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Abstract

We study the effects of curved background geometries on the critical behavior of scalar field
theory. In particular we concentrate on two maximally symmetric spaces: d-dimensional spheres
and hyperboloids. In the first part of the paper, by applying the Ginzburg criterion, we find
that for large correlation length the Gaussian approximation is valid on the hyperboloid for any
dimension d > 2, while it is not trustable on the sphere for any dimension. This is understood
in terms of various notions of effective dimension, such as the spectral and Hausdorff dimension.
In the second part of the paper, we apply functional renormalization group methods to develop
a different perspective on such phenomena, and to deduce them from a renormalization group
analysis. By making use of the local potential approximation, we discuss the consequences of
having a fixed scale in the renormalization group equations. In particular, we show that in the
case of spheres there is no true phase transition, as symmetry restoration always occurs at large
scales. In the case of hyperboloids, the phase transition is still present, but as the only true fixed

point is the Gaussian one, mean field exponents are valid also in dimensions lower than four.
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1 Introduction

Curved spaces in physics are typically associated to the setting of general relativity and cosmology.
However, their relevance is of course much more general, and they appear for example in the
classical mechanics of constrained systems, as well as in the study of membranes and interfaces
in condensed matter. A brief review of theoretical and experimental motivations for studying
the effects of curved geometry in condensed matter can be found in [I]. The search and study
of condensed matter systems characterized by an actual or effective curved geometry is also
stimulated by the idea of analogue gravity [2].

In this paper we will be interested primarily in the case in which the geometry is non-
dynamical. Such situation is commonly considered in the cosmological setting as a first ap-
proximation in which the gravitational degrees of freedom are frozen, and one studies just a
quantum field theory in curved spacetime. From the condensed matter perspective this can also
be seen as a first approximation, or alternatively as the primary case of interest in situations
where the curvature is introduced as a technical device (e.g. [3]) or for theoretical modeling (e.g.
).

The presence of curvature in the background geometry can have drastic effects on the infrared
behavior of a model [5], and in particular on its phase transitions and critical behavior. Much
work has gone in this direction for the case of constant negative curvature, that is, for the
case of statistical models in hyperbolic space. The differences between models in the usual flat
background and in the hyperbolic one have been studied in the context of liquids [6 [7], percolation
[8,19], Ising model [10} 111 12| 13], T4} 15], XY model [16], self-avoiding walks [I7] and more. Besides
the hyperbolic case, it is worth mentioning also that curved spaces appear in the study of finite
size effects [I8], curvature defects [I9], topological effects [20] and of course in the presence of
compactified dimensions [21].

Despite the many relevant works, many directions appear to be unexplored. In particular,
a renormalization group approach to this kind of problems seems to be lacking. Of course the
situation is quite different in the high-energy context, where renormalization group investigations
on curved backgrounds are quite common. However, the focus there is typically on ultraviolet
properties, at least until recently. Over the past few years there has been an increased interest on
IR effects in the cosmological setting of de Sitter spacetime (e.g. [22] 23] 24 25]). In particular,



it has been noticed how nonperturbative renormalization group techniques can be applied to this
context and it was showed that spontaneously broken symmetries are radiatively restored in de
Sitter spacetime in any dimension [26]. The de Sitter case, because of the Lorentzian signature
of the metric, presents a number of technical challenges, and one would expect the situation to
be somewhat easier in Euclidean signature. Surprisingly, as far as we know, there has not been
a thorough study of this sort in Euclidean signature.

The purpose of this paper is to in part bridge such gap. We will study scalar field theory on
two standard types of curved Riemannian geometry, d-dimensional spheres and hyperboloids. Our
goal will be to gain a detailed understanding of how the background curvature affects the critical
behavior of the model at large distances. In Sec. Rl we will use the Ginzburg criterion in order
to test when and whether we should expect that mean field gives trustable results. In this way
we confirm general expectations based on effective dimensionality arguments, which we expand
upon at the end of the section. In the second part of the paper, Sec. Bl we will explore more in
detail the effects brought in by the curvature of space, making use of functional renormalization
group techniques in the local potential approximation. We will in particular study the question of
symmetry restoration (or existence of a phase transition), and more in general we will discuss how
the presence of a dimensional external scale affects the usual renormalization group picture. In
order to keep the treatment as self-contained as possible, we include four appendices detailing the
geometry of spheres and hyperboloids (App. [A]), the spectra of their respective Laplace-Beltrami
operators (App. [Bl), the associated heat kernels (App.[C]) and propagators (App. D).

