in @,g. As a
result, the fluctuation free energy at quadratic order in h(x) receives contributions
only from curvature terms and is suppressed by four gradients. In Fourier space
C_?;jl(q) = 0;;4*9g71(q), where g~!(q) is a non-analytic function of q.

The 1PI effective action is the generating functional of one-particle irreducible correlation functions
(self-energies and proper vertices) [15]. It can be defined as the action which, when used at tree
level (without loop diagrams), effectively gives the full correlation functions of the bare theory
including all loop corrections.
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ky ks

k, ks
o O
k¢
ko k, ko ky

Figure 2.7: Examples of one-particle irreducible diagrams. The diagrams are suppressed
by two powers of ki, ko, ks, ks whenever one of these momenta tends to zero. The
dashed lines on the right side of the diagrams cannot be combined according to the
substitution (2.30) because the corresponding diagrams with wiggly lines would not be
one-particle irreducible. The sum of the two diagrams gives a contribution to the effective
action at first order in the strain @,s and fourth order in the curvature 9, dsh.

The massless character of flexural phonons gives rise to infrared divergences
which destroy the perturbative expansion for any € > 0, similarly to the case of
critical phenomena [16]. For example, the self-energy diagram at one-loop order
evaluates to [25]

m 2D 4 1)(bo + (D~ 2uo) T — D/ATAD/2) ,
- (D—1) 4(4m)P2T(D) ¢

(2.31)
The flexural propagator obtained by N insertions of this self-energy diagram scales
as ¢+ ¢ and, for N large, becomes more and more singular. As a result, at order
~ 2/e in perturbation theory, insertion of the dressed propagator as a subdiagram
generates divergences in all correlation functions?®.

Within the e-expansion, however, correlation functions can be defined via a
double series, expanding not only in coupling constants but also in powers of € [15].
In the double series, ¢ ~ 1 — elng + &2 In? q/2 — .. is replaced by powers of
logarithms and the infrared singularities disappear.

2.5.3 Renormalization within the dimensional regularization scheme

For ¢ — 0 the theory behaves as a renormalizable model with dimensionless coupling
constants, which can be studied by renormalization theory. The RG equations
were first derived by Aronovitz and Lubensky using dimensional regularization
and minimal subtraction [10]. As in any renormalizable field theory, divergences
can be removed by adding one counterterm for each local interaction which (i)
is consistent with symmetries and (ii) is relevant or marginal according to power
counting [15].

25 The same phenomenon occurs in the theory of phase transitions [16].
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In the case of membranes, the Ward identities associated with the spontaneously-
broken symmetries (2.29) imply that the model can be renormalized by considering
the renormalized Hamiltonian [11, 96]

Alh o) = [ APa[ 2R + Mg (a)?

+ 2M® g, liapliag + 2rolaa) -

(2.32)

In Eq. (2.32), M is an arbitrary wavevector scale, Z, G, G, and r( are functions of
the dimensionless renormalized coupling constants A, fi, and Giag = (Dails + Oplia +
O h- Ogh ) /2 is the renormalized strain tensor. The counterterm rgt,, encodes
the change of average area induced in the membrane by thermal fluctuations. For
membranes with free boundaries, it is always possible to remove the contribution
f dPxrouae from the Hamiltonian by a change of variables of the form @, —
U + €24 [11]. This shows that the value of r¢ has no effect on correlation functions
but only on the value of the average area. Furthermore, power-counting shows
that 7o diverges quadratically, in contrast with Z, G, and G, which diverge
logarithmically. Within dimensional regularization, therefore, it can be taken
formally equal to zero [11, 15, 81].
The renormalized Hamiltonian is therefore

- 1 -
H[h, 0] = 3 /dDz[Z(a?h)2 + M gx(liaa)? + 2M° g tiapTiag] - (2.33)

Correlation functions calculated with the Hamiltonian (2.32) are finite for ¢ —
0 when expanded in powers of the renormalized coupling constants A and b
Comparing Eq. (2.27) with (2.33) shows that bare and renormalized quantities are
related as [10, 11]:

_ ~ ME
h=+vZh, U = Zilg , Ao = gA,
72
Mg (2.34)
Ho = Z2 k£ ) H[hv ﬂa] = H[h7 ﬂ'a]

Renormalization group equations follow, as usual, from the fact that bare correlation
functions are independent of M [10, 11]. After introduction of the RG functions

- 8811%]\%[ Aospto Pr = % Aostto B = 616191MM Aostto (2.35)
the RG equations read
ST ok e O
dln M |5 ﬁ 8)\ HOp M (2.36)

( ) :l 1. Znal az(kl"”k";qh“?qf)zo'
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In Eq. (2.36), G'EZL-,-{;)n;(Xl---CKZ (k1, .., kn;q1,..,q¢) denotes the renormalized correlation
function with n external h lines and ¢ external u,, lines.

The RG coefficient functions 1, 8x and 3, are, by definition, dimensionless and
thus can only depend on 5\7 i1, and €, but not on the scale parameter M. In addition,
the coefficient functions can be extracted, via the RG equation (2.36), from the
knowledge of renormalized correlation functions, which are finite. As a result, 7,
Bx, and 3, must also be finite?® when e — 0.

The RG functions, the fixed points, and the corresponding anomalous dimensions
have been calculated at one-loop order in Refs. [10, 11]. Over the last two years,
the calculation has been extended to two [19], three [20], and four [21] loops. The

flow of coupling constants in the one-loop approximation reads

< de vy o+ 1 5 MNi(A+ i
Br=—eX+ ()\2—&-)\@—&-#2)4-'“(—1_”),

1672 6 872 N+20
o de 5 5 EP(A+4)
=— e e AL 2.37
Pu=—eitt gzl + 52 N+20 (237
y— 5 AA+R)
1672 X+24

and is illustrated in Fig. 2.8.

For membranes with generic elastic constants, RG trajectories connect the
Gaussian fixed point P; to an infrared-attractive interacting fixed point P4 [10,
12].

A different behavior emerges on the lines g = 0 and By = Ag+2u0/D = 0, which
describe, respectively, membranes with zero shear modulus and zero compression
modulus. For these special values of the bare elastic constants, the theory presents
additional symmetries [11]. When o = 0, the model is invariant under the shift
Uq — Uq + 53T for any traceless matrix sog. For vanishing bulk modulus By = 0,
the theory is instead invariant under uniform compression (uq, — uq + €24) or,
more, generally under the transformation u, — u, + 7o for any vector field 7,

satifsying the conformal Killing equation 9,75 + 937a = 2645(0,7)/D [11, 102]*7.

The flows restricted to these lines terminate at two different fixed points, P, and
P328, Physically, the line o = 0 and the fixed point P, have been associated to

The finiteness of RG functions is a general property of all renormalizable field theories (see, for
example, Refs. [15, 81]).

This symmetry is not equivalent to the usual notion of conformal invariance intended in CFT:
the conformal transformation, here, does not act on the coordinates x, but, rather, acts as a shift
of the field itself. In two dimensions with Ag 4+ po = 0, the linear model of in-plane displacement
fields is also conformal in the standard CFT sense if u is regarded as a collection of scalars (see
Ref. [103]).

The line pp = 0 corresponds, to all orders in perturbation theory, to the line i = 0, as it can

be verified by inspecting the structure of Feynman diagrams. The curve in the (A, i) plane

27
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Ps  By=0

Figure 2.8: Renormalization group flow for the flat phase of crystalline membranes at
one-loop order [10].

fluid membranes?® [10, 11]. The line By = 0, instead, has a physical counterpart,
for example, in two-dimensional twisted kagome lattices [102].

Coordinates of fixed points at one-loop order are reported in table 2.2, together
with the more recent four-loop result obtained in Ref. [21].

When the renormalized couplings are fixed to the coordinates (5\*, fi+) of the
infrared-stable fixed point Py, the RG equations (2.36) imply that correlation
functions exhibit scaling behavior. In particular the flexural Green function behaves
as G,j(q) o 8;;¢~ 47 [11]. The in-plane Green function, instead, exhibits the power-
law behavior D,s(q) oc ¢~ 6+P+27- Consistently with the discussion in Sec. 2.4,
these results ban be interpreted as a power-law divergence of the scale-dependent
bending rigidity xkr(q) o< ¢~", and as a power-law softening of elastic constants
Ar(q) o< ¢* P72 ug(q) oc g~ P2

corresponding to By = 0, instead, is less straightforward to express explicitly. In Ref. [11],
which used a renormalized bulk modulus as fundamental coupling constant, this line corresponds
simply to B = 0. However, defining minimal subtraction with X and [ as couplings reshuffles the
parametrization of renormalization constants in a non-trivial way. At leading order in perturbation
theory the curve By = 0 corresponds to the line X+ ii/2 = 0. Already at two loop order, however,
the coordinates of the fixed point Pz can be seen to lie outside of this line. In Ref. [19], this was
interpreted as an artifact of the renormalization scheme. It is likely in fact that the RG-invariant
manifold By = 0 is not a straight line, but, rather, a curve (S\,ﬂ) plane.

A difficulty in this interpretation, however, is that the elastic energy associated with transverse
waves is exactly zero for vanishing shear modulus, and higher-derivative terms of the form (9%u)?,
neglected in the theory, could play a role [104].
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3 ~ 4
A [bs s N« (order e*)
P 0 0 0 0
2
Py 16; 5 0 0 0
c
P _ 487%e 9672e 10e 0.952¢ _ 0.071e2  0.069¢>  0.075¢*
3 do+20  d.+20  d.+20 2 4 8 16
P 3272 9672 12¢ 0.96c _ 0.0461e? _ 0.00267¢>  0.002¢*
4 de+24  d.+24  d.+24 2 4 8 16

Table 2.2: Coordinates of fixed points and corresponding anomalous dimensions at leading
order in the e-expansion. The last column shows the value of the exponents at four-loop
orders for d. =1 [21].

Before concluding this section, let us comment on the relation between the fixed
points Py, P5, P3, P, in the (5\,,&) plane and the fixed points in the (b, 1) plane
derived in Sec. 2.4. The infrared-stable fixed point Py, which has a nonzero shear
and bulk modulus, is equivalent to the fixed point P in the (b, 1) plane of the
effective theory (2.15), discussed in Sec. 2.4. Similarly, the fixed points P; and P}
can be viewed as equivalent representations of the same theory: the model of a
membrane with zero bulk modulus and finite shear modulus.

The fixed points P, instead, has no counterpart in the effective field theory (2.15).
It only appears in a model describing both in-plane and out-of-plane fields ex-
plicitly [19]. Indeed, P; lives on the line g = 0, which is mapped to an effective
theory in which both b and u are equal to zero. Conversely, the fixed point P}
which emerged in the analysis of Sec. 2.4 has no analogue in the space of elasticity
theories, and only exists in the space of effective theories.

In the physical dimension D = 2, however, the theories P, and Py become
identically equivalent and, thus, P can be used as an alternative dimensional
continuation providing the basis of an e-expansion (see chapter 3).

2.6 LARGE-d EXPANSION

In full analogy with the large- N expansion in the theory of phase transitions [15, 16,
105], the exponents of crystalline membranes can be computed systematically in the
limit in which the fluctuating fields have a large number of components, that is, when
the dimension d of the embedding space tends to infinity [9, 11, 22, 23, 25, 41, 96]. It
is usually assumed that the expansion parameter playing the role of 1/N in the usual
large-IN expansion is 1/d.., since d. = d — D is the number of components of the h
field. The value of 7, within the large-d. theory for the physical internal dimension
D = 2 has been determined at first order already in the early investigations on
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crystalline membranes [9, 12|, and has been extended to second order in a recent
analysis [22], which lead to 1, = 2/d. + (78 — 68¢(3))/(27d?) ~ 2/d. — 0.32/d?.

Differently from the e-expansion, which starts from a quasi-harmonic theory, the
large-d. expansion has as a starting point a zero-order theory in which interactions
are already screened by fluctuations via diagrams of the form

asassn +m©m+mom©m+...

After screening, the coupling constants become momentum-dependent and behave

as
bo

- 1+01(D)b0qD74 ’

_ Mo
1+ co(D)pogP—* "

where ¢1(D) and co(D) are positive constants dependent on the dimension [12,
22, 25, 41]. For g — 0, or equivalently for infinite elastic constants, the screened
interactions become independent on parameters and scale-invariant with exponent
¢*~P. As aresult, in analogy with other applications of large-N techniques [15, 105,
the 1/d. expansion becomes free of infrared divergences and renormalizable in any
dimension, including the physical dimensionality D = 2. In this renormalization,
the finite value of the coupling constants plays the role of an ultraviolet cutoff,
which sets the starting point of the renormalization group [41].

Besides providing a tool for the computation of 7,, the large-d. expansion has
been used in Refs. [17, 22, 41] to describe mechanical nonlinearities induced by
fluctuations, the anomalous Hooke’s law, and the response to anisotropic external
stress.

In Ref. [9], a first-order large-d technique has been used to investigate the
theory of membranes in a formalism which does not involve the small-undulation
approximation®’. By considering the limit of infinitely large elastic constants, in
analogy with the nonlinear sigma model, the authors derived a RG flow exhibiting
for large k the divergence kg (q) = ¢~ characteristic of the flat phase, and for a
critical value k = k. a fixed point corresponding to the crumpling transition.

br(a) (2.38)

pr(q)

2.7 SELF-CONSISTENT SCREENING APPROXIMATION

By adapting a method introduced by Bray in the theory of magnetic transi-
tions [106], Le Doussal and Radzihovsky have proposed an approximate theory
based on a set of truncated Dyson equations in which screened interactions and
self-energy corrections are determined self-consistently [23, 25]. In diagrammatic
language, the "self-consistent screening approximation" (SCSA) consists in the

30 In this case, the expansion parameter was considered to be 1/d and not 1/d..
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Figure 2.9: Diagrams defining the self-consistent screening approximation.

resummation of Feynman graphs illustrated in Fig. 2.9, which are akin to the GW
diagrams in electronic structure theory. Explicitly, the summation of diagrams
gives (in standard units of measurement and for zero applied tension), the following
set of equations [25]

o kZBTéij
Gij(a) = (@ (2.39)
br(q) = b = a 2.40
L 2ksT [ (br(k) + (D = 2)pr(k)  (Pas(k)dags)”
KRr(Q) = K+ pr /k D) ko q) (2.41)
d. (Pgﬁ(q)kakﬁ)z
1@ = (55 L F ) (2.42)

In the long-wavelength limit q — 0, the zero-order terms become negligible with
respect to the self-energy corrections and Egs. (2.40), (2.41) can be approximated

as
1 1

e s e R By R e
rr(q) = BT / (br(k) + (D = 2)pur (k) (Fap(K)dags)’
w(@) == | D 1) [k — al*sr(k - q) (2.44)

D (Pgﬁ(k)th(Zﬂ)2
(D +1)g¢* Ji [k —af*sr(k —q)I(k)
Egs. (2.42) and (2.44) admit a power-law solution kr(q) = z1¢4~ "™, I(q) =
1/(z2¢*~P~27), where z; and 2z, are constants, and the exponent is fixed by
the relation [25]

4 = DD —1DI'(2 = n.)T'(2 = n../2)0 (0. /2)0(D + 1) (2.45)
¢ T(2-D/2—n)T((D+4—n.)/2)L(D/2+n)T((D +n.)/2) ’
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In dimension D = 2, the equation is exactly solvable and gives a value of the
scaling exponent

0e(D =2,d,) = (2.46)

4

de+ /16 —2d. + d2
which reduces, for the physical dimensionality d. = 1, to 1. = 4/(1++/15) ~ 0.821.

If the bare elastic moduli are not generic but, instead, b = 0 or u = 0, the
equation (2.45) for the exponent acquires a different prefactor and gives different
solutions corresponding the the dimensions of the fixed points Py and Pj [25]. The
SCSA equations for the fixed point Pj will be discussed in more detail in chapter 3.

In Ref. [24], the SCSA method was been pushed one step further by including
the leading vertex corrections. By a numerical solution of the integral equation, the
value of the exponent for physical dimensionality D = 2, d. = 1 was determined to
be, at the next SCSA order, n, ~ 0.789.

2.8 NONPERTURBATIVE RG APPROACHES AND NUMERICAL SIMULA-
TIONS

The problem of determining quantitatively the value of the exponent 7, has also
been addressed by nonperturbative RG techniques [26-28, 42, 50, 107]. In particular,
Ref. [26] analyzed nonperturbatively the renormalization of an elastic membrane
described by a Hamiltonian

H= /de [5(321‘)2 + U(Oar - Opr — E2005)2 + 0(Oar - Oar — DE*)?| . (2.47)

Assuming as an approximation that the effective average action remains of the form
at each step of the RG flow (2.47), the theory allowed to describe, within a single
space of coupling constants, the flat phase and the crumpling transition. For the
flat phase and in the physical case D = 2, d. = 1, the resulting exponent was found
to be 1, >~ 0.85. The analysis has been extended by considering more general forms
for the effective average action, including a non-locality of elastic couplings [27,
28]. The flat-phase exponent was found to remain close to 7, ~ 0.85, indicating the
stability of the nonperturbative RG results with respect to the truncation of the
action. However Ref. [35] predicted, by a combination of numerical simulations and
momentum-shell RG, a value of the exponent 7, ~ 0.793, with a small estimated
error bar.

Besides RG methods, another important tool to access scaling behavior is
provided by direct numerical simulations of correlation functions [25, 29-32, 34,
35, 37, 38, 78, 108, 109]. Investigations of fluctuating membranes by computer
simulations have been ongoing for several decades. Several works [29, 30, 108] have
analyzed network models mathematically designed to provide a discretization of
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the continuum theory. In more recent years, the discovery of graphene and other 2D
materials has raised an extensive interest in simulating atomically-thin membranes
within realistic microscopic models [31, 34, 37, 38, 78§].

Results of computer methods provide full information on momentum-dependent
correlation functions, and can be used in particular to extract the exponent
1« controlling the long-wavelength scaling regime in the flat phase. The values
n. ~ 0.750 [4], 0.81 [29, 30], 0.85 [31, 34], 0.66 [37], 0.85-0.88 [38] have been
reported by different works in the literature. In Ref. [32] a Fourier Monte Carlo
method lead to the prediction 7, = 0.795(10).

Within analytical field-theoretical methods, a "high-precision’ determination
of scaling indices remains an open problem. In the framework of the NPRG, a
systematic derivation could be given by extending the derivative expansion to
higher and higher order [19]3!. Calculations within the derivative expansion, are

however, more technically complex than e-expansion and large-d. computations.

For this reason, it is interesting to get access to values of the exponents at higher

order in the e-expansion. This direction will be discussed in more details in Chap. 3.

2.9 WEAK TO STRONG-COUPLING CROSSOVER

It is physically intuitive that lowering the temperatures T has the effect to reduce

the amplitude of thermal fluctuations and, thus, the strength of anharmonic effects.

The scaling phenomenon, however, implies that the low-temperature limit is realized
in a very nontrivial way. As T approaches 0 for fixed material parameters, the bare
theory, initial point of the RG flow, becomes closer and closer to the Gaussian fixed
point. However, even for an infinitesimal T', the flow is eventually repulsive and
drives the system to the strongly-coupled infrared fixed point, which is dominated
by anharmonic effects.

The characteristic wavelength at which the behavior crosses over from weak
to strong coupling can be estimated by calculating the first-order self-energy in
perturbation theory [3, 12, 61]. Using Eq. (2.31) shows that in two dimensions and
in conventional units of measurements, the inverse Green function at first order is:

_ Kdyqt
ks T

3bo
1 . 2.48

For |q| > q¢ = 1/3bo/87, the anharmonic correction is much smaller than the
leading-order term, while for |q| < gg, the self-energy correction becomes larger

By analogy with other field theory problems, Ref. [19] suggested that the derivative expansion
could give a convergent series for the exponent 7)., as opposed to perturbative series, which are
more likely only asymptotic.
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than the leading term. When the simple first order calculation is replaced with a
full solution of the model, the interacting Green function behaves as

Ii(;i]‘q4
-1 - q > qa
Gij (q) = {C,l:]g:qflm i » (249)
kT q < qc

where ¢ is a dimensionless coefficient of the order of 1 [3, 17, 41, 51, 85]. The scale
g thus plays a role analogue to the Ginzburg criterion in critical phenomena [84].
Using the explicit expression for by shows that the characteristic crossover scale is

[3kgTY
= 2.50
qG 16752 3 ( )

where Y = 4p(A + 1) /(A 4 2u) is the two-dimensional Young modulus [3, 61]. The
fact that go — 0 as T'— 0 reflects the fact that the theory spends a long RG time
near the Gaussian fixed point. In the case of graphene at T' = 300 K, the Ginzburg
wavelength Ag = 27 /q¢ is approximately 4 nm [3, 31, 61].

The amplitude z can be approximately estimated by matching the two limiting
behaviors at ¢ =~ qg.

In presence of a weak external stress, the system exhibits a further crossover
between a tensionless and a tension-dominated regime. In the long-wavelength
stress-dominated region, nonlinearities drive a singular logarithmic renormalization
of the bending rigidity (a much weaker effect than the power-law renormalization
in the tension-free case). The behavior of the Green function becomes [17, 41, 51,
85]

moyg q>qa
B
—1 8;5q2 T gllx
Gij (q) = W do < q < qG > (251)
oq®+drq* (¢0/9c)™ In(qs/q)
kBqu q < Qs

where d is a numerical coefficient and ¢, is the momentum scale at which g2 ~
Ky (a-/9c)™ [17].

If the applied tension is sufficiently strong (o X kgZ), propagators become
dominated by stress before the onset of scaling behavior. In this case, the strongly-
anharmonic region is completely suppressed [62, 85, 110]. The anomalous stress-
strain relation is then replaced by a regular, linear Hooke’s law [17, 62].

In the case of graphene, the value of g¢ at room temperature is of the order of
4 nm [61], implying that the strongly-anharmonic scaling behavior sets in already
at the nanoscale 25, 51].

2.10 ANOMALOUS HOOKE’S LAW AND UNIVERSAL POISSON RATIO

The anomalous scale invariance of fluctuations translates also in an anomalous
behavior of response functions. The same phenomenon occurs for example in
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second-order magnetic transitions, where the scaling behavior determines power-
law divergences of the field susceptibility [13-15]. In the case of membranes, a
striking manifestation is the anomalous Hooke’s law: for small applied stress o, the
induced strain (o) is not proportional to o but, rather, proportional to o® with
a = (D+4+n.—2)/(2—n.). This phenomenon has been analyzed in detail, for example,
in Refs. [11, 17, 18, 52, 85]32. The essence of the derivation can be understood by
combining the explicit formula (2.24) for the projected area and a reasoning on the
Ward identities. The diagrammatic analysis of Ward identities given in Sec. 2.5.2
can be applied without variation also in presence of an external stress: the only
difference is that the bare propagator k=% becomes replaced by (cok? + k*)~1. It
remains true, however, that anharmonic interactions contribute only self-energy
terms which vanish as k%. As a result, the tension is unrenormalized: even after
inclusion of perturbative corrections of arbitrary order, the inverse interacting
propagator still vanishes as ogk? with the same prefactor oy which appears in the
bare propagator (see Ref. [85] for a more detailed derivation). Due to this property,
we can assume that the unrenormalized Green function behaves as described in
Sec. 2.9. Using this form of the Green function in Eq. (2.24) we get approximately

A o doksT 1 1
T+ - =+ e
A A+2u/D 2 al<ar @ Jao<lal<ae BTG

1
+ Py}
gc<|al<A K4

o d.ksT q? q3_2+"* — gP=2Hn
YD TSRO e

dckBT/ 1
2 q-<lal<qc HQQ—U*qg* ’

where A is the ultraviolet cutoff (of the order of the inverse lattice spacing). The
last term is independent of stress. It contributes to the average "hidden area" but
not to its variation with an externally-imposed tension. Using o¢? ~ kgt~ " a
and assuming that 7, < 2 (this is the case for physical membranes) shows that
the leading contribution to the strain for small external stress is positive and

(2.52)
=1+

proportional to ¢(P=2+1-)/(2=1+) Physically, this nonlinear positive strain can be
traced to the suppression of out-of-plane fluctuations. The applied stress prevents
long-wavelength modes to fluctuate strongly and "irons" the hidden area, leading
to an increased projected size.

For sufficiently large stress, the anomalous Hooke’s law becomes replaced by
a regular, linear response. In order for the anomalous response to dominate, the

Ref. [17] analyzed the anomalous Hooke’s law for a disordered membrane. In this section we
discuss the case of a disorder-free membrane. The effects of tension on a finite-size graphene drum
subject to a transverse pressure has been studied in Ref. [78].
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stress must be sufficiently small to ensure that (i) ¢, < g¢, and (ii) the amplitude
of the anomalous contribution is larger than the Hookean term o /(A +2u/D). The
condition ¢, < q¢ translates approximately into o < qué, which, in the physical
case D = 2, d. = 1 corresponds to

 3kpTY

= 2.5
7~96 167k (2.53)

Using as parameters characteristic for a graphene membrane A ~ 3.8 eV A-2, TR
9.3 eV A=2 [111], and k ~ 1 €V [31, 112], leads to an estimate?® og ~ 0.5 N/m.
When the condition o < o is satisfied, it can be checked that the nonlinear response
is larger than the Hookean term: the conditions (i) and (ii) have approximately
the same boundaries of validity, as order of magnitude.

Another striking prediction is that fluctuating membranes present an universal
auxetic effect. Most materials, when subject to uniaxial extension tend to respond
by compressing in the orthogonal directions. However, in presence of out-of-plane
fluctuations, the applied stress has the effect to "flatten" the random distribution
of flexural deformations. This flattening induces in turn an extension in both
longitudinal and transverse directions. For weak applied stress, the resulting
extension dominates over the conventional Hookean behavior and leads to a auxetic
behavior.

Within linear elasticity theory, the response to uniaxial stresses is quantified by
a dimensionless "Poisson ratio" v, defined as the negative ratio —e, /e, between
the strain €, induced in transverse directions and the strain €, in the direction of
the applied unidirectional forces. The value of v is simply related to the elastic
Lamé coefficients A\, and p of the material. In two dimensions, the condition of
vanishing transverse stress oy, = 0 implies in particular that v = A/(A+2p) 3, 83].
Due to the stability conditions g > 0, A + p > 0, the Poisson ratio in 2D must be
within the range of values —1 < v < 1. "Normal" response corresponds to positive
values of the Poisson ratio, while auxetic behavior is described by v < 0.

The auxetic effect due to fluctuations has been investigated from a theoretical
point of view for several decades [1, 2, 22, 25, 26, 52, 85]. Several approaches have
lead to the prediction of an universal negative Poisson ratio v = —1/3. A detailed
analysis actually shows that the value —1/3 emerges only as a consequence of
a special tensorial symmetry of the leading order bubble diagram [85] (see also
Ref. [20] for a related comment). Vertex corrections lead instead to a value which
differs from —1/3 [22].

In contrast with Hookean elasticity theory, the auxetic response induced by fluc-
tuations is highly nonlinear with respect to the applied stress. As a result, a precise

This estimate is valid in order of magnitude, up to a factor of order unity. Ref. [17] has considered

a stress-strain relation proportional to o/o« + a(o/0o«)® with a = 2/(2 — n«). By a fitting to
numerical simulation data of Ref. [78], the crossover tension o, was estimated to be ox ~ 0.1
N/m.
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definition of the Poisson requires a distinction between absolute and differential
Poisson ratios [85]. Furthermore, finite size effects and boundary conditions have
been predicted to play an important role [52].






SCALING AND RENORMALIZATION: SECOND-ORDER
e-EXPANSION

In this chapter we develop a theory of scaling behavior at second order in the e-
expansion. Generalization of the problem from the physical dimensionality D = 2 to
arbitrary non-integer dimensions, necessary to control the e-expansion, is achieved
by dimensional continuation of the fixed point Pj, as opposed to the elasticity
theory fixed point P;. Although the dimensions of the two fixed points coalesce
to a single value in the physical dimension D = 2, the effective theories differ in
general dimensions. Physically, the fixed point Py describes a well-known effective
theory involving out-of-plane fluctuations coupled via a long-range interaction
controlled by the Gaussian curvatures. After a Hubbard-Stratonovich decoupling,
the "Gaussian-curvature interactions" (GCI) model can be reduced to a quasi-local
field theory and can be analyzed by standard field-theoretical renormalization group
methods. The RG functions at two-loop orders and the corresponding fixed point
allow to calculate the scaling index 7, at order €2 in the ¢ = (4 — D) expansion. A
direct extrapolation of the O(g) and O(e?) results to dimension D = 2 gives n = 0.8
and 7 ~ 0.795, values which are surprisingly close to earlier predictions by the self-
consistent screening approximation (SCSA), the non-perturbative renormalization
group, and other analytical and numerical methods. In addition, it is shown that
the value of 7 at order £2 is insensitive to Feynman diagrams involving vertex
corrections. As a consequence, the self-consistent screening approximation for the
GCI model is shown to be exact to O(g?).

This chapter is based on the article:

Achille Mauri and Mikhail I. Katsnelson, "Scaling behavior of crystalline mem-
branes: an e-expansion approach", Nucl. Phys. B 956, 115040 (2020); preprint:
arXiv:2003.04043 (2020)
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3.1 INTRODUCTION

As it was discussed in Chapter 2, the quantitative description of scaling behavior
in flat membranes has been addressed by several approaches, from the large-d.
expansion [9, 11, 12, 41, 96], to the e-expansion [4, 10, 11, 96], the self-consistent
screening approximation [23-25], the nonperturbative renormalization group [26-28,
35, 42, 50|, and numerical simulations [25, 29-32, 34, 35, 37, 38, 78, 108].

In several field-theoretical methods [6, 12, 17, 22-25, 41, 51, 85] the starting point
consists in the elimination of in-plane displacements in favor of an effective theory
describing out-of-plane fluctuations with long-range phonon-mediated interactions.
This step can be performed exactly by a simple Gaussian integration because, after
neglection of nonlinearities which are irrelevant near the upper critical dimension
D = 4 [10], elasticity theory is quadratic with respect to the in-plane displacements.
The mediated long-range interactions are quartic in the out-of-plane displacement
field h and have been discussed in Chap. (2). In short, the effective field theory for
zero external tension reads [6, 10, 23, 25]

1 1
Hﬁzf/mq‘l—i—f/ Ros,~s(d)
‘ 2 q 4 k17k27k3[ o (31)

X k1akogksykas (h(ky) - h(ks)) (h(ks) - h(ky))] ,

where q = ki + ko = —k3z — k4 is the momentum transfer R,3.,6(q) = bNag s +
tMap s, b= p(DA+2p) /(X + 2), and

L

55— Pas(@Ps(a) ,

Nagqs(a) = 32

M (@) = 5 (P, (@)PEy(a) + Pls(a) P, (@) — Nusro(a)

In general dimension D # 2, a membrane with generic elastic couplings is described
by a theory in which both b and p are nonzero. Under renormalization, the coupling
constants b and u flow to the infrared stable fixed point P; described in Sec. 2.4,
which is equivalent, in a different representation, to the fixed point P, in the space
of renormalized elasticity theories [23, 25]. The special lines, b = 0 and u = 0,
which lie at the boundary of the stability region of the Hamiltonian (3.1), belong
instead to different universality classes', and flow to two distinct fixed points P
and P4 (see Fig. 2.5). The point Pj describes membranes with zero bulk modulus
and nonzero shear modulus. A realization could be provided by twisted kagome
lattices [102].

Diagrammatically this can be proven by noticing that, by the orthogonality relations
Nag,uvNuvys = Napgys, MapuvNuwys = 0, Mo Mpuy,ys = Magp ys, the lines b = 0 and
1 = 0 are preserved under renormalization [25]. A theory which has initially b = 0 or p = 0
cannot flow to the fixed point P; where both b and p are nonzero.
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Figure 3.1: RG flow of the coupling constants (b, 1) for physical dimensionality D = 2,
d. = 1. The flow in the figure is calculated using the momentum-shell RG equations (2.22)
for o = 0.

The fixed point Pj, instead, has coordinates u = 0, b # 0 and thus has no
counterpart in the space of elasticity theories (the definition b = (DX + 2u) /(X +
2u) makes it impossible, among elasticity theories, to have 4 = 0 and b # 0
simultaneously). Nevertheless, it is still provides a well-defined interacting scale-
invariant model.

In D = 2, the theory simplifies considerably [1, 24, 51, 113], because the tensor
Mg ~s(q) is exactly equal to zero. As a result, the coupling constant p becomes
redundant. Furthermore, the effective quartic interaction reduces to [1, 3, 6, 23, 24,

41, 51]
b / K(@)K(-q) (3.3)

where K(q) is the Fourier transform of

K(x) = — 3 (3 — 0.05)(@u- 0h) = 1 [(0%h-0%h) — (0,050 0,05h)] . (3.4

The composite field K (x) is, at leading order for small undulations, the Gaussian
curvature of the membrane [6]. The coupling constant b, in two dimensions becomes
equal to Y/2 where Y = 4u(A + p) /(A + 2u) is the Young modulus.

This chapter describes a calculation of the scaling index ¢ based on the dimen-
sional continuation of the "Gaussian curvature interaction" (GCI) model, defined
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as the sum of bending energy and the quartic term (3.3). The same model has been
investigated in Refs. [18, 51, 113] using a momentum-shell technique. The analysis
presented here uses instead a field-theoretical perturbative RG, which is technically
more convenient for the calculation of 7, within a systematic e-expansion?.
Implementing the dimensional continuation via the GCI model instead of the
elasticity theory is equivalent to considering the fixed point P instead of P;. The
fixed points P; and P, approach different limits as D — 2 (see Fig. 3.1), but the
anomalous dimensions collapse to a single value, since p becomes redundant in two

dimensions.

3.2 HUBBARD-STRATONOVICH TRANSFORMATION

The starting point of our analysis is the "GCI model"
1 Y ["|K(q)|?
Ha =5 [ s+ 3 [ 2L (35)
a a 9

in D = 4 — ¢ dimensions® To analyze the GCI model, it is convenient to decouple
interactions by a Hubbard-Stratonovich transformation:

o~ Het[0()]/ (knT) _ / [ (x)] e~ HIBG) XG0/ (ko T) (3.6)

where [[dx(x)] denotes functional integration over an auxiliary real field x(x)
coupled to curvature K (x). After the field rescaling h — h = (/x/(kgT))h, the
reduced Hamiltonian H = H/(kpT) reads:

H= /de [%(025)2 + %(a%()? —l—ixl_(} : (3.7)

Momentum-shell techniques and nonperturbative RG techniques organize the theory in a different
way than the perturbative field-theoretical method. In the momentum-shell method, the fixed
point lives inevitably in an infinitely-dimensional space of theories and has infinitely many nonzero
coupling constants [14]. To derive the exact exponent systematically within the € expansion, it is
necessary to extend the Hamiltonian beyond the truncated form which appears at tree level. The
field theoretical method, instead, extracts the exponent by matching the explicit solution of a
given model with the scaling laws. The universality hypothesis implies that any model, including
one with just a few coupling constants, will "know" the exact value of the exponent 7.

In the integration over in-plane displacement vectors u, zero modes of the strain tensor require
a separate analysis (see Chap. 2 and Refs. [1, 18]). Functional integration involves, besides
finite-wavelength phonon deformations, a sum over macroscopic in-plane deformations of the
crystal. This leads to a prescription on the momentum integral defining the effective Hamiltonian:
the g = 0 contribution must be omitted from integration in Eq. (3.5) (see also Refs. [12, 25]). The
primed integral fé denotes integration with the zero mode q = 0 omitted. The prescription q # 0
is non-local. However, it has the only effect to suppress tadpole diagrams (see below). Thus, the
standard methods of local field theories remain valid.
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where Yy = TY/k?, and K(x) = [(0°h - 9*h) — (0,05h - 9,05h)]/2. The field
X(x) plays the role of the Airy stress function [1]. The Hubbard-Stratonovich
transformation (3.6) consists in the replacement of the "instantaneous" Airy stress
with an independently-fluctuating quantity.

The perturbative expansion in powers of Y; is generated by the propagators
and the vertex illustrated in Fig. 3.2. The vertex presents a simple geometric
structure. From the definition of the curvature K (x) and momentum conservation,
ki + ko + k3 = 0, it can be verified that:

(ki ko, k3) = k22 — (ky - ko)? = k3k2 — (ko - k3)? = k2k? — (k3 - k1) . (3.8)

(a) (b) (c)

ko = —k; — k3
. q .
J k l ks 3/
e BETCTTETTEETES —l5j17(k17k2,k3)
051 Yo !
z o ky

Figure 3.2: Bare propagators and vertex of the model. (a) h-field propagator, (b) x-field
propagator, (c) interaction vertex.