2 The Gaussian approximation and effective dimensionality

Let (M, gu) be a d-dimensional Riemannian manifold, that is, a differentiable manifold M
equipped with a positive-definite metric g, (in a given coordinate basis #, 1 = 1,...,d). The

metric can be defined by the associated line element [!
ds%M) = gudatdx” . (2.1)

In this work we will restrict to homogenous spaces, and in particular we will consider only three
types of d-dimensional Riemannian spaces: the flat space (as a benchmark), the sphere and the
hyperboloid. The respective geometries are briefly reviewed in App. [Al

We are interested on the statistical properties of scalar field theories on such backgrounds.
The statistical field theory of the field ¢ = ¢(z) is characterized as usual by the generating

functional
Z[J] = "V = / D¢ e~ St d'avals (2.2)

and by the bare action
A
Sl¢] = / d'z\/g [59"”8u¢8y¢ +V(©)|, (2.3)

We use the Einstein convention, according to which repeated indices imply a summation.



where ¢ is the metric determinant, and ¢g"” the inverse metric. For the purpose of this Section,

we choose

V(9) = g (m® +ER) + 16" (2.4

where R is the Ricci scalar of the background, and £ a dimensionless coupling. The mean-field
approximation is obtained evaluating the partition function Z[0] by saddle point method. For
constant field the classical solution satisfies V'(¢g) = 0, that is,

0 for m? + (R >0,

b0 = (2.5)
41/ —6mEEE for m2 4 R <0,

The transition from zero to non-zero mean field is a text-book example of second-order phase
transition.

In the Gaussian approximation we keep also the quadratic fluctuations around the minimum
of the potential, their covariance being given by the inverse of the second functional derivative

(Hessian) of the action, evaluated at ¢y:

—ZV 4+ m?+¢R for m? +¢R >0,
S5 — , ) ) (2.6)
—ZV*=2(m*+&R) for m" +ER <O0.

Here V? is the Laplace-Beltrami operator (or simply the Laplacian) on the curved background,

see (B.I), and from the structure of the Hessian we read off the correlation length ¢,

m2§5R for m? +¢R >0,

-2
ec = m2+§R 2
—27=—>==  for m*+{R <0.

(2.7)
A simple test for the validity of the Gaussian approximation is given by the Ginzburg criterion

(e.g. [27]), obtained by computing (in the broken phase) the quantity

0~ féc ddx\/g G(o;0;?%)
féc diz\/g 5 7

where the integrals extend over a region of radius £.. Here G(c;£.?) is the correlation function,

(2.8)

L PWL
o) = 8J ()0 J (") ’

J=0

G(o (2.9)

which on homogeneous spaces depends on the space points x and 2’ only via their geodesic
distance o(x,2’), and in the Gaussian approximation it is given by the inverse of (2.6]). The
correlation functions, or propagators, on curved backgrounds are reviewed in ApplDl

If Q < 1, the fluctuations are small and the Gaussian approximation provides a good ap-
proximation. On the other hand, if @ > 1, fluctuations are large, the Gaussian approximation
breaks down and we need a nonperturbative treatment. At a second order phase transition, the

correlation length diverges, hence we are interested in checking what happens to @) in such limit.



In flat space, approximating the integral in the numerator with an integral over the whole

space (exploiting the fact that the correlation function cuts off the integration at about a radius

lc, see (D.4)), one finds

0=y,

Q~——5
37

from which in the large-f. limit one deduces the well-known critical dimension d. = 4, below

(2.10)

which the Gaussian approximation does not provide a valid description of the phase transition.