3.3 RENORMALIZATION GROUP EQUATIONS

Representation of the GCI model by Hubbard-Stratonovich transformation gives
access to the methods of perturbative renormalization of local field theories [15,
16, 81]. This section presents a derivation of renormalization group equations for
the theory in the representation expressed by Eq. (3.7).

Power counting shows that the coupling constant Y, has dimension € = (4 — D).
The GCI theory has therefore the same upper critical dimension D,. = 4 as
the conventional model of D-dimensional elastic membranes [10]. For D < 4 the
perturbative expansion breaks down at sufliciently large order because of infrared
divergences, similarly to the theory of critical behavior [15, 16]. In analogy with
earlier approaches to crystalline membranes [10, 11, 96] and critical phenomena, the
massless perturbation theory is however well-defined within the e-expansion, since
perturbative corrections modify the propagators and vertices only by logarithmic
functions.

A power counting analysis of one-particle irreducible (1PI) correlation functions
shows that the h and y field self-energies and the y one-point function are the
only superficial ultraviolet divergences [15] in four dimensions. The structure of
the vertex, Eq. (3.8), implies that in any diagram two powers of momentum can be
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attached to each external leg and factorized from the loop momentum integration®.
For any 1PI diagram A with L loops, V vertices, I internal and E external lines
(of either solid or wiggly type), the degree of superficial divergence [15] is therefore

6po = DL+4V —4I —2E (3.9)

or equivalently, using the topological relations L =2V —I — E+1 and 2] + E = 3V,

6A:D—§E—%(4—D)V. (3.10)
For D = 4 the degree of divergence is independent on the number of vertices and
the model is renormalizable by power counting. The only superficially divergent
1PI functions, characterized by da > 0, are two-point functions in Fig. 3.3(a)
and 3.3(b), which diverge logarithmically, and 3.3(c), which diverges quadratically.
The three-point vertex function is, instead, convergent and it does not require the
introduction of an independent renormalization constant®.

The one-point function (Fig. 3.3c) vanishes at nonzero momentum. On the other
hand, the field y was introduced to mediate the non-local interaction of Eq. (3.3),
in which the q = 0 mode is excluded. We thus assume that functional integration
runs only over finite-momentum Fourier components of the x field. Diagrams for
the one-point function can then be dropped, consistently with the elimination of
tadpole diagrams in earlier approaches to crystalline membranes [1, 12, 25].

(a) (b) (c)

+... + ... mmm@+

Figure 3.3: Superficially divergent 1PI correlation functions.

Ultraviolet divergences are therefore removed by the introduction of two renor-
malization constants, corresponding to the superficial divergences in the two-point

This property was suggested in Ref. [23], and reflects the symmetry of the theory under the shifts
h(x) — h(x) + Agza + B and x(x) = x(x) + ALz + B’, which leave the Hamiltonian (3.7)
invariant up to boundary terms. Shifts of h(x) by a first order polynomial in the coordinates
correspond to translations and rotations of the membrane in the d-dimensional embedding space.
Invariance of the theory is therefore related to the Goldstone-mode character of the out-of-plane
fluctuation fields and to Ward identities of embedding space rotational invariance. The analysis is
consistent with Refs. [12, 23, 25].

The convergence of the vertex function and the subsequent absence of vertex renormalization in
a Hubbard-Stratonovich representation was recognized in Refs. [23, 25]. It was related to Ward
identities and it was proven to imply the exactness of the self-consistent screening approximation
to O(e) in the e-expansion for D-dimensional elastic membranes [23, 25]|. Refs. [23, 25|, however,
focused mostly on the fixed point P; and did not analyze in detail the field theory after Huubard-
Stratonovich transformation.
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functions [23, 25]. Within dimensional regularization and the minimal subtraction
scheme [15, 81], the renormalized Hamiltonian equipped with necessary countert-
erms reads:

o 7 _ SD _
h, x| = [ APz |Z(0°h)? + ———(0*x)? +ixK 3.11
A = [0 |02 4 g @0t ik ()
where M is an arbitrary wavevector scale and ¢ is a dimensionless renormalized
coupling. For later convenience in explicit calculations, we have redefined the
coupling constant by introducing yg = spYp, with

(D? — 1)[2(D/2)0(3 — D/2)
4(47)P720(D) ’

Sp = (3.12)
because a geometric factor similar to sp is generated in the one-loop Feynman
diagrams [23, 25]. In the renormalization of the theory, this parametrization con-
verts minimal subtraction into an analogue of the modified minimal subtraction
scheme [15]. The amplitudes Z and Z, are double series in § and 1/¢ and, be-
ing dimensionless, do not depend explicitly on M. Comparison of Eq. (3.7) and
Eq. (3.11) gives the following relations between bare and renormalized quantities:

1

h(x) = VZh(x),  x(x) = H10x).
e i o (3.13)
W=y, HIBEO, X)) = HAK), XG0

The renormalization of 1PI correlation functions with n external h lines and ¢
external x lines reads:

FE?’?” (kl, ..,kn; q1, -->QZ§y0) = Ze_%fg?’i)n (kla -~7kn§ qi, -, 9¢; M7 g) : (314)

Renormalization group equations follow, in a standard way [15, 81], from the
independence of the bare functions I'™%) on the wavevector scale M. Introducing

9y

_ . O0lnZz
T 9lnM

B(7) ; n(y) = il (3.15)

Yo

the RG equations for one-particle irreducible correlation functions read:

0 0
MWJrﬁ(y) <

n s, -

2
As a consequence of dimensional regularization and the minimal subtraction
prescription [15], n(%) does not depend explicitly on € and 8(g) = —ey + b(§) where
b(§) is e-independent. Being dimensionless, 3(3) and 7(§) are independent of the
renormalization scale M.
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In the long wavelength limit, the running coupling approaches an infrared-
attractive fixed point § = ., determined by the condition 5(g.) = 0 [15, 81]. At
the fixed point, a combination of RG equations and dimensional analysis shows
that correlation functions® scale according to:

.y )
DD (pk1, ., Pk Pt s petes M, )

D+2(4—D 1a(n,L) (3-17)
=p 3 A=D-m)n Fil.’.in(kla"7kn;q17"7qf;M7g*) )

where the scaling exponent is 1, = 7(,). In particular two-point functions satisfy
the scaling relations:

[(2:0 —n 7(0, D+21.
FEO () oc k', T2 (q) o g P+ . (3.18)

We can interpret Eq. (3.18) by recognizing a power law divergence of the effective
bending rigidity xkr(¢) and a suppression of the effective Young modulus Yr(q).
Defining kr(gq) and Yr(q) by the identifications

4 2.4
, kr(9)g K%q
r5%) =3 (H) . IO =

= Vi’ (3.19)

implies, since bare and renormalized correlation functions are proportional, that
kr(q) o< ¢ and Yr(q) x ¢"™ with 5, = 4 — D — 2n,. The relation between 7,
and 7), is consistent with the theory of D-dimensional membranes, for which a
well-known analogue exponent identity holds in arbitrary dimension [10, 12, 23-25,
96].

3.4 SCALING EXPONENT

This section reports explicit results for the scaling exponent 7, to order £? in
the e-expansion. As it will be verified, the coupling strength ¢. at the fixed
point is of order € near dimension four. Determination of 7, with accuracy &2,
therefore, requires the knowledge of 5(7) and 7(7) to order ¢ and 2 respectively.
RG functions at this order can be calculated by computing the renormalization
constants Z and Z, at two-loop level.

The bare one-particle irreducible two-point functions are given, in second order
perturbation theory, by the sum of Feynman diagrams in Fig. 3.4.

Perturbative calculations are extensively simplified by the similarity between
h- and y-field propagators, both scaling with momentum k as k%, and the
permutation-invariance of the vertex function expressed by Eq. (3.8). These prop-
erties imply that, up to a prefactor, the loop integral corresponding to a Feynman

In Eq. (3.17), 1PI correlation functions in momentum space are defined after factorization and
cancellation of the momentum-conservation factor (2m)P6( >, k; + ¥ qj).
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Figure 3.4: Feynman diagrams for the one-particle irreducible two-point functions at
order two-loops. The values of diagrams (a), (b) and (c) are denoted as D.(q), Dn(q)
and D.(q) respectively. Diagrams (d), (e), (f) and (g) are proportional to the identity in
d.-dimensional space and, therefore, are denoted as d;;D;(q), where [ = d, .., g

diagram does not depend on the type (solid or wavy) of its lines, but only on its
overall connectivity. Denoting as D;(q) (I = a, .., ¢) and 6;;D;(q) (I=d, .. , g) the
values of the I-th Feynman diagram in Fig. 3.4, the following relations hold”:

D pua) = %Dt Dela) = 2Dy = LDi(a)

D p b (3.20)
2D(q) = 5 Dyla) -

SD

Calculation of the seven diagrams thus reduces to the computation of three inde-
pendent integrals. Explicit expressions for diagrams (a), (e) and (c) are:

_de [ (¢°F —(q-k)%)?
2 =5 [ g S
2]{27 -k22
Dwnz—A@ S b ] (321)

cyo// v(q, ki)v(ks, ko)v(a, k2)v(q — ki, q — ko)
" 25p iy ey kilfkeltla — kaltq — ki[ik; — ko[t

7 In Egs. (3.20) and (3.21), combinatorial factors 1/2 appear in presence of closed solid-line loops
with flip symmetry. An analogue Feynman rule applies to the the Ginzburg-Landau model in a
Hubbard-Stratonovich representation [14].
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where v(ki,ky) = k?k3 — (k; - ky)?. The diagrams D, and D, can be deduced from
the general integral [25]

%k (K~ (@-k)*)?
II ! =
0)= [ (2m)P [kl + g7
P2 -~ BT(R + DI(E + %)

= =) e - Dre - LT + 1)

(3.22)

)

where q = q/|q| is an unit vector. Using Eq. (3.22) repeatedly gives the expressions
for the diagrams

d. _ deSp 4_
Da(q):?H(0,0,D)q‘l €= qu4 N s
dc y8q4—25 (323)
D.(q) = —EH(O,O,D)H(—E,O,D)i2 .
D
Near D =4, D.(q) has the expansion:
De(q) = —de (& — — +0(1) ) 43g*~> (3.24)
€2 12 0 ’

where O(1) denotes the finite part of D¢(q) for € — 0. The remaining independent
diagram D.(q) gives, by dimensional analysis:

d Spap _
Pela) = =75 wor (3.25)
where ap is a function of internal dimension D. As it is shown in 3.A, ap presents
a first-order pole at D =4

aD=§+Oﬂ% (3.26)

with residue A = 121/90, corresponding to the UV divergence of D.(q) in four
dimensions. The bare two-point functions can therefore be written as:

12 (q) = spd’ + Da(a) + Dr(q) + De(a)
Yo (3.27)

Spq dc Yo 2 1 A y2
_ P+¢<§&+%+Om 2 Tow) |

2y d. 2 1 y%
=61+ =22 - [14 = — ——+0(1) | ==
749 [ + £ ¢ ( + 2 ) (62 6e + ( )> g2 (3.28)

—<A+O(1)>;/28€+O(yg’)] :
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With the choice of renormalization constants

d.j g2 d. (1 T _
Zy,=1+ y+dc(dc+2)y2+<—A>y+O(y3)7
€ € 2 \3 €

(3.29)

2y 7 de +2 7 3
Z=1-2_ 2L — —A) L
-~ (det+2) < 5 - o),
the renormalized correlation functions T'(©2) = Z-2102) apd 120 = Zp(20)
are finite to order §* after the coupling renormalization yo = M*¢Z,3/Z?. The
corresponding RG functions can be determined from the relations [15]

_ —ey - . 0lnZ
B(H) = ——s1r7 777 > 77(?}) =B@)—%=— (3.30)
14 alni(ﬁg?/;z ) o7

which lead to:

B(§) = —f + (de + 4)7* + (;(dc +1) — (d. + 4)A)g3 +0 (7Y, (3.31)
n(g) = 25 + (dc T2 2A> 7+ 0 (7°) . (3.32)

The S function describes, for ¢ small, a renormalization group flow from the
Gaussian fixed point § = 0 to a nontrivial infrared stable fixed point § = y.
corresponding to the coupling strength

. £ (3(de +1) = (de +4)A) 2

.= — +0() . 3.33
LA (d. +4)* (&) (8:33)

The anomalous dimension controlling the long-wavelength scaling behavior is

therefore ) 02— d,)
€ c\4—Ac) o 3
pr— -_ . . 4
Go+d 6. rapc TOE) (3:34)

e = 1(T)

3.4.1 Exactness of the self-consistent screening approximation to O(g2).

As Eq. (3.34) shows, the scaling exponent 7 is insensitive to the value of the residue
A describing the contribution of diagrams (c) and (g) in Fig. 3.4. Only diagrams
(a), (b), (d), (e) and (f), representing propagator corrections contribute to the value
of 7. to order 2. This suggests that the self-consistent screening approximation |23,
25| is exact to O(g?) for the GCI model.

Within the SCSA, scaling exponents are determined by identifying power-law
solutions to truncated Dyson equations for the x- and h- field propagators D(q)
and G;;(q). In analogy with the theory of D-dimensional membranes [23, 25]
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(see also Chap. 2), we define the self-consistent screening approximation by the
equations

D
G @), = ua' + [ gm0 — (@10%)" Gy (0Dl 1)
(3.35)

s 4 D B _
D) =2 [ (P~ (@) Gy (RGila 19

which correspond to the diagrams in Fig. 3.5.

Gji(g—k)

*pe (G Ha)],; = dia" +

Yo

D7 '(q) =

Figure 3.5: Diagrams corresponding to SCSA equations. D(q) and G;;(q) denote the x-
and h-field propagators respectively.

The inverse two-point functions [C_v';jl(q)] and D~1(q) approximate, within the
SCSA, the interacting 1PI two-point functions Fg,o) (q) and I'(%?)(q) respectively.
In the long-wavelength, strong-coupling limit zero-order propagators are negligible
compared to self-energy terms [24]. The SCSA equations admit, in this regime,
scaling solutions of the form [23, 25]:

Gij(q) = z8;lal™ ", D(q) = c(n, D)z"2|q| " | (3.36)

where z is a non-universal amplitude. Consistency of the solution with Eq. (3.35)
imposes the exponent relation ), = 4 — D — 2n’ and an equation determining 7':

/

de (0., D) _ T(L)0(2 - 7/)T(D + 7 )T(2 — L)

de 2
2 T(y,n,D) TE+Tre-—u7 -2+ +2-1)

(3.37)

The power-law behavior and the relation between 7, and 7’ agrees with the
scaling form of the effective bending rigidity and Young modulus, Eq. (3.19).
Solving Eq. (3.37) order by order in ¢, it can be explicitly verified that the SCSA
exponent 1’ agrees with the exact e-expansion, Eq. (3.34), not only at leading
order but also at order £2: 7 — 1, = O(e3). The exactness of the SCSA at leading
order in € is a consequence of the structure of renormalization in the theory.
Due to the absence of vertex renormalization, the one-loop RG functions are
determined by diagrams without vertex corrections: the same diagrams included in
the self-consistent screening approximation. An analogue situation occurs in the
theory of D-dimensional crystalline membranes in the conventional dimensional
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continuation scheme for which the SCSA approximation yields the exact exponent
N = ¢/(2+ d./12) [10] at leading order in the e-expansion [23, 25].

Exactness of the SCSA at order €2 in the e-expansion, follows instead from
Eq. (3.20), which relates the amplitude of diagrams for the h- and x-field correlation
functions. These relations can be traced to the permutation invariance of the vertex
function, Eq. (3.8), and the identity (up to a factor yo/sp and an identity matrix
d;;) of the h- and the y-field non-interacting propagators.

By construction, the SCSA is also exact at leading order in the 1/d. expansion
for any dimension D [23, 25].

As a final remark, we note that the SCSA equation for the GCI model, Eq. (3.37),
is very similar to the self-consistent screening approximation for a crystalline D-
dimensional membrane in the conventional dimensional continuation scheme, which
is given by Eq. (2.45) [23, 25]. The two equations differ by a simple factor D(D—1)/2,
which reduces to unity in the physical case D = 2. As expected, in two dimensions
the GCI model and the theory of D-dimensional crystalline membranes present

the same exponent ' = 4/(d. + /16 — 2d. + d?), approximately equal to 0.821 for
d. =123, 25].

3.4.2  Extrapolation to the physical dimensionality

For the physical codimension d. = 1, the e-expansion of the scaling exponent,
Eq. (3.34), reduces to: )
2 € 3
U**E—ﬁﬁ-(}(é ) . (3.38)
Compared to the leading order result, the O(g?) correction is strongly suppressed
by its small numerical prefactor. Although ¢ is as large as 2, a direct extrapolation
to the physical internal dimension D = 2 reveals an unexpectedly small deviation
between the first and the second order results, n = 0.8 and 7 =~ 0.795 respectively.
The first and second-order results, moreover, are close to the non-perturbative
RG results n ~ 0.85 [26-28], the first and second-order SCSA n ~ 0.821 [23,
25|, ~ 0.789 [24] and to several numerical simulations, reporting approximately
n ~ 0.750 [4], 0.81 [29, 30], 0.85 [31, 34], 0.795 [32], 0.793-0.795 [35], 0.66 [37],
0.85-0.88 [38] (see Refs. [25, 29, 30] for results of early simulations). Finally, the
leading-order extrapolation n = 0.8 is in exact agreement with the prediction
of Ref. [51], where the exponent was obtained by a one-loop momentum shell
renormalization group directly in D = 2.

3.4.3 Extensions and higher-order calculations

When our calculations were finished, available results were limited to the first order
in the e-expansion [10, 11], and the value (3.34) provided the first result beyond

51



52

SECOND-ORDER €-EXPANSION

leading order. Soon after, Coquand, Mouhanna, and Teber [19], extended two-loop
calculations to all fixed points, both in the framework of elasticity theory and within
the effective field theory for flexural fluctuations. In the recent publication [20],
Metayer, Mouhanna, and Teber extended all results to three loops. Finally, in
Ref. [21], Pikelner has derived a four-loop result in the framework of elasticity
theory. The values of exponents determined by these higher-order calculations are
summarized in tables 3.1, 3.2, and 3.3.

) 7scsA
P 2 de(2—de)e? 26 de(2—dc)e?
2 d.+4 6(d.+4)3 d.+4 6(do+4)3
P 10e _ de(37d.+950)e> 10e _ de(37d.+890)e>
3 20+d. 6(20+d.)3 20+d. 6(20+d.)3
P 12e  6de(dc+29)e? 12 6dc(de+30)e?
4 24+d. (24+d.)3 24+d. (24+d.)3

Table 3.1: Anomalous dimensions at order €2 for all independent interacting fixed
points [19]. P; is the fixed point of the GCI model analyzed in this chapter. P4 describes
the dimensional continuation of elasticity theory. Ps corresponds instead to a medium with
zero bulk modulus and a nonzero shear modulus [19]. The fixed point P>, corresponding
to an elastic medium with zero shear modulus and nonzero bulk modulus is not reported
because it has zero anomalous dimension (see, however, Ref. [104]). The last column
reports the O(e?) expansion of the SCSA exponents corresponding to the fixed points [19].

Ns

’ 0.8 _ 0.0053¢2 0.01104¢%
Py 2 4 + 8

P 0.952¢ _ 0.071e2  0.069¢®  0.075¢*
3 2 4 8 16

P 0.96e _ 0.0461c?  0.00267¢>  0.002¢*
4 2 4 8 16

Table 3.2: Anomalous dimensions at order e for P3 and P4 [21] and at order ¢* for
P; [20]. (All results are expressed for the case d. =d — D = 1).

Tab. 3.1 shows that the SCSA is exact at order €2 only for the GCI model (the
fixed point Pj). For other fixed points, the SCSA is only exact at first order in
g [19]. The three-loop result of Ref. [20] showed that at order &3 there appear
corrections beyond SCSA also for the fixed point Pj.

Analogy with the theory of critical phenomena [15] suggests that the e-expansion
could be asymptotic, with zero radius of convergence [20]. In this case a resummation
would be necessary to improve the quantitative accuracy of the results. A rigorous
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1L 2L 3L 4L

P 0.8 0.7946  0.8057 -
P; 09524 0.8813 0.8116 0.7368
Py 096 09139 0.8872 0.8670

Table 3.3: Direct extrapolation of one-, two-, three-, and four-loop anomalous dimensions
to D =2 and d. =1 [20, 21].

control over the series and the "error bars" in the e-expansion calculation remains
an open question.

The explicit values of the exponents at the lowest orders indicate that the ¢
expansion based on the fixed point Py may be less divergent than the expansion
based on Pj. For example, in the series for ) = n,(Py), the three-loop contribution
is larger than the two-loop one when € = 2, which might be an indication of the
asymptotic nature of the expansion [20]. For ny = n.(Py) the relative strength of
two-, three-, and four-loop contributions is instead decreasing. At the same time,
the special permutation symmetry of the vertex and the identical behavior of h
and x propagators implies that the expansion of the GCI model can be extended to
high order by computation of a smaller number of Feynman diagrams. Therefore,
it may be an useful tool in high order computations.

Before concluding this chapter, it is interesting to note that models almost
identical to the GCI theory (3.7) emerge in the context of Galileon theories, which
are relevant in high-energy physics (see, for example, Ref. [114]). A close analogy,
for example, is the absence of vertex renormalization, which is at the basis of
the calculations presented in this chapter and which also emerges in Galileon
models [114]. It would be interesting to investigate in more detail the connections
between the two theories.
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APPENDIX 3
3.A TWO-LOOP SELF-ENERGY DIAGRAM

Diagrams (c) and (g) in Fig. 3.4 lead to the two-loop integral:

i/ del / deQ W(Q7 kl)rY(klakQ)'Y(Q7 kZ)V(fl—klvq—kz)
spJ @2mP ) (2m)P  |kil*[ko|*|q — ko|*|q — ki |*[k1 — ko|*

where y(ki, ko) = k?k3 — (k; -kz2)?, @ = q/|q| is an unit vector and integration runs
over dimensionless momenta k; and ks. The diagram presents a logarithmic UV
divergence in four dimensions. Because of the finiteness of the yh? three-point vertex
function, all subdiagrams are finite. The UV divergence is thus of global type: it is
generated by the region of integration in which k; and ky are both simultaneously
large. As any global UV divergence, the divergence in D.(q) corresponds to a
first order pole in dimensional regularization. Following a standard strategy, it

ap = . (3.39)

is possible to extract the singularity by replacing the integrand in Eq. (3.39) by
any simpler expression which presents the same large-momentum behavior. A
convenient choice consists in the replacement ap — ap, with:

1 del deQ ’7((17 kl )’Y(éh k2)72 (kla k2) 3.40
<2 (2)1) (Q)D 4 2\2 4 22 4'(')
5D ™ )7 ([ka|* + ookt)” ([k2|* + 00k3)” k1 — ko

In this expression o plays the role of an external tension [11, 52, 85], modifying the

h field propagator from 1/k* to 1/(k* + ook?). Imposing a finite o in Eq. (3.40)
is necessary in order to avoid infrared divergence of the integral. The dependence

ap =

of ap on the external momentum ¢q can now be factorized. The integral takes the
form:

ap = P14(q)Pls(q) /k A F(k3 k3, k1 - ko)kiakighaykos (3.41)
1 2

where P)5(q) = 6ap — adp is the transverse projector and [ = [dPk/(2m)P
denotes momentum integration. It is then convenient to average over angles [25].
By using the relation [15]

F(kT, K3,k - ko)koykas
ko

_ f(k%a k%a k; - k2)
ke (D—1)k{

(3.42)

[v(kl, k2)dys + (D(k1 - ko) — kik3)
and the spherical averages [25]

da
[ aiaks =2 [ gt
k;

ki
3.43
0005 + Oary0ps + dasdpy / (343)

k2 k10 k1 gk ks =
/klg( 1) 1 181y V16 D(D+2)
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we obtain:

B 1
ap = TH /k1 . ST, K3,k - ko)[(D* — 1)kik3 — 2y(ky, ko))

/ / 2(kq,ko)[(D? — 1)k3k3 — 27(ky, ko)
D(D +2)s3 i, Jie, (Ka|* + 00k3)2([ka|* + 00k2)2[ky — ko|*
By introducing integration over five Schwinger-type parameters t; (i = 1,..,5), the
expression for ap can be represented as

5
1 oo
o [Tt (k1, ko)
ap D(D+2)s%/0 dtldtgdtgdt4dt5(' tz>/ /1(2{ 15 2

x [(D? = 1)kiks — 27y(ki, ko) exp [ Z Map(ko - kp) — (t2 +t4)00}} )
a,b=1

(3.44)

(3.45)

where M is the 2 x 2 matrix:

(3.46)

M{t1+t2+t5 —t5 }

—t5 ts3 +t4 + 15
and integrals over all five variables t; (i = 1,..,5) run from 0 to co. Momentum
integrals in Eq. (3.45) are determined by moments of a Gaussian distribution. It

is convenient to express moments by differentiation with respects to the matrix
elements M,;. This leads to the representation

5
1 o0
S S ; —(ta+ta)oo
ap D(D—|—2)S2D/O dtldtgdtgdt4dt5<i1:[1tt> /kl /k2 {e

x [(D?—1) AN ¢ 1 (3.47)
OM710Mos OM10M2e 4 0MZ,

2
02 19w, Mtk
OM,,0Mps 400D,

)

where My = Moy is considered as a single independent variable. By using the
relation

1
OMy,0My, 4 0MZ,

after momentum integration, we obtain:

G CED o
= — dt dtodtsdtadt Ui | ———5=
ap 64(4m)P 52, 0 PR }—[1 (det M) "=*

w(2w —1)

}(det M) ™ = (det M)=w~1 (3.48)

2 (3.49)
<[(0? (D +6) 12

+(D2—1)(D+4)—2(D+3)}}.
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Near D = 4 regular functions of D can be replaced by their four dimensional value.
Using the explicit form of the matrix M, Eq. (3.46), and integrating over t5 gives:

an A4 dtydtodtsdt t; 9+—
D /O 1dtedts 4{(1_[ )( (t1 +t2)(t3+t4)>

(3.50)
e—(t2+t4)00
54(t1 + tg)D/Q(tg + t4)D/2} )
where s = t1 + t3 + t3 + t4. By the change of variables
t1 = (1 —z1)ys, to = x1YS ,
1 ( 1)3/ 2 1Y (3.51)
ts=(1—-z2)(1 —y)s, ty =x2(1 —y)s,

the integral can be rewritten in a Feynman-type parametrization:

aD~4/ dml/ dxg/ dy/ ds{xl 1—z1)xe 1—372)?/ %
(3.52)

(1= 28 P94 =22 Y exp [~ (my + 22(1 — y))soo] }
Sy(1—y) - I
Integration over s generates a first order pole at D = 4. The remaining integrals,

being finite, can be calculated by replacing D = 4 in the integrand function. The
result is:

1 1 1
ap ~ 4F(47D)/ dxl/ dazg/ dy {xl(l —x1)xa(l — x2)
0 0 0

(3.53)
-0+ B)] = 1
YT T ) T 904Dy
The two-loop integral ap, therefore, behaves near four dimensions as:
121
ap = — + O(l) . (354)



SCALE WITHOUT CONFORMAL INVARIANCE

Field theories at renormalization-group fixed points exhibit an emergent symmetry:
the invariance under dilatation of length scales. In several field theories with
rotation and translation symmetries, the appearance of scale invariance triggers the
emergence of an even larger symmetry: conformal invariance. When this symmetry
enhancement occurs, powerful conformal field theory (CFT) methods can often be
used to derive very accurate numerical calculations of universal quantities and, in
several 2D models, even exact solutions. In this chapter, we investigate the relation
between dilatation and conformal symmetries in the statistical mechanics of flexible
crystalline membranes. We argue that, in the elasticity theory representation, the
ultraviolet and the infrared fixed points of the RG flow exhibit scale invariance
but not the conformal symmetry. In the GCI representation, instead, the RG flow
connects a conformal ultraviolet fixed point to a scale-invariant but nonconformal
infrared fixed point. The analysis is based on an inspection of the corresponding
energy-momentum tensors to all order in the e-expansion.

This chapter is based on the publication:

Achille Mauri and Mikhail I. Katsnelson, "Scale without conformal invariance in
membrane theory", Nucl. Phys. B 969, 115482 (2021); preprint: arXiv:2104.06859
(2021)
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4.1 INTRODUCTION

Asymptotic scale invariance plays a crucial role in quantum field theory, from
statistical mechanics to models of fundamental interactions. In several cases, the
asymptotically-emergent scaling symmetry is enlarged to full conformal invariance,
which opens the way to powerful techniques such as bootstrap equations [79, 80]
or, in two dimensions, methods based on the infinite Virasoro algebra [115]. These
approaches give access to high-precision non-perturbative calculations and, in
some cases, even to exact solutions. Understanding the conditions under which
conformal symmetry arises is thus of great importance, and has motivated extensive
investigations [116].

Particularly general results were established for two- and four-dimensional field
theories assuming unitarity, or, in Euclidean space, the corresponding property of
reflection positivity [79, 117-119]. In the two-dimensional case, Zamolodchikov and
Polchinski proved that unitary scale-invariant field theories are always conformal
under two mild assumptions: the existence of a well-defined energy-momentum
tensor and the discreteness of the spectrum of operator dimensions [117, 118]. In
four-dimensional space, a similar result is expected to hold [116], as indicated by
perturbative proofs to all orders [120-122] and corroborated by non-perturbative ev-
idences [116, 121, 123-125|. Some analogue derivations were argued to be applicable
to unitary theories in any even dimension D = 2n [126].

These arguments, however, cannot be extended straightforwardly to arbitrary
dimensions (possibly odd or non-integer) or to models lacking unitarity or reflection
positivity. In addition, several derivations break down when the energy-momentum
tensor and its two-point function are not well defined, which can happen in sigma
models relevant for string theories [118, 127, 128]. Models with scale but without
conformal invariance, in fact, exist and have been explicitly identified [103, 116,
118, 127-133], or indirectly conjectured based on holographic analyses [134-136].
Although unphysical in the context of fundamental interactions, models defined in
general dimension D and without unitarity or reflection positivity are recurrent
in statistical mechanics. Analyses of the relation between scale and conformal
invariance in more general classes of theories are thus crucial for several physical
applications (see Refs. [79, 118, 137-142] for some of the results and methods).

If we try to consider, roughly speaking, how likely it is for a scale-invariant
model to exhibit conformal symmetry, we can often run into a dilemma. On the one
hand, dilatation invariance is not a sufficient condition for the extended conformal
invariance and, therefore, a generic scale-invariant theory can be expected to lack
conformal symmetry. On the other hand, there exist arguments suggesting that,
for interacting field theories, scale invariance should imply conformal invariance
generically [79, 130, 132, 142|. A formulation of this reasoning starts from the
structure of the energy-momentum tensor 7,3 and its trace 7. In local and scale-
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invariant theories, dilatation symmetry implies that T = 0, V', where V“ is a local
field, the "virial current". Conformal invariance arises instead whenever V< = j* +
05 LYP where j* is conserved (0,5% = 0) and L is a tensor field [118]. Although
the requirements for conformal symmetry are stronger and not automatically
satisfied a priori, possible candidates for the virial current are constrained, because
V< must have a scaling dimension exactly equal to {V*} = D — 1 in order to
match the dimensions of the energy-momentum tensor {T,3} = D [79, 130, 132,
142] 1. All vector currents are usually expected to acquire anomalous dimensions in
presence of interactions, unless they are conserved. Consistent candidates for V¢
in a generic theory can thus be expected to be conserved currents, which implies
conformal invariance [79, 130, 132, 142].

A basis from which we can formulate similar arguments is provided by the results
of Refs. [137, 140, 141] which, instead of analyzing the energy-momentum tensor,
used non-perturbative renormalization group techniques. Refs. [140, 141] showed
that, for critical scalar and O(N) models, scale implies conformal invariance if
no vector eigenoperator with scaling dimension —1 exists 2. This vector quantity
plays a role analogue to the space integral of the virial current. Ref. [137], instead,
used a generalization of Wilson’s renormalization group to argue that, for a
general fixed point theory, two- and three-point functions are consistent with the
constraints imposed by conformal invariance provided that (i) there exists no
vector eigenoperator with dimension —1, (ii) interactions are sufficiently local,
(iii) the real parts of operator dimensions are bounded from below, and (iv) some
surface effects are negligible®. With the same logic used for the virial current, the
existence of vectors with dimension tuned to —1 appears to be unlikely in generic

More precisely, the change of a symmetric energy-momentum tensor under infinitesimal dilatations

reads i[5, Tog] = 2P0pTap + DTag + 0°0PY o0, Where Yoo, = —Yoagp = Yapao [118, 123].
The first two terms, 2°0,Tg + DT, describe the scaling law of an eigenoperator with dimension
D, while the third, inhomogeneous term is generated by renormalization. In scale-invariant
theories, where TY = 9, V', the scaling law for the virial current must read, therefore, i[S, V%] =
POV + (D — 1)V +1* + 0PY 7%, with 0al® = 0 (see also Ref. [123]). The inhomogeneous
terms [* + 0PY 7, ) have precisely the form of the combination of a conserved current and a
total divergence, which are irrelevant to the discussion of scale and conformal invariance. This
justifies considering V% as a scaling operator of dimension D — 1. It is usually possible to choose
an improved energy-momentum tensor in such way that Y,s,3, = 0 and the canonical scaling
laws holds (see however Ref. [123] for a more detailed discussion).

Redundant operators, whose insertion is equivalent to an infinitesimal change of variables, are
allowed: even if their dimension is exactly equal to —1, they do not destroy conformal invariance
but, rather, modify the transformation of fields under the elements of the conformal group [141].
This is consistent with the fact that the scaling dimension of redundant operators can actually
be chosen at will, by suitable design of the specific renormalization group transformation [143].
The dimensions of non-redundant operators are, instead, intrinsic quantities, invariant under
redefinitions of the RG.

In Ref. [137] the vector operator dimension is reported as +1, because length units are used
instead of inverse-length units. Similarly, the lower bound in the real part of operator dimensions
is expressed there as an upper bound.
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interacting field theories, suggesting that scale implies conformal invariance in a
broad class of models. The argument can actually be extended by a reasoning based
on continuity: even if a vector happens by coincidence to have scaling dimension —1
in D-dimensional space, conformal invariance can still be inferred by continuation
from neighbouring dimensions D + 0 D. A scenario without conformal invariance
thus requires the existence of a vector presenting dilatation eigenvalue exactly
equal to —1 throughout a continuous interval of dimensions in the neighbourhood
of D, which seems even more unlikely [140].

Although genericity arguments hint at a general explanation of conformal invari-
ance, they cannot set a fully definite answer. The same reasonings, for example,
could be read from a different point of view: it might be the case that scale without
conformal invariance is recurrent in several field theories, and vectors with dimen-
sion —1 or currents with dimension D — 1 are not unlikely as a first expectation
suggests. With this reversed perspective, the arguments could be regarded as proofs
that these vectors are common even in interacting theories*.

For given field theories, it is usually not necessary to argue from genericity. For
example, in the Ising and in the O(NN) model, the presence of conformal invariance
can be argued by setting bounds on the dilatation spectrum?® [140-142]. Also,
powerful tools are available to analyze perturbative theories explicitly [116, 118,
120, 121, 138, 139, 145].

It is interesting, however, to explore the genericity arguments in more depth.
In this direction, Ref. [132] identified and analyzed an interacting scale invariant
model which is not conformal: the theory of SU(N) gauge fields coupled to massless
fermions at the Banks-Zaks fixed point. As it was shown, the model is conformal
when regarded as a gauge theory, but presents a nontrivial virial current V¢ when
gauge fixed. The scaling dimension of V* was shown to be exactly equal to {V*} =
D — 1, to all orders in perturbation theory, which was traced to BRST invariance
of the theory. Other scale-invariant but nonconformal theories were identified in
the context of turbulence [133], sigma models [118, 127-129], topologically-twisted
theories [134, 135], Wess-Zumino models with scale-invariant renormalization-group
trajectories [131], or were recognized by holographic analysis [116, 134-136]. Finally,
we note that Ref. [146] recognized the presence of scale-invariance without conformal

A critical examination of the genericity argument was given in Ref. [144]. A more detailed
elaboration on this question, in the framework of perturbative renormalization and the e-expansion,
will be presented in Sec. 4.5.3.

Ref. [140] proposed a proof implying that all local vector fields in the critical Ising model have
dimension larger than D — 1 4+ 7, where 7 is the field anomalous dimension, unless they are
total derivatives. The validity of the proof was later criticized [142] and has been a subject
of debate [141, 142]. The final result that vectors with dimension D — 1 do not exist in the
critical Ising model, is however, corroborated by the complementary analysis of Ref. [142], which
investigated the dimension of scaling operators by Monte Carlo simulations.
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symmetry in an analysis at classical level of symmetric superfluids characterized
by shift-invariant actions.