2.1 The hyperboloid

On an hyperboloid H¢, we can use the results of Appendix In odd dimensions, we need the
expression (D.17), together with the volume integral, which is (see Appendix [Al)

Le/a
/ d%z\/g=a’Qy 4 / dy sinh(y)4~1 . (2.11)
0

Le
For £./a > 1, we thus find

e(”_w”éc/“cufr d—1 uﬁgaz_d

Q) ~ wy—p edDlja 372 (2.12)
and since wy — p + 2%2”—; for ¢. — 0o, we obtain
4
1 (d—1)tefa WL
Q(Hd) N2(d—1),0p e ( ) /a3Z—2CCLd — 0, (213)

for any odd d > 1. On the other hand, for /./a < 1, we recover (2.10]) as expected.

In even dimensions the calculation is complicated by the integral nature of the fractional
derivative in (D.16). However, for d > 4 even on flat space we know that mean field gives the
correct critical exponents, and it is quite clear that the hyperbolic space will not change that

situation. The most interesting even dimensional case is thus d = 2. For the latter, (D.I6l)

/4a 2
V2 /+Ood e 42;?%1’
y (

T 4r ¥ (coshz — cosh y)l/2

reduces to

G2y (y; 6.%) (2.14)

For £./a > 1, we obtain G g2)(l./a) ~ %6_50/“, and again we find an exponentially decaying
Q(m2)-

We conclude that on H? the Gaussian approximation provides a trustable description of the

phase transition for any d > 1.

2.2 The sphere

On the sphere the dominant contribution to IR physics comes from the presence of a zero mode.
From (D.I7]) we find that in the limit in which we approach a phase transition and the correlation
length diverges, the propagator is dominated by the zero mode contribution G(Sd)(y;ﬁc_z) ~ 2

and as a consequence
(a1
Q(Sd) ~ 37 u, (215)




and comparing to ([ZI0) we conclude that, for large £., the effective behavior on S? is that
of a zero-dimensional space, and in particular the Gaussian approximation is expected to be

insufficient at large correlation length for any d.

2.3 Interpretation in terms of effective dimension

The conclusions we have reached with the Ginzburg criterion could have also been guessed by a
heuristic in terms of effective dimensionality. We are going to illustrate such an argument for two
different notions of effective dimension, that is, the spectral and the Hausdorff dimension. The

former is defined as
0log Tr[K (s)]

Olog s
where K (s) is the heat kernel for the Laplace-Beltrami operator (b = 0, see App. [(). On flat

space ds = d, which justifies the definition, while on a general space it is in the limit of s — 0 that

-2

dy (2.16)

we always have dg — d. A simple interpretation of such property is that, s being the diffusion
time, small s means that only a small neighborhood of a point is being explored by the diffusion
process, hence the space looks flat at those scales.

For large s, curvature effects become important, and for s — +oo (at £2 > s) we find that
ds — 0 on S? while dy — 400 on H¢. Such limits are easily found. For the sphere we use the

spectral sum representation of the heat trace, which is convergent in the large-s domain,
1 —SWn,
Tr[K ga(s)] = O Zn: Dye™5n (2.17)

from which we see that Tr[Kga)(s)] — ﬁ for s — +oo (again due to the zero mode), and
hence ds — 0. This can be heuristically understood as the statement that the sphere looks like a
point when observed from a very large distance.

For the hyperboloid, we can use (C.1) to find that for d odd

e 5P

TY[K(Hd)(S)] x W )

(2.18)
where essentially the exponential decay is due to the presence of a “mass gap” in the spectrum and
the absence of a zero mode. Plugging (2I8]) into (2.16]) we find ds = d+ 2sp, that is, the spectral
dimension grows linearly with s. For d even, the expression for the heat trace is complicated by
the integral nature of the pseudo-differential operator, however it is not hard to see that the same
exponential damping is in place, hence the same result is obtained for the spectral dimension at
large s.

We can also use a different notion of effective dimension, the Hausdorff dimension

dlog [, dlz\/g
=l (2.19)

where the integral extends over the set of points for which o(x,0) < L. For the sphere such

integral reaches a plateau at L = mwa, hence the Hausdorff dimension is zero at large L. On the



contrary, for the hyperboloid the integral keeps growing exponentially, that is, faster than any
power of L, and the Hausdorff dimension diverges.