In this chapter, we analyze the relation between scale and conformal symmetry
in the statistical mechanics of fluctuating crystalline membranes. We verify that, in
the e-expansion, the theory generates a virial current V' which cannot be reduced
to a combination of a conserved current and a total derivative. Despite being non-
conserved, the V' is shown to have scaling eigenvalue {V*} = D —1 to all orders in
perturbation theory, without anomalous dimensions. This absence of renormaliza-
tion is traced to the fact that V¢ is not invariant under the spontaneously-broken
embedding-space translations and rotations, which are realized as shifts of the
phonon fields. A similar result is found for the GCI model in dimension D = 4 — €.
Even for this alternative theory, the infrared behavior is shown to be scale invariant
but nonconformal. A consequence of our analysis is that methods of conformal
field theory (CFT), such as the conformal bootstrap, cannot be straightforwardly
applied to the flat phase of crystalline membranes.

The membrane models analyzed in this work can be viewed as a generalization of
the linearized theory of elasticity, a model which was identified by Riva and Cardy
as an example of scale-invariant but non-conformal field theory [103, 130, 147].
The main difference is that the Riva-Cardy model describes an elastic medium
confined in D dimensions, while solid membranes are allowed to fluctuate in an
embedding space with higher dimension d > D. While linearized elasticity is a
Gaussian, non-interacting theory, transverse fluctuations in the additional d — D
space dimensions make membrane theory an anharmonic model, which realizes
scale invariance via an interacting RG fixed point. The presence of interactions
makes membrane theory an interesting platform to test the genericity arguments
on scale and conformal invariance.

By analyzing molecular dynamics simulations of fluctuating graphene, Gior-
danelli et al. [148] reported that the contour lines of equal heigth at the percolation
threshold exhibit properties consistent with Schramm-Loewner evolution (SLE)
curves [149]. The SLE equation is invariant under the infinite-dimensional 2D con-
formal group and thus this finding provided numerical evidence on a manifestation
of conformal symmetry in thermally-fluctuating graphene. The analysis presented
in this chapter is not necessarily in contradiction, because we did not consider the
statistical properties of iso-height lines but rather field correlations as a function
of the internal coordinate. The difference between the results presented here and
the numerical findings of Ref. [148] calls however for a further investigation®.

Note also that the analysis presented in this chapter is constructed in the framework of the
e-expansion. The absence of conformal invariance is proven for D < 4 only in the sense of this
expansion (to all orders in ). We expect however that the analysis should remain the same in
D = 2. The problem could be revisited directly in two dimensions for example in the framework
of the large-d. expansion. Another possibility consists in defining perturbation theory directly
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4.2 CONFORMAL INVARIANCE

Conformal transformations can be defined as those changes of coordinates which,
at each point, appear locally like the combination of a translation, a rotation, and
a dilatation. In other words, conformal transformations preserve all angles: if two
curves cross at a point x with a relative angle A#, the image of the two curves
after conformal transformations will cross at the image point x’ with the same
relative angle A6’ = A#.
Mathematically, the properties of conformal transformations can be expressed
by the condition that the transformed metric
oxP 0x°
W (%) = o 5 o (%) (4.1)
after the change of coordinate x — x(x’) remains proportional to the non-
transformed metric Ay, (x) up to a scalar factor:
o (x) = R, (x) . (4.2)
For a space with Euclidean geometry, h,, (x) = d,,,, this implies

oxP 0x°
h;W<X/) = ox't §x'v po

73
=g, . (4.3)

For infinitesimal transformations z’# = z* + €”, the conformality conditions reduce
to the "Killing equations"

1
Opey + Ope, = 5(896/))5/w ) (4.4)
where D is the space dimension. For D > 2 the solutions are translations (e, (x) =
t,), rotations (e,(x) = wypx, with w,, = —w,,), dilatations (¢, = Az,) and
special conformal transformations
eu(x) = 2(b - x)z, — bua” (4.5)

which together form a group with (D + 1)(D + 2)/2 independent generators [115,
116, 151].
For finite parameters the special conformal transformation reads 7
o Ty — bu:v2
140222 — 2(b - x)

(4.6)

in D = 2 after regularizing divergences via an infrared cutoff (see for example Ref. [16, 150] for
analogue methods in the theory of phase transitions).

Eq. (4.6) can be derived by performing a sequence of three steps: an inversion z, — xu/IQ, a
translation z,, — x, +b,, and a subsequent inversion z,, — z,, /22 [115, 116, 119]. The inversion is
a conformal transformation, but it belongs to a component of the group which is not continuously
connected to the identity. The special conformal transformation instead reduces to the identity
when b, — 0. This construction also makes it clear that the special conformal transformations
form a D-dimensional commutative subgroup [115].
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Figure 4.1: Image of a square net after a conformal map. The net gets locally rotated
and dilated by inhomogeneous, space-dependent amounts, but the angles between all
lines remains 90° and infinitesimal squares are mapped to infinitesimal squares (not to
rectangles).

The effect of this mapping on a square net is illustrated graphically in Fig. 4.1.
All angles between lines are preserved and locally the transformation looks like a
combination of a translation, a rotation, and a dilatation. However, the amount of
rotation and dilatation differs from point to point.

In two dimensional space, the conformal group is, instead, infinite dimensional.
The Killing equation (4.4) can be showed to be equivalent to the Cauchy-Riemann
conditions [115, 151], which have as a solution all holomorphic mappings of the
complex plane. The group of translations, rotations, dilatations, and special confor-
mal transformations of the form (4.6) can be collectively represented in complex
coordinates as mappings of the form

, az+b
Y= a (4.7)
with complex coefficients a, b, ¢, d satisfying ad — be # 0 [115]. The mappings (4.7)
are known as Mdobius transformations and form a subgroup of the holomorphic
functions.

Systems tuned at the critical temperature of a second-order phase transition are
often described by continuum field theories invariant under conformal transforma-
tions [13, 79, 115, 119]. The presence of rotational and translational symmetries
is a consequence of the existence of a continuum limit. At the critical point, the
divergence of the correlation length implies the emergence of fluctuations at arbitry
large wavelengths [13-16, 81, 84], and the discrete nature of the microscopic lattice,
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which breaks continuum space symmetries, becomes irrelevant. The appearance
of scale invariance is a further consequence of the continuum limit, and arises
when the only large length scale in the problem (the correlation length) becomes
strictly infinite. A priori, there is no group theoretical reason why a model in-
variant under rotations, translations, and dilatations should exhibit the extended
conformal symmetry. However, field theories relevant in high energy physics and
in several statistical mechanical problems are local, involving only short range
interactions [14, 15]. In this case, the enhancement to conformal invariance becomes
more likely, since in the neighbourhood of each point, a conformal mapping behaves
approximately as a combination of an isometry and a scale transformation. The
symmetry enhancement, however, is still not guaranteed, because the local values
of the rotation angles and dilatation factors change from point to point. Since field
theories always contain gradient terms, this inhomogeneity can destroy the con-
formal invariance even in a local model symmetric under rigid, space-independent
isometries and dilatations [116, 118]. As discussed in Sec. 4.1, in the case of unitary
or reflection positive theories, it is possible to prove that the conformal invariance
always emerges [117, 118, 152]. In this chapter, we argue that this, instead, does
not happen in the case of thermal ripples in membranes within the e-expansion:
despite having isometric and dilatation symmetries, the statistical distribution of
ripples is not enhanced to the full conformal symmetry.

Before starting the discussion, it is useful to emphasize the possibility of very
different notions of conformal invariance in the case of membranes. In high-energy
physics and in the statistical mechanics of critical phenomena, the continuum
field theories usually have as degrees of freedom quantized matter fields, gauge
fields, or order parameters (a local magnetization in the case of ferromagnetic
transitions). For membranes, instead, the fluctuating fields h(x) and u,(x) are
themselves spacial coordinates. In addition to coordinate transformations of x,
analogue to transformations in any other field theory, it is thus possible to apply
space transformations to h(x) and uq(x).

Membranes with a vanishing bulk modulus, realized for example by twisted
Kagome lattices, present a form of "embedding-space" conformal invariance [102].
Since they present a finite resistance to shear but not to compression, they can
be deformed without any elastic energy cost provided that at each point in the
medium, the deformation is free of shearing distortions. Shearless deformations
are realized by any configuration of the in-plane displacement fields for which u,
satisfies the conformal Killing equation. In two dimensions, all deformations for
which u, + iuy is a holomorphic function of x + iy are shear-free and correspond
to states with zero elastic energy [102]. In this form of embedding-space invariance,
the conformal transformations leave x invariant and act on u,.

In this chapter, we analyze instead the existence of "internal-space" confor-
mal invariance: invariance under conformal transformations of the D-dimensional
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coordinate x. This notion mirrors the usual realizations of conformal invariance
in quantum field theory. It represents the group theoretical extension of scale
invariance in the sense of the RG fixed point: the existence of inhomogeneous
ripples at all wavelengths.

4.3 ENERGY-MOMENTUM TENSOR

The response to translations, rotations, scale, and conformal transformations can
be described in an unified language in terms of special structural properties of the
energy-momentum tensor [15, 115, 118, 153].

In any local and translationally invariant field theory, the energy-momentum
tensor 7}, is defined as the conserved Noether current associated with translational
symmetry. In a model involving a collection of fields ®,(x) as degrees of freedom,
T, can be calculated by measuring the change of the action S[®,(x)] under the
change of variables ®,(x) — ®/(x) = ®,(x + €(x)), where € is an infinitesimal
space-dependent vector field. Due to locality and translational symmetry the
variation of the action must take the form®

58 = S[®,(x)] — S[®u(x)] = /de TupOacs (4.8)

in such way that it vanishes when €g is space-independent. Eq. (4.8) defines the
energy-momentum tensor 7, 3. Due to the least action principle, 4.5 is always equal
to zero when ®,(x) are solutions of the equations of motion. Since this is valid
for any eg this implies that 0,73 = 0: the energy-momentum tensor is locally
conserved [115, 118, 154].

Although T, is designed as a current associated with translations, Eq. (4.8) in
fact encodes the response to any coordinate change, because the space-dependent
translation €(x) is in fact a general transformation of coordinates [15]. There-
fore, the conserved currents associated with rotations, dilatations, and conformal
transformation can all be related to the energy momentum tensor.

If the action is invariant not only under translations, but also under rotations,
the angular momentum current

Moy = 27Tap — TTay + Sa,py (4.9)

is conserved [115, 153]. In Eq. (4.9), s,.., is a local tensor, antisymmetric for
v < p, which does not depend explicitly on the coordinates. The conservation law
0uM,,p = 0 implies that

Ta,g - Tﬁa = —8787”5@ . (410)

Since in this work we consider Euclidean geometries it is not necessary to distinguish covariant
and contravariant indices. We thus drop upper indices and write all tensors with lower indices
only.
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In this case it is possible to introduce an "improved" energy-momentum tensor [115]

1
Oap = Tap + 50y (88,07 t Sa,8y — Sv,80) (4.11)

which has the same divergence of the canonical energy-momentum tensor, 9,7Tg =
Oabap, and which is symmetric (0,3 = 03, when evaluated for fields @, (x) which
solve the equations of motion §5/6®,(x) = 0.

The improved energy-momentum tensor 6,5 is not uniquely specified by the
symmetry 6,3 = 3, and the conservation law d,6,3, but has a residual "gauge
freedom". All equivalent energy-momentum tensors can be shown to be identical
up to the addition of a symmetric improvement term of the form 0,0, Yn0g,, where
Yaopp has the symmetries of the Riemann tensor Yoog, = —Ysa8p = Yapao [118]

It the action is invariant under translations, rotations, and dilatations, the system
presents a conserved dilatation current [115, 116, 118, 153] of the form

Sa = 33/3905 - Va y (4.12)

where V,,, the "virial current", has no explicit coordinate dependence. Scale in-
variance is equivalent to the current conservation 0,S, = 0 and thus requires
0o = 04 Va- This condition is invariant for any "gauge choice" of the symmetric
energy momentum tensor, because, if 8,4 is replaced with 6/, g ="bap+ 0505 YaoBp
then the equation 0,,, = 0,V remains valid with V) = Vi, + 0,Y,,pua [118].

Group theoretical relations imply that the general form of the special conformal
current is [118, 153]

Cop = (2257, — 2%66,)000 — 225(Va, — ja) + 2Lag (4.13)

where j, is a conserved current, satisfying d,j, = 0. Conformal invariance requires
04Cqp = 0 and, therefore,

Ooc = 0oVe and Vi =jo + OsLap . (4.14)

Eq. (4.14) is again invariant under the choice of a different improved energy-
momentum tensors, because the redefinition 0,5 — 6.3 + 0,05Ysaps can be
absorbed by redefining V,, — V. and L,g — L;ﬁ = Laopg + Yyaups [118]. If all
conditions for conformal invariance are satisfied, it is possible to choose an improved
energy-momentum tensor which is traceless, by choosing [118]

1
Yoaps = D_2 (Lapéaﬁ + Laﬁ5ap - Lap‘;aﬂ - Laﬁ‘sap)
1 (4.15)
_ — L. .
+ (D* 1)(D72) (6096‘16 604/)5(75) Yy

For D = 2, the expression (4.15) is not valid. If L,g is proportional to the
identity matrix, Log = Ld4g, it is possible to recover a traceless improved energy-
momentum tensor by choosing Y,ap8 = —(d5p0a8 — 6apdop)L. If this is the case, it
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can be shown that the theory is invariant under the infinite-dimensional group of
holomorphic functions in the complex plane [117, 118, 147]. If, instead, Lng cannot
be written as Ld,g, the energy-momentum tensor cannot be made traceless. In
this case, the model is invariant only under Md&bius transformations: despite being
two-dimensional it behaves, from the point of view of the conformal symmetry, as
a higher-dimensional system [118, 147].

The conditions relating symmetries to the structure of the energy-momentum
tensor can be understood more intuitively by returning to the definition (4.8) [15,
79, 151]. The expression for the variation of the action remains valid if we replace
Twp with any improved energy-momentum tensor, because after integration by
parts — [ dP9,T,pes, the improvement terms drop from 9,74, even when the
equations of motion are not satisfied. If 8, is symmetric, the variation of the action
vanishes when J,¢€g is antisymmetric. This corresponds to rotational invariance.
If Oh0 = 0.V, is a total first derivative, then 65 = 0 for ¢, = ex,. This leads to
scale invariance. Conformal invariance requires 6,3 to be symmetric and the trace
0o to be a total second derivative 6o = 00,08Lap. If this is the case, the action
remains invariant under an infinitesimal transformation with €, = 2z,25 — x26a57
as it can be checked by direct calculation.

4.4 SCALE VS. CONFORMAL INVARIANCE IN LINEAR ELASTICITY THE-
ORIES

Before examining the interacting fixed points of membrane theory, it is interesting
to examine the membrane and the GCI model at the level of a linearized free-
field approximation. For membrane theory, the harmonic approximation to the
Hamiltonian (2.27) reads®:

1
H(32) = 3 /dD:L‘ [(82h)2 + (Mo + 10) (Oatia)? + uo(?auBaaug] ) (4.16)
Fluctuations of h are thus described by the free bi-harmonic model H® =
[ dPx(9*h)?/2. It can be shown that this model is conformally-invariant in general
dimension'®. An explicit calculation, in fact, shows that the theory admits a
symmetric energy-momentum tensor with trace

1 1
6 = S(4—D)(9h)* =
2 2
and Lag = 2(0yh - 9gh) — 645(0yh - 9,h) — §45(h - §%h). This form is consistent
with that expected for a conformal theory [147]: the trace can be reduced to a

(4—D) [h-0?°0’h + 0a0sLag] , (4.17)

In order to simplify the notation, we drop the bar symbols in h and @. Throughout the exposition,
h and u, denote fields after the rescalings h — /T/kh, ua — T/Kuq.

See Ref. [155] for a detailed analysis of the biharmonic theory in integer dimensions and Ref. [147]
for an application to 2D elasticity theory.
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total second derivative, up to the term h-929%h, which vanishes with the equation

of motion 26%h = 0 and can be identified as the generator of local field rescaling.

Since Lng # 0q3L, the biharmonic theory in dimension D = 2 is invariant under

the global conformal group but not under the infinite Virasoro symmetry [147].
The theory for u, fluctuations,

1
M = / AP 2[(Mo + 110) (Fatia)? + f100ttsdats] (4.18)

is the well-known theory of linear isotropic elastic media. As it was shown in
Refs. [103, 130], this model provides a physical realization of a scale-invariant but
nonconformal field theory.

An explicit calculation shows the improved symmetric energy-momentum tensor
0. has trace o0 = 0, Va,

1 1
Vo = E(D)\o + (D + 2)po)ua Oy — i(D — 2) U Oty — foUrOyUe ,  (4.19)

up to terms which vanish when the equation of motion —(Ag + po)0a0pus —
1o0%u, = 0 is satisfied. For generic \g and pg, the virial current cannot be
reduced to the form V,, = j, + 0sLap, with 0,j, = 0, implying the absence
of conformal invariance. This lack of symmetry manifests itself in a the form
of correlation functions, which, despite being scale-invariant, violate the more
restrictive conformal selection rules [103, 130].

Conformal symmetry is however recovered when elastic constants are adjusted
to special values. If DA + (D + 4)p0 = 0, the virial current reduces to the form
Vo = 0sLap, and the model becomes conformal. The corresponding model is
unphysical as an elasticity theory, being outside of the stability region pg > 0,
By = Ao +2p0/D > 0, but it is relevant as a gauge-fixed electrodynamics [130].

For Ao+ o = 0 another, "twisted", form of conformal invariance appears. In this
case, the symmetry of the theory is enhanced from O(D) to O(D)xO(D), and we
can choose to regard u, as a set of scalar fields rather than a vector field [103, 132].
The Hamiltonian then describes D copies of a free scalar field, and can be shown to
be conformal in arbitrary dimension'!''2, For D = 2, the condition Ao+ ug = 0 also
corresponds to a vanishing physical bulk modulus Ag + 2p0/D. Thus, the model
exhibits in addition to the twisted invariance, also the embedding-space conformal
invariance discussed in Sec. 4.2.

The virial current in Eq. (4.19) is not valid for the twisted model. In fact, Eq. (4.19) was derived
by including improvement terms needed to make 6,3 symmetric. If Ao + po = 0 and uy, is
assumed to transform as a scalar, 6,3 is already symmetric and the improvement must not be
performed [103].

The possibility to promote u, to a collection of scalars is destroyed in the nonlinear membrane
model since the form of the strain tensor (Jaug + 0gua + dah - dgh)/2 forces the components of
Uq to transform as a vector field.
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Figure 4.2: Generalization of a Kadanoff-Wilson spin-block renormalization group to a
nonuniform coordinate transformation. (Figure adapted from Ref. [79].)

Finally, Ref. [147] showed that in two dimensions the elasticity model for any
choice of \g and pg presents a hidden conformal symmetry which emerges when
displacement fields are represented as gradients of scalar potentials: u, = 0,¢ +
€ap0sw, where ¢ and w are respectively a scalar and a pseudoscalar field. This
representation maps Eq. (4.18) to two copies of the biharmonic theory, which is
conformal in general dimension. The GCI model analyzed in chapter 3, similarly,
reduces to two decoupled biharmonic theories in the non-interacting limit Yy — 0.

4.5 SCALE VS. CONFORMAL INVARIANCE IN NONLINEAR MEMBRANE
THEORY

The analysis of scale and conformal invariance in interacting quantum field theories
and statistical models is made complex by the very nontrivial way in which these
symmetries are realized. Within a Wilson scaling picture [13, 14, 16], scale invariance
emerges when the process of coarse graining degrees of freedom reaches a fixed point.
An adaptation of the same method to the case of conformal invariance consists in
a generalization of the Kadanoff block method to a nonuniform renormalization
group transformation [79, 119]. Considering the example of the Ising model at the
critical point, a non-uniform RG scaling can be visualized similarly to Fig. 4.2 [79,
119]. The procedure of considering groups of spins forming collective block variables
is generalized to blocks of nonequal size, following the coordinate transformation
encoded in a conformal map.

Direct implementations of nonuniform RG transformations have been studied
extensively using nonperturbative techniques [137, 140, 156], although usually via
methods which employ a smooth cutoff instead of a block scaling approach. Nonuni-

69



70

13

14

SCALE WITHOUT CONFORMAL INVARIANCE

form renormalization group equations have also been explored in perturbative
settings [157], by analyzing field theories with space-dependent coupling constants.

In this work we use, in analogy with other quantum field theory and statistical
mechanics problems [138, 139, 145|, a method based on the analysis of Ward
identities in perturbation theory, which has the technical advantage of acting
directly in a continuum space.

4.5.1 Energy-momentum tensor and bare Ward identities

The improved energy-momentum tensor, calculated directly from the Hamilto-
nian (2.27) reads!s: 4
as = — 0 [(0°B) + No(t2)? + 2ottty
+20,0sh - 9*h — 9,h - 930*h — 9zh - 0,0*h
+ % [6as0yh - 9,0*h + 0,,30,0sh - 9,05h
+ (D — 2)0,h - 0,950, — DIadyh - 950, (4.20)
+ 220Uy Uag + 4poUay Uy — %(Eau/@ + Eguy)

+ X00y [(aptiy = Ogyta — dayup)uss]

+ 20005 [UyUap — UalUgy — UBU~] -

It is symmetric and locally conserved reflecting the rotational and translational
invariance of the continuum medium. The conservation law for 6,3 reads

1
O0abap = —E - 0gh — E,0puq — 586’(]%% — Equp) (4.21)

In order to obtain an improved energy-momentum tensor which is symmetric for any values of
the fields, also off-shell (without the use of equations of motion), we define 6,3 as the response of
the Hamiltonian to the infinitesimal transformation h(x) — h’(x) = h(x'), ua(x) — ul,(x) =
(6a5 + (Oaep — 8ﬁea)/2) ug(x'), *oa — T, = Ta + €a, including a local rotation of uq in reaction
to the antisymmetric part of dn€eg. For this reason the conservation law, Eq. (4.21), includes
the term —0a (Egua — Eaug)/2, an operator which, inserted in correlation functions, acts as a
generator for local rotations of the u,, field (see Eqgs. (4.27), (4.28)).

The Hamiltonian H plays in the statistical mechanical problem the role of the action in quantum
field theory. The energy-momentum tensor of quantum field theory becomes the generator of
local translations with respect to the internal coordinate x. Using a standard terminology, we
refer to 0,3 as the "energy-momentum tensor" although it does not describe the densities and
current of mechanical energy and momentum in the membrane but, rather, the conserved current
associated with the symmetry under translations x — x + a in the internal space.
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where
0H 202
E= o =0"0"h- Oa(Aoupsdah + 2p0uqsdsh) |
o (4.22)
E, = W = _Aoaauﬁﬁ - 2:u06,3u0¢ﬁ ’

are the equations of motion of the h and the u, field. (Using a terminology of
quantum field theory we refer to the functional derivatives E and E,, as "equations
of motion" meaning that E = 0 and E, = 0 would be the equations of motion in a
classical setting, governed by the principle of least action. In this case E = 0 and
FE, = 0 are the mechanical Féppl-von Karman equations giving the conditions of
energy minimization).

At finite temperature, due to statistical fluctuations, E and E,, cannot be set to
zero, because the system explores the entire phase space, not only the minimum
energy state. The operators E = dH/éh and E, = §H/du, however become
promoted to differential operators generating the Dyson-Schwinger equations of
motion!® [15]

960 5055 (5505 ) | 2060 dut1 =0 (4.2
a0 = 5 (s ) |20 =0,

for the generalized partition function

Z[J(x), ja(x)] = /[dh(x)}[dua(x)] exp [— H+ /dD (J-h +jaua)] , (4.25)
which generates correlation functions

<h‘i1 (Xl)"hin (Xn)ual (Xll)"uoéz (XIZ)>

) 5 5 s '
T 05, (x1) 05, (%) jan (%1) 8, (%)) Z1I(); ja(x)]

(4.26)

J=0,jo=0

15 As a remark, note that the expressions (4.23)—(4.31) are only formal, because the correlation

functions of h(x) and u(x) in real space does not exist for D < 4. However, the expressions
become defined if we consider correlation functions of gradients doh and dnug.
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Adapting standard field theoretical methods [15, 138, 139] it can then be shown
that the connected correlation functions with insertions of the composite operators
E - 9sh, E,03uq, Egu,, and E - h are respectively given by!6

G(x)ash(x) = ((hiy (%1)-- R, (%5) Uay (X)) Ua, (X)) E(x) - Oph(x))) =
- 0
= d(x— Xa) g ((hiy (X1)- P, (360t (%1)--taz (30)))
a=1 aB
G B ()0pua(x) = ((Piy (X1) R, (X0 )Uay (X)) ay (X0) Ba (%) Opua (X)) =
4
0
= Z(S(x - Xz)aT«hn(Xl) iy (X )y (X)) oy (X7))) 5
b=1 bs
(4.27)
GEﬁ(x)ua(x)zl AnQq. az(xl anl X()
¢ .y (4.28)
26 X = Xb 55041)Gil--in()‘1~~ab—1(¥ab+1~~aé (Xl"xnxl"xe) )
b=1
GE(X)'h(x)il--inalnaé (Xl..anll..XIZ)
n (4.29)

= Z 8(x —Xa)Gliy iv oo (X1 X0 X X0)

a=1
Using these relations, the conservation laws of the energy-momentum tensor 0,60,z
and of the angular momentum current M, gy = 2,0op — 304y become Ward
identities expressing the translational and rotational invariance of all correlation

functions.
The dilatation Ward identity [138] can be expressed by inserting the divergence
0aSq of the scale current S, = zgf,3 — V, in correlation functions and by

integrating over all space. Dropping boundary terms and using Eqs. (4.27) gives

D / /
0= /d T Go, 8, (x)ir.inar..ap (X1 XnX] .. Xp)

= /dDg; Gew(x)il..inal..al(Xl--xnxll-x” (4.30)

S+ Eg | Gty

16 To shorten the notation, we introduced the connected Green function
Giyiparop (X1%n, X1.%5) = ((hiy (x1).hy, (Xn)ua, (X]).Ua, (X)))). The Green func-
tions with operator insertions Go(x)i;..ipa;..ap (X1--XnX]..X;) are written shortly as Go
suppressing the index and coordinate dependences.
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A similar identity can be derived using the space part C},5 = (2v57, — 2208,) 00
of the conformal current Cypg. Inserting 9,C., 5 in correlation functions, dropping
boundary terms, and using Eqgs. (4.27) gives

/dD:c 225G, (x)is.inar..c (X1..XpX] .. X))

- 0
2
- [Z(zxavxaﬁ - (;Vﬁxa)axay (431)

a=1

4
0
+ E (2.%'1,1,.1'1,5 — 5V3$12)>7a$bu Gi1~~ina1~atz (Xl..anll..Xz) =0,
b=1

relation which describes the response to a conformal change of coordinates [138,
139]. If the terms Gy, and Gy, vanish up to equations of motion, the Ward

identities (4.30) and (4.31) express scale and conformal invariance respectively.

The terms proportional to equations of motion then act as generators specifying
the way in which fields transform under conformal transformations!”.

4.5.2  Renormalization

The model for finite values of the coupling constants Ay and pg cannot be neither
conformal nor scale invariant. The reason is that the coupling constants are
dimensionful, with dimension {A\o} = {uo} = ¢ and thus introduce a characteristic
length in the problem. This length is the Ginzburg scale discussed in Sec. 2.9. For
q>qa ~ /Lé/ ¢ the correlation functions are approximately given by the harmonic
approximation. For ¢ < ¢g, instead, the anomalous power-law behaviors emerge.
Exact scale invariance thus emerges in the limit ¢ — 0 or equivalently in the limit
of infinitely large elastic constants'®. This creates difficulties in interpreting the
Ward identities order by order in an expansion which uses A\g and pg as small
coupling constants.

A further difficulty is that the perturbative expansion in powers of Ay and g is
infrared divergent and thus is only defined in an infinitesimal neighbourhood of

In scalar field theory, for example, fqq contains a term proportional to n¢dS/d¢ which acts as the
generator of a field rescaling [138]. This term shows that the field transforms with an anomalous
dimension under scale and conformal transformations.

In presence of an ultraviolet cutoff A we expect, in analogy with critical phenomena [14, 15,
101, 105, 158]|, that scale invariance emerges when \g and po are of order A®, with numerical
prefactors of order ¢ fine-tuned in such way to cancel the leading corrections to scaling. Since we
consider a theory without a cutoff, scale invariance requires instead Ag, po — oo. This limiting
procedure (working without a cutoff and taking the infinite coupling limit) corresponds to a
model with Aé/g, ,u(l)/‘E < A, observed at scales k| < )\(1)/6, ,u(l)/a much smaller than the Ginzburg
wavevector. For discussions on this limit in the massive scalar field theory and its relation to the
critical Ginzburg-Landau theory see for example Refs. [15, 16, 150].
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D = 4. The IR divergences disappear in the e-expansion, where they are replaced
by logarithmic corrections [15]. However, the limit D — 4 generates ultraviolet
divergences which appear as poles in 1/¢ [15, 81].

The energy-momentum tensor .3 is almost free of ultraviolet infinities because
its divergence 0,0q3, Eq. (4.21), is proportional to the equations of motion and can
be shown to remain finite also as D — 4. The only counterterm needed to make 6,z
finite takes the form of a symmetric improvement term 8,0,Yn0s,, Which has an
identically zero derivative [15, 118, 123, 159]. This term does not affect conservation
laws and Ward identities, and thus is unimportant for the analysis of scale and
conformal invariance. However, although the expression (4.20) is a priori finite,
its building blocks are unrenormalized coupling constants and unrenormalized
operators, both of which are divergent for ¢ — 0.

Following Refs. [120, 121, 138, 139], we thus re-express the energy-momentum
tensor (4.20) in terms of renormalized composite fields defined by subtracting ultra-
violet divergences (poles in €). Since we are interested only in scale and conformal
invariance, which are encoded in the trace 0,4, it is sufficient to renormalize scalar
composite fields. The renormalization procedure results in an expansion of 0, in
a basis of renormalized operators, [(uaa)?], [Uagtas] [tatss], and [uguas].

As shown in appendices 4.A and 4.B the relation between the bare fields u,g,
Ugas (0%D)2, UqUBE, UgUas and the corresponding renormalized operators is almost
completely determined by the RG functions 3y, §,, n, and by amplitude and
coupling renormalizations (Z, gx and g,,) which can be calculated from correlation
functions without operator insertions'®.

In particular, we can obtain relations for two distinct types of operators. A first
type is the group of composite fields O; = (0?h)?/2 + Ao (Uaa)? + 2H0UasUas,
02 = Ao(Uaa)?/2, O3 = potasias, Os = 0%Uaa, Os = 0005tas, O = Una, Which
are invariant under all symmetries of the Hamiltonian. For these operators, the
analysis is closely analogue to derivations in Ref. [138] (see appendix 4.A) and
shows that the bulk part of the trace 0, is proportional to the RG beta functions.

A second type is constituted by the operators uqugs and ugung, which break
the shift symmetry u, — u, + B, and the invariance under the approximate
embedding-space rotations defined in Eq. (2.29). As shown in appendix 4.B, their
explicit renormalization relation reads (in a non-minimal scheme):

Me (DX + 21) (i)
D)o +2p0 =@ PP (4.32)
+ 010, [agh . 8511} + bgag [6ah . 6Bh] + b382 [ua] + b48a63 [u5] ,

UqUpp =

19 These renormalizations have been discussed in Sec. 2.5.3.
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1 Mej
UpUag — Buauw =

{[ |- L ]}

UBUGE| — —= U U

Bllas] = 5 lUlalisp (4.33)
+ 0100 [0h - Ogh] + 030500 - gh] + b50%[ua] + 100 0s[ug] -

where by, and b, k =1, ..,4 are ultraviolet divergent coefficients. These relations
can be interpreted as 'non-renormalizations’, in the sense that the product of bare
couplings with bare operators is equal to the product of renormalized couplings
and renormalized operators. Eqgs. (4.32) and (4.33) are much simpler than the
general relations expected by symmetry and power counting: counterterms with the
schematic form u?® are absent and mixing of operators of the type u(dh - 9h) and
uOu is exactly determined in terms of the elementary renormalization constants Z,
gx, and g,,. Although appendix 4.B presents a more complete proof, the particular
simplicity of the renormalization relations can be directly understood from the
structure of Feynman rules: in almost any diagram, we can factorize a power of the
momentum of each external line. Diagrammatic corrections, therefore, tend to be
shift-symmetric even if the inserted operators u,ugs and uguqg are not. This, in
particular, protects the ’diagonal’ renormalization (the generation of counterterms
proportional to the inserted composite fields uqugs and uguas) and implies the
simple normalization formulas (4.32) and (4.33). A similar non-renormalization
property associated with shift invariance occurs in Galileon theories [114].

For the following analysis, it is also useful to note that the composite operator
E,h? is not renormalized: [E,h?] = E,h?. In fact, power counting shows that the
product (h(x) - h(x)) at coincident points does not generate UV divergences. As
a result [h?] = h-h = Z 'h? where Z is the field-amplitude renormalization.
On the other hand, E,(x')h?(x’) is a redundant operator which vanishes with
equations of motion and acts as the infinitesimal generator of the field redefinition
ug(x) — up(x) — €dapd(x — x')h%(x). Since u, renormalizes as i, = Z lu,,
insertion of E,(x’)h?(x’) can be equivalently represented as the generator of the
infinitesimal transformation @, (x) — @ (X) — €d030(x — x")[h?(x)], which is finite
and, thus, does not require subtractions.

Collecting results, we obtain the following equivalent expressions for the trace
O

1
Oaa = (e —1) <2(32h)2 + Xo(Uan)? + ,uguaﬁu(w) — B ug

1
+ EBAME [(uaa>2] + BuM*[uapuas] + (D = 2)Ao + 240)0a (uaupp)
— 411000 (Uptas) + a10*Uan + a20,05Uap (4.34)

:—@E-h—(l—i—n—e)ﬂlua

1
+ §B)\ME[(U(XO¢)2] + 5MME[UaBua/3] + 04 Va s
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with
Vo = *%(77 — €)Bah® + ((2 = m)Ao + 2p0)uatigs — 2(2 + 1 — &) pouptiag
+ 5 (e~ )5 (—%ﬂ(h 5h) A0+ ,m;ﬂuaﬁ) (4.35)
+ a10,ug8 + a208Uap

or, after expansion in the basis of renormalized operators [uqugg], [ugtiasg],

Va = —2(n— £)Eah® + (2 = A + 20) M- gz

4
—2(2+n—e)aMluguas] + 9sLags ,
1 1
Laﬁ = 5(8 — 7]) 75,151’1 . 82h + 5A05a5h2uw + u0h2ua5 (436)

+ bléaﬁ(avuv) + bg(aalm + 65%) + bg(sag((‘:)vh . &Yh)
+ by(9.h- 95h) .

In Eqgs. (4.34), (4.35), and (4.36), a1, as, and b;, (i = 1,..,4) are UV-divergent
coefficients generated by renormalization?°.

When Ag and po tend to infinity, the renormalized couplings X and [i remain
finite and approach the infrared stable fixed point P4 (see Sec. 2.5.3). Assuming
that in this limit the insertions of renormalized operators remain finite, the terms
Bal(ttaa)?] and B, [uasuas) disappear because the RG flow velocities are equal to
zero at the fixed point (8y = 8, = 0).

In this case, the scaling symmetry of the theory, known from RG arguments,
becomes manifest and the trace 6,, becomes a total derivative up to equations
of motion. In particular, the dilatation current S, = zg0as — Vo [118] becomes
locally conserved, with a conservation law

0aSa = —25 (E - 95h + Eadgua) — @E h— (147 —&)Batta , (4.37)

consistent with the form expected for fields of dimension®" Ap, = (7. —€)/2 and
A, = 1+mn, —e. More generally it is possible to show that, for general A and fi, the

20 As expected, all renormalization coefficients in Egs. (4.34) and (4.36) are finite a part from those
appearing in L,g. The reason is that the conservation of the energy-momentum tensor imposes
its finiteness up to symmetric improvement terms. These improvement terms are total second
derivatives and can be absorbed in Lqg.