It is well known that mean field theory becomes exact at large number of dimensions, hence the
infinite effective dimensionality of the hyperboloid at large scales provides a heuristic explanation
of the result we obtained from the Ginzburg criterion. At the same time, we know that in the
Ising universality class there is no phase transition below d = 2, hence we might expect a failure
of the Gaussian approximation for the sphere.

We should stress however that even though such arguments based on the effective dimension
give a correct picture of the underlying physical mechanism, the Ginzburg criterion is more

trustable as it involves directly the correlation function.

3 A functional renormalization group perspective

In this Section we want to analyze more in detail the effects induced by the curvature of the
background geometry. To that end, we will use the method known as functional renormalization
group (FRG)H There are many reviews on the FRG [28], 29, 30l 3T, 32, 27], to which we refer for
an introduction to the topic. We will employ here the FRG version that deals with the so-called
effective average action I'y[¢] [33], which is an IR-regulated version (k being the running RG scale
associated with the IR cutoff) of the Legendre transform of the functional W[J], introduced in
[22)). It satisfies the general equation

1 —1
KOWT = 5T [(rf’ + Ry k:@kRk] , (3.1)

where R, denotes the IR cutoff, and F,(f) the Hessian of I',. The equation is amenable to several
approximation schemes, one of the most common being the derivative expansion, in which I'y is
expanded in invariants containing an increasing number of derivatives. The lowest order of the
derivative expansion is known as local potential approximation (LPA), and it is the one we will
consider here.

The ansatz for the average effective action in the LPA is

ol = [ loys | Zg0,00,0+ (o) 52)

Strictly speaking, LPA usually stands for the case Zy = 1, otherwise ([B.2]) is typically referred to
as LPA’ (e.g. [34]). The functional RG equation (B1]) for the potential reads

; (3.3)

%72 /1.2
kO Vi (o) = %TT(M) [ kOkRi(—V"/k) ]

—ZkV2 4+ V(6) + Ri(=V?/k?)

|¢:const.

where we have redefined the trace on the Riemannian manifold M by dividing out the volume of

M, and we have projected the equation onto constant field configurations.

2Sometimes referred to also as ezact or nonperturbative renormalization group.



The equation ([B.3]) describes the evolution of the potential under (continuous) coarse graining.
The latter is the first of the two standard steps of the renormalization group [35], the second
consisting in a rescaling of lengths and momenta such as to bring back the cutoff to its original
value, and in a field redefinition that restores the normalization of the kinetical term. In the LPA,

the second step is taken care of by the introduction of dimensionless variables
b= 22Ky, V() =k (6(d)). (3:4)

We also define A = —V?/k?, and we write the cutoff as Ry (z) = Zpk?r(z), for some dimensionless
function r(z) constrained only by standard requirements [36]. In dimensionless variables, (B.3)

reads

d—2+mn ~

- ~ e~ 1 —ne/2)r(A) = Ar'(A)
kO Vi +dV — Vi(p) =Tr ( e — = , 3.5
i Vi (@) k() 5 PVi(9) (M) R+ 1) + () ) (3.5)
¢p=const.
where 1, = —kOi In Zy, is the scale-dependent anomalous dimension, and :fvr( M) = k;_dTr( M)-

The LPA’ needs an additional equation for the flow of Z, which can be expressed as a relation
between 7, and (the derivatives of) the potential evaluated at its minimum (e.g. [30, 37, B8]). In
what follows, we will actually set 7 = 0 in any practical calculation (i.e. we will only perform
calculations within the strict LPA), so we will not need such expression.

A cutoff that leads to a very simple expression for the righ-hand-side of ([B.3]) or (8.5]) is Litim’s
optimized cutoff [39] [36]

r(z)=(1—-2)0(1—-=z), (3.6)
with which we obtain
A 24, )
koL Vi(¢) + dVi(9) — f@lﬂ/k(ﬁb) = WF(M)(%%) ; (3.7)
where
Finy (@) = Trag[8(1 = A)] = 2 Trpg [(1 = A)0(1 - A (3.8)
and we have introduced
G = ak. (3.9)

In order to explicitly perform the traces, we need to fix the dimension d. It is instructive to
consider the case of d = 3, for which computations are easiest, and where a nontrivial critical

behavior is known to occur in the flat case. In flat space, using Fourier transform we find

Qg Mk _ 1 Mk
Flas)(o0m) = T (1 d+2> ‘d:?) = 62 <1 5) ’ (3.10)

and the analysis of the equation is standard (see e.g. [40, 411, B7, B38]): one finds a non-trivial

(Wilson-Fisher) fixed point, at which the critical exponents differ from their mean field value,

and are in good agreement with the observed values.