21 The dimensionality of a field ¢(x) is defined as the exponent A governing the power-law dependence
of the two-point function (¢ (x)p(x’)) o |x|~24. If the two-point function in Fourier space behaves
as (p(k)e(—k)) o< k~7, the dimension is A = (D — 0)/2. The renormalization of the bending
rigidity & — kr(k) oc |k|=7* and of the elastic constants A, — Ar(k), pr(k) o< |k|4=DP—2n«
imply that the the two-point functions of h and wu. scale in Fourier space with o, =4 — 1« and
ou =6—D—2n,. Thus Ap = (N« —¢)/2 and A, = 147+ —e. Note that h has negative dimension
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Ward identity generated by the dilatation current is equivalent to the RG equation
(see appendix 4.A), similarly to the case of other field theories [138, 145].

The vanishing of § functions, however, is not sufficient to imply the conformal
invariance of the model due to the presence of the non-zero virial current V,,. An
algebraic analysis of terms in Eq. (4.35) shows that V,, cannot be written as the
total derivative V, = 93las of a local operator 3. This remains true even in the
scale-invariant limit because, as Eq. (4.36) shows, contributions proportional to
[uatps], [Uptias] do not vanish as X and i approach their fixed point value. It is also
impossible to reduce V,, to the form j, + dgl,s where j, is a conserved current. If
Vo = ja +0glap was true, the total derivative d,V,, should reduce to a combination

Ored + 0008l g, where O,eq is a redundant operator, removable by field redefinition.

Working within dimensional regularization, we can assume that the O,cq has the
form E,xq + E - F, where x, and F are local functionals of the field, and we can
neglect contributions arising from the Jacobian of the transformation. The only
candidates for O,.q with power-counting dimension 4 near D = 4 are then linear
combinations of the form fi(h?)E-h + fa(h?)Equa + f3(h?)Eq(h - 9,h), where
f1(h?), f2(h?), f3(h?) are functions of h?. We checked by explicit calculation that
0o Vs cannot be reduced to such a combination up to a total second derivative

04038l It follows that it is impossible to construct a conserved conformal current.

We can thus conclude that the form of the virial current is inconsistent with the
structure expected in a conformal theory. Therefore, the theory must exhibit only
scale invariance and not the enhanced conformal symmetry.

Before concluding the discussion, let us comment on the role of renormalization
in the analysis. Within the framework considered here (the perturbative expansion
without ultraviolet and infrared cutoffs), the subtraction of dimensional poles 1/&*
is a mathematical necessity. Without renormalization, the e-expansion cannot be
defined due to the divergences as D — 4. However, from a physical point of view,
the system of interest has a finite € > 0. The divergences are, rather, generated by
the fact that the coupling constants are infinite in the scaling limit. The difference
between the two limits € — 0 and Ay, g — oo could be made more explicit defining
the perturbative expansion directly at finite €, after adding mass terms to regularize
infrared divergences. In critical phenomena, it is usually assumed that the same
structure of counterterms which remove divergences for D — 4 also makes finite

for D < 4. The dimension of u also becomes negative when € — n. > 1. For example in two
dimensions, the value of the exponent 7. ~ 0.8 implies a negative dimensionality for both fields.
For negative dimension the Fourier transform from momentum to real space fk k™% exp(ik - x)
becomes infrared divergent. The derivatives of the fields 9o h and dnug however have positive
dimensions for any D > 2 — n«(D). This ensures that correlation functions of d,h and d,ug are
finite in real space. For D < 2 — (D) the flat phase cannot exist. The equality D). = 2 — 0« (D1c)
defines the lower critical dimension of the flat phase [12].

7



78

22

23

24

25

SCALE WITHOUT CONFORMAL INVARIANCE

correlation functions at D < 4 in the limit of infinite coupling constants?? [15, 16,
150]. In the e-expansion considered here, we assume that, similarly, the subtraction
of dimensional poles 1/e* will at the same time make correlation functions finite
for € > 0 and infinite coupling strength??. This is confirmed by the fact that the
dimensionless renormalized couplings A, [t remain finite when the bare couplings di-
verge. This finiteness assumption implicitly underlies all applications of dimensional
regularization and minimal subtraction methods to critical behavior. We assume
that finiteness in the critical limit applies not only to correlation functions but also
to renormalized operators. We thus assume that the renormalized expression (4.34)
evaluated at the fixed point can be used to directly read the behavior of the model
in the scaling limit in which the bare couplings are divergent.

This assumption seems implicit in the analysis of scalar field theory in Ref. [138],
and more generally, in all analyses of the energy momentum tensor in critical

theories??.

4.5.3 Genericity argument

The group theoretical relations between dilatations and translations imply that the
symmetric energy momentum tensor #,g must transform under an infinitesimal
rescaling of coordinates x — (1 + €)x as 0o3 — 0.3 + €Ab,3, where

Ae@ﬁ = I’Ya"/oaﬂ + Dea,@ + apaTAYoapﬂ s (4-38)

and AY is an infinitesimal improvement term (with the symmetry properties
AYyap8 = —AY00,3 = AY,554) [118, 123]. This transformation law shows that, up
to a total second derivative, the energy-momentum tensor must behave as a field
with dimension exactly equal to D. In turn, the virial current must have dimension
D —1179].

This fact has suggested a general argument to link scale and conformal invariance.
The argument is based on the concept that it is unlikely to have fields with an exact
dimension D — 1 in an interacting field theory. This indicates that generically the
virial current is zero and scale invariance is extended to conformal invariance®® [79,
130].

Having found a violation of conformal invariance, let us comment on the natu-
ralness of having vector operators with dimension exactly equal to D — 1. In the

The specific values of the counterterms depend on the renormalization scheme, but the number
of subtractions and the type of counterterms are the same.

Qualitatively, the renormalization procedure makes correlation functions insensitive to the large-
momentum region g > g where the behavior crosses over from critical to Gaussian.

In scalar field theory, an analysis of the finiteness of integrated operator insertions [ deGeaa(x)
and de:ca:aG’gaa(x) at the fixed point was given in Ref. [139].

See also Ref. [140] for a similar genericity argument in the framework of the exact renormalization
group. For tests of the genericity argument, see for example Ref. [132].
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membrane model considered here, the non-renormalization relations (4.32), (4.33)
can be used to show that the fields usugg and ugu.g scale at the fixed point
with a dimension exactly equal to D — 1 (up to total derivatives). This dimension
can also be interpreted as the sum of the dimensions of u,, which is 1 + 7, — ¢,
and ueg which, as shown in appendix 4.A has dimension 2 — n,. The existence of
non-conserved currents with dimension exactly D — 1 can thus be traced to the
shift symmetry of the theory, which protects the terms in the virial current from
getting nontrivial renormalizations.

We note, however, that the existence of an unrenormalized virial current could
be guessed more quickly even without an explicit analysis of the individual opera-
tors (4.32) and (4.33). The reason is that, due to its conservation law, 6,3 must
be finite for ¢ — 0 a priori (up to improvement terms) [118, 159]. The trace of the
energy-momentum tensor, expressed in terms of bare quantities, reads

0,0 = —Eotiy + %((8%)2 + Ao(taa)? + 2oUastias) + OaVa - (4.39)

The part £((0?h)? + o (uaa)? + 2p0UasUas)/2 is nontrivially renormalized because
the factor ¢ in front of the expression leaves room for the presence of counterterms
diverging as first-order poles in ¢. The explicit counterterms in particular are
proportional to n/e, Bx/e and §,/¢ and introduce the RG functions into the
expression of the energy momentum tensor (see 4.A).

The current V,,, instead, contains terms which are not suppressed by factors of .
In other words, the model in dimension D = 4 is scale invariant but not conformal
at the classical level (without loop corrections)?®. Since V,, must be finite (up to
total derivatives) and there is no compensating factor of ¢, Feynman diagrams with
insertion of V,, must be directly convergent, after coupling and amplitude renormal-
izations. Therefore we see that, even without a detailed calculation, we could have
expected a non-renormalization relation and the existence of an unrenormalized
vector field having dimension exactly equal to D — 1.

This reasoning can be applied to any model which is scale-invariant but non-
conformal at the classical level in dimension 4 (or, more generally, at the upper
critical dimension). For these models, unrenormalized vector fields must always
exist and thus the genericity argument breaks down.

4.5.4  Comment on reflection positivity

In two-dimensions, scale-invariant models which present unitarity (in spacetime)
or reflection positivity (in Euclidean space) can be proven to be always conformal,
if some additional technical conditions are satisfied [117, 118].

At the classical level, conformal invariance can be analyzed by setting h = 0, condition which is
preserved by equations of motion. The model then reduces to the Riva-Cardy theory, which is
not conformal in four dimensions [103, 130].
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Although we could not develop a detailed derivation, we expect that the mem-
brane model discussed in this section is not reflection-positive. In the ultraviolet
limit, where interactions can be neglected, the theory reduces to

1
Huy = 3 /dDa: [(82h)2 + (Mo + 10)(Oaua)® + ,uoaau58au5] , (4.40)

the combination of d. copies of a higher-derivative scalar theory and a Gaussian
vector model. These non-interacting theories were analyzed in Refs. [103, 130, 160]
and were shown to lack reflection positivity or, equivalently, unitarity in Minkowski
space. It seems likely, therefore, that the also the full interacting model is not
reflection-positive.

4.6 GCI MODEL

Differently from elasticity theory, the GCI model is exactly conformal in the
Gaussian approximation, and therefore, in the ultraviolet region. In fact, the
Hamiltonian (3.7) reduces in the weak-coupling limit Y5 — 0 to two copies of the
biharmonic theory, which is exactly scale and conformal invariant [147, 155]. In
this section we show that, instead, conformal symmetry is broken in the infrared
region: the IR fixed point theory is only dilatation-invariant.

With calculations illustrated in appendix 4.C and some further algebraic steps,
it can be shown that the model admits a symmetric energy-momentum tensor 6,z
with trace

— Y
Haa = _ME -h + UEX - 6( )M_E[(82X)2] + aavoz (441)
2 2Y2
where
1
E = 0°0*h +i(0*°x0*h — 0,05x0,0sh) , E = ?828%( +iK  (4.42)
0

are, respectively, the equations of motion of the h and the y field, and [(6%x)?]
denotes the renormalized insertion of (9%x)?. The expression for 6, includes a
non-zero ’virial current’

Vo = =5 {(D =3+ 20)0ax(9sh - 95h) + 2(1 = )Isx(Ish - dah)} + s Las .
(4.43)

where L3 is a local tensor field.

At the IR fixed point Y =Y, assuming that the renormalized operator [(0%x)?]
remains finite, the term —3(Y)M ~¢[(8%x)?]/(2Y?) becomes zero due to the van-
ishing of the f-function 5(Y.) = 0. We can thus introduce a dilatation current
Sa = xg8a5 — Vo which is locally conserved:

00Sq = —x(E - 0gh + Edgx) — @E-h—&—n*EX . (4.44)
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Whether the scaling symmetry is enhanced to the full conformal invariance
depends on the structure of the virial current. It is useful, therefore, to examine
insertions of the composite field P, o3 = 0,x(0.h - 9gh), an elementary building
block from which the nontrivial terms in Eq. (4.43) can be constructed. The
renormalization of P, ,g has a particularly simple form. In fact, let us consider
an arbitrary diagram v for a 1PI correlation function with n external h lines, ¢
external x lines, and one insertion of P, 3. The diagram can be of one of the
three types illustrated in Fig. 4.3: in diagrams of the groups (a) and (b) one of
the elementary fields contained in the composite operator is directly connected
with external lines, while in diagrams of type (c) all inserted lines enter as loop
propagators.

(a) (b) (c)

k; ky

Kk, ko
Figure 4.3: Examples of 1PI diagrams of type (a), (b), and (c).

The Feynman rules of the theory imply that the degree of superficial divergence [15]
is
d(v) =3+ DL —4I, —4I, +4v —2n — 20+ a, , (4.45)

where Iy, and I, denote the number of internal h and x propagators, v the number
of vertices, and L the number of loops. The coefficient a., is a, = 1 for diagrams
of type (a) and (b) and a, = 0 for type (c). Using the topological relations
L=3+2v—-Iy—I,—n—/{ 2l +n=2v+2,and 2], +{=v+ 1, we see that
the degree of divergence in the € expansion is

d(v)=3-2n—-20+a, . (4.46)

It follows that the only counterterms needed for the renormalization of P, .3 have
the schematic form 9%y, dx9%x, Oh - 9?h. These composite operators can always
be represented as total derivatives (see Eq. (4.87)).

We can conclude that insertions of the composite fields d,x(9sh - 9gh) and
Opx(0h - Ogh), which contribute to the virial current, are finite up to total-
derivative counterterms. Therefore, the “bulk” of the virial current is unrenormalized:
we can set 0y Xg(9sh - 9gh) = [0axp(9sh - Ish)]| and 9sx(Ih - Ogh) = [9sx(0uhr -
Ogh)], up to gradients of the form 0dsl,s which do not affect the relation between
scale and conformal invariance [118].
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Let us check that V,, cannot be reduced completely to the combination V, =
Ja +0pL,,5 of a conserved current j, and a total derivative. If this was the case,
0qVa should reduce to the combination Oyeq + 000l of a redundant operator
O:eq and a total second derivative. Within dimensional regularization, candidates
for O,cq can be taken as linear combinations of operators proportional to the
equations of motion E and E and, in order to match the power-counting dimension
of 0,Vy, must have the form fi(h?, x)(E-h) + fo(h? x)E, where f; and f, are
functions. We checked from the explicit expression V,, that it is impossible to
rewrite 0, V,, as a combination of this type up to a total second derivative 0,03l43.
Since contributions to V, do not renormalize, we expect that this result remains
robust at the IR fixed point. We are lead to the conclusion that the GCI model
exhibits scale without conformal invariance.

Let us, then, investigate the scaling properties of the operators composing V.
Since P, op is not renormalized, it does not acquire anomalous exponents. Therefore
the naive dimension {P, s} = 3+2{h}+{x} =3+2(D—4)/2+0 = D —1 remains
valid at the IR fixed point. This scaling relation can also be understood in terms
of the infrared dimensions of fields. The renormalization relations discussed in
chapter 3, h = v/Zh, y = Z~'x, imply that h and x scale in the long-wavelength
limit with dimensionalities {h} = (D — 4 + n)/2 and {x} = —n. The absence
of divergences in the insertion of P, .3 implies that the naive relation {V,} =
3 + 2{h} + {x} remains valid in the IR and, in fact, it can be seen that the
anomalous exponent 1 cancels out leaving an exact canonical dimension.

4.7 TWO TESTS ON THE ABSENCE OF CONFORMAL INVARIANCE

Conformal invariance implies a set of constraints and selection rules for correlation
functions [79, 115, 119, 137, 151]. Two of the simplest rules are the following?":

- The two-point function (p;(x1)p;(x2)) of two fields (primary or descendant) must
be zero if the difference A; — A; of their scaling dimensions is noninteger.

- The two-point function of a quasi-primary vector field y,(x) must have the form

2?2 — 2z,
(Ya(x1)yp(x2)) = A<5aﬁ|x|2A+22 2) ) (4.47)

with x = x; — x5. After Fourier transformation, this correspond to a two-point
function in momentum space of the form [132]

(K5 (1) = s (A~ DK% + (D —28)kaks] . (448)

See Refs. [79, 115, 133, 151] for more general constraints on tensorial operators and on n-point
correlation functions.
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These rules are valid generally in any model with linearly realized conformal
symmetry28.

To directly test the absence of conformal symmetry, let us compare the two-point
function D,g(k) = (ua(k)ug(—k)) with the form expected for a quasi-primary

field?. To compute D,z(k) we can choose a renormalization scale M ~ K.

The renormalized propagator Dug(k) = Z~2D,s(k) can then be calculated by
renormalized perturbation theory and, for £ small, can be approximated by the
corresponding tree-level contribution. After calculation at scales |k| ~ M, the
result can be rescaled to any wavelength via scaling relations. Thus the correlation
function at an arbitrary k in the long-wavelength region takes approximately the
form

~ 1 P fﬁ(k) P gﬁ(k)

Dap(k) ~ M2n- 6—D—2n. +

_ K b (4.49)

Near D = 4, the scaling dimension of u, is A, = (1 + 7. —¢) ~ 1. Eq. (4.48)
shows that if u, was primary, its two-point function should be almost purely
longitudinal. In contrast, the O(e) values of the couplings at the fixed point
Py, ji. = 967%¢/(d. + 24), A\, = —fi./3, show that longitudinal and transverse
components of Daﬁ (k) have the same order of magnitude. This simple calculation
already shows that the model cannot be conformal, at least in a form in which u,
is a vector primary field (The calculation does not rule out the possibility that wu,,
is a descendant.)

A drawback in the analysis of D, is that its Fourier transform to real space is
only defined when the dimension of uy, A, = 1+ 1, — ¢, is positive. This condition
is valid near four dimensions, but breaks down in the physical case D = 2, where
e=2and n, ~0.8.

Although the analysis given here is restricted to the e-expansion, and thus to D
close to four, it is interesting to consider a correlation function which has a direct
interpretation in the physical case. As a second test, we can thus consider the
two-point function C(x; — x2) = (0aug(X1)u~(x2)), which is alwas well defined
in real space when the flat phase exists’. An explicit calculation of the leading
order diagram gives

C(x) =

I'(D/2) (4.50)

= Sapx® — Dy
2DT2 0 + P72 (27 Det?)

See for example Ref. [161] for a discussion of nonlinearly realized conformal symmetry.

Testing conformal invariance via selection rules of two-point functions is a well-known method.

See for example Refs. [133, 139].
The correlation function is translationally-symmetric and thus only requires the self-consistency
of rotational symmetry breaking, which is verified in the flat phase. See also footnote 21.
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where x = x; — X3. Using the zero-order renormalization Ao = M<\, wo = M*ep
and setting renormalized couplings to their fixed point values fi, = 9672¢/(d.. +24),
A= — [i+/3, we see that the correlation function is nonzero. Higher order diagrams
cannot change this conclusion near four dimensions because after renormalization
their contribution is suppressed by powers of €.

The fact that Chp(x) does not vanish is a violation of conformal invariance,
because d,upg has dimension A; = 2 + 1, — € while u;s is a scaling field with
dimension Ay = 2 — 7, as shown in appendix 4.A. Since the difference of their
dimension, A; — Ay = 21, — ¢ is noninteger, the conformal selection rule would
have required that the two-point function vanishes3! for any x # 0. Instead, we get
a correlation function, which is nonzero and decreasing as |x|~(A1+42) = |x| =P,
It is natural to assume that this test applies also directly in two dimensions.

4.8 GROUP THEORETICAL INTERPRETATION

Another way to understand the absence of conformal invariance can be derived by
analyzing how conformal transformations interact with translations and rotations
in the embedding space.

The embedding-space translations and rotations (see Eq. (2.29)) are symmetries
of the model for any values of the coupling constant, and can be represented by
the infinitesimal generators

ti = /d%i to = /d%i (4.51)

Sh; g
) 1)
Ry /d x xaéhi hzéuQ] ;
) )
Rog = [ dPz |zq— — 25— , 4.52
8 / x _gc 5us xﬁéua} (4.52)
) )
Rij= | d°z |hi— — hj—
J / N Msn, 6h,»]
The commutators are similar to the Euclidean algebra, but are simpler due to the
linearized form of rotations. All commutators are zero a part from [t;, Ra ;] = —0ijta,
[Rai, Rgj] = —0ijRag, [tis Rjk] = dijte — Oirtj, [Rai, Rjx) = 0ijRak — dirRaj,

[Rij, Rit] = —(0ixRji + 0 Rir. — 05 R — 0k Rir).

We note however that the trace Can(x) is zero to all orders in the e-expansion: rotational
symmetry and the power-law behavior Cy 5 2 |x| P imply that C,g(x) must be proportional to
Oa(zg/|x|P) = (6a5r? — Dxazg)|x|~P~2. In other words, the correlation function at the fixed
point remains, to all orders, proportional to the tree-level result (4.50). The trace Coa(x) in
particular is always zero. The conformal selection rule nevertheless is violated by the full tensorial
correlation function Cyg(x)
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Translations and rotations of the internal coordinate x are also exact symmetries
for any values of the coupling constants and are represented by the generators

Pa:/dD [ah 6+8u556} , (4.53)

Jop = —/d%{(%aﬂh — x30,h) - %
(4.54)

0 0 0
+ (:Uaaguv — xgaauy)ﬁ + Uﬁﬁ — Ua(suﬂ:| s
¥ @

which satisfy the standard commutation relations of the Euclidean algebra:

[Pa,PB]:O, [P’YaJaﬁ]:(;aVPﬁ*(;ﬁ’YPa’
[Jaﬁa J’yé} - _(6a'y‘]ﬁ5 + 555‘]&7 - 5015‘][37 - 5ﬁ"f‘]ﬂ5) .

The mixed commutators between embedding-space and internal space symmetries
are all zero except: [tq, Jgy] = Oapty — Oayts, [Rai, P3| = 0agti, [Rai,Jpy] =
Saplyi = oy Rpi [Rap; Pyl = Sants — Opyta; [Raps Jys] = —(0ayRas + 0psRay —
das Ry — Opy Ras)-

At the fixed point, the emergent scaling symmetry is described by a further
dilatation operator. The RG equations (2.36) imply that h and u, transform
linearly under scale transformations: the quantities h and u, behave as scaling
fields with dimensions Ay = (n. —¢)/2 and A, = 1+n, —e. The dilatation operator
is thus represented by a generator

N

) 0
TDf/d x{xaﬁh Sh + 2004 u,y(s + Arh Sh Sus

It can be checked that the algebra remains closed: the commutators of all generators
tis ta, Riay Rag, Rij, P, Jag, and Tp can be expressed as linear combinations of
the same generators.

It is interesting to note that the closure of the algebra is only verified when Ay
and A, are related by 14+ A, = A, — Ay, If this relation was not satisfied, the
commutator

)

T (4.56)

(T, Roi) = = [ aP {(1 AR (A~ A
(3
would generate a symmetry operation which does not belong to the group. This
would mean that the emergence of scale invariance would necessarily trigger the
appearance of additional symmetries.
The relation 1+ Ap, = A, — Ay, is satisfied by the physical values Ay, = (1. —¢)/2
and A, = 1+ 7, — ¢, which are not independent, but rather related to the same
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anomalous dimension 7,. This can be traced to the Ward identities associated with
rotational invariance, which forces the fields to renormalize as h — v/ Zh, u, — Zug
in order to preserve the structure of the strain tensor (9yug+9suq+0,h-0gh)/2 [10-
12] (see also Refs. [24, 113] and Sec. 2.5.3). Reversing the point of view, we can
however consider Eq. (4.56) as an alternative proof of the Ward identity. Even
without a renormalization group calculation, we could have deduced the relation
between scaling exponents from closure of the symmetry group.

Let us now consider conformal transformations. By definition, special conformal
transformations of the internal x coordinate must be represented by new generators
K, with the prescribed commutation rules®? [115]:

(Ko, Kl =0, [Tp,Kol=—Ka,  [Ky, Jogl=06arKs—0s,Ke, (4.57)

(Ko, Ps] = 2605Tp — 2Jap - (4.58)

To study the structure of the extended group, it is useful to analyze Jacobi identities.
The relation

[[Ka’tﬁL P’Y] + Htﬁv PWL KOé] + HPW Ka}vtﬁ] =0, (4'59)
in particular leads after an explicit calculation to
[[Ka,tg], PV} = [[Ka, P’Y]’tﬂ] = _2Au5a'~/t,@ + Zda,@t,y — 2657t(¥ . (460)

If the algebra was closed, [K,,tg] should be expressible as a linear combination of
Rag, Jag, and 8,81 p. However, it can be seen that there is no linear combination
which, commuted with P,, gives the right hand side of Eq. (4.60). This shows that
any extension to conformal symmetry must inevitably contain new symmetries,
one of which described by the generator [K,,¢g].

The general solution of Eq. (4.60) takes the form

[Ko,ts] = 2Rap + /de {250[5%5 —2(1+ Au)xai + 1.,  (4.61)
duy dug

where I, commutes with translations: [I,g, Py] = 0. Physically, we do not expect
that a symmetry of the form (4.61) can appear. The most natural assumption is
thus that conformal invariance breaks down.

The derivation requires a separate analysis in the case of the GCI model. The
model, in fact, does exhibit conformal symmetry at the harmonic level. For both
theories, the direct calculation of the energy-momentum tensor however provides a
general derivation on the absence of conformal invariance.

32 Here, we use a normalization of generators which differs from Ref. [115].
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APPENDIX 4
4.A INVARIANT COMPOSITE OPERATORS IN MEMBRANE THEORY
This appendix illustrates the renormalization of operators entering the expansion

of the trace of the energy-momentum tensor. Let us start by analyzing the set of
composite fields

1 21.\2 2 1 2
=35 h A aa 2 afUUaB =-A ao ;
O, 2(3 )7+ Ao(Uaa)” + 2H0Uaplap O, 2 0(%aa) (4.62)
03 = HoUapUap 04 = 82“(104 5 05 = 8aaﬁuozﬁ » 06 = Uqa »

which are invariant under all symmetries of the theory, including translations in
the embedding space h — h + B, u, — us + B, and the linearized rotations
in Eq. (2.29). According to general renormalization theory [15], the insertion of
invariant operators of power-counting dimension A is renormalized by a linear
combination of operators with the same symmetries and with dimension equal or
lower to A. From the scaling of h and u,, tree-level propagator, it follows that the
power-counting dimension of a general operator of the schematic form 9*h"u’ is

k+n(D—4)/2+4(D —2)/2, which reduces to k+ ¢ in the e-expansion at D =4 —¢.

The composite fields in Eq. (4.62) are a basis for the most general invariant operator
with dimension < 4 and are, therefore, closed under renormalization. It is possible
to find a matrix Z;; of divergent coeflicients such that bare and finite, renormalized
operators, are related as O;(x) = Z,;;[0;(x)].

In analogy with derivations in Ref. [138], it is possible to set strong constraints
on renormalization by forming combinations which are a priori known to be finite
and free of UV divergences.

The renormalization of O can be fixed by the following argument. The expression
for a general correlation function G(™% in terms of a functional integral over
and h,

G(nve)

.~ Iy
01 Q.. Qlp (Xla cy Xy X, "7x£) -

4.63
/[dh][dua] {e7hi, (x1).-hi,, (xn)ta, (X))o, (X7)} o)

must be invariant under change of variables. If we choose a field redefinition
h — (1+4+¢/2)h, uy, = (1 4 €)u, the Hamiltonian H changes to first order by
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€ [ dP20O;(x) while the string of fields in the correlator varies by an overall factor
(n/2 + £)e. Invariance of the functional integral then implies

D, .~(n,f) . A
/d G(’)l(x Vin i aé(xl,..,xn,xl,..,xg) =

4.64
V4 G(n £) o , ( )
2 Jr i1 oiman e (X1 Xni X1, X))

where

(n,0) ! A
01 (x) in imar o (X1, ooy X)Xy ooy Xp) =

(4.65)
/[dh J[dua] {e (91 (%) i, (x1)- D, (X0 ) Uay (X1) - Ua, (xz)}
denotes correlation functions with O;(x) insertion. From Eq. (4.64), we see that
JdP ngtl’fi) is already finite after the renormalization of elementary fields, h =

VZh, uy = Zii,, without the need of a new operator renormalization. The only
divergences in O; must be total derivatives, which vanish after space integration.
We thus conclude that @7 can be renormalized as

= [01] + a182 [uw] + blaaaﬂ [uag] , (4.66)

where a; and b; are divergent coefficients.

We can deduce additional constraints from the fact that derivatives of renor-
malized correlation functions with respect to A and /i are finite [138]. Denoting as
G and GY bare and renormalized correlation functions with n external h
fields and ¢ external u,, fields, we find, using Eq. (2.34),

~(n,L
3G(~ ) _ i (Z_g_eG(n,£)> _ (ﬁ —l—() 8anG(n 0
oA o\ 2 o\

_n_,[0In)g 0 Oln g 0 (4.67)
7% L - ! G(n,é)
* [ o)) ‘Mﬁahl)\o o)) ‘M,ﬁalnuo]

= finite .

The derivatives 9/901n Ay and 9/01n py generate, respectively, insertions of the
integrated operators — [ dP?z0s(x) and — [ dP2O3(x). Moreover, as shown above,
the counting factor n/2 + ¢ can be written via the insertion of [ dPz0;.

As a result, Eq. (4.67) is equivalent to

OlnZ ~ Oln \g ~(n,f) dln pg (n,0)
de |: = G( ’ + ~ ‘ G i + 7~‘
/ ox 90 ax v 9209 T ) e 929 (4.68)

= finite ,
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where G’g(ﬁ)) denotes correlation functions of renormalized fields with an insertion
of the bare operator O(x):

@g;v;;; = (O(X) i, (X1) P, (X9 )Ty (X)) ey (X5)) (4.69)

Isolating operators from correlation functions and removing space integration, we
can re-express Eq. (4.68) as the statement that the combination
olnZ O0ln )\

ol
= ~(91 (X) + ~02 (X) + HNIJO 5
o M, O IM,a o IM,a

O5(x) (4.70)

is finite up to total derivatives. Assuming that amplitude, coupling, and operator
renormalizations are all defined within the minimal subtraction scheme [15, 138,
this implies

olnZz Jln \g

= O1(x) + Oq(x) + Os3(x
ox a1 F o5 a0t Tox & (4.71)

1
= 3[02 (x)] + a>\82 [Uaa] + br0a0p [uozﬁ] )

dln g

so that, up to the total-derivative terms, the right-hand side is equal to the tree-level
contribution of the left hand side. A consequence of Eq. (4.71) is that

3G _ ‘ /dD GE Z() q
Oln A *

(4.72)

where G [O ( is the correlation function of renormalized fields with insertion of

the renormahzed operator [Oz(x)]. An analogue relation was derived for scalar
field theory in Ref. [138].
Identical arguments can be used to deduce that

olnZz dln X\ 0ln pg
on M,Z\Ol(x)Jr op 1M 2(%) + o I1m,x

1
= 710s(x)]+ 0,0 [tan] + buOadp[tiap) |

O3(x)
(4.73)

a relation which follows from the finiteness of G /dji. A relation similar to

Eq. (4.72) holds:
8é(n Z) D (n,0)
81nu . /d 2G5y - (4.74)

As a particular case of Egs. (4.71) and (4.73), let us take the linear combination
Bax(4.71)+p,x(4.73), where 8y and 8, are the RG S-functions. Using that [11]

o0lnZ

‘ olnZ OlnZ
oN M

on ’M,S\ T oM

B)\ + /B/L

=7, (4.75)

A0, k0
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dln Ag aln)\o‘ aln()\o/Ma)
= —_ =— 4.76
B O\ ‘M,p, Ba o Imx OInM  Ixgpuo © ( )
and
8lnu0‘ 81n,u0‘ OIn(po/M*)
< == =— 4.77
B O M, ﬂu M,A Oln M Ao, Ho © ( )
we find

€0y + 03 = nO; — Br/NO2] — B/ O3] + ad?[una] + bIudsltaa]  (4.78)

with divergent coeflicients a and b. This relation can be rewritten in a more explicit
notation by setting [Da] = M\[(taa)?]/2, (O3] = M fi[uaptag]. In this basis,
Eq. (4.78) becomes

9

1
5 ()‘O(Uaa)Q + QPLOuaBuaﬁ) =n01 — §6>\M€[(Ucm)2] — BuM*® [uaﬁuaﬁ]

2 (4.79)

+ a0*[uaa] + 00008 [Uaa] -

As a final remark, we note that Eqs. (4.66), (4.71), and (4.73) imply that the
operator Og = Uy, does not enter the renormalization of O, Oz, and Os. This is
due to the use of dimensional regularization, implicit in the derivations above. This
regularization scheme automatically removes ultraviolet divergences of power-law
type, implying that operators of dimension 4 do not mix under renormalization
with operators of dimension 2.

With results derived above, it is possible to show that the Ward identity for
broken dilatation invariance is equivalent to the RG equations (2.36). (An analogue
result was derived for scalar field theory in Ref. [138, 139]). Away from fixed points,
the dilatation current S, = xg6,3 — V4 is not conserved: the RG flow functions 3
and 3, act as sources for the violation of the conservation law of S,

OaSa = %MEKUMW + BuM*uaptap] — xp (E- Ogh + Eqdpua)
(4.80)
(U P

—(14+n—¢e)Eyuq -

Renormalized correlation functions with insertions of 9,5, (x), which are relevant
for the Ward identity, can be expressed more explicitly by using that the operators
E . 0gh, E,03uq, E - h, Equ,, proportional to equations of motion, generate
contact terms [138, 139, 141] derived in Eqgs. (4.27), (4.28), (4.29). Using Eqgs. (4.72)
and (4.74), and integrating over space, we obtain

D (n,0) _ 9 9
/d xaG alx) [alnp—’—ﬁ a)\’ Bﬂﬁ,u M,X
+0(1+n— s)}G( D (px1, .y pXps pXY, ooy pXp) = 0

taln=e) (4.81)
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a relation equivalent to the RG flow equation (2.36).
For completeness, we also discuss the composite field u,g. By symmetries and
power counting its renormalization has the form

1
tap = Zalitas] + (7 — Z)daslisn] | (4.82)

where Z5 and Z) are divergent coefficients. The factors Z; and ZJ}, moreover,are
determined to all orders by the following argument. Let us consider the stress
field o0 = Ao0aplyy + 2uoUas. This composite operator can be viewed as the
conserved current associated with the shift symmetry u, — u, + B, and it has a
conservation law dgo,s = —FE, which is identical, up to a sign, to the equations of
motion of the u,, field. By a general property, the renormalization of the equation
of motion operator is dual to that of the corresponding field: since u,, renormalizes
as Uq = Zlq, then ZE, is a finite operator. It follows, as a result, that Z(dgo.z3)
is finite. However, this also implies that Zo,s is finite by itself, because any
divergence in Zo,3 would inevitably appear in the derivative. To see this more

precisely, note that the infinite part Zcrgiﬁ" of Zo,g, if any, should be a linear

div

combination of u.g and d.5u~~ satisfying the equation 3a(Zaaﬂ) = 0 identically.

It can be checked that the only possibility is Z Jgig = 0 and, therefore, that the full
tensor Zo,g is finite. Using Eq. (4.82) and Eq. (2.34), we see that the combinations
of renormalization constants

GuZo (gx +29,/D)
7z Z

are free of poles in €. This implies that we can choose

z} (4.83)

Zi Z(DX + 2/
Zg:—'u, Z’—M.

= 4.84
9u 2 Dgy + 29, ( )

The scaling dimensions of the scalar and traceless components of u,g are then
D — 2+ and D — 2 + 12, respectively, where

ny =0 Z5/0In M|xg 1o ne =0InZy/0In M|y, o - (4.85)
At the fixed point P4 all components of u,s scale with the same dimension

Auaﬁ =2 — 1.

4.B RENORMALIZATION OF NON-INVARIANT CURRENTS

Besides invariant operators, expansion of the trace 6., includes the vector fields
Uqugg and uguqag, which break the shift symmetry u, — uo+ B, and the linearized
embedding-space rotational symmetry. This appendix shows that these vectors are
non-renormalized, up to total derivatives.
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As a first step, it is convenient to analyze the tensor J, o3 = u,0ng, Where
OaB = A00apUss + 2ltouap is the stress field, which is also the conserved current
associated with the symmetry under u, — 1o + B,. A priori, the renormalization
of uy04p involves the mixing of all composite fields of dimension 3 symmetric
under « <> S and invariant under h — h + B. (In dimensional regularization
there is no mixing with operators of lower dimension). Renormalization is however
simplified by the following considerations. Taking the derivative O Jy o = —Egu,+
Oauy0qp gives the sum of two simple terms. The first, —Eg(x)u,(x), vanishes
with equations of motion and acts, when inserted in a correlation function, as the
generator of the infinitesimal field redefinition uq (x") = uq (x')+€das0(x—X")uy (x).
This transformation, being linear, can be equivalently represented in terms of
renormalized fields as @ (X") = Ua (X') + €d050(x —x') Uy (x'), a change of variables
which preserves the finiteness of correlation functions. It follows that insertions of
—Fgu., in renormalized functions is finite, and does not require renormalization. It is,
in fact, a general property that operators of the form E4¢ are not renormalized [138].
The second term in 0 Jy,a8, Oatiy0ag, requires subtractions but, being invariant
under shifts of the u, field, it can only mix with composite fields which are
symmetric under both h — h + B and u, — uy + B,

We can thus conclude that the UV-divergent part J5 div op Of Jy,ap must have the
property that d0,.J dla 5 1s invariant under shifts of all ﬁelds This, however, implies
in turn that Jdlgéﬁ must be shift-invariant by itself. To derive this result, let us
denote as €J d‘x op the variation of J dl(‘)’[ 5 under an infinitesimal uniform translation
Uq — Uq + €0qy. By power counting it must be a field of dimension 2 and, therefore,
must have the form

I g = aﬁ)’“maﬁMeupug + af[), pry08 0o + QaEM)# o .ap(Oph - 95h) . (4.86)
where a(V), ¢, and a(®) are invariant tensors (linear combinations of products of
Kronecker symbols). At the same time, by the arguments above, it must satisfy
the equation 9, J%Y 5 = 0 identically. It can be checked that the only possibility

Y,
is Jﬁ‘; ap =0, Wl’flch implies that Jd“’ op Is invariant under shifts.

The conclusion of this argument is that any counterterm entering the renor-
malization of .J, o3 must be a tensor of dimension 3 invariant under translations
of both the h and the u, fields. These tensors have the schematic form 90u and

Oh - 00h and, since
1
0,0,/h - 0,h = 3 [0,(0,h - 9,h) + 0, (0,h - 9,h) — 0,(0,h - 9,h)] (4.87)
they can always be represented as total derivatives. Therefore, general counterterms
needed for the renormalization of J, g have the form
1

iBP,W,%aﬂap(auh -0,h) + Coopy,089p0sup (4.88)
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where B, ;14,08 and Cpg . ~.ap are invariant tensors with divergent coefficients.

The renormalization of J, ,g in minimal subtraction can thus be written in the
form

[J%aﬂ} =Jyap+ %Bp,/wmaﬁap(auh -Oyh) + Cpa,umaﬁapaauu : (4.89)
The final result for the renormalization of J, oz has the following diagrammatic
interpretation. Among 1PI correlation functions with insertion of J, o8 = uy0ag,
there are two types of divergent Feynman diagrams: the undifferentiated u, field
can be either connected to external legs or joined to loop lines (see Fig. 4.4). In
all diagrams of the second type, like (c), (d), and (e) of Fig. 4.4, it is possible to
factorize one power of the momentum of each external solid and wiggly line, as it
follows directly from the structure of the interaction vertices. The corresponding
divergences contribute to shift-invariant counterterms of the type d9u and 9(0h-dh)
in Eq. (4.89), but cannot generate renormalizations proportional to J, oz.

(a) (b) (c)
K, Kk, K
q-.. q..
q..
_—
ks kl_ ks
(d) (e)
ky
q q-. @w q
ko

Figure 4.4: Some of the first divergent 1PI diagrams with insertion of J, os. Dotted lines
denote the operator insertion. In diagrams (a) and (b), the undifferentiated field u is
connected directly to external lines. In diagrams (c), (d), and (e), instead, it enters as a
loop line.

Counterterms of the same form of J, o3 can only arise from diagrams of the first
type, like (a) and (b) in Fig. 4.4, which contribute to correlations which are not
shift-invariant. Since the undifferentiated u, field is contracted with external lines,
the loop part in this class of diagrams is entirely determined by the insertion of
0, Whose renormalization was studied in appendix 4.A. The arguments above
show that the UV divergences of Ag and pg are precisely cancelled to all orders by
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these loop contributions, so that J, g is finite (up to counterterms introduced in
Eq. (4.89)).

Taking two independent traces over the components of J, o3 we finally obtain
relations for the renormalization of the vector fields uqugg and uguag. With a
non-minimal renormalization choice, we can set

wogy = DAY
e ) W (4.90)
+ 010, [aﬂh . 8ﬂh] + 5283 [8ah . 8ﬂh] + b382 [ua] + b48aaﬁ [UB} ,
1 M¢ji 1
Ugliap = Tlalisy = — - [ustas] — 5 luaugs] (4.91)
+ b'laa [(%h . agh] + b’zﬁg [Oah - [“)gh] + bgé)Q [ua] + bﬁﬁaag [UB] .

4. ENERGY-MOMENTUM TENSOR AND OPERATOR RENORMALIZATION
IN THE GCI MODEL

Starting from the explicit expression of its Hamiltonian, Eq. (3.7), it can be shown
that the GCI model admits the following symmetric energy-momentum tensor

By = —%6a5(82h)2 4 20,05h - 9°h — 9, - 950°h — 9sh - 9,6°h

+ ﬁ [50453711 . 8762}1 + 5a,38765h . 67(951’1

+ (D = 2)8,h - 9,030, h — DIyd.h - D50,h]

1 1
— ——005(0°X)* + — [20a05x0*X — Oax0p0*x — 05X0a0>X]
2Y, Yo

1 2
+ m [60468"/)(876 X + 0ap0,05x0, 05X (4.92)
+ (D = 2)0yx0a0p0-x — D00y x030,X]
— %5a5 [(&yh - 0sh)0,05x — (Oyh - &,h)82x] +1 [((%h - 0yh)0,0,x
+ (0ah - 0,h)930, X — (Ouh - Osh)d*x — (0,h - avh)aoﬁgx]

1
+ 50, [(9ah - 950)0,x = (9ah- 0, 0)95x — (Ish - O, h)dax

+ (50[7(95)( +98y0aX — (5ag67)() (Osh - 35h)] ,

The identity for the trace, Eq. (4.41), can be derived from Eq. (4.92) by some
algebraic steps and by the following results for the renormalization of the invariant
operators (0*h)? and (9%x)?/Yp.
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Within dimensional regularization, symmetries and power counting imply that
the set of composite operators

1

_ 1 21\2 i 2 7\2 L a2 82
1
O3 = ﬁ((azx)z — (0a05Xx0a05X))
0
1
= ﬁaaaﬂ(aaxaﬁx - 5a,88'yXayX) ) (4.93)
0

_ 1o
04 - Yoa 0 X
05— B = YiaQa?X + 2(0Ph)? — (Da0sh - 0,03h)
0

is closed under renormalization. The set (4.93), in fact, is a complete basis for all
composite fields which are invariant under the symmetries of the GCI Hamiltonian
(including the shifts h — A + Byx4, X = X + A+ Bax,) and which have operator
dimension 4 in the e-expansion. A residual mixing with the softer field Og = 0%y,
which has dimension 2, is removed by dimensional regularization.

The operator Oy is directly related to the elementary field x and, therefore, has
a simple multiplicative renormalization O4 = Z Z;l[(94]. Similarly Os, which is
equal to the equation of motion of the y field, renormalizes in a multiplicative way
as 05 = Z[Os]. We also note that the last three operators in the set (4.93), Os,

Oy, and Os, are expressible as exact second derivatives of lower-dimensional fields.

In particular, this implies that [O3] is a linear combination of O3, Oy, and Os,
without a mixing with O; and O,.

To study the renormalization of O; we note that, when integrated over all space,
it is equivalent to the variation of the Hamiltonian under the infinitesimal rescaling
h — (1+¢€/2)h, x — (1 — €)x. Therefore insertions of O; at zero momentum
have the only effect to generate a factor (n/2 — ¢) in front of correlation functions,
where n is the number of external h fields and ¢ is the number of y lines. An
immediate consequence is that O; is finite up to total-derivative operators which
vanish at zero momentum. Since the only total-derivative fields which can enter as
counterterms are Oz, Oy4, and Os, we conclude that Oy can be renormalized to all
orders as 01 = [O1] 4+ a1[O3] + b1[O4] + ¢1[O5], where ay, by, and ¢; are divergent
coefficients.

The renormalization of 05 is constrained by the fact that the derivative of
renormalized correlation functions with respect to Y is finite. Since, by Eq. (3.13),
bare and renormalized correlation functions with n external h lines and ¢ external
x lines are related as G0 = Z7/2=£G("8) e obtain that

nZ| - InY, (n.£)
f(ﬁfe)an ‘MGWMZ@*”/?a“ o] %G _ fnite (4.94)

2 oY Y v oY,
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The action of 9/9InYy on bare correlation functions generates insertion of O
at zero momentum. The factor (n/2 4 ¢), moreover, can be represented via the
zero-momentum insertion of O;.

Using the relations

oz  n(Y) OlnYy e
aY Im BY)’ ay . BY)’ (4.95)
we obtain that )
n¥) €

is finite up to total derivatives. It follows that the renormalization of Oy has the
form (in the minimal subtraction scheme)

1 BY)

Oy = ——n(Y)[01] = —[0a] + a2[O3] + bo[O4] + b3[05] (4.97)

where as, by, and co are new divergent coefficients. Since in minimal subtraction

[02] = [(0%%)?]/(2M#Y), we can rewrite this renormalization relation as
€ a2 N2 75(Y) —e[(92. )2
e (707 = (V)01 - S M () w09

+ £as[O3] + €ba[O4] + €b3[O5] .
As a further consequence, we note that

G0 1

D .. A(n,0)
omy I~ oy | & T Clonneor - (4.99)

This relation can be used to prove the equivalence between dilatation Ward identities
and the RG equations (3.16), in analogy with Ref. [138] and appendix 4.A.
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We analyze the statistical mechanics of a free-standing quantum crystalline mem-
brane within the framework of a systematic perturbative renormalization group
(RG). A power-counting analysis shows that the leading singularities of correlation
functions can be analyzed within an effective renormalizable model in which the
kinetic energy of in-plane phonons and subleading geometrical nonlinearities in the
expansion of the strain tensor are neglected. For membranes at zero temperature,
governed by zero-point motion, the RG equations of the effective model provide a
systematic derivation of logarithmic corrections to the bending rigidity and to the
elastic Young modulus derived in earlier investigations. In the limit of a weakly
applied external tension, the stress-strain relation at 7' = 0 is anomalous: the linear
Hooke’s law is replaced with a singular law exhibiting logarithmic corrections. For
small, but finite temperatures, we use techniques of finite-size scaling to derive
general relations between the zero-temperature RG flow and scaling laws of ther-
modynamic quantities such as the thermal expansion coefficient «, the entropy S,
and the specific heat C. A combination of the scaling relations with an analysis of
thermal fluctuations shows that, for small temperatures, the thermal expansion
coefficient « is negative and logarithmically dependent on T', as predicted in an
earlier work. Although the requirement limy .o« = 0, expected from the third
law of thermodynamics is formally satisfied, « is predicted to exhibit such a slow
variation to remain practically constant down to unaccessibly small temperatures.

This chapter has been published as:

Achille Mauri and Mikhail I. Katsnelson, "Perturbative renormalization and ther-
modynamics of quantum crystalline membranes", Phys. Rev. B 105, 195434 (2022)
(Editors’ Suggestion); preprint: arXiv:2202.12842 (2022)
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5.1 INTRODUCTION

The statistical mechanics of fluctuating elastic membranes has been investigated
extensively over the last decades, in connection with a broad variety of physical sys-
tems, from biological layers to graphene and other atomically-thin two-dimensional
materials. As it has long been realized, models of flexible surfaces subject to vanish-
ing or small external tension exhibit a rich and striking physical behavior, controlled
by an interplay between fluctuations and mechanical nonlinearities [1, 3, 6, 9-12,
17-21, 25, 26, 43, 44, 51, 62, 78]. A crucial prediction, in particular, is that for
homogeneous free-standing membranes without an imposed stress, anharmonicities
inherent in the geometrical definition of the elastic strain tensor are responsible
for the stabilization of a macroscopically flat phase at finite temperatures [1, 6, 9,
10], and for a dramatic power-law renormalization of the effective scale-dependent
bending rigidity and elastic constants. The presence of a quenched disorder, besides
thermal fluctuations, has been predicted to induce an even richer physical behav-
ior [1, 17, 25, 43, 44]. Renormalizations of elastic and thermodynamic properties
by ripples have also been analyzed in experiments on graphene membranes [70, 72,
74, 75].

Over the last years, aiming at a more complete theory of fluctuations in graphene,
several authors have revisited and extended the analysis by considering the effects
of quantization [91, 162-164] and of the coupling between membrane phonons and
Dirac electrons [54, 55, 165, 166]. The interaction between flexural and electronic
degrees of freedom, in particular, has been predicted to generate mechanical
instabilities leading to a spontaneous rippling of the membrane.

Despite the progress in investigations of the coupled membrane-electron problem,
the theory of purely mechanical degrees of freedom in a flexible surface subject
to both thermal and quantum fluctuations is already highly non-trivial. By a
combination of elasticity theory and a one-loop momentum-shell renormalization
group, Ref. [162, 163] showed that, for a homogeneous and unstressed membrane at
absolute zero, mechanical nonlinearities give rise to logarithmic renormalizations
of the wavevector-dependent bending stiffness and elastic constants, in sharp
contrast with the much stronger power-law renormalizations induced by thermal
fluctuations.

In Ref. [164], the theory of quantum flexible membranes was reanalyzed, and
extended to the finite temperature case, within the framework of non-perturbative
renormalization group (NPRG) techniques. For zero temperature, the weak coupling
limit of the NPRG recovers results consistent with the momentum-shell predictions
of Ref. [162, 163]. At non-zero temperature, the NPRG analysis allowed to smoothly
interpolate a crossover between a short wavelength region of zero-point character,
and a long-wavelength region, determined by thermal fluctuations. In more detail,
the results of Ref. [164] predicted a RG flow exhibiting a first quantum region in
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which anharmonicities are marginally irrelevant, followed, after a smooth crossover,
by a classical region in which nonlinearities are relevant, destabilize the weak
coupling approximation, and drive the system to the universal interacting fixed
point describing classical thermally-fluctuating membranes [1, 10-12, 26, 51]. The
corresponding correlation functions, in particular, behave in the long-wavelength
limit according to the anomalous scaling law characteristic of classical membranes:
in the limit of vanishing wavevector k — 0, the effective bending rigidity diverges
as k(k) ~ k7" and the elastic Lamé constant vanish as A(k), u(k) ~ k2727,
A similar picture was derived in Ref. [91], by combining a one-loop RG with
a physical approximation: the replacement of the full anharmonic free energy
with a Bose-Einstein function with renormalized phonon dispersions. Other field-
theoretical analyses on quantum flexible membranes, such as the expansion for large
embedding-space dimension and a generalization of the classical self-consistent
screening approximation, were developed in Ref. [54], as a part of a wider analysis
including the coupling between phonons and Dirac electrons. We finally note that,
by different approaches, Refs. [167, 168], have predicted a dynamical behavior
qualitatively in contrast with Refs. [91, 162-164]: that flexural phonon modes
acquire a non-zero sound velocity and a linear dispersion relation w(k) o< |k|.

In parallel with analytical approaches, fluctuations of a quantum graphene sheet
have also been studied by numerical path-integral simulations based on realistic
empirical potentials for interatomic interactions in carbon (see, for example, Ref. [36,
38]).

The objective of this work is to analyze the anharmonic effects in quantum
membranes by systematic perturbative renormalization group methods. By a
power-counting analysis, we construct an effective renormalizable model which we
expect to capture the dominant singularities of physical quantities in the limit
of low energies, momenta, temperatures and tensions. At T" = 0, the model is
renormalizable in the sense of power counting, although it exhibits anisotropic
scaling between space and time, in analogy with other theories with "weighted
power counting" [15, 100, 169-172]. The corresponding RG equations recover in a
systematic framework the earlier results derived in Refs. [91, 162-164]. We also note
that the model is mathematically equivalent to a theory of the decoupled lamellar
phase of a three-dimensional stack of classical crystalline membranes analyzed in
Ref. [11].

For finite temperatures, we use techniques well-known in the theory of finite size
scaling and other finite-temperature field theories [15, 173]. In particular, we use
the general property that ultraviolet divergences are temperature-independent and
can be renormalized by T-independent counterterms [15, 173] to derive scaling
laws for various thermodynamic quantities: the thermal expansion coefficient &,
the entropy S, and the specific heat C. By combining the scaling relations with
an analysis of thermal fluctuations, we recover the result that, for a membrane
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subject to zero external tension, & is negative and tends to zero in the limit 7" — 0
as a logarithmic function of T', as predicted in Ref. [91].

The effective model and the method used to derive scaling equations are intrinsi-
cally focused on the behavior of thermodynamic quantities in the limit of small
temperatures. Therefore, the theory developed here cannot capture the detailed T'
dependence of the thermal expansion coefficient at moderately high temperatures.
In particular, the question whether & changes sign at a certain temperature [36,
168, 174, 175], is beyond the scope of this work. We note, however, that the behav-
ior of out-of-plane fluctuations analyzed here contrasts with the prediction of a
linear dispersion relation for flexural phonons, which was used in the analyses of
Refs. [167, 168].

The coefficient of in-plane thermal expansion of graphene has been estimated by
a number of experimental techniques, both for suspended samples and for samples
bound to a substrate (see, for example, Refs. [74, 176-179] and references therein).
Experimental results indicate usually a negative thermal expansion at not too large
temperatures, although a positive expansion has been identified in Ref. [180] in
the case of graphene on a Ir(111) substrate down to liquid helium temperatures.

It would be interesting to test experimentally the prediction of that & is nearly
temperature-independent (the logarithmic functions of T' change very slowly over
broad temperature scales). This prediction applies only to membranes without
a supporting substrate and without stress. For a nonzero applied tension, the
low-temperature behavior of the thermal expansion coefficient was predicted to
vanish in a faster way as T'— 0 in Ref. [91].

5.2 MODEL

To study fluctuations of a quantum membrane, we analyze throughout this work
an effective low-energy model defined by the path integral

Z= /[dh(x7 7)dug (x, 7)]e /" (5.1)

and the imaginary-time action

1/ (ks T) = e
_ - 2, Pra | K o242
STh(x, 7), ua(x,7)] —/0 d /d {2h + 2(8 h) 52

+

N | >

(Uae)? + [aplias — 5’8aua} )

The degrees of freedom u,(x,7) and h(x, 7) represent, respectively, in-plane and
out-of-plane displacements of the mass points in the layer. The second line of the
action represents the standard elastic energy [1, 6, 18] of a medium with bending
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rigidity £ and Lamé coefficients X and i, and is defined in terms of the strain tensor
Uap = (Oqug + Opug + Onh - 9gh)/2. The term —50,u, describes an externally
applied isotropic in-plane tension [18]. A positive & > 0 drives a stretching of the
membrane, while ¢ < 0 corresponds to a compressive stress, which tends to buckle
the system out of plane. The first term in the action, ph? /2, describes instead the
kinetic energy of out-of-plane fluctuations, and is proportional to the areal mass
density f and to the square of the out-of-plane velocity h = Oh(x,7)/07. Although
physically h is a scalar quantity, we consider in general h to be a vector with d.

components (d. = 1 for physical membranes embedded in three-dimensional space).

To regularize ultraviolet divergences we implicitly assume a large-momentum
cutoff A of the order of the inverse lattice spacing.

5.2.1 Rescaled units

By the change of variables 7 — (5/%)Y?7, h — h'/2/(p&)/*h, ue — h/(pR)Y > e,
the reduced action § = S/h can be recast as

1T h? 1 A
S= /0 dT/d2x{2 + 5(82h)2 + E(UQQ)Q + fUasUag — oaaua} . (5.3)
where tag = (Jatip + st + duh - dsh)/2, X = N/ (pR*)Y2, uw = hjn/(pR3)V/2,
T = (p/k)Y?kgT/h, and o = G/k. After these rescalings, all quantities have a
dimension in units of wavevector. The elastic parameters A and p, which play the
role of coupling constants, are dimensionless, while the temperature 7" and the
tension ¢ have the dimension of a wavevector squared.

Throughout the rest of this paper, we always use rescaled units, unless explicitly
mentioned. Quantities in standard units of measurements are marked with tilde sym-
bols. The in-plane strain o, the Gibbs free energy per unit area G = —kgT A~ ' In Z,
the entropy density S = —9G / OT, the specific heat C = TdS / dT, and the thermal
expansion coefficient & = 2dv/ dT, expressed in conventional units, are related
to the corresponding rescaled quantities v, G = —TA 'InZ, § = 75‘(:7/8T,
C =Td5/dT, o = 2dv/dT as

hi!/? .
) ~ 9 S - ]f S
(pi)1/2 FoE B (5.4)

5.2.2  Derivation of the effective model

The effective action (5.2) can be derived from a more complete theory by a power
counting argument. Focusing on the case of a vanishing external tension o = 0, a
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more complete model, which includes the kinetic energy of in-plane modes is given
by the manifestly rotationally-invariant action [22, 85, 91, 164]

h

Slr(x,7)] = %/OBT dT/d%; {,31'«2 + 7(0%0)% + ANUaa)? + Q/EUQBUag} , (5.5)

where r € R? denotes fluctuating coordinates in the d-dimensional ambient space
and Usg = (Oar - 0sr — dap)/2. This fully rotationally-invariant theory can be
analyzed by parametrizing r(x,7) = ({x + u(x, 7),h(x, 7)), where u and h are
in-plane and out-of-plane displacement fields, while £ encodes the tendency of the
membrane to shrink due to fluctuations [11, 18, 85, 91, 164]. At zero temperature,
a loop expansion (formally an expansion in powers of i [15]) can be given by
calculating order by order correlation functions and & = 1 + ¢1h + c2h? + ... The
non-interacting propagators of in-plane and out-of-plane modes, defining the basic
elements in the corresponding diagrammating expansion, are, respectively

DO (1) — hko kg h(k?6ap — kakp)
aﬁ(w7 ) ~ 9 3 ~ 2 ~ 4\ 1.2 ~ 2 ot 2 = 4\1.2 7
(pw? + (A +20) k|2 + RIk[HE2  (pw? + alk]? + &[k[*)E (5.6)
- hé;; '
GO k)= %
ij (w’ ) ﬁw2+f€\k|4

For small k, Dg)ﬂ) (w,k) has a pole for w ~ [k| reflecting the linear dispersion

of acoustic phonons while G‘gog(w,k) has a pole for w ~ k2, corresponding to
the ultrasoft dispersion of flexural fluctuations at zero external tension. Due to
the softer infrared behavior of flexural phonons, we can assume that poles of
G generate the leading singularities at long wavelengths. In the region w ~ k2,
interactions can be analyzed within power counting by assigning dimension [x] = —1
to the spacial coordinates and [r] = —z = —2 to the time coordinate [164] (see
Refs. [100, 169-172] for discussions of of various field theories which lack Lorentz
and Euclidean invariance and which exhibit "weigthed power counting", with
different weigth for space and time coordinates). The behavior of propagators
for k — 0, w — 0, w ~ k? implies that the canonical dimensions of fields are,
respectively, [h] = (2+ 2 —4)/2 = 0 and [us] = (2 + 2z — 2)/2 = 1. An analysis
of dimensions of operators then shows that the elastic parameters A and p are
marginal, whereas the term 7(9%uq)?/2, the nonlinear contribution g u~dsu. to
the strain tensor Uyg = ((§2 — 1)dap + £0aup + £Dpua + Ouh - Ogh + dpusdpu., ) /2,
and the in-plane kinetic energy pu2 /2 are all irrelevant in the sense of power
counting. By dropping all power-counting irrelevant interactions, we arrive, after a
change of variables 1, — ua /€ — (€2 — 1)z4/(2€), to the effective model (5.2) with
o=0.

Clearly, the effective model cannot describe the dynamics of in-plane phonons,
which occurs at scales w ~ |k|. Power counting indicates however that it should
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capture in an exact way the leading singularities at long wavelengths of static
correlation functions (diagrams with all external frequencies w = 0), and more
generally, singularities of diagrams with external legs in the region w ~ k2, relevant
for the behavior of flexural phonons'.

For simplicity, we will use the effective model (5.2) also to calculate thermody-
namical properties of the membrane, such as the entropy and the average projected
area, at finite temperature 7" and nonzero tension . We expect that the theory
describes the leading singular behavior of thermodynamic quantities for small T’

and o.

5.2.3 Symmetries

In full analogy with the theory of classical membranes, it can be checked that,
when o = 0, S is invariant under the "linearized rotations" [10, 11, 169]

h—h+Auza ,

1 (5.7)
Uy — U — (Aa . h) — i(Aa . Ag)xg s

where A, is any fixed vector. This symmetry represents a linearized form of the
original SO(d) invariance of the full theory, and reflects the fact that the layer
is located in an isotropic ambient space (without external forces and with no
externally-imposed in-plane tension). The associated Ward identities [10, 11, 169]
play a crucial role in the dynamics and the renormalization of the model.

As a remark, we note that the linearized invariance (5.7) only emerges when
all irrelevant terms are dropped from the action at the same time. If, instead, we
had neglected the nonlinear contribution d,u~,0p1~/2 to the strain tensor but we
had kept the kinetic energy of in-plane phonons pu?2 /2, we would have arrived at
a theory which lacks both the full rotational SO(d) symmetry and the linearized,
effective rotational symmetry (5.7). In this case, renormalization would generate
generic anisotropic interactions, including anisotropies which are relevant in the
sense of power counting. This would then result in an artificial modification of
the qualitative behavior of fluctuations. Although the crucial role of symmetries
has been appreciated, several approaches in the earlier literature used actions or
approximations which, in some steps of derivations, violate both the exact and the
linearized SO(d) symmetries.

In particular, we note that the prediction of a contribution (0, k) o< k2 to the
self-energy of flexural phonons at zero frequency, derived in Ref. [167], started from

We assume that the general power-counting principles for the effects of irrelevant interactions [15],
which are usually derived in the framework of Euclidean-invariant theories, remain valid in the
nonrelativistic model considered here. Specifically, we assume that the only effects of neglected
irrelevant interactions at leading order for long wavelengths and low frequency is a renormalization
of the value of the parameters g, &, 5\, and i, which become phenomenological quantities.
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an action in which the nonlinear contribution to the strain tensor was neglected but
the kinetic energy of in-plane phonons was retained. An explicit calculation using
a full rotationally-invariant action [91] showed instead that self-energy corrections
proportional to k? vanish in absence of external stress, consistently with the Ward
identities [85]. The emergence of the linearized symmetry (5.7) ensures that the
cancellation of terms proportional to k2 is consistently captured by the effective
model (5.3), as we verify below (see Sec. 5.6.1).

5.2.4  Analogy with a model of lamellar phases

After identification of the imaginary time 7 with an additional space dimension z,
the quantum action S turns out to be almost identical to the effective Hamiltonian

1= [ [ @] Do+ Pt
1L

n “OT(aaug + Ot + Dtz 051, )

gt 2
+ T(Qaaua + 0otz 00, )"+

1
+ §A52(azuz)(2aaua + 8auz8auz)} ,

which was analyzed by Guitter [169] as a model for a three-dimensional shearless
stack of classical crystalline membranes. The identity between the two theories
only emerges after irrelevant interactions are neglected in both models and under
the assumption \g* = 0.

The theory of shearless stacks of membranes has been a subject of debate and
some authors [181, 182] have proposed models which differ from Eq. (5.8) and thus
contrast with the results of Ref. [169]. Establishing a detailed relation between
lamellar phases and quantum membranes is beyond the scope of our work. We will
verify, however, that the RG equations for the quantum membrane action recovers
long-wavelength singularities identical to those predicted in Ref. [169].

5.3 INTEGRATION OVER IN-PLANE MODES

Since S is quadratic in u,, the in-plane modes can be integrated out explicitly. To
integrate out u, it is essential to separate the strain tensor u,g into uniform modes
(with zero spacial momentum k = 0) and non-uniform components (with spacial
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Fourier components k # 0). Integration over in-plane phonon modes uX7%(x, 7)
with k # 0 gives rise to an effective four-point vertex [54]

1T
sk70 =% / a7 3" PL ) P () fus (6, 7) fos(—ko ), (5.9)

k0

where fos(k,7) is the spacial Fourier transform of the composite field fo5(x,7) =
(Ouh(x,7) - 9ph(x,7)), Pls(k) = dap — kaks/k? is the projector transversal to the
momentum transfer k, and Y = 4p(A+ p)/(A + 2u) is the (dimensionless) Young
modulus. The interaction (5.9) represents physically an instantaneous long-range
coupling between local Gaussian curvatures in the membrane, and is a direct
quantum generalization of the usual effective interaction which emerges in classical
theories [1, 6, 10, 18, 25, 85].

The analysis of zero modes differs depending on the ensemble considered (see
Ref. [18] for an analysis of isometric and isotensional ensemble in the theory
of classical membranes). Here, we find it convenient to use a fixed-stress, or
"isotensional" ensemble [18], in which the external in-plane stress o is kept fixed
and the projected area is allowed to fluctuate. In this setting, we parametrize
Uo (X, T) = Vapzs +uk70(x,7) and integrate over all values of both uX7%(x,7) and
Uag. After integration, we are lead to a contribution to the effective action

/UT dT/d2$ {"(aah-aah) - "2} Sk=0 (5.10)
0 2 2(A +p)
where

1/T A _

st = [ ar 2020 - 2
0 (5.11)
I - _
+ 5800 - B0 - 12)]

05(1) = A [ 2(8ah(x,7) - Igh(x, 7)), and [5 = T [o/T drfO4(r). The
average strain of the membrane in this ensemble is (vaﬂ> = ¥0ag, With v =

o/(2A+ p)) — (Ouh - Oh) /4 [17, 18, 85]. It is the sum of a Hookean contribution
o/(2(A+ pw)), controlled by the bulk modulus B = A+ 1, and a negative fluctuation
term, proportional to (9,h - 9,h), which is nonvanishing also for ¢ = 0, and which
represents the tendency of the projected in-plane area to contract due to statistical
fluctuations of the layer in the out-of-plane direction.

The infinite-range interaction SX;° is scaled by an overall factor A~! and, by
its definition, it vanishes when the Matsubara-frequency transfer between the

105



106

QUANTUM MECHANICAL EFFECTS

composite operators fg 3 (1) is zero. These two facts together imply that, in the
thermodynamic limit A — oo, SK79 only contributes via diagrams of the type

-
O D<@
]\

which (a) become disconnected when any zero-mode interaction line (represented
by dashed lines) is cut and (b) have non-zero frequency transfer through all dashed
lines. (The interaction Smfo, denoted by wiggly lines can enter, instead, in arbitrary
topology without suppressing the graphs). The diagrams (5.12), however, are only
relevant for zero-mode correlation functions at finite frequency transfer and never
enter as subgraphs of other correlation functions. For subsequent calculations in
this work, we can thus safely neglect SX°.

As a result, we can thus consider an effective theory for h fluctuations of the

form:
1T h? 1 o 2
off = 208 — 4+ 2(8°h)? + = (9,h)? — k0 5.13
Sur /0 dr/da:{2 + (@) + 2 (0uh) 23}*31“ (5.13)

By a Hubbard-Stratonovich decoupling of the long-range interaction [183], the
model can be expressed equivalently via the local action

su= [ ar [ [ b+ G

9 o
+ 2Y(3 X)? +ixK — 23}
where x(x,7) is a mediator field and K (x,7) = (8*h - 8*h — 9,9sh - 8,95h)/2
is, for small fluctuations, the local Gaussian curvature. The term —o?/(2B) is a
constant independent of the fluctuating fields h, x, and does not contribute to
statistical averages. The only coupling constant in the model is thus the Young
modulus Y.

(5.12)

(5.14)

By construction, the interaction-mediating field xy must be considered as a field
with Fourier components only at nonzero momentum k # 0. This implies that the
tadpole graphs

(5.15)

must be removed from the perturbative expansion, as in the theory of classical
membranes [12].
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5.4 RENORMALIZATION AND RG EQUATIONS AT ZERO TEMPERATURE
5.4.1 RG for correlation functions

At T = 0 the model is infinite in both spacial and temporal dimensions, and its
renormalization can proceed in analogy with other bulk theories with weighted
power counting [15, 100, 169-172]. In the representation (5.14), the basic elements
defining diagrams in perturbation theory are the bare propagators of h and ¥,

©) (4 k) — _ %
v (5.16)
FO(u, k) = 2200000 =
and the vertex
wa, ko
w37k3 = _i’7<k17k2;k3)
wl;kl
ki, ko, ks) = k2k2 — (kq - ko)? = k2k2 — (ko - k3)?
v(ki, ko, k3) = kiks — (k1 - ko) k3 — (ka2 - ks) (5.17)

= k2k? — (k3 - k)2 .

The behavior of Feynman integrals under the rescaling k — Ak, w — \*w = \2w
shows that the weighted power-counting dimension [170] of a one-particle irreducible
(1PI) diagram with I internal lines, V vertices, and L loops is (2 4+ z)L — 41 +
4V =4(L — I + V) = 4, independently of the order of perturbation theory. This
ensures that the model is power-counting renormalizable. A potential danger for
renormalizability [171] is that the propagator F(°)(w,k), being w-independent,
is not suppressed in the limit w — oo at k fixed. However, this does not create
difficulties, because it can be checked that in any diagram, all frequency integrals
can be performed first and are convergent 2.

To complete the proof of renormalizability, it would be necessary to derive a
generalization of the Weinberg theorem [184, 185], ensuring the equivalence between
power-counting convergence and true convergence in multiloop diagrams. We will
assume that this property remains valid in the model considered in this work.

A power-counting analysis restricted to the frequency-only part of the integrals shows that the w
integrations are all superficially convergent. An application of the Weinberg theorem ensures the
finiteness of integrations [172].

107



108

QUANTUM MECHANICAL EFFECTS

The ultraviolet divergences of correlation functions can be removed by introducing
an arbitrary subtraction scale M, a renormalized coupling YR, and a renormalized

action
h? Zz
s Z/dT/dQQ?{ + 5 (@%h)? %(8ah)2

Jri(a2 )2+ ixK o
2Ky k= op

(5.18)

equipped with two logarithmically divergent counterterms Z and Ky . This partic-
ularly simple form, with only two independent divergences, follows from the fact
that the terms h2/2, 0(9,h)?/2, and the interaction ixK are not renormalized.
Indeed, due to the structure of the vertex (5.17), it is possible to factorize, from any
1PI diagram, two powers of the spacial momentum of each external leg. Therefore,
the perturbative corrections to the self-energy of flexural fields cannot generate
divergences proportional to w? or to k2, but only proportional to k*, which con-
tribute to the renormalization of Z. The possibility to factorize two powers of each
external momentum also implies that loop corrections to the three-field vertex
are superficially convergent, and thus the interaction ¢xK does not require an
independent counterterm. An identical mechanism occurs in the e-expansion of
classical membranes in dimension D = 4 — ¢ 25, 183]. In principle, the one-point
function (9%x) constitutes a further independent divergence, but since x is a field
with components only at nonzero momentum k # 0, this divergence is unphysical
and has no effect on correlation functions.

Eq. (5.18) implies the following relations between bare and renormalized quanti-
ties

Set[h, x, Y, 0] = Se(? [hgr, Xr, YR, OR| + constant ,
h(Xv T) = Zl/4hR(Xa TR) ) X(Xa T) = ZﬁlXR(Xa TR) ) (519>
T=72"mn, o=Z'lorn, Y=2" Ky

and, according to standard techniques [15], the following RG equations for 1PI
correlation functions in momentum space

0 0 1 " 0

(5.20)

0 8 7@
Jj=1

In Eq. (5.20), A is the microscopic ultraviolet momentum cutoff and T'("™*) denotes
the bare (unrenormalized) 1PI correlation function with n external h legs and ¢
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external x legs. The RG flow function § = AQY/OA and the anomalous dimension
n= —%A@ In Z/OA depend only on the bare dimensionless coupling Y.

By an explicit computation of the one-loop divergences in the self-energies of x
and of h for o = 0 we find [54, 91, 162]

) - ﬁ 3y \
Eij (w,k) = ~ 32—71_6”]{5 InA 5
(5.21)
de
E(X)(O’k) - WWQW ~ 132871']{4 nA,

where d. = (d — 2) is the number of components of the h field. Applying the
RG equations to G;;'(w, k) = I‘g’o) (w, k) = w? + k* + 0k? + M (w, k) and
F~10,k) =T©2(0,k) = k*/Y 4+ XX (0,k) shows that, at leading order,

_ 3
T 64w

3d.
128~

BY) =3n(Y)Y + Vi, oY) (5.22)
These RG functions imply that Y is marginally irrelevant: the theory is attracted
to weak coupling at large length scales. Egs. (5.22) are consistent, in a different
scheme, with the earlier perturbative results of Refs. [91, 162| and also with the

weak-coupling limit of the nonperturbative RG equations derived in Ref. [164].

5.4.2 Gibbs free energy

The Gibbs free energy per unit area at zero temperature, Go = —A~! limyp_,(T In Z),
requires the introduction of additional counterterms to the field-independent part
of the action. Since ¢ has power-counting dimension [¢] = 2, the required coun-
terterms in the Lagrangian are a polynomial ag + ajo + a20?/2, where ag diverges
as A% a; as A?, and ay diverges logarithmically. By working within a massless
scheme [15, 170], ag, a1, and as can be chosen to be independent of the tension o.

Taking into account these additional renormalizations, the renormalized action
reads

2
SH _ /dT/d%{g + g(a%)? + 2 (0ah)?

1
9Ky

X (5.23)
+ 57 (07X +ixK + ag + aro + S (az — 1/B)g2} .