On the hyperboloid, using the results collected in Appendix Bl we find

3
. 1 1 \2 1 - 1

Finally, on the sphere we find

N 1 n
Fisny(@,m) = g PN )) (1= 5 LNs)) (3.12)
where |z] is the floor function,

al 1

P(N)=> D, = 1+ N2+ N)B+2N), (3.13)
n=0
- _ . 5a%k%— 9N — 3N?
Q(N) = ) > Du(1— @) = i , (3.14)
n=0

being @,, the eigenvalues (B.2)) in units of k, and

N3 = —14++/1+a2k2. (3.15)

The spherical case gives rise to a staircase function, as a combined effect of the discrete spectrum
and the use of a step function in the cutoff, a phenomenon already known in the literature (e.g.
[, 13, ).

We notice a crucial difference between the flat and the curved cases: in the curved back-
grounds the FRG equation is a non-autonomous equation, in the sense that there is an explicit
dependence upon k on the rhs. On flat space, it is the introduction of dimensionless variables
that leads to an autonomous equation. In the curved background case, the existence of a fixed
external scale implies that we cannot in general achieve an autonomous equation. The same thing
generically happens if any non-running scale is present, for example in quantum field theory at
finite temperature [30], or on a non-commutative spacetime [45].

We thus immediately realize that true fixed points are unlikely, the potential will always retain
a dependence on k via its dimensionless product with a. In special cases such dependence can
be harmless, as in the case of the massless free theory. The latter is given by a ¢-independent
potential Vi (¢) = vg, with vy, satisfying (1, = 0)

r(d) - Ar(A)

k’ak’Uk + dvk = /T\_I/'(M) A n r(g)

(3.16)

Note that also on flat space the Gaussian solution to (37) has a non-zero vacuum term, V(¢) =
1/(d6m?). We could eliminate such running vacuum terms, and obtain a proper Gaussian fixed
point with Vk(q;) = 0, by a modified equation in which vacuum contributions are appropriately
subtracted (see for example [27] or [46]).

Alternatively, we can introduce the concept of floating-points [45], i.e. solutions of the FRG

equation which are independent of k, up to dependence on a = ak. In other words, we can



introduce, and keep track of, an explicit dependence on a, as if it was another field, an external
field. Clearly, in the present case such procedure can be seen as a first step towards the treatment
of cases in which the geometry is dynamical, and the curvature is indeed treated as on a par with
other fields.

3.1 Scaling dimension and symmetry restoration

We will first discuss the consequences of the non-autonomy of the equation, taking the explicit
formulas for d = 3 with optimized cutoff as a guidance.

On the hyperboloid we observe that the loop contributions on the rhs of the FRG equation
(i.e. the functional trace (3I1])), vanish as soon as k < 1/a, thus leaving us with the classical
(tree level) part of the equation. Although we have not computed explicitly the functional traces
needed to evaluate the anomalous dimension, it is not hard to check that a similar phenomenon
occurs also in such traces, and hence the anomalous dimension also vanishes in the deep IR. As a
consequence, IR fixed points coincide with classical scale invariant theories, and thus mean field
behavior is recovered at large distances, confirming our conclusions from Sec. 211 It should be
stressed that the use of a cutoff with step function, such as ([B.G]), provides us with an extreme
version of the general case: with a generic cutoff the approach to zero will be smooth, but in
general fast enough for & < 1/a, thus leading to the same conclusion.