To discuss RG equations it is convenient to separate Gy = Vi + AGy, where
Vil = —02/(2B) is the elastic Hookean contribution and AGj is the fluctuation
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part. The advantage of this separation is that AGy depends only on the Young
modulus Y and not on the bulk modulus B.

The fluctuation free energy AGE)R), calculated using the action (5.23), is finite
for A — oo at fixed Yz and M. The physical free energy AGy, computed from the
bare action (5.14) is related to Aé(()R) by

ZV2AGo(Y, Z o, A) = AG® (Yr, 0, M) — a}y — aro — %02 . (5.24)

(ay differs from ag because it receives contributions from the path-integral measure
during the change of variables h — hg, x — xr). The relation (5.24) and the
finiteness of AééR) imply an inhomogeneous RG equation for the physical Gibbs
free energy

0 0 0 ~ b

A— Y)——= +2no— —n|AGy(Y,0,A) = by + b —a?. 5.25
ax TP ) gy T 205 —n|AGo(Y,0,A) = by +bio+ S0 (5.25)
The constants by, by, and by are independent of ¢ in the massless scheme and
cannot depend on the arbitrary subtraction scale M. Thus they have the form
b() = Z_)o(Y)A4, b1 = Bl (Y)AZ, and bg = Z_)Q(Y)

5.5 RG FOR LOW-TEMPERATURE THERMODYNAMIC QUANTITIES

At finite temperatures, the continuum frequency w is replaced by discrete bosonic
Matsubara frequencies w, = 2xTn. As a result, even for an infinitesimal T, the
perturbative expansion at zero tension o = 0 breaks down due to infrared (IR)
divergences. The IR problems arise from the w,, = 0 component of the flexural
propagator GZ(-?) = 0;; /(w2 + k*), which induces singularities when integrated over
the two-dimensional spacial momenta. The physical origin of these divergences is
the following: in the limit k — 0, the system behaves as a classical membrane [164].
For classical thermal fluctuations, anharmonic effects do not induce logarithmic
corrections but, rather, power-law renormalizations [1, 6, 10-12, 22, 25]. The
dramatic power-law singularities of the classical theory cannot be captured by a
simple perturbative treatment, but require more detailed solutions, for example
within the framework of the self-consistent screening approximation [25], the non-
perturbative RG [26, 164], the large-d expansion [9, 22|, or the e-expansion [10,
19-21, 183].

Similar difficulties emerge in finite-size scaling problems and in other finite-
temperature quantum field theories. A standard strategy to bypass the problem of
IR singularities consists in integrating out modes with n # 0 and in deriving an
effective field theory for modes with n = 0, to be solved by more exact methods [15].

The same strategy can be applied to the membrane action (5.14), with, however, a
difference compared to the standard case: since the y propagator F'(?) (w, k) =Y/k*
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does not depend on the frequency w, it is singular at small k not only at w, =0
but, in fact, for all Matsubara frequencies w, # 0. As a result, subtracting the
modes w, = 0 does not introduce an IR cutoff to Feynman diagrams. This property
is a consequence of the neglection of the kinetic energy of in-plane phonons. The
singularity of F(*)(w, k), however, is neutralized by the factors k2 attached to the
vertices (5.17) and, therefore, the IR finiteness is still valid.

We can thus proceed as follows: we separate h(x,7) = h/(x,7) + H(x), where
H(x) = Tfol/T h(x,7) is the mode with zero Matsubara frequency and h'(x, 1)
the sum of all other modes with w, # 0. We then integrate out h’(x,7) and all
degrees of freedom of x(x,7) (including the w, = 0 mode of x). This integration
can be performed perturbatively without encountering IR divergences because in
all h’ propagators the finite frequency w,, # 0 provides an IR cutoff and in all x
propagators the singularity Y/k* of the propagator is compensated by a power
k* coming from the vertex (5.17). Although the singularity of F(©)(w, k) does not
introduce divergences, it still manifests itself in the fact that the effective theory
for H(x) is highly non-local.

In order to disentangle modes which generate IR singularities from degrees of
freedom which generate UV divergences, it is also convenient to separate H(x) =
H; (x) + H2(x) into a slowly-varying field H; (x), with momenta |k| < A; and a
fast field Ha(x) with momenta in the shell Ay < |k| < A, where A; is an arbitrary
wavevector scale much smaller than A. Integrating out h’, x, and Hsy can be done
perturbatively and leaves us with an effective classical Hamiltonian

H[H,(x);Y,0,T,A,Ay] = —T'In / [dh/dHyd e~ SHi+Hz+hx] (5.26)

involving only slowly-varying long-wavelength modes.

A crucial observation in the theory of finite-size scaling and other finite-temperature

field theories is that the counterterms which make the theory finite at 7' = 0 will
also formally remove all ultraviolet divergences from observables at nonzero T [15,
173]. It is natural to assume that the same property remains valid for the membrane
action. We can thus conclude that if we started from the action

1/T h2 A
S :/ dT/d%{Z + 5(0211)2 + %(aah)2
0
1
2Ky

(5.27)

. 1
+ (82x)2+zxK+ao+a10+2(&2—1/8)02} ,
equipped with the same zero-temperature counterterms Z, Ky, ag, a1, and as
which appear in Eq. (5.23), after a perturbative integration over h’, x, and Hs,
and a final non-perturbative integration over H; we would arrive at a renormalized
Gibbs free energy per unit area G®) = —A~1T'In Z which remains finite for
A — 0.
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After separation of G = Vi + AG into the Hookean part —0?/(2B) and the
fluctuation part AG, the physical fluctuation free energy AG, computed from the
bare action (5.14) is related to the renormalized AG®) by the equation

AG®) (Yg,0,T, M) = ZV2AG(Y, Z7 o, Z7Y%T, A)
5.28

+a6+a10+%02. (5.28)

From Eq. (5.28) follows an inhomogeneous RG equation for the bare Gibbs free

energy:

0
A4 B

x HB0) o AG(Y,0,T,A)

0 0 0
+ 27]08— + nTaT
(5.29)

b
=byg + bio + 5202

In Eq. (5.29), 8(Y), n(Y'), and the coefficients of the inhomogeneous part by =
bo(Y)A*, by = b1(Y)A?%, and by = by(Y) are the same RG coefficients which
appear in the zero-temperature equation (5.25) and, in particular, are temperature-
independent.

As a remark, we note that the RG equations discussed above, as in any renormal-
izable theory [15], keep track of all terms which either diverge or remain finite when
A — oco. Terms which vanish for large cutoff (for example a correction o/A2) are
instead neglected. As a result, relations such as Eq. (5.29) are valid asymptotically
when the cutoff A is much larger than other scales in the problem: A > ¢1/2,
A > T2 In standard units of measurement the condition A > T/2 implies that
the temperature T must be much smaller than the Debye temperature of flexural
phonons Tp = hi'/2A2 /(' %kp).

5.5.1 RG equation for the effective classical Hamiltonian

More generally, the effective classical Hamiltonian (5.26) must, by itself, satisfy a
renormalization group equation

) 0 d d ) b
Agy +8(Y )8Y+2naa—a+nTa—T—§/dxH1( ) 5, 0 )

b
+n]AH = A(bo +bo+ 2202> ,
where AH = H+Ao?/(2B) is the fluctuation energy, with the Hookean contribution
AV, = —Ac?/(2B) subtracted. Eq (5.30) expresses that the cutoff dependence of
‘H is entirely carried by the zero-temperature counterterms Z, Ky, ag, a1, as.
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For the direct validity of Eq. (5.30), it is essential that all high-energy modes are
integrated out, as in Eq. (5.26). If, for example, we did not integrate out the large-
momentum modes Hy(x) with zero Matsubara frequency, we would have moved
some of the UV infinities from the integrated modes to the degrees of freedom yet
to be integrated. In this case, % would have included additional counterterms [173].

5.6 RESULTS

In this section, we derive explicit consequences of the RG relations for various
statistical and thermodynamic quantities.

5.6.1 Two-point correlation functions at T =0, 0 =0, w =10

The interacting Green functions G;;(w, k) of the flexural field is the inverse of the

1PI function FZ(-JQ-’O)(w, k). For T =0, 0 =0, and w =0, G;;(0,k) = [FZ(-?’O)(O, k)]t
satisfies, as a particular case of Eq. (5.20), the RG equation

0 0 ~1(0. k: —
Mgy T80 o5 = 2| G (01 Y, ) = 0. (5.31)

The renormalization group equations can be solved, in an usual way [15], by
introducing a running coupling y(A’) and an amplitude renormalization z(A')
which, starting from the initial values y(A) =Y, 2(A) = 1, evolve with the floating
cutoff scale A’ according to the flow equations

L)

- /
) = b))
A,dlnz(A’) %) (5:32)
The one-loop RG flow gives
Y
y(A) = =GR
1287 Y
3(d.+6)Y . A7’ v’ (5:33)
Ay= |14 ———1 =
S Al R T nA’] <y(A’)> ’

where 6 = 4/(d. + 6) is the quantum exponent.

To calculate G;;(0, k), we can integrate the RG flow down to a scale A’ = k. Since
y(A’) flows to small values as A’ is reduced (it is marginally irrelevant), we can use
perturbation theory and take the zero-order approximation G;jl(O, k;y(A),N) =
k*. The scaling relation (5.31) then implies G;;(0,k;Y,A) =~ &;;/(2(k)k*). By
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similar arguments, we find that the two point function F'(0,k) = (x(0,k)x(0, —k))
of the auxiliary field y scales as F(0,k) ~ 23/2(k)y(k)/k*.

The scaling of G;;(0,k) shows that z(k) plays the role of a bending-rigidity
renormalization and z%/2(k)y(k) the role of an effective screened Young modulus.
Returning to standard units, these results can thus be interpreted as a renormal-
ization of the bending rigidity

0
E—Fke(k)=1|14goln } i (5.34)

% (5.35)

where

3(d. +6)Y  3(d.+6)hY
1287 128m(pk3)1/2

go = (5.36)
is the "quantum coupling constant" [91]. The bending rigidity gets stiffened by
interactions and scales for k& — 0 as [In(A/k)]’. The Young modulus Y;(k), in-
stead, is softened by fluctuations and behaves in the long-wavelength limit as
n(A/K)]*/271 = [In(A/k)]~de/ (O +de),

The same behavior has been predicted for quantum membranes in Refs. [91, 164].
An identical logarithmic singularity has also been found, for d. = 1, by Ref. [169]
in the context of lamellar stacks of membranes.

5.6.1.1 Ultrasoft scaling of G=1(0,Kk)

From the result Gi_j1 (0,k) =~ k*[In(A/k)]? it follows, in particular, that the ultra-
soft behavior limy_,q Gi_jl(O, k)/k? = 0 characteristic of unstressed membranes is
preserved by anharmonic effects. This result is consistent with the general Ward
identity limg_.o G;jl(O,k) /k? = o, which is a consequence of rotational invari-
ance [85] and which, here, can be traced to the linearized rotational symmetry (5.7)
of the effective model (5.2).

We note, instead, that this limiting behavior contrasts with the derivations in
Refs. [167, 168, which proposed that, even in an unstressed membrane, flexural
phonons exhibit a finite acoustic sound velocity v and a linear dispersion relation
w = v|k| for k — 0. Within the local elasticity model (without long-range interac-
tions) the linear dispersion relation can only emerge when an external source, such
as an in-plane stress, breaks the rotational symmetry explicitly. In the harmonic
approximation, this follows from the fact that in a rotationally-invariant, unstressed
membrane, a Lagrangian term proportional to (9,h)?/2 cannot appear individually,
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but only together with in-plane terms in an overall coupling 04U, to the strain
tensor Uy = (Oar - Oor — 2)/2. The contribution 04U, represents a coupling to
the change of the total area, rather than the in-plane area [186], and thus it is
allowed without breaking the symmetry. However, U,,, contains a term linear in
O, and, thus, shifts the equilibrium configuration at which the energy must be
expanded. After expansion at the true energy minimum, the sound velocity term
must disappear. Indeed, a term linear in 04U, can always be fully removed from
the action by a change of variables r — (r [12], which is allowed for a membrane
with free boundaries. After ¢ is chosen in such way that terms linear in J,uq
disappear, the entire operator Uy, drops from the action, showing that the inverse
Green function behaves as GE?)_I(O, k) o< k*. Beyond the harmonic approximation,
the perturbative corrections can be assembled in the effective potential I', gener-
ating functional of one-particle irreducible correlation functions, which, by Ward
identities, has the same symmetry of the action [15]. Because phonon excitations
are gapless, the interacting Green function Gi_jl(O, k) can vanish slower than k%
as a result of singular diagrammatic contributions which generate a non-analytic
dependence on k. However, the rotational symmetry forbids terms regular in k
and proportional to k2. For example, the first-order perturbative correction for
classical membranes in two dimensions [3, 6] consists in a diagram suppressed
by an overall factor k* but multiplied by a singular term 1/k? arising from the
loop integration. Although formally the contribution vanishes as k2, its origin
is different from a regular contribution directly proportional to k2. Furthermore,
the singular first-order term proportional to k? is, in fact, the first contribution
to an infrared-divergent series which requires a resummation for example by the
self-consistent screening approximation [24, 25], or the e-expansion [10, 20, 183].
After resummation, the interacting correlation function for classical membranes can
be shown to behave as k*~" where 7, is an universal exponent [10, 24, 25]. The
value of 7, has been computed by several complementary techniques [10, 19-22,
24-26, 164, 183] (see also references in [183]) and, despite some scatter between
different methods, is usually found to be approximately 7, ~ 0.8. As a result, the
full interacting Green function G~! vanishes faster than k2.

The same conclusions hold in presence of the linearized rotational invariance (5.7),
which forces the action to depend on (9,h)? only via the linearized strain tensor
Uap. (See Refs. [10, 11, 169] for a discussion of Ward identities). Terms linear in
Uqe can be fully removed by a change of variables u, — uy + €x4, a shift which
is automatically performed when integrating over zero modes in the fixed-stress
ensemble (see Sec. 5.3).

The prediction of a self-energy correction (k) ~ k?A?, derived in Ref. [167],
resulted from a theory in which the in-plane kinetic energy was kept but the strain
tensor was approximated. This approximation breaks explicitly both the full and
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the linearized rotational symmetry, leading to a result inconsistent with the Ward
identities.

The quantum-mechanical average (h(k)h(—k)) is given by the integral over
all frequencies [ dw/(2m)G(w, k). The scaling relations (5.20) and the one-loop
approximation imply that (fl(k) h (k) ~ 1/(22(k)k?).

5.6.2 Anomalous Hooke’s law at T =0

The average strain of the membrane (J,ug) = vd.3 can be computed from the
thermodynamic relation v = —3(9G/d0). Thus, it is the sum v = 0/(2B) + Av of
the Hookean term and the fluctuation part Av = —%(3AC~1’/80) = —((0,h)?) /4.
The RG equation (5.29) for the Gibbs free energy implies that, at zero temperature

8

ax TPV )5y 0 +2naaa+n]Av——(b1( JAZ + by (Y)o) . (5.37)

The inhomogeneous coefficients by (V) and bo(Y') are non-zero already in the non-
interacting model, because the Gibbs free energy at T = 0 (equivalent to the
zero-point ground state energy) of free flexural phonons is

~ 2
AGOZdC/dk\/k4+0k2

2 (j ) (5.38)
— ——0?In A + fini
6n 327r0 n A + finite ,

and already contains divergences for A — oo. Matching Eq. (5.38) with the RG
equation (5.25), we deduce b1 (V) = d./(87)+O(Y) and bo(Y) = —d./(167)+O(Y).
Taking into account that the expansion of 3 and 7 start, respectively, at orders Y2
and at order Y, it can be checked that the general solution of the RG equation (5.37)
order by order in Y has the general structure

oo k+1

v =10+ op + >3 apoY* (In (A%)0))" . (5.39)

k=0 £=0

The first term, vg, represents the average strain at zero imposed stress, and the
second two terms describe the response to external tension.

By solving the RG equation (5.37) in the leading-logarithm approximation [15]
(keeping only the most singular terms, with ¢ = k + 1), we find

o 4o

2B T3y

de

v— vy = [(2(a2))F —1] , (5.40)

where z(c'/?) is the running amplitude defined in Eq. (5.33), evaluated at scale
N =ol/2,
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Eq. (5.40) is consistent, at the leading logarithm level, with results obtained
by other methods in Ref. [91, 169], and shows that, even at T = 0, the stress-
strain relation is anomalous. Due to quantum fluctuations of flexural degrees of
freedom, the macroscopic bulk modulus Beg = %5‘0/ Ov is not a constant, but a
slowly-varying function of the applied tension:

de
1 18 3(d. +6)Y A2\ 7o
- O (g DT 2 —1. 41
Ber(0) +3Y[< T 5 M (541)

(In Eq. (5.41) we neglected a contribution from the derivative of z(c'/?), which
does not contribute to the leading-logarithmic singularities). In the limit of zero
tension o — 0, the bulk modulus vanishes as Beg (o) ~ [In(A2? /)]~ %/ (det6),

The physical origin of this singularity is the same which gives rise to the anoma-
lous Hooke respounse in classical thermally-fluctuating membranes [11, 17, 72, 85]:
for small ¢ the dominant effect of the applied tension is not a stretching of the
interatomic distance, but rather a "flattening" of the distribution of out-of-plane
flexural fluctuations. For parameters characteristic of two-dimensional materials,
however, the singular behavior dominates over the regular one only at unphysically
small values of the imposed tension (see Sec. 5.7). The singularity, in particular, is
much weaker than the power-law-divergent anomalous Hooke’s law characteristic
of classical thermal fluctuations, derived in Refs. [11, 17, 85].

5.6.3 Consequences of renormalizability on low-temperature thermodynamics

Differentiating Eq. (5.29) with respect to the temperature T, annihilates the
inhomogeneous terms by + byo + boo? /2, which are temperature-independent. As a

result we find a homogeneous renormalization group equation for the entropy per
unit area S = —0G/9T|,:

0 0 0 0
A— 2n0 — T S=0 5.42
[ aa TP ) g5 + Moo +1 GT] ; (5.42)

valid in the limit of small tension ¢ < A? and small temperature 7' < A2. By

further differentiation with respect to 7' and to o we find RG equations for the

specific heat at constant tension C' = T9S5/IT|, and for the thermal expansion
coefficient & = 20v/9T |, = 05/do|r:

0 0 0 0
[AaA +B(Y)=— 5y T 2105+ nTaT} ¢=0, (5.43)
0 0 0
[ - +B8Y ) +2n06—+nTaT +2n}a0 : (5.44)
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By using the standard method of characteristics [15], the solutions can be written
as
S(Y,0,T,A) = S(y(A'), 2 o, 2712, \)
C(Y,0,T,\) = C(y(N'), 2" o, 271/2T, A) (5.45)
aY,0,T,\) = z Ya(y(N), 2 Lo, 27 V2T, \')

where y(A’) and z = z(A’) are the zero-temperature running couplings introduced
in Sec. 5.6.1.

Some general consequences of the RG equations, however, become more manifest
if the solutions are expressed in another well-known form [187|. By rewriting the
definitions (5.32) of the flow of running couplings in the integral form

A , , of(w(A)
IHX =(y(A) — oY), z(A) = —F) (5.46)
T du /T n(w)
)= —_—, x)=—2 du——+: . 5.47
it can be checked that the dimensionless quantities
A% 1
rr=In— — S f(Y)=2¢(Y),
” 71” 2 (5.48)
Ty = Tegf(Y) ,

are RG-invariant (they do not change under the replacements A — A’; Y — y(A'),
T — 2z Y2(A)T, 0 — 27 (A)o).

Taking into account that a is dimensionless, while S and C' have the dimension
of an inverse area, the scaling relations can then be written in the form, equivalent
to Eq. (5.45),

S(Y,0,T,A) = Te2 ! L(z, 2,) ,
C(Y,0,T,\) = Tez )M (zy,2) | (5.49)
a(Y,o,T,A) = ef(Y)N(:L'l,xg) ,

where L, M, and N are fixed functions of two parameters. The thermodynamic
relations between S, C, and « imply
0 0
M =[1—=— —2o—|L
(w1, 72) o4 T2 D (z1,72) ,
OL(x1, w2)
61’2 '

(5.50)
N(a?l, 56’2) =
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The detailed form of the functions L, M, and N is not fixed by the scaling
relations, but requires a full solution of the problem, including an analysis of the
long-wavelength degrees of freedom dominated by classical thermal fluctuations.
However Eqgs. (5.49), which are general consequences of the renormalizability of
the zero-temperature theory, already have a predictive content, even without a
full solution of the problem. They imply that, in the region o < A2, T < A?
thermodynamic quantities depend on the microscopic material parameters A and
Y only via overall scale factors independent of ¢ and 7.
For example, the form of the thermal expansion coefficient at zero tension

a=eYINIn(A%/T) — f(Y)/2 — 20(Y),0) (5.51)

implies that, in a logarithmic plot of In @ vs. In T, curves corresponding to different
materials must have the same shape and differ only by rigid shifts along horizontal
and vertical Cartesian axes.

These universality properties express, in the thermodynamical behavior, a stan-
dard consequence of renormalizability [187].

5.6.4  Finite-temperature thermodynamics of an unstressed membrane: thermal
expansion coefficient

A more detailed prediction of the temperature dependence of thermodynamic quan-
tities requires a complete theory of all degrees of freedom, from short-wavelength
modes, frozen by quantization, to long-wavelength modes, controlled by thermal
fluctuations.

To derive explicit expressions we use a combination of the scaling relations (5.45)
with approximations analogue to those described in Ref. [91].

The theories of Refs. [91, 164] indicate that, for temperatures much smaller than
the Debye temperature Tp, correlation functions exhibit a double crossover between
different regimes. For large momenta |k| > gr flexural modes have fluctuations of
zero-point character. In an intermediate window of length scales ¢ < |k| < gr
the system is expected to exhibit weakly-coupled harmonic fluctuations and a
classical statistical distribution. Finally in the long-wavelength region k| < gg,
fluctuations become strongly anharmonic and are controlled by the interacting
fixed point characteristic of classical membranes [1, 10, 12, 18, 25, 26].

The crossover scale g separating zero-point from thermally activated regimes,
can be estimated [91], as the wavelength at which the zero-temperature inverse
Green function Gi_jl((), k) ~ z(k)k* becomes of the order of T?:

2(gr)ar = T° . (5.52)

For a fully classical membrane with bending rigidity <1, Young modulus Y;, and
temperature 77, the Ginzburg momentum ¢g at which harmonic fluctuations
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cross over to strongly-coupled nonlinear fluctuations is [1, 12, 18, 25, 85| gg ~
(3kpT1Y1/(167&3))"/2. In the quantum problem it can be assumed that the same
crossover criterion remains valid, with 73 = T and that 7, = Rr(qr), Y, =
Y:(¢r) are the renormalized parameters (5.34), (5.35), corrected by zero-point
anharmonic effects, evaluated at the renormalization scale ¢r [91]. In rescaled units,

the corresponding crossover scale is

3Ty(qr)

@ ~ Tr @7 (5.53)

With characteristic parameters of graphene (see Sec. 5.7), it can be verified that
(qa/qr)? = 3y(qr)/167 is small, confirming the consistency of a region ¢ < |k| <
qr-

By using Eq. (5.45), we can estimate the thermal expansion of the quantum
membrane as

a(Y, T, A) = (2(qr)) " aly(ar), =(gr) " *T, qr) - (5.54)

In principle, the zero-temperature RG flow remains valid only as far as A’ >
2z~12(A")T, but, in a first approximation, it is justified to set directly A’ = g =
2 2(qr)T.

After the cutoff has been reduced from the microscopic scale to the thermal
scale g7, we can estimate o by neglecting quantum thermal effects and by identify-
ing a(y(qr), 2~ /?(¢r)T, qr) with the thermal expansion coefficient of a classical
membrane with the standard Hamiltonian [1, 6, 12, 91, 164]

%(PEB(—W)(@QHl-aBHl))? . (5.55)

Halt () = [ &z {"‘;(82}11)2 n
In terms of the discussion of Sec. 5.5, this corresponds to approximating H[H;],
the Hamiltonian for modes with zero Matsubara frequency, with Eq. (5.55), which
is its tree-level approximation (without loop corrections).

In particular, we must consider a classical membrane with Young modulus
Yo = y(qr), temperature Ty = 2~ '/2(qp)T, bending rigidity xq = 1, and a
large-momentum cutoff A = qr.

Thermal fluctuations in classical statistical mechanics have been investigated
extensively [1, 6, 12, 18, 19, 22, 25, 85, 183]. The momentum-dependent correlation
function Gl(;l)(k) = (h;(k)h;(—k)) is predicted to behave as

P 2z, for go < k| < A
Gij (k) — Vij T
for k| < gc ,

Kkt gl

(5.56)

where 7, is an universal exponent and g = (3T Ya/(167£2))"/2.
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Calculating directly the extension factor via the relation

() = =3(@u0) = —1 [ 555Gk

d, T, [ (¢ dk A qf; d.T.[1 Aa
~— e el —| =- — +1In
8mka | Jo  q& kT w kK 8Tkel | M« qc

and differentiating with respect to Te; at Ag, Yo and k¢ fixed we find the expression
for the thermal expansion coefficient [188]

A(ve) de {1 1 Ac1:|

(5.57)

=2——"1 = _ ——4+In—| . 5.58
ael 0T ATk [ M 2 +hn qc ( )

Identifying, in rescaled units, a = (2(qr)) ', and setting the effective classical
parameters to the renormalized values we then find an expression for the thermal
expansion coefficient of quantum membranes

d 1 1 1 167
a_6+1n(>}. 5.59
drz(qr) [m 22 \3y(ar) (5:59)
This expression, when z(gr) and y(gr) are replaced with the one-loop running
couplings

(4
Y Y
ylar) = - , 2lgr)=\—— , 5.60
(ez) 1+ 2O 1y & (o) (y(QT)) (560

coincides with the result derived in Ref. [91], up to a numerical factor.

The temperature dependence of « is entirely driven by the renormalization
factors y(gr) and z(gr). As a result, the thermal expansion coefficient is a slow,
logarithmic function of 7'. In the limit 7' — 0, « tends to zero as

d. In(In(A%/T))

8 [(90/2) In(A2/T))%
As a remark, we note that, despite being approximate, the solution (5.59) is
automatically consistent with the general form (5.51), as it is true for any expression
of the type a = (2(qr)) "' F(y(qr)), constructed via running couplings.

The approximations which lead to Eq. (5.59) are very natural. We expect that
the prediction of a nearly constant « at low temperature is exact and that Eq. (5.61)
captures, up to a numerical factor, the correct behavior in the limit 7" — 0.

ar & (5.61)

5.6.5 Renormalization and third law of thermodynamics

The fact that « vanishes in the zero-temperature limit is formally consistent with
the requirement limr_,¢ «(7T") = 0, which is expected in view of the Maxwell relation

), e
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and the third law of thermodynamics limp_oS(T,p) = 0 [36, 84, 167]. The
logarithmic way in which the low temperature limit is realized at zero tension is,
however, very unconventional [91]. In fact, the existence of an anomalous behavior
can be already anticipated by dimensional analysis. The rescalings described in
Sec. 5.2.1 show that, for o = 0, the only dimensionful parameters in the theory (5.3)
are the temperature T and the UV cutoff A. If there were no ultraviolet divergences,
the fact that « is dimensionless would have implied that a = ¢(Y), a temperature-
independent result which is manifestly inconsistent with the limit limp_,o a(T") = 0.
It is only the logarithmic correction due to UV divergences which introduces an
explicit dependence on the UV cutoff scale A and allows for a variation of « at
low temperatures. In presence of a nonzero tension o, Ref. [91] predicted that the
thermal expansion coefficient vanishes in a faster way for T — 0.

5.7 APPLICATION TO GRAPHENE

To illustrate the results, we consider the case of a monolayer graphene, using
parameters p ~ 7.6 kg m~2, A~ 34 eV A-2 i ~9.3eV A2 B~ 127 VA2,
Y ~21.4 eV A=2 [78], & ~ 1.4 6V [189]. Setting the codimension d,. to the physical
value d. = 1, we find that the bare value of the quantum coupling constant is small:
go =~ 0.02. As a consequence, the one-loop approximations to the RG functions
B and 7 are justified at all length scales of physical interest. The smallness of gg
is related physically to the fact that the mass of nuclei is much larger than the
mass of electrons [162, 163], and, thus, we expect it to be a general feature of most
two-dimensional materials.

The ultraviolet cutoff A is of the order of the inverse interatomic distance a ~ 1.42
A. We choose to identify A with the "Debye radius" A = (472/3)'/4a=", defined by
the condition that the phase space area wA2 contains the same number of degrees
of freedom of the hexagonal Brillouin zone of graphene. With this estimate, the
Debye temperature is approximately Tp = i(%/p)'/2A? /kg ~ 750 K.

The predictions discussed in Sec. 5.6 are illustrated in figures 5.1, 5.2, and 5.3. In
all cases, the renormalizations induced by quantum-mechanical fluctuations induce
a slow, logarithmic behavior of statistical and thermodynamic quantities.

In particular, we find that the thermal expansion coefficient & at low temperatures
is nearly constant over broad ranges of low temperature, with an order of magnitude
a ~ —kp/(47k) ~ —5 x 107 K~! up to a numerical factor of order unity, in
agreement with a simple classical estimate [188]. The limit limy_,o « = 0 is only
approached logarithmically.

The prediction of a nearly constant & depends essentially on the fact that flexural
phonon modes fluctuate in absence of an imposed stress and without binding forces
(see Ref. [91] for an analysis on the role of tension and Refs. [179, 188] for discussions
on the effects of a supporting substrate).
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Figure 5.1: Effective wavevector-dependent bending rigidity (red solid line) and Young

modulus (blue dashed line) as a function of wavelength [ = 27 /k for a graphene membrane
at T = 0, as described by Eqgs. (5.34) and (5.35). In the infinite-wavelength limit &.(l)

slowly diverges as (In1)*/" and Y;(l) slowly vanishes as (Inl)~'/7.
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Figure 5.2: Anomalous Hooke’s law for a graphene membrane at T = 0. The red
solid line represents the macroscopic bulk modulus Beg = %8&/8?} as a function of

the applied tension &, as described by Eq. (5.41). The red dotted line is constant as a
function of the applied stress and identifies the microscopic bulk modulus B ~ 12.7 éV
A=2 controlling the normal Hooke’s law for a membrane constrained in two dimension
(without quantum-mechanical out-of-plane fluctuations). The strain induced by tension is
represented by blue dashed lines. The effective bulk modulus vanishes in the limit ¢ — 0
as Beg(0) &~ (In(1/0))~ /7. The singularity, however, is very slow.
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Figure 5.3: Negative thermal expansion coefficient for an unstressed graphene membrane
as a function of temperature (red solid line). In the limit 7" — 0, & — 0 as expected from
the third law of thermodynamics, but the approach to zero is only logarithmic with 7.

To conclude, we note that a more complete understanding of the thermodynamics
of graphene samples requires a further analysis of the coupling between membrane
fluctuations and Dirac electrons, which have been proposed to be at the origin of
mechanical instabilities such as a spontaneous rippling [24, 54]. The role of electron
fluctuations, however, is suppressed in insulating 2D materials such as hexagonal
boron nitride.

5.8 SUMMARY AND CONCLUSIONS

To summarize, we have analyzed the theory of a fluctuating quantum mechanical
membrane within the framework of perturbative renormalization group techniques.
At zero temperature, the perturbative RG provides a systematic derivation of
logarithmic singularities analyzed in earlier investigations by momentum-shell and
by nonperturbative renormalization group techniques. In the limit of a weakly
applied external tension &, we recover the result that the stress-strain relation at
T = 0 is singular: for & — 0, the strain behaves as &[In(1/5)]~/".

In the case of a small, but nonzero temperature, techniques of finite-size quantum
field theory provide general scaling relations for thermodynamic quantities such
as the entropy S, the specific heat C, and the thermal expansion coefficient « at
vanishing or small external tension. By an approximate solution of the theory, we
derive that the negative thermal expansion coefficient of an unstressed crystalline
membrane vanishes for 7' — 0 as a logarithmic function of the temperature.
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BILAYER GRAPHENE

We study thermal fluctuations of a free-standing bilayer graphene subject to van-
ishing external tension. Within a phenomenological theory, the system is described
as a stack of two continuum crystalline membranes, characterized by finite elastic
moduli and a nonzero bending rigidity. A nonlinear rotationally-invariant model
guided by elasticity theory is developed to describe interlayer interactions. After
neglection of in-plane phonon nonlinearities and anharmonic interactions involving
interlayer shear and compression modes, an effective theory for soft flexural fluctu-
ations of the bilayer is constructed. The resulting model, neglecting anisotropic
interactions, has the same form of a well-known effective theory for out-of-plane
fluctuations in a single-layer membrane, but with a strongly wave-vector dependent
bare bending rigidity. Focusing on AB-stacked bilayer graphene, parameters govern-
ing interlayer interactions in the theory are derived by first-principles calculations.
Statistical-mechanical properties of interacting flexural fluctuations are then cal-
culated by a numerical iterative solution of field-theory integral equations within
the self-consistent screening approximation (SCSA). The bare bending rigidity
in the considered model exhibits a crossover between a long-wavelength regime
governed by in-plane elastic stress and a short wavelength region controlled by
monolayer curvature stiffness. Interactions between flexural fluctuations drive a fur-
ther crossover between a harmonic and a strong-coupling regime, characterized by
anomalous scale invariance. The overlap and interplay between these two crossover
behaviors is analyzed at varying temperatures.

The main text of this chapter has been published as:

Achille Mauri, David Soriano, and Mikhail I. Katsnelson, "Thermal ripples in
bilayer graphene", Phys. Rev. B 102, 165421 (2020); preprint: arXiv:2007.00552
(2020)

The supplemental material to the publication has been synthesized and converted
into an appendix (App. 6.B).
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The statistical properties of thermally-fluctuating two-dimensional (2D) mem-
branes have been the subject of extensive investigations [1, 3, 4]. Crystalline layers,
characterized by fixed connectivity between constituent atoms and a subsequent
elastic resistance to compression and shear, exhibit a particularly rich thermody-
namical behavior, both in clean and disordered realizations [1, 3, 4, 6, 9-12, 23,
25, 26, 41, 42, 44, 51, 85]. In absence of substrates and without the action of an
externally applied tension, fluctuations are only suppressed by elasticity and the
bending rigidity of the layer. Although a naive application of the Mermin-Wagner
theorem suggests the destruction of spontaneous order at any finite temperature, it
has long been recognized that these freely-fluctuating elastic membranes exhibit an
orientationally-ordered flat phase at low temperatures [6, 9]. As a result of strong
nonlinear coupling between bending and shear deformations, thermal fluctuations
in the flat phase present anomalous scale invariance characterized by universal
non-integer exponents. In the long-wavelength limit, the scale-dependent effective
compression and shear moduli are driven to zero as power laws of the wavevector
¢, while the effective bending rigidity diverges as x(q) ~ ¢~ " [10-12, 19, 25, 26,
183]. This anomalous infrared behavior sets in at a characteristic ’Ginzburg scale’
gx = \/3TY/(167K?), where x, Y and T are, respectively, the bare bending rigidity,
Young modulus and temperature [3, 61]. For shorter wavelengths, ¢ > ¢, within a
membrane model based on continuum elasticity theory, fluctuation effects become
negligible and the effective elastic moduli approach their bare values.

The first theoretical developments in the statistical mechanics of elastic mem-
branes were driven by the physics of biological layers, polymerized membranes
and other surfaces [1, 4, 56]. After the isolation of atomically-thin two-dimensional
materials, the relevance of statistical mechanical predictions for these extreme
membrane realizations has raised vast interest, in both theory [3, 25, 31, 41, 51,
61, 112| and experiments [69, 70, 72, 76, 190] (see also Refs. [65, 71, 73, 191, 192]).

In the case of atomically-thin 2D membranes, numerical simulations with realistic
atomic interactions are accessible [31, 37, 38, 61, 112, 193, 194], which allows
material-specific predictions of the fluctuation behavior. Furthermore, the physics
of graphene and other 2D materials stimulated new questions as compared to
previously considered membrane realizations.

By exfoliation of graphite, it is possible to controllably extract multilayer mem-
branes composed of IV stacked graphene sheets. As in the parent graphite structure,
covalently-bonded carbon layers are tied by weaker van der Waals interactions.
The large difference between the strengths of covalent and interlayer binding forces
generates an intriguing mechanical and statistical behavior, which is attracting
vast research interest [188, 195-199].

The properties of defect-free multilayers subject to small fluctuations, in the
harmonic approximation, are already non-trivial. Mechanical properties are crucially
determined by the coupling between interlayer shear deformation and out-of-plane,
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bending, fluctuations. If layers are free to slide relative to each other at zero energy
cost, we expect that the bending rigidity of the stack is controlled by the curvature
stiffness of individual layers. We can thus assume that the bending rigidity is
approximately Nk, where N is the number of layers and « is the monolayer bare
bending stiffness [188, 197-199]. By contrast, the presence of a nonzero interlayer
shear modulus forces layers to compress or dilate in response to curvature. Assuming
rigid binding between layers, the bending stiffness is then controlled by in-plane
elastic moduli and it grows proportionally to N(N? — 1) for N > 2 [200]. For large
N, the limiting N? scaling of the bending stiffness [188, 197-200] is consistent
with the continuum theory of thin elastic plates [3, 83, 188, 200]. In the case of
graphene bilayer, the corresponding contribution to the bending rigidity can be
written as (B + p)l?/2, where B and u are compression and shear moduli, and [ is
the interlayer distance [188].

A theory interpolating between these extreme regimes was developed, within
a harmonic approximation, in Ref. [188]. As a modeling framework, the system
was described as a stack of continuum two-dimensional elastic media. The energy
functional describing coupling between layers was constructed by discretizing
the continuum theory of a three-dimensional uniaxial solid. Within this model,
coupled and decoupled fluctuation regimes are recovered as limiting cases for long
and short wavelengths, connected by a crossover: coupling between flexural and
interlayer shear deformations sets in for wave vectors smaller than characteristic
scales determined by elastic stiffnesses and interlayer interactions [188].

Recent experimental measurements of the bending rigidity [195, 197, 199, 201,
202] present a large scatter and indicate smaller values compared to the theoretical
prediction for the long-wavelength, rigidly coupled case. In the case of bilayer
graphene, different experimental techniques lead to x = 35.5732-5 eV [201] and
3.3540.43 eV [202], significantly smaller than the elastic contribution (B + u)l?/2,
which corresponds to a rigidity of the order of 100 eV (theoretical predictions in
Ref. [200] lead to k ~ 160 eV). For few-layer membranes with N > 2, Ref. [201]
reported evidence that the overall bending rigidity scales as N2. More recently, by
analyzing pressurized bubbles in multilayer graphene, MoS,, and hexhagonal BN,
Ref. [197] reported values of k intermediate between the uncoupled limit Nx and
the rigidly-coupled case, and interpreted the observed behavior as the result of
interlayer slippage between atomic planes. Finally, Ref. [199] observed multilayer
graphene membranes under varying bending angles. Values of the bending stiffness
close to Nk were observed for large angles, which was interpreted by a dislocation
model of interlayer slippage.

Reported results for the interlayer shear modulus in multilayer graphene also
exhibit a large dispersion, see e.g [195].

At finite temperatures, statistical properties of fluctuating stacks of crystalline
membranes have been long investigated. A rich physics was predicted in early studies
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motivated by lamellar phases of polymerized membranes. In particular, Ref. [203]
predicted a sharp phase transition between a coupled state and a decoupled phase,
in which algebraic decay of crystalline translational order makes interlayer shear
coupling irrelevant. Ref. [169] elaborated on the properties of the decoupled state,
within a nonlinear three-dimensional continuum theory and determined logarithmic
renormalizations due to thermal fluctuations’.

In the context of crystalline bilayer and multilayer graphene membranes, finite-
temperature anharmonic lattice fluctuations were extensively addressed by numeri-
cal simulations (see, e.g. [193, 194, 204]).

In this work we study thermal fluctuations of ideal, defect-free bilayer graphene
within a phenomenological, elasticity-like model. The theory of Ref. [188] is assumed
as a starting point and generalized to include crucial nonlinearities which control
anomalous scaling behavior. An interesting aspect introduced by finite temperatures
stems from the interplay of different wavevector scales: characteristic scales marking
the onset of coupling between flexural and interlayer shear, and Ginzburg scales
g« controlling the transition from harmonic to strongly nonlinear fluctuations. In
order to obtain a global picture of correlation functions at arbitrary wavevector
q, we derive a numerical solution of Dyson equations within the self-consistent
screening approximation (SCSA) [23-25]. In the long wavelength limit, the universal
power-law behavior predicted by membrane theory is recovered and the SCSA
scaling exponent 1 = 4/(1 4+ v/15) is reproduced with high accuracy. The finite-
wavelength solution, furthermore, gives access to crossovers in correlation functions
and to non-universal properties specific to bilayer graphene. In order to develop
material-specific predictions, we develop an ab-initio prediction of model parameters
focusing on the case of AB-stacked bilayer graphene. The paper is organized as
follows: in Sec. 6.1, after a brief discussion of theories for single-layer membranes,
we introduce a phenomenological model which extends the theory of Ref. [188]
with the inclusion of nonlinearities required by rotational invariance. Subsequently,
the model is simplified by neglecting all nonlinearities but interactions of the
collective out-of-plane displacement field. In 6.1.3, we derive an effective model for
flexural fluctuations by successively integrating out all other fields. After neglection
of anisotropic interactions, this model takes the form of a standard theory for
crystalline membranes, with a strongly ¢-dependent bare bending rigidity. In
Sec. 6.2 we discuss model parameters for AB-stacked bilayer graphene and describe
first-principle calculations of the interlayer coupling moduli. In Sec. 6.3 correlation
functions of the resulting model are calculated at arbitrary wavevector within the
SCSA [23-25]; an iterative algorithm is used to determine numerical solutions of
SCSA equations. Results are illustrated in Sec. 6.4. Finally, Sec. 6.5 discusses an
extension to the theory in which nonlinearities in flexural fields of both layers are
taken into account. Sec. 6.6 summarizes and concludes the paper.

1 See also Ref. [181].
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6.1 MODEL
6.1.1 Single layer

This section briefly introduces existing models for two-dimensional crystalline
membranes, extensively discussed in [1, 3, 4, 6, 9-12, 25, 41].

In a long-wavelength continuum limit, membrane configurations are specified
by the coordinates r(x) in three-dimensional space of mass points in the 2D
crystal, identified by an internal two-dimensional coordinate x. After specification
of an energy functional H[r(x)], the statistics of fluctuating configurations at a
temperature 7" is governed by the Gibbs probability distribution

1 — r(x
Ple(x)] = e~ HleUT (61)

where

Z = / [dr(x))e ™ HolrGl/T (6.2)

is the partition function, and [[dr(x)] denotes functional integration over the field
r(x).

In the spirit of elasticity theory, a model for membranes with nonzero stiffness
to curvature and strain is defined by the configuration energy [9, 11, 12]

A
HO = /dzx [g (821')2 + 5 (Uaa)z + /anﬂUa[j s (63)

where x, A\, and p are, respectively, the bending rigidity and Lamé elastic coeffi-
cients. The notation d, = 9/Jz, indicates differentiation with respect to internal
coordinates, and Uyp = % (Oar - Ogr — d4p) is the strain tensor, proportional to
the local deformation of the metric gog = Oqr - Ogr from the Euclidean metric dqg.
In Eq. (6.3), mass points are labeled via their coordinates in a configuration of
mechanical equilibrium: reference coordinates z1, 22 are chosen in such way that
states of minimum energy are r(x) = x4V, +t = 21V1 + 29ve + t, where vy, va is
any given pair of mutually orthogonal unit vectors and t is an arbitrary constant
vector.

The energy functional (6.3) has been extensively discussed as a Landau-Ginzburg
model for critical phenomena at the crumpling transition and also as a starting
point to discuss scaling properties of the flat phase [1, 4, 9, 11, 26].

In the flat phase, it is convenient to parametrize r(x) = (24 + Uq (X)) Ve + h(x)n,
where n = v; X v denotes the normal to the membrane plane. Assuming that
displacement fields and their gradients are small, such that |0%u| < |0u| and
|Ou] < 1, Eq. (6.3) can be reduced by the replacements Uyg — tuap = (Oaug +
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e + Oahdsh) /2, (8%r)? — (0?h)?, which leads to the standard approximate
form? [1, 6, 10, 41]

~ A

The neglected terms are expected to be unnecessary for an exact calculation of
universal quantities such as scaling exponents. This is supported by a power-
counting argument in the framework of a field-theoretic e-expansion method [10]:
after extension of the problem to D-dimensional membranes in a d-dimensional
embedding space, neglected terms are irrelevant by power counting at the upper
critical dimension D = 4. Eq. (6.4) thus plays the role of an effective theory [10, 11]
suitable for calculation of scaling indices to all orders in an € = (4 — D)-expansion.

In the transition from Eq. (6.3) to Eq. (6.4), neglected nonlinearities lead to an
explicit breaking of rotational symmetry. However, as it is well known [4, 11], the
underlying invariance is preserved in a deformed form: Hy is invariant under the
transformations

h(x) = h(x) + Aozo + B,

1 (6.5)
Uo (X) = Ua(X) — Agh(x) — §AQA5;U5 + B, ,

for arbitrary coordinate-independent A,, B, and B/,. This deformed symmetry
and the subsequent Ward identities are crucial in the renormalization of the
theory of membranes, and, most importantly, in the protection of the softness of
flexural modes, which ensures the criticality of the theory without fine-tuning of
parameters [4, 10, 11, 23, 25].

It is useful to compare Eqgs. (6.3) and (6.4) with the Canham-Helfrich model for
fluid membranes [1] and with the model for crystalline membranes developed in
Ref. [10]. In Ref. [10], bending rigidity of the layer was introduced via an energy
contribution of the form

K

K 2 2 2
§/d P(0uN)? = " /d KG Ko | (6.6)
where N is the local normal to the surface, K,z is the curvature tensor, and

K§ = g*7"Kg,. Using that Kog = N(N - 9,0sr) for two-dimensional surfaces (see
e.g. Chap. 7 of Ref. [1]), Eq. (6.6) can be written as

“ / Pag? (N - 9,951) (N - 9,0, 1) . (6.7)

As discussed in Ref. [41], the comparison between curvature and elastic energies becomes nontrivial
if the problem is analyzed in a large d-limit at fixed internal dimension D = 2.
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Here g®” denotes the inverse matrix of the metric tensor Jap = OaT - Ogr. For small
fluctuations, such that g,g =~ dog and N ~ n, the curvature energy reduces, at
leading order, to

K

5 /d%aaaﬁhaaaﬂh = ’;/d%{(a%)? + (6050% — 0405)(0ohdsh)| ,  (6.8)

which, up to boundary terms, is equivalent to
K 2 192732
: / A2z(02h)? , (6.9)

the curvature term in Eq. (6.4).
In the Canham-Helfrich model [1], the curvature stiffness for a fluid membrane
with vanishing spontaneous curvature reads

/dgx\/g[anHQ + /f(;K} , (6.10)

where H and K are the mean and the Gaussian curvature, and g = det[gag].

For 2D surfaces [1],

H= LK = ke - kgKs
= JKg and K= 5[(Ka) —KﬂKa} : (6.11)

where Kog = N - 0,0sr, K§ = g*"Kp,. The Canham-Helfrich energy func-
tional (6.10) is reparametrization-invariant, expressing that the configuration en-
ergy is only sensitive to the geometrical shape of the surface in three-dimensional
space and not on its internal coordinate system. As it was discussed in Ref. [10], in
crystalline layers the crystal lattice singles out a natural parametrization of the
membrane, and reparametrization-invariance is not a necessary requirement (see
also Ref. [11] for a more general discussion in presence of non-flat internal metric).

For small fluctuations about a flat configuration, the mean and Gaussian curva-
tures reduce to

H ~ —(9%h) (6.12)

M| —

and

K ~ - [(0%h)2 = (9a03h) (0a0sh)] = —%(%Baz‘ — 005)(Duhdsh) ,  (6.13)

N | =

while /g >~ 1. Integration over K then leads to a boundary term and a curvature
energy density proportional to (8%h)? is recovered. More generally, the Gauss-
Bonnet theorem implies that the integral | dzx\/gK is topological invariant for
closed surfaces, and the sum of boundary terms and a topological invariant for
open surfaces.
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In this work, curvature energy is considered to a leading order in the limit of
small fluctuations about a flat configuration, and boundary terms arising from
the surface integration of the leading-order Gaussian curvature, Eq. (6.13), are
neglected.

We note, however, that the Gaussian curvature energy plays an important role in
processes which involve a change of membrane topology [1] or finite-size membranes
with a boundary. For example, a recent analysis of thermal fluctuations within the
harmonic approximation [205], indicated an important role of Gaussian curvature
energy in the statistics of fluctuating membranes with a free edge. Finally, we note
that models with higher-order powers of curvature were considered in Ref. [206,
207], in relation with the problem of bolaamphiphilic vesicles.

As a concluding remark, we notice that the models discussed above assume
locality of the configuration energy, and, therefore, do not include infinite-range
forces such as van der Waals [208], dipole interactions [209] or the coupling with
gapless electrons, discussed in connection with graphene in Refs. [54, 165].

6.1.2 Bilayer

We will model bilayer graphene as a stack of two coupled elastic membranes [188].
The corresponding energy functional can thus be written as

2
H=> H;j+H., (6.14)
i=1
where
o [F 2.2, Ao 2

are single-layer energies, and H,. represents coupling between membranes®. In

Eq. (6.15), r; and U;ap denote the coordinates and the local deformation tensor of
the i-th layer in the stack. As a model for interlayer interactions we assume a local
coupling? truncated at the leading order in a gradient expansion. This corresponds
to an energy functional of the form

H, = / d?z H.(x) (6.16)

with an energy density H.(x) depending only on ri(x) and re(x) and their leading-
order gradients at x. After introduction of sum and difference coordinates r =

As in Sec. 6.1.1, the contributions of in-plane modes (9%uq)? to (9%r)2 will eventually be neglected.
The chosen curvature energy is thus equivalent, to leading order, to alternative expressions such
as Eq. (6.6).

As discussed above, local interactions do not exhaust all possibilities due to the presence of
infinite-range van der Waals interactions [208] and coupling with gapless electrons. Effects of
non-local interactions are beyond the scope of this work, and will be neglected.
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Figure 6.1: (a) Lattice structure of bilayer graphene in the Bernal (AB) stacking. (b)
Top view of AB-stacked bilayer graphene.

%(rl +1r3), S = r; — ro, invariance under translations in the three-dimensional
ambient space implies that 7. cannot depend on r, but only on its derivatives.
In the leading order of a gradient expansion, we will thus assume that H.(x)
depends only on the local separation vector s and on the tangent vectors O,r,
neglecting dependence on higher derivatives such as d,s or 9%r. This level of
approximation is analogous to the approach in Ref. [188], where the coupling
energy is derived by discretization of a continuum three-dimensional elasticity
theory. In the following, we will assume the developed elasticity-like theory as a
model to describe finite-wavelength phenomena.

The most general form of H. depending on s and J,r and consistent with
rotational and inversion symmetries of the three-dimensional ambient space is a
generic function of the scalar products

Oar - Opr , SOl , s2 . (6.17)

In the configuration of mechanical equilibrium, neglecting a small uniform strain
induced by interlayer coupling, r(x) = x,V, and the relative displacement between
layers is s(x) = In, where [ is the interlayer distance and n = vy x va. For small
fluctuations, the coupling energy can thus be expanded in powers of the strain
tensor Uyg = % (Oar - 08T — bap), the field s - Jor, which measures interlayer shear,
and s2 — [2, which describes local dilations of the layer-to-layer distance.
Consistency with the dihedral D3y symmetry of the AB-stacked bilayer graphene
[210] (see Figs. 6.1a and 6.1b) selects, among general combinations of these terms,
a subset of allowed invariant functions. Symmetry-consistent terms can be directly
constructed by group theory arguments, or, equivalently, by adapting invariants
from theory of three-dimensional elastic media. Identification of s/l = (r1 — r3)/!
with a discrete version of d,r in a corresponding three-dimensional theory, indicates
that s - d,r/l and (s? — [2)/I? have the same transformation properties of strain
tensor components U,, = O,r - 0,r and U,, = 0,r - 0,r — 1, respectively. The
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general elastic free-energy of uniaxial media with D3y point group subject to
uniform deformation reads® [83]

1= _ 1 1
- 701(Uw)2 + CoUnpUap + 5clsz + §CQU§Z + C3Una U
+ C4 [( Tx Uyy)sz - 2UmyUyz] )

(6.18)

where Greek indices run over z and y components, and C; and C; are constants.
In Eq. (6.18) and in the following, reference-space coordinates are interchangeably
denoted as (z1,z2) or (x,y). Returning to the bilayer case, by drawing from
analogous invariants in Eq. (6.18), we can write the functional H. as

2 g3 , 2 2
. /d {81454) B2 (s 0ur)? + 2 (57 ~ 1)U

+ 5 (52 0u) Usa = Uyy) = 2(s - 9,0)Usy) |

(6.19)

up to terms of quadratic order in the strains. Among functions of s and J,r,
other terms could be added to Eq. (6.19). One is an isotropic tension, o [ A’z Uy,
reflecting uniform strain due to a small difference in lattice constants between
monolayer and bilayer graphene. This tension can be eliminated by modifying the
reference state about which strain is defined (see Refs. [12, 85, 91| for a discussion on
thermally-induced uniform stretching). Such redefinition of the point of expansion
implies a small shift in the elastic moduli. In addition, symmetry does not rule out

a coupling of the form
!/

E(UQQ)Q + 1 UagUap (6.20)

which contributes to the stretching elasticity of the bilayer as a whole. Due to the
large difference in scale between covalent carbon-carbon interactions and interlayer
van der Waals interactions, it is expected that A and p’ are much smaller than
the monolayer Lamé moduli A\ and p. Similarly, it is expected that corrections to
A, 1 and k due to uniform strain are small. These effects are thus neglected in
Eq. (6.19).

Collecting terms in Eq. (6.14), the model Hamiltonian for graphene bilayer thus
reduces to:

H = H1+H2+/d [814(5 ~ )% 212(5 dar)? o1

+ @ (s> = I?) Una + 2 o7 2 (8- 001) (Upy — Uyy) — 2(s - 9yr)Usy)

In the case of ABA-stacked graphite, the symmetry group includes symmetry for z — —z and
c16 = 0.
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Within the harmonic approximation, after neglection of the anisotropic term in
the last line, Eq. (6.21) reduces to the functional derived in Ref. [188].

In analogy with the standard crystalline membrane theory, it is convenient to
parametrize the coordinate vectors r(x) and s(x) by separating in-plane and out-
of-plane displacement fields: r(x) = (24 + Ua)Va + hn and 8(x) = g Ve + (I + h)n,
where u, @ € R?, h,h € R. Fluctuations of relative coordinate h and the shear
mode %, + l0,h are bounded by the couplings g1 and gs. For simplicity, similarly
to the approach of Ref. [188], fluctuations of h and @, will thus be treated within
a harmonic approximation. Furthermore, repeating standard approximations for
single membranes [1, 6] we neglect the contribution x(0%u,)?/2 to the energy
density and terms nonlinear in u, in the strain tensor

1 1
Ua[j = 5 (8ar . (951‘ — 6046) = 5(6au5 + agua + 8ah8@h + 8au785uv) , (6.22)

which is thus replaced with the approximate form u,g = %(8QUg +0guq +0,h0gh).
After expansion of Eq. (6.21), these approximations lead to

o= /d2x [/@(8%)2 + Mtaa)? + 2Bl

+5(0%h) + %(aaaa)z’ + 5 Oita + 0a15)”

91 g2 gs (6.23)
9172, 92 2, 937

+ 212h + 572 (o + 10h)* + 5 huga

+ —Z}L ((’m +102h) (Ugg — Uyy) — 2(ty + lﬁyh)umy) ,

which will be used as a starting point in Sec. 6.1.3.

Similarly to the standard theory of crystalline membranes [4, 11] (see Eq. (6.5)),
this configuration energy possesses a continuous symmetry, which reflects the
underlying invariance under rotations and translations in the embedding space:
the Hamiltonian (6.23) is invariant under

h(x) = h(x) + Apza + B,

1
Ugy (X) - U(X(X) - A(xh(x) - iAaABxﬂ + B; ) (624)
h(x) — h(x) , Ug — Uy — 1Ay

for arbitrary A,, B, B.,. As in Eq. (6.5), transformations with A, # 0 represent
linearized versions of rotations in three-dimensional space.
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6.1.3 Effective theory for flexural fluctuations
Starting from the Gibbs probability distribution
_ 1 -
Plh(x), ua (%), h(x), G0 (x)] = Ze*H/T (6.25)

for fluctuations of the displacement fields h(x), uq(x), h(x), q(X), we proceed to
construct an effective theory describing the statistical properties of the flexural
fluctuations h(x) only, by systematically integrating out the remaining degrees
of freedom. In Eq. (6.25), the Hamiltonian H is assumed to be the approximate
configuration energy of Eq. (6.23) and the normalization Z is given by the partition
function

Z = / [dhdugdhdig]e Hlwahaal/T (6.26)

By explicit integration over relative fluctuations i and ,, the effective Hamiltonian
for fluctuations of u, and h fields,

! < [h(x), ua(x)] = —=T'In { / [dhdia]e 2 V““aﬁ»ual/T} , (6.27)

is calculated as

= [ [5ro@d b@P + 5Aol)uan (@)

gil?
1693

+ 110(9)uas (@) + (A + w)dz(q)dr(a)|A(q)l? (6.28)

12 .
— 2= (4 2)di(9)gh(@) A" (@)
g2
Details of the calculation are presented in appendix 6.A. In Eq. (6.28), h(q) and
uqp(q) are Fourier components of h(x) and u.g(x), A(q) is the Fourier transform
of the anisotropic Dsg4-invariant field

A(X) = OplUga — aacuyy - 2ayuxy s (6.29)

fq = [d?q/(2m)? denotes momentum integration, and |uas(q)|* = uag(Q)ugz(a).
Furthermore, we introduced the dimensionless functions

A+ 2u)%q%] 7! ?¢*]7"
e I e <
292 292
347t (6.30)
dlg) = |1+ ,
W= |1+ 5
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and defined

(X + 2u)12

5 dr(q) , 1o(q) = 2p — ﬁdT(q) ,

Kkolq) = 2k +
0(q) 105

2 2 (6.31)
Mo(q) = 2X — Z2d(q) + Zdy(q) .

o@ =22~ L) + L dr(g)
In the first three terms of Eq. (6.28) we recognize a Hamiltonian identical in form
to the standard effective theory of crystalline membranes, Eq. (6.4), but with a
g-dependent bending rigidity xo(q) and Lamé coeflicients Ag(q) and po(q). The
additional interaction involving |A(q)|? is a quadratic functional of the strain

tensor and represents an anisotropic stiffness associated with gradients of the strain.

Finally, the term proportional to ¢?h(q)A*(q) introduces a coupling between the
component A(x) of the gradient of strain and the local curvature 9?h(x). In the
following these last two interactions are neglected for simplicity.

The neglection of the first of these two terms is related to the assumption that
the response of the bilayer to space-dependent strain is dominated by the sum of
the stiffnesses of the two isolated layers at the scales of interest. With the same
assumption, we approximate

o(q) = Xo =2\,  polq) =~ po=2p, (6.32)

neglecting the g-dependent contributions in Eq. (6.31). An estimate from the
identification gs = 2¢13l, the experimental value ¢13 = (0+3)GPa for graphite [211,
212|, and the parameters [ ~ 3.25A, g; ~ 0.8 eVA~2 (see Sec. 6.2) shows that
the correction —g2/(4g1)d(q) is much smaller than 2\ and 2 for any wavevector,
which supports this approximation®. We assume that also terms g3 /(4g2)dr(q)
play a minor role.

With these approximations, we are lead to consider the effective Hamiltonian

~ 1
= [ [Ro@d" W@ + doluaa(@) + Zoluas@P] . (639
q

which is identical in form to the standard effective theory of crystalline membranes,

Eq. (6.4), although the bending rigidity « is replaced by the g-dependent kg (q).

The remaining integration over in-plane fields, therefore, proceeds in an usual
way [1, 6, 12, 23, 25, 85] (see appendix 6.A). The resulting effective Hamiltonian
for the flexural field h(x) reads

2

L , (6.34)

- 1 !
i = 5 [ mol@ah@P + 5 [ Yo
a a

K(q)
q2

We note, however, that in Ref. [169] a perturbation analogue to a finite g3 was identified as
potentially important within the framework of three-dimensional continuum theories of stacks of
membranes.
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where L\ )
Ho(Ao + o
Yo=—7""-> 6.35
0 Ao + 2p0 ( )
and K(q) is the Fourier transform of the composite field

K(x) = 3 (0up0* — 0a05)(0h030) = 3 [(0°h)? — (a05h)(0a03m)] .~ (6:36)

and the primed integral f " is meant to run over the non-zero wavevector components,
with the g = 0 contribution excluded [1, 12].

At leading order for small deformations, K (x) coincides with the Gaussian cur-
vature, Eq. (6.13), and Eq. (6.34) thus expresses a long-range curvature-curvature
interaction. Physically, this nonlinearity encodes a frustration of out-of-plane
fluctuations due to the elastic stiffness of the layer [1, 6]. Given an out-of-plane
displacement field h(x), it is not possible, in general, to choose the two displacement
fields u,(x) and u,(x) in such way that the three components of the strain tensor
Upg (X), Uyy(X), Ugy(x) vanish at all points. As Eq. (6.34) shows, regions with a
finite Gaussian curvature inevitably induce a strain of order O(h?) in the lattice,
and involve an energy cost controlled by the elastic moduli [1, 6].

To conclude, we briefly discuss the neglected term proportional to

/ dr(q)g*h(a)A*(q) - (6.37)
a
After integration over in-plane fields, this term generates an anisotropic contribution

to the g-dependent rigidity xo(g) of the form

Cgilt (A +2p)?
32g2

dro(q) =

d%(q) [1 — ;\J—:QM 0052(39) 7, (6.38)
m

where cos @ = g, /|q|. This contribution vanishes for ¢ — 0 and it is maximal for
q* ~ 2g2/((\ + 2u)I?), where it is of the order of g31%/(32g2). In addition, the
term (6.37) generates a non-local interaction

SO [yt~ sy (6:39)

which couples the curvature tensor d,093h to the approximate Gaussian curvature
K (x). Considerations of these effects is beyond the scope of this work. It is expected
that the term (6.37) does not modify the exponent of the scaling behavior.

6.2 MODEL PARAMETERS FOR AB-STACKED BILAYER GRAPHENE

As discussed above, the bending rigidity x and the Lamé coefficients A and p are
approximated by their values for monolayer graphene, which is justified by the
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weakness of van der Waals interactions in comparison with in-plane bonding. In
the case of the in-plane Young modulus Y this approximation is consistent with
experimental values illustrated in Ref. [195], which indicate for bilayer graphene a
value of Y approximately equal to twice the corresponding monolayer modulus.

The elastic moduli and the bending stiffness of a monolayer graphene have been
investigated extensively (see e.g. [195, 200, 213, 214]). Theoretical predictions and
estimates of x lead to values between 0.69 eV and approximately 2.4 eV [213-215].

By comparing results of atomistic Monte Carlo simulations and continuum
membrane theory, the bare bending rigidity x was predicted to present a significant
temperature dependence [61]. This was attributed to anharmonic interactions
between acoustic modes and other phonon branches, or, more generally, with
degrees of freedom not captured by the membrane model. In Ref. [193], a similar
result was obtained for bilayer graphene. In addition, by a similar fitting method
Ref. [193] determined temperature-dependences of the interlayer compression
modulus, analogue to g; in Eq. (6.23).

In the following, we neglect these temperature dependences and, similarly, effects
of thermal expansion on the lattice constant a and the interlayer distance [. In
further calculations, we adopt the values A ~ 3.8 ¢V A2 and w~93 eV A2,
which we deduced from the first-principle results of Ref. [111], and assume x = 1
eV (31, 112].

To determine interlayer coupling parameters g; and go, we have performed
density functional theory (DFT) calculations on AB-stacked bilayer graphene (see
Figs. 6.1a and 6.1b). We use the plane-wave based code PWscf as implemented in
the Quantum-Espresso ab-initio package [216]. A vacuum layer of more than 15
A has been added in order to avoid perpendicular interaction between neighbouring
cells. The quasi-Newton algorithm for ion relaxation is applied until the components
of all forces are smaller than 10~° Ry/bohr. The interlayer distance [ and the lattice
parameter a obtained after relaxation are shown in Table 6.1. For the self consistent
calculations, we use a 36 x 36 x 1 grid. The kinetic energy cutoff is set to 100
Ry. Projector augmented wave (PAW) pseudopotentials within the Perdew-Burke-
Ernzerhoff (PBE) approximation [217] for the exchange-correlation functional are
used for the C atoms. Van der Waals dipolar corrections are introduced during
relaxation through the Grimme-D2 model [218].

To calculate the interlayer shear modulus go and the out-of-plane compression
modulus g1, we apply deformations as shown in Fig. 6.2(a) and 6.2(b) respectively
to the bilayer graphene unit cell. For simplicity, a frozen-ion approximation is
assumed: during deformation, all atoms are displaced rigidly without allowing for a
relaxation of the internal structure of the unit cell. After application of a sequence
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‘ a ‘ l ‘ g1 ‘ 92 \ C33 \ Ca4 ‘
Bilayer 2.46 3.2515 0.80 0.11 - -
Graphite | 2.45 | 3.42+0.01 | 0.62(0.90) | 0.096(0.10) | 29(42) | 4.5(4.8)

Table 6.1: Parameters for bilayer graphene obtained from first-principle calculations,
compared with the elastic constants of AB-stacking graphite reported in Ref. [211]. In
the elastic moduli of graphite, results in brackets were calculated considering van der
Waals corrections [211]. The lattice constant a and interlayer distance | are expressed
in A, the couplings g1 and g2 in eV A‘Q, and the elastic moduli ¢33, caq in GPa. In the
case of graphite, the values of g; and g2 in the table are defined by the identifications
g1 = c33l, g2 = caal, where [ is the graphite interlayer distance.

(a) (b)
Oz
z [+ 61 | — 6l
Ulg
T T

Figure 6.2: Scheme of (a) shear and (b) out-of-plane strains.

of relative shifts dz between carbon layers and variations §/ of the layer-to-layer
distance, the total energy per unit area E/A is fitted as:

E EO g1 (5[2
- ataEs (6.40)
FE Ey g 62>
- ateE (6:41)

The resulting values for g; and go are illustrated in Table 6.1.

It is natural to compare the values of g; and go with corresponding three-
dimensional elastic moduli in graphite. A stack of membranes with interactions
of the form (6.23) between nearest-neighbouring layers and vanishing interactions
between non-neighbouring layers exhibits three-dimensional elastic moduli ¢33 =
g1/l and cqq = g2/1, where ¢33 and c44 are defined according to the Voigt notation:

E 1
V = 5 Zcijeiej 5
4]

€& € 6.42
Ugy Ugy Ugz €1 ?G 75 ( )
_ — | & €4
Uap = |Uyz Uyy Uyz| = |3 €2 S|
€5 €
Uzy Uzy Uzz 7.) 54 €3

where E/V is the energy density of the three-dimensional solid under uniform
strain. In Table 6.1, our results for bilayer graphene are compared with ab-initio
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Figure 6.3: Graphical representation of the self-consistent screening approximation.

calculations for ideal AB-stacking graphite reported in Ref. [211]. The comparison
indicates that values of g1 and g» calculated in this work are of the same order of
the corresponding graphite stiffnesses. We note, however, that the exact value of the
shear modulus in multilayer graphene is still far from being understood. Reported
values for the interlayer shear modulus exhibit a large dispersion (see e.g. [195,
202]). Raman measurements give values of the order of 4-5 GPa, while direct
measurements using mechanical approaches give values of 0.36-0.49 GPa, increasing
with the number of layers. This big discrepancy calls for a better understanding
of interlayer dipolar or van der Waals interactions in layered materials, which is
beyond the scope of this work. Experimental values of the interlayer shear modulus
in graphite also exhibit a large scatter [195].

6.3 SELF-CONSISTENT SCREENING APPROXIMATION

Equilibrium correlation functions of the flexural field h(x) at a temperature T'
can be calculated by functional integration from the effective Hamiltonian Heg,
Eq. (6.34). In this work, the two-point correlation function G(q) = (|h(q)|?) is
calculated within the self-consistent screening approximation [23-25].

In the considered model for bilayer graphene, the problem differs from con-
ventional membrane theory only by the ¢-dependence of xg(q). Therefore, SCSA
equations can be written in a standard way [25], by adapting the conventional
equations with the replacements k — ko(q), Y — Y.

The SCSA is defined diagrammatically in Fig. 6.3: by neglection of vertex
corrections, Dyson equations are truncated to a closed set of integral equations for
G(q) and a screened-interaction propagator D(q). For physical two-dimensional
membranes in three-dimensional space, SCSA equations read [25]:

G Y a)=Go'(a) +X(a), b (q)=1by'(q)+3I(q), (6.43)

143



144

BILAYER GRAPHENE

where the self-energy ¥(q) and the polarization bubble I(q) are, respectively:

Y(q) = 2/ (k> — (q- k)2]26,(:?G(q - k) (6.44)
k
and )
I = 5 / 2k — (a- k)% °Gla — K)G(K) . (6.45)

For membranes described by Eq. (6.4), the zero-order propagators are

4
_ Kq Y
Gol(q) = — bo(q) = — - 6.46
o (@) : o(q) = o (6.46)
For bilayer graphene, after the approximations Ag(g) ~ 2\ and po(q) ~ 2u (see
Sec. 6.1.3), the zero-order flexural-field and interaction propagators for bilayer

graphene read

1 rko(q)q* Yo
— -0 4
Gy (q) T bo(q) 5T ° (6.47)
where, as in Eq. (6.31),
A+ 2u)12 A+ 2221t
ko(g) = 26 + ¢ . w4 L 29’“‘) | (6.48)
2

In the long-wavelength limit, identification of power-law solutions of SCSA
equations within the strong-coupling assumption ¥(q) > G5 '(q), I(q) > by ' (q)
yields analytical equations for the universal exponent 7. After generalization
to a theory of D-dimensional membranes embedded in a (D + d.)-dimensional
ambient space, the SCSA exponent n(D,d,.) is exact to first order in e =4 — D,
to leading order in a 1/d.-expansion and for d. = 0 [23, 25]. For the physical
case D =2, d. = 1, the SCSA exponent i = 4/(1 4+ v/15) ~ 0.821, shows a good
agreement with complementary approaches such as numerical simulations and the
nonperturbative renormalization group [26]. As compared with the SCSA, a second-
order generalization which includes dressed diagrams with the topology of O(1/d?)
graphs in a large-d. expansion, leads to quantitatively small corrections to universal
quantities for D = 2, d. = 1 [24], which supports the accuracy of the method.
Recently, SCSA predictions have been compared with exact analytical calculations
of n in second-order large-d. [22] and e-expansions [19, 183]. In Ref. [183], it
was shown that the SCSA equations are exact at O(e?) within a non-standard
dimensional continuation of the theory to arbitrary D. A more general two-loop
theory was developed in Ref. [19], where a larger space of theories was considered.
For models equivalent to the conventional dimensionally-continued membrane
theory, the O(g?) was shown to deviate from the SCSA prediction.
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In order to determine correlation functions at an arbitrary wavevector ¢, we
solve SCSA equations numerically by an iterative algorithm. Starting from non-
interacting propagators G(q) = Go(q), b(q) = bo(q), Eqs. (6.45) and (6.43) are used
to determine the zero-order polarization bubble I(q) and the first approximation
to the screened interaction by(q). The self-energy diagram in Fig. 6.3b is then
calculated as a loop integral of El(q) and Go(q), leading to a dressed Green’s
function G1(q). Iteration of the process generates a sequence of screened functions
and dressed propagators

Goii(a) = Gy'(q) + Zn(q) ,
bi1(q) = by (a) +31.(q) ,

En(q) = 2/1( [¢*k* - (q- k)Q]an%(k)Gn(q _K), (6.49)

1

I.(q) = 340

[0 = (@102 Gla =196, 00

which, after convergence, approach solutions to the SCSA equations. At each
step in the iteration process, correlation functions are calculated on a grid of 50
wavevector points, evenly spaced in logarithmic scale and ranging between 1077A-1
and 110A~!. Calculations with grids of 26 and 29 points are also performed to
estimate the numerical accuracy (see appendix 6.B).

Twenty-five steps of the iteration algorithm are illustrated in Fig. 6.4. In order
to calculate loop integrals, at each iteration G(q) and E(q) are interpolated by
cubic splines” in logarithmic scale: G(q) and b(q) are interpolated as G, (q) =
Ay exp[fi(In(q/B))], bn(q) = Az exp[f2(In(g/B))], where fi and f, are cubic splines
and Ay, Ay, B are constants. In the region ¢ < 10~7A~1, which is not covered by
the wavevector grid, functions are extrapolated as pure power laws, G,, o< ¢~"(™)
and b, ¢ with exponents and amplitudes matching the first two points in
the grid.

In the calculation of integrals, we split two-dimensional wavevector integration
into a sequence of one-dimensional integrals over k, and k;, the components of
k respectively transverse and longitudinal to the external wavevector q. In the
computation, we use an adaptive algorithm for single-variable integration®, and
include k,-integration in the function called by the outer k, integral. Inner and
outer integrals are evaluated within a relative accuracy 1.49 x 10~% and 107
respectively.

7 Numerical interpolations were performed by the functions scipy.interpolate.PchipInterpolator,
which implements a piecewise-cubic Hermite interpolating polynomial algorithm. For numerical
integration we used the adaptive integration method implemented in scipy.integrate.quad. Both
functions are distributed in the Scipy library (version 0.19.1).

8 See footnote 7.
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Figure 6.4: Sequence of correlation functions (red solid lines) and screened interactions
(blue dashed lines) obtained by 25 iterations of the convergence algorithm. Data in the
graph refer to a bilayer membrane with the parameters A = 3.8 ¢V A72, 4 = 9.3 ¢V
A2 k=16eV,1=32515A, go =0.11 ¢V A=2 and T = 300 K. Correlation functions
evaluated at the last iteration on the 50-point grid are shown by dots.
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Although the self-energy and polarization bubble are convergent, a hard ul-
traviolet cutoff A = 100A~! is imposed in explicit calculations. To estimate the
numerical error due to the finite UV cutoff, we compared data sets calculated with
A = 100A~! and A = 1000A~!, which were obtained by calculating numerical
solutions on wavevector grids consisting of 26 and 29 points respectively. Upon
this change in UV cutoff, data sets for G(q) and b(q) deviate by less than 1075
(see appendix 6.B).

In the numerical calculations, difficulties stem from the rapid variation of func-
tions in regions of much smaller size than the integration domain and from the
slow decay of integration tails at large k. To address these problems, integrals
are performed piecewise. Specifically, the k, integration domain is splitted into
contiguous intervals with extrema {0,107 ¢y, g1, 10q1, g2, 10g2, 10%q2, 103q2 }, where
¢1 = v/q/q — k| and ¢o = max[q, |q — k|]. For any ¢ and k, and at any steps
in the iteration process, characteristic scales ¢; and ¢s define roughly the width
in k, integration which contributes mostly to the integral value. The piecewise
calculation defined above is then able to capture a small-scale peak in the integrand
function and a long tail for k, > ¢o. In the subsequent k, integrations, similarly,
subintervals are chosen as {.., —10q, —q, 0, ¢, 10q, 10%q..}.

After 25 iteration of the algorithm, the values of G,,(q) and b,(q) at the grid of
sampled wavevector points converge within a relative deviation smaller than 10719,
The final results (see Sec. 6.4) reproduce the analytically-known SCSA exponent
and amplitude ratio [23-25] closely: an estimate of the exponents 7, 7, and the
amplitudes z1, zo of the scaling behavior

G Ha)=zq¢"",  bq)=2q™, (6.50)

from the first two points of the wavevector grid gives values in the range n =
0.8208515 + 0.8208524, 1, = 0.35829478 + 0.35829524, and 27 /2, = 0.1781321 =+
0.1781381 for considered data sets for monolayer graphene at T'= 300 K and bilayer
graphene at different temperatures between 10 and 1500 K. These results are in
close agreement with the analytical predictions 7 = 4/(1 + v/15) ~ 0.82085238,
Ny = 2 — 21 ~ 0.35829523, and [24, 25]

23 D2(L49/20(01—n)

== ~ (0.17813212... 6.51
zo 16w T2(2 —n/2)T(2+n) (6:51)

The individual amplitudes z; and zo and the crosssover behaviors at finite ¢ are
more sensitive to numerical error. A limitation to numerical accuracy derives from
the need to interpolate G(q) and b(q) from a discrete set of data points. To estimate
the order of the corresponding error, the numerical solution of SCSA equations
was repeated after reduction to a broder grid, consisting of 26 wavevector points.
Compared to data evaluated with the 50 g-point grid, interpolating functions
exhibit a maximum relative deviation of the order of 2% in all considered sets of
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data (see appendix 6.B for a more detailed analysis). The amplitudes z; and 25 of
the long-wavelength scaling regime exhibit a smaller discrepancy, of the order of
103, upon change from the finer to the broader wavevector grid.

Numerical results indicate that the numerical values of the exponent and the
amplitude ratio z7/zo are much more accurate than the numerical precision in
calculations of non-universal properties such as the amplitude and finite-wavelength
dependences of G(g) and l;(q) Qualitatively, universal properties are only sensitive
to the region of small momenta, where G(¢) and i)(q) approach pure powers and
the precision of numerical interpolation improves significantly.

6.4 RESULTS

The numerical algorithm described in Sec. 6.3 was used to determine solutions to
the SCSA equations for graphene monolayer and bilayers at temperatures T' = 10,
300, and 1500 K. Results are illustrated in Figs. 6.5, 6.6, 6.7, and 6.8, while
numerical data are reported in appendix 6.B.

All reported results are derived within the framework of continuum models
discussed in Sec. 6.1, which do not capture the effects of discreteness of the lattice.
Figs. 6.5-6.8 illustrate correlation functions in the full wavevector range employed
for the numerical calculation of the continuum-limit solution, 1077A~! < ¢ <
102A-1, although, on the lattice, only degrees of freedom with ¢ < 1A~ are
physical.

The renormalized bending rigidity #(q) = TG~*(q)/q*, and the renormalized
elastic modulus E(q) [23, 25] for single-layer graphene at room temperature are
illustrated by blue dashed lines in Fig. 6.5. As it is completely general within the
framework of the elasticity model, Eq. (6.4), interaction effects are weak for ¢ 2 ¢,
where ¢, = \/3TY/(167x2) [25, 61]. In the limit ¢ > ¢., b(q) and &(q) approach
their bare values Y/(2T) and k, with negligible renormalizations. In constrast, for
¢ < ¢« a strong coupling regime sets in. For ¢ < g. the self-energy ¥(¢) and the
polarization function I(g) are much larger than the harmonic propagators G (q)
and by *(g); correlation functions scale as power laws [23-25]:

G Y a) =24¢"",  bla)=zq™. (6.52)

As mentioned above, numerical results are in close agreement with the scaling
relation 7, = 2 — 27, and the predictions, exact within SCSA, n = 4/(1 + V/15)
and 2% /29 ~ 0.17813212 [23-25.

By a simple rescaling, the numerical solution obtained for monolayer graphene
can be adapted to any membrane described by the elasticity model, Eq. (6.4). For
any such membrane, the statistics of out-of-plane fluctuations is governed by a
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Figure 6.5: Renormalized bending rigidity #(¢q) = TG~ '(¢)/q* and renormalized elastic
coefficient B(q) for continuum models of monolayer (blue dashed lines) and bilayer graphene
(red solid lines) at T' = 300 K. For ¢ — 0, &(q) diverges for both curves as ¢~ and b(q)
approaches 0 as ¢2~2".

Hamiltonian of the form (6.34) with a wavevector-independent rigidity ko(q) = K
and Young modulus Yy(¢) =Y. A scaling analysis then shows that

G(q) = L g ( a ) (6.53)

Rt \ gx

b(a) = bof (i) = %f (qq*) : (6.54)

where g(z) and f(x) are independent of temperature and elastic parameters. In
particular, the coefficient z; governing the amplitude of the scaling behavior has
the form [219]

and

21 =21 - )
T
where Z; is independent of T, k, and Y. An estimate from the amplitude of G in
monolayer graphene gives z; ~ 1.177 within SCSA. In the following, the scaling-
analysis relations (6.53) and (6.54) are used to convert numerical data collected
for monolayer graphene at T' = 300 K to single membranes with arbitrary elastic
parameters and temperature.

(6.55)
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Figure 6.6: (a) Renormalized bending rigidity and (b) renormalized elastic modulus for
bilayer graphene at 7' = 10 K (thick blue lines), 300 K (intermediate red lines), and 1500
K (thin green lines). Dashed lines illustrate the corresponding functions in the harmonic
approximation.

As Figs. 6.5, 6.6 and 6.7 show, correlation functions in bilayer graphene exhibit
a more intricate crossover behavior which extends from microscopic to mesoscopic
scales. In contrast with the monolayer elasticity theory, the behavior of a bilayer
is controlled by several length scales. The effective bare bending rigidity xo(q),
Eq. (6.48), approaches limiting values 2x and Ko = 2k + (A + 2u)I?/2 for q 2 qi.
and for ¢ < go. respectively, where

e = ,/;Li ~0.247" (6.56)
1 [ 2 _
G2 =7 /Af;u ~3x 1072471, (6.57)

A crossover in the mechanical behavior [188] takes place between these two
scales: q2. < g < g1 The strong g-dependence of kg(g) has a crucial impact on
the harmonic correlation functions. The effective rigidity #(q) = TG*(q)/q* and
elastic coefficient B(q) = bp in the harmonic approximation, which coincide with
their bare value k(q) and by(q) = bg, are illustrated by dashed lines in Fig. 6.6
and by grey dotted lines in Fig. 6.7.

At finite temperatures, for a single membrane, crossover from weak to strong
coupling is marked by the Ginzburg scale ¢, = /3TY/(167x2). In the case of
bilayer graphene, two scales analogue to ¢, can be anticipated:

and

) = (6.58)
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and
3T (2Y)
=4 —— . 6.59
@2+ 167 K3 (6.59)
While ¢4 is close to the Ginzburg scale for a monolayer graphene, go, is smaller
by two orders of magnitude due to the strong enhancement of zg > 2k.

The inverse lattice spacing 1/a ~ 1A~ defines a further scale for fluctuations
of the atomic crystal, which marks a limit of validity for the continuum model
employed here.

In order to study the interplay and overlap between these crossover effects, we

analyzed fluctuations in bilayer graphene at temperatures 7' = 10, 300, and 1500 K.

For small temperatures, the mechanical and the weak-strong coupling crossovers
are disentangled. At 7' = 10 K both ¢, ~ 4 x 1074A~! and ¢1, ~ 2 x 107241 are
smaller than ¢, and furthermore g2, < go.. As it is confirmed by the numerical
results, throughout the region ga. < ¢ < q1. thermal effects are negligible. Strong
coupling behavior sets in only at ¢ < g2+ < g2, a region where £o(g) has already
converged to its limiting value Kg. A more detailed analysis of the collected numerical
data shows that for ¢ > 4 x 1073A~1, &(q) = TG~1(q)/q* and b(q) differ from their
harmonic aproximations ko(g) and by(q) by less than 3%. For ¢ < 4 x 1073A~1,
instead, numerical data agree within 3% with correlation functions of a single
membrane with Young modulus 2Y and rigidity &g, which was obtained by rescaling
monolayer graphene results via Egs. (6.53) and (6.54). In particular, in the scaling
region ¢ < go«, the amplitude 2| of the power-law behavior G=1(q) = zj¢*~"
differs from the corresponding single-membrane value

= n P
o = 7y 02y oy 02 (6.60)
only by a deviation of the order of 1073,

Fig. 6.7 illustrates an explicit comparison between full correlation functions for
bilayer graphene at T' = 10 K, their harmonic approximation, and the corresponding
functions for single membranes having Young modulus 2Y and bending rigidity 2«
and Rg. Ratios between corresponding functions are presented in Fig. 6.8.

At room temperature, the mechanical and the weak-strong coupling crossovers
have a more sizeable overlap: the characteristic scale g1, ~ 0.13A-1! is of the same
order of ¢i.. As it can be seen in Fig. 6.8(b), the renormalized bending rigidity
k(q) exhibits a larger deviation from the harmonic approximation at scales of the
order of 10~'A~1. However, the effect is relatively small. For ¢ > 1072A~1, &(q)
and E(q) differ from the corresponding functions in the harmonic approximation by
less than 10%. In the long wavelength region ¢ < 10~2A~!, instead, 7(¢) and b(q)
agree within 9% with the renormalized rigidity #;(¢) and elastic modulus by (q)
of a single membrane with bare bending stiffness Ky and Young modulus 2Y. In
particular, comparing amplitudes of the leading scaling behavior in the limit ¢ — 0
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Figure 6.7: Renormalized bending rigidity and renormalized elastic modulus for bilayer
graphene at T =10 K (top panel) and 7' = 300 K (bottom panel). Thick solid grey
lines represent &(g)/T and b(q) obtained by numerical solution of SCSA equations for
bilayer graphene. The corresponding functions in the harmonic approximation xo(q) and
bo(q) = bo = Yo/(2T) are illustrated as black dotted lines. The blue dashed curves show
the SCSA correlation functions for a single membrane with Young modulus 2Y and
bending rigidity 2k, i.e., twice as large than in monolayer graphene. The correlation
functions of a single membrane with Young modulus 2Y and the much larger bending
rigidity 2k + (X 4 2u)1%/2 is illustrated by red dash-dotted lines.
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Figure 6.8: Ratio between the renormalized bending rigidity %(¢) and the bare effective
rigidity xo(q) (grey dotted lines), the renormalized rigidity £1(q) of a single-layer membrane
with parameters 2Y and 2k (blue dashed line), and the analogue function &2(g) for
parameters 2Y and Ro (red solid line). Panels (a), (b), and (c) refer to data at T' =10,
300, and 1500 K respectively. A horizontal line at 1 is drawn as guide to the eye.

shows that %(g) and b(q) deviate from %, (¢) and b1(g) by approximately 3% and
6%, respectively®. An explicit comparison is illustrated graphically in Fig. 6.7.

The effects of thermal renormalizations are more pronounced at T = 1500 K,
as Fig. 6.8(c) shows. Within the considered model, the amplitude of the long-
wavelength power-law behavior £(q) = Tz{¢~" differs from the scaling limit of
R1(q), R1(q) = Z1Ro(g2+/q)", by approximately 10%.

In correspondence with crossover regions for %(q), the renormalized elastic
coefficient b(g) exhibits a flection (see Fig. 6.7). Since by(q) is assumed to be
wavevector-independent, this behavior reflects corresponding crossovers in the
polarization function I(g).

As discussed in Sec. 6.3, both for monolayer and bilayer graphene the ratio z% /72 between
amplitudes controlling the power-law behaviors G~1(q) = 21¢*~" and b(q) = z2¢™ is consistent

2
with the universal value z%/zz = %% ~ 0.17813212...
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As a final remark, it should be noted that features in the reported results with
q of the order of 1A~ and their contribution to the renormalization of the long-
wavelength behavior can be sensitive to microscopic effects not captured by the
continuum approximation employed here. Renormalizations beyond the continuum
model are expected to grow with increasing temperature and to become important
when strong nonlinear effects occur at microscopic scales.

6.5 INCLUSION OF INTERLAYER FLEXURAL NONLINEARITIES

In the model considered in this work, nonlinearities in h = hy — hy and @, have
been neglected. As a result of the harmonic approximation, however, Eq. (6.23)
fails to recover the theory of two independent nonlinearly-fluctuating layers in the
complementary limit g1, g2, g3, g4 — 0. A minimal extension of the theory necessary
to connect this limiting regime can be constructed by including nonlinearities in the
interlayer flexural field &, while neglecting anharmonicity in in-plane displacement
fields. With this extension, an analogue of Eq. (6.23) reads:

2
+ £(0%h2)? + Auzaa)” + 20(u2ap)’

91720 92 ,_ 7 2, 93
+ ﬁh + lj(ua + (l + h)aah) + ?l(ulaa + u2aa>

B (04 (4 O (s — ) = 20, + (1 DO,y |

gl /dzx{n(82h1)2 + A(t1aa)? + 2p(u10s)?
(6.61)

+

where ;o3 = %(aau,ﬂ + 03Uiq + 0uhi0sh;) are approximate strain tensors of the
i-th layer. For g1, g2, 93,94 = 0, Eq. (6.61) reduces to two copies of the well-known
nonlinear effective theory for monolayer membranes [6, 10, 11, 41].

Developing a general theory for weakly coupled membranes with large interlayer-
distance fluctuations is a complex problem. If the field h is regarded as critical,
with a propagator scaling as ¢—*, power counting indicates an infinite number
of relevant and marginal perturbations (see e.g. [220] for a related analysis).
Eq. (6.61), therefore, is not a general Hamiltonian but rather, a minimal extension
which connects the harmonic theory to a nonlinear decoupled regime of the two
membranes.



6.6 SUMMARY AND CONCLUSIONS

The theory defined by Eq. (6.4) is invariant under the transformations (see [4,
11])
hy (X) — h (X) + Ayzo + B
hg(X) — hg(x) + Aoxo + B

1
Uta(X) = Ura(X) — Aq (; + hl(x)> — 5Aadpp + B! (6.62)

U (X) = U (X) + Aq <é — hQ(X)) — %AaAﬁxg + B,

which represent deformed versions of rotations in the embedding space, adapted to
match the neglection of in-plane nonlinearities.

Qualitatively, in the case of bilayer graphene, anharmonic terms in A are expected
to play a minor role.

6.6 SUMMARY AND CONCLUSIONS

In summary, this work analyzed the statistical mechanics of equilibrium thermal
ripples in a tensionless sheet of suspended bilayer graphene. The individual graphene
membranes forming the bilayer were described as continuum two-dimensional
media with finite bending rigidity and elastic moduli. For the description of
interlayer interactions a phenomenological model in the spirit of elasticity theory
was constructed. Although the fluctuation energy is expanded to leading order
for small deformations, anharmonicities emerge as a necessary consequence of
rotational invariance, which forces the energy to be expressed in terms of nonlinear
scalar strains.

For explicit calculations, the model was simplified by neglecting nonlinearities
in the interlayer shear and compression modes, and by dropping anharmonic
interactions of collective in-plane displacements. An effective theory describing the
statistics of soft flexural fluctuations was then derived by Gaussian integration.
The resulting model is controlled by bending rigidity and a long-range interactions
between local Gaussian curvatures and it is identical in form to the analogue theory
for a monolayer membrane. However, the bare bending rigidity ko(q) exhibits a
strong wavevector dependence at mesoscopic scales. Relevant phenomenological
parameters governing the strength of interlayer interactions were derived in the
case of AB-stacked bilayer graphene through ab-initio density functional theory
calculations, by combining an exchange-correlation functional within the Perdew-
Burke-Ernzerhoff approximation and van der Waals corrections in the Grimme-D2
model.

Due to the formal equivalence to a corresponding single-membrane theory, the
statistical mechanics of fluctuations can be addressed by well-developed approaches.
In this work, the field theory integral equations of motion were solved within the
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self-consistent screening approximation. In order to access correlation functions at
arbitrary wavevector ¢, SCSA equations were solved numerically by an iterative
algorithm.

The numerical solutions recover with good accuracy analytical SCSA predictions
for universal properties in the long-wavelength scaling behavior. At mesoscopic
lengths, the calculated correlation functions exhibit a rich crossover behavior,
driven by the harmonic coupling between bending and interlayer shear and by
renormalizations due to nonlinear interactions.

In the final part of the paper, a minimal extension of the theory, including
nonlinearities in the flexural fields of both layers was briefly discussed.
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APPENDIX 6

6.A DERIVATION OF THE EFFECTIVE THEORY FOR FLEXURAL FLUCTU-
ATIONS

The statistical distribution for fluctuations of h(x) and wu,(x) is obtained from the
complete Gibbs distribution of the problem by integration over h(x) and i, (x):

Plh(x), ua (x)] = % / [dhdig]e /T . (6.63)

This leads to an effective Hamiltonian
1's = —Tln { /[dhdaa]e*ﬁ/T} : (6.64)

Since H, Eq. (6.23), is quadratic in %,(x) and h(x) functional integrations over
h(x), s (x), take the form of general Gaussian integrals

2[Ja] = /[d%] eXp{ - B/X , Bap(x, %) pa(x)pp(x")

+ [ 1eao]}

(6.65)
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where J,(x) is a space-dependent source and Byp(x,x") = Bpa (X', X) is a symmetric,
positive definite operator independent of J, (x). By explicit calculation, the Gaussian
integral reads

1
A0l = Zewp |3 [ [ A1) (6.66)
where the propagator Ag(x,x’) is the inverse of Bgp(x,x'):
/de”Bac(x,x”)Acb(x”, x') = upd(x —x') . (6.67)
and the normalization Z, formally given by
Z = /[d(pa]efé J d%z [ d%a’ Bap (x,x" ) pa (x)op (X)) , (6.68)
is independent of the source J,(x).

To integrate over u,, it is convenient to shift variables by the replacement
Uo — Uo — lOyh. With these shifted variables Eq. (6.23) reads, up to boundary
terms,

H= /d2x [ﬁ(@Qh)2 + Mtaa)? + 20taptas

T 2(3213)2 T g(aaaaﬁ T g(aaaﬂ + O5iia)?

A+ 2p)12 A+ 2u)l (6.69)
( +4M) (th)Zi( +2 ,U,) (5aﬂa)32h
g1 79 g2 _o 93+ g4 _ ]
h 7h oo a7 aAa 9
Topht T gpta T gy Mae o0
where Ay = Uzy — Uyy and A, = —2uy,. From the 4,-dependent terms, we read

the inverse propagator

1 1
Bap(x,x) = ={ = 3 [(A+ 1)0a0s + 16050%] + Hoas }o(x—x) . (6.70)

and the source
1 [(A +2p)

_ ! 2 g4
Ja(x) = = | 0.0 + 27Aa(x)} . (6.71)

The propagator A,g, inverse of B,g, is then

P,fg(Q) Pgﬂ(q) iq‘(x—x/)
{[92/12+(>\+2u)q2/2 92/12+uq2/2]e }

= # / { [dL(Q)RfB(Q) + dT(q)PaTB(q)]eiq'(x*X')} 7

Anp(x,x) = T/

a4 (6.72)
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where P(fﬁ(q) = qaqs/q* and Pgﬁ(q) = ap — Gaqs/q* are longitudinal and
transverse projectors and dr(q) and dr(q) are dimensionless functions defined
in Eq. (6.30). Using Eq. (6.66) we obtain, up to an unimportant normalization
factor,

/ [diigJe= /T = exp{QgQT/P / [(dr(a) PEy(@)dr () PLy (@) Jo(a) T3 ()]

- %/de [/{(32h)2 + AMttaa)? + 20 ptias (6.73)

A+ 2u)12
+( i)

(0P + Hpzy g—g’ﬁuw} } :

212 21
where J,(q) is the Fourier transform of J,(x),

1 (A +2p)l g

Jala) = [ 1A g i) + S ana)] (6.74)
T 2 21

being h(q) and A,(q) the Fourier transforms of h(x) and A, (x) respectively.

After introduction of A(x) = 0,As and the corresponding Fourier components

A(q) = igaAa(q), an explicit calculation of Eq. (6.73) gives:

Juase 7 = e { < Z[ [ (Grotaln@l + m(@ls(@F

T g T (Dltaa( @ =5+ 20)de(@)gh(@) A(@) (6.75)

+ 25 O ) s () AP

@2 (Attaa)® + S(020)? + TR 4+ 2 Bt )|
+/x(u)+4(8)+2l2 + 5, )
where ko(q) and po(g) are the g-dependent bending rigidity and shear modulus
introduced in Eq. (6.31). In the derivation, it is useful to take advantage of the
identity

Ao (@)A%(a) = 2[uas(@)]® — [uaa(a)]® - (6.76)

As a next step, we can integrate out the h field. This generates an effective
interaction between the sources gsuqq(x)/(271), mediated by the propagator

A(X X/) B T/ eiq-(xfx/) B T /J( )eiq-(xfx') (6 77)
) ; 0/ + kg2 g1/ ; q ) .
the inverse of )
Koa | 1
B(x,x) = T [58 + 1—2} S(x—x'). (6.78)
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Using Eq. (6.66), we then obtain

Jiaaaanie ™ = exp { = 7] [ (Grofalt@ + sl (@)

2

9; g5 -
+ Mtaa (@)[* + £ -dr(@)luaa(@)* = -d(0) taa (@)l o
2 .
- Tl (A +2u)dr(q)g*h(@)A™(q)
g2

272
+ 250+ 0 @@l A@P) |}

from which we recognize the effective Hamiltonian H/[h(x), uq(x)], Eq. (6.28) in
the main text.

We finally wish to eliminate the in-plane displacement fields u, (x). Neglecting,
as in the main text, the interactions fq |A(q)|? and fq ¢*h(q)A*(q), we are lead to
the calculation of

He[h(x)] = —Tln{ / [dug] exp [—ﬁgﬂ/T]} : (6.80)
with
1 o . .
=3 [ [ @R + M@ @F + 2no(@les(@F] - (@5)

Although, eventually, we will assume g¢-independent Lamé coefficients A\g(g) and
1o(q), it is not difficult to keep general g-dependent couplings in the course of the
derivation.

Eq. (6.81) is identical in form with the standard configuration energy of a
crystalline membrane, but with elastic and bending parameters replaced by the
g-dependent functions defined in Eq. (6.31). Integration over u, then proceeds in
an usual way (see Chap. 6 of Ref. [1] and Refs. [12, 23, 25, 85]).

As a first step, it is important to separate the q = 0 component of the strain
tensor uqz(x) [1] (see also Ref. [85] for an analysis of zero-modes in presence of
external tension):

1 ! . . iq-X
o) = s+ 2+ 5 [ (1000a(@) + igp0a@) + can(@)e @™ . (652)
q
Here
casl() = / e 99, h(x)dgh(x) (6.83)

is the Fourier transform of the field c,g = 0,h0sh, cgﬁ is its @ = 0 component,

and ugﬁ is the uniform component of (Oyupg + Opuy)/2. The primed integral, f(;,
is intended to run over all nonzero wavevectors, with the q = 0 term excluded.
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In the functional integral, we can consider separate integrations over uniform and
finite-wavelength components. After the translation of variables uQ,; — u, 5~ o 8
the integral over uniform components factorizes and gives an irrelevant normaliza-
tion constant, independent on the h(x) field.

In order to perform the remaining integral over the q # 0 components of u,, it
is convenient to decompose cop(q) in the form [1]

cap(Q) = igadp(q) +igsda(a) + PLs(q)w(q) , (6.84)

where ¢,(q) is a two-component vector and

w(q) = Pig(a@)cas(q) - (6.85)

This decomposition is possible for any two-dimensional symmetric matrix. After
the shift of integration variables u, (X) = uq(X) — ¢o (%), the Fourier components
of the strain tensor become independent of ¢, (q). An explicit calculation then
leads to the effective Hamiltonian

1 "Yo(q

Ha =3 [ m(@d @+ [ ), (6.56)
q q

with A \

Yolq) = po(@)(Molg) +pola)) (6.87)

Ao(q) + 210(q)

Inspecting Eq. (6.85), we recognize that w(q) = 2K(q)/q?, where K(q) is the
Fourier transform of the approximate Gaussian curvature, Eq. (6.13). With the
approximation Ag(q) = 2\, po(q) == 2u, Yo(q) = 4uo(Xo + po)/ (Ao + 210), we thus
obtain Eq. (6.34) of the main text.

6.B NUMERICAL SOLUTION OF SCSA EQUATIONS

As discussed in the main text, a logarithmic wavevector grid consisting of 50
wavevector points ranging between 10~7 and 110A~? is used and integrations are
performed by introducing a hard UV cutoff A = 100A~1. Data for bilayer graphene
are calculated with an identical set of wavevector points, and by imposing the same
cutoff A = 100A~! in momentum integrations.

In order to estimate the numerical error due to discretization of the wavevector
grid and the subsequent interpolation, correlation functions were recalculated using
a broader wavevector grid consisting of 26 points'?. To facilitate comparison, the
q grid was chosen in such way that the first 25 points coincide with a subset of

All data sets have been made available as supplemental materials to the publication "Thermal
ripples in bilayer graphene", Phys. Rev. B 102, 165421 (2020). For more information on the
numerical accuracy of the data, we refer the reader to the published article.
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6.B NUMERICAL SOLUTION OF SCSA EQUATIONS

wavevector points used in the finer grid. A graphical comparison between data
obtained with denser and broader grids is illustrated in Fig. 6.9.

Overall, the maximum relative deviation between data points (at the common
q vectors) is of the order of 1072. The continuous interpolating functions have a
larger discrepancy, but remain within a maximum overall deviation of the order
of 2%. Fig. 6.10 compares data calculated with two different ultraviolet cutoffs
Ay =100 A~ and A, = 1000 A~!. As the figure shows, results are stable with
good accuracy.

The fact that all curves in Figs. (6.9) and (6.10) tend to constants for g —
0 reflects that the leading numerical error for ¢ — 0 is a constant amplitude
renormalization. This renormalization is accumulated at all length scales and
thus is sensitive to numerical inaccuracies in the large-momentum region. The
universal quantities (the exponents 7, 1,,, and the amplitude ratio 27 /2;) are instead
insensitive to the short-wavelength details, and depend only on the scaling region,
where correlation functions are linear in logarithmic scale and interpolation error
becomes negligible!?. For example, the exponent 1 extracted from the numerical
solutions for monolayer graphene remains stable within 3 x 10711
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Figure 6.9: Comparison between data sets calculated with 50-point and 26-point wavevec-
tor grids for monolayer graphene at 7' = 300 K (1) and bilayer graphene at 7' = 10 K (2a),
T =300 K (2b), and T = 1500 K (2¢). Top and bottom panels illustrate, respectively, the
ratios AG/G = |Gy — G2|/|G1| and Ab/b = |by — ba|/|b1|, where Gy and b; are calculated
with a 50-point wavevector grid, while G2 and b are obtained with a broader 26-point
grid. Dots illustrate the values of AG/G and AB/ b at the points of the broader wavevector
grid, which, by construction, coincide with a subset of g-points of the finer grid. The
deviation between interpolating functions in the two data sets is illustrated by continuous
lines.
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Figure 6.10: Comparison between data sets calculated with different UV cutoff A1 = 100
and Az = 1000 A~'. Red and blue lines represent, respectively, the relative deviations
AG/G = |G1 — G2|/G1 and AB/B = |I~)1 — 52|/b1 where G and b; are computed with
cutoff A1 = 100A~! and Ga, 132 with cutoff Ao = 1000 A=, The four panels show data for
monolayer graphene at 7' = 300 K (1) and bilayer graphene at 7' =10 K (2a), T'= 300 K

(2b), and T' = 1500 K (2c).
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SUMMARY

This thesis analyzes the effects of thermal fluctuations on the elasticity and the
thermodynamic behavior of two-dimensional solids. The main focus is on 2D solids
which are free-standing (not supported by a substrate) and which are subject to
vanishing or small external tension.

The interplay between thermal fluctuations and nonlinear interactions in free
standing layers has been the subject of vast investigations, from biological systems
to 2D materials such as graphene. As it has long been realized, it leads to a
complex problem, at the boundary between elasticity theory, geometry and critical
phenomena. Similarly to a system at the critical temperature of a second-order phase
transition, the phonon modes of a membrane subject to zero tension is predicted
to be governed by a scale-invariant field theory, described by an interacting fixed
point of the renormalization group. The corresponding anomalous scale invariance
implies striking power-law renormalizations of elastic parameters and non-Hookean
elastic properties, dominated by the response of statistical fluctuations.

The research contributions derived during this work are presented in the last
four chapters of this thesis (Chap. 3-6). The analyses in Chap. 3 and Chap. 4 focus
on the problem of a continuum elastic medium subject to thermal fluctuations, in
the framework of classical statistical mechanics. Chapter 3 illustrates a calculation
of scaling indices up to order £2 within an e-expansion, based on a systematic
field-theoretical renormalization group method and a non-conventional continuation
of the elasticity theory from the physical dimensionality D = 2 to general D = 4 —«¢.
Chapter 4 studies whether the scale invariance of phonon fluctuations extends to a
larger conformal invariance. By an analysis of the energy-momentum tensor to all
orders in the e-expansion it is argued that the model is only scale invariant and
not conformal. The same conclusion holds for elasticity theory in D =4 — ¢ and
for the non-conventional continuation of the theory introduced in chapter 3. The
two continuations lead to two different fixed points which are both scale invariant
but nonconformal. This result can be useful in the search for general connections
between scale and conformal symmetries, a subject of recent investigations in
quantum field theory and statistical mechanics.

Chapter 5 explores the low-temperature behavior of free standing membranes,
where quantum mechanical effects are important. A method based on perturbative
renormalization group equations and finite-size scaling techniques is used in order to
revisit some predictions derived in earlier investigations. In particular, the method
provides a new derivation of the striking logarithmic temperature dependence of
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the thermal expansion coefficient, which was deduced in the earlier analysis of
Ref. [91] by a different method.

Chapter 6 develops a theory of thermal fluctuations and anharmonic effects in a
fluctuating bilayer graphene. The theory is combined with numerical calculations
in order to derive a prediction of fluctuation amplitudes at various temperatures.

The thesis starts with two opening chapters (Chap. 1 and Chap. 2), which
introduce the subject and make the reading self-contained.



SAMENVATTING

In deze thesis bekijken we het effect van thermische fluctuaties op de elasticiteit en
op het thermodynamische gedrag van twee dimensionale (2D) vaste stoffen. De focus
ligt hierbij op vrijstaande 2D materialen (niet ondersteund door een substraat) waar
geen, of hele kleine externe spanningen op staan. Het samenspel tussen thermische
fluctuaties en niet-lineaire interacties in vrijstaande 2D lagen is het onderwerp van
uitgebreid onderzoek, van zowel biologische systemen tot 2D materialen als grafeen.
Zoals al lang bekend, leidt het tot een complexe problemen op de grens tussen
elasticiteitstheorie, geometrie en kritische fenomenen. Net als bij een systeem met
een tweede-orde faseovergang op de kritieke temperatuur, is het voorspelt dat
fononen in een membraan, zonder mechanische spanning, beheerst worden door
een schaalinvariante veldentheorie, beschreven door een interactief dekpunt van de
renormalisatie groep. De overeenkomstige afwijkende schaalinvariantie impliceert
een opvallende renormalisatie van machtsfunctie van de elastische parameter en
niet-Hookeaanse elastische eigenschappen, gedomineerd door de reactie van statis-
tische fluctuaties. De resultaten van dit onderzoek staan beschreven in de laatste
vier hoofdstukken van deze thesis (Hfst. 3-6). De analyse in Hfst. 3 en Hfst. 4 focust
op het probleem van continue elastische media onderhevig aan thermische fluctu-
aties, op de manier van klassieke statistische mechanica. Hoofdstuk 3 beschrijft de
berekening van het schalen van indices tot de tweede orde €2, binnen een € expansie,
gebaseerd op een systematische veldentheoretische renormalisatie groep methode en
een onconventionele voortzetting van de elasticiteitsleer van fysische dimensies in
D =2 naar D = 4 — . Hoofdstuk 4 bestudeert of de schaalinvariantie van fonoon-
fluctuaties uitgebreid kan worden naar een bredere conformistische invariantie. Uit
een analyse van de energie-impuls tensor tot alle orders in de € expansie, kan er
geconcludeerd worden dat het model alleen schaal invariant is en niet conformistisch.
Dezelfde conclusie kan worden getrokken voor de elasticiteitsleer in D =4 — ¢ en
voor de onconventionele voortzetting van de theorie geintroduceerd in Hfst. 3. De
twee voortzettingen leiden tot twee verschillende dekpunten welke schaalinvariant
zijn maar niet conformistisch. Deze resultaten kunnen nuttig zijn in de zoektocht
naar generieke overeenkomsten tussen schaal en conformistische symmetrieén,
welke het onderwerp zijn van verschillende onderzoeken in kwantumveldentheorie
en statistische mechanica. Hoofdstuk 5 onderzoekt het lage temperatuur gedrag van
vrijstaande membranen, waarbij de kwantummechanische effecten belangrijk zijn.
Er wordt gebruik gemaakt van een methode gebaseerd op een storingsrekening van
renormalisatie groep vergelijkingen en eindige schaal technieken, om hiermee terug
te kijken op voorspellingen gemaakt in eerdere analyses. De methode geeft vooral
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een nieuwe afleiding van de opvallende logaritmische temperatuur afthankelijkheid
van de thermische expansie coéfficiént, welke ook op een andere manier gevonden
is in eerder onderzoek door Ref. [91]. In Hfst 6 wordt een theorie ontwikkeld voor
de thermische fluctuaties van niet harmonische effecten in fluctuerend dubbellaags
grafeen. De theorie wordt gecombineerd met numerieke berekeningen, om een
voorspelling te doen van de fluctuatie-amplitude voor verschillende temperaturen.
De eerste twee hoofdstukken van deze thesis worden gewijd aan het geven van een
introductie en om het onderwerp op zichzelf staande te maken.
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