On the sphere, we see that P(|N3]) — 1 for k — 0, or more precisely as soon as k? < 3/a?,
that is, only the zero mode remains unsuppressed. However, the dimensionless volume of the 3-
sphere goes to zero, making the rhs of the FRG equation divergent. The presence of a singularity
for k — 0 is a general consequence of the presence of compact dimensions, with the d-sphere
behaving as k~% because all its dimensions are compact. In order to absorb such divergence we
should rescale the potential and the field such that the lhs be as divergent as the rhs. This is

achieved by introducing the new variables
¢ = (ka)?¢ = a"kg, (3.17)

V(9) = (ka)'V (k="?a"2¢) = "V (™K™' ) . (3.18)

The scaling of ¢ with k has been chosen so that 1+ V/(¢) — 1+ V/(¢). The resulting equation

for k? < d/a? is
1 1

URERIr
which can be recognized as the flat FRG equation for d = 0, apart from the €, factor which could

kOkVi() + 9Vi(9) (3.19)

anyway be removed with a k-independent rescaling of field and potential. We thus expect that
the IR properties of scalar field theory on a spherical background will resemble those the same
theory in zero dimensions. In particular, we expect no phase transition to be present.

Such expectation can be directly tested by studying the flow of the dimensionful potential,
and looking for a transition in the IR between a potential with spontaneous symmetry breaking

and one without. On flat space, this is a standard analysis (see for example [30, 27, 38]), and

10



it proceeds as following: one solves numerically the flow equation for the dimensionful potential
with an initial condition at kK = A corresponding to a potential with spontaneous symmetry
breaking, i.e. Va(¢) = Apr(¢? — pa)? with py > 0. Integrating down towards k = 0 one observes
in general that the local maximum at ¢ = 0 flattens out, and two different behaviors can arise
depending on the initial condition pj, namely in one case the potential becomes flat in a finite
interval around the origin at £ = 0, corresponding to the effective potential of a broken phase,
while in the other case the lowering of the maximum continues until we obtain at finite £ > 0 a

global minimum at ¢ = 0, i.e. we obtain a symmetry restoration. On a flat background we know

O7ET 0,030
06f

F 0025
05}

F 0,020
04f
¥ 0015

Vi(@)
Vi(9)

03f
E 0010

o2f

01 : 0.005

0.0

Figure 1: The flow of the potential (with the minimum subtracted for graphical purposes) on
a flat background. The blue curve is the initial condition Vj(¢) = Ax(¢? — pa)?, with A = 20,
Ar = .05, pp = 2.25 (left) and pp = 0.49 (right). The red curve is at k = 0.1, smaller values of k
being indistinguishable on the scale of the plot. Symmetry restoration is evident in the plot on

the right. The phase transition occurs near py ~ 1.82.

that both phases are present for d > 2 (or d > 2 in the O(N) model with N > 1 [30, 47]), and
a continuous phase transition separates them at some critical value py = p. > 0. The behaviors
characteristic of the two phases are depicted in Fig. [l On the hyperboloid, the phase diagram
is qualitatively similar to the flat case, i.e. there exists a broken phase, and the plots look very
similar to those in Fig. [l In the spherical case the situation is instead quite different, as it turns
out that symmetry is always restored at some finite £ > 0, i.e. we do not find the broken phase
for any value of py. An example of symmetry restoration is shown in Fig. 2l Interestingly we find
that, for large enough py, at some intermediate scale (k ~ 0.6 in the specific case of Fig. ) the
potential is basically that of a broken phase, but as we keep decreasing the scale the symmetry

is restored by the development of a minimum at ¢ = 0.

3.2 Floating points

We can introduce an explicit dependence on @ = ak in the potential, so as to transform the flow
equation into an autonomous equation, but with an additional independent variable. In order

to highlight the presence of an additional argument in the potential, we denote the potentail as

11



Vi(@)

Figure 2: The flow of the potential (again with the minimum subtracted) on a spherical back-
ground with a = 1/5. The blue curve is the initial condition Vj(¢) = Ax(¢? — pa)?, with A = 20,
An = .05, pao = 25, while the red curve is at k = 0.1. Despite the large value of the initial

symmetry breaking parameter, it is evident that symmetry restoration still takes place.

U (b, a). We then introduce the dimensionless potential

Ur(9,a) = k™" Ur(6(9), a/k), (3.20)
for which we obtain the equation
-~ ~ e d=24 1 -
kakUk(¢7 CL) +d Uk(¢7 CL) - fnkqﬁ aQEUk((ba a) +a a&Uk(qﬁa a) T a0 T (M) (CL, 77k) :

1+ a;ﬁkw,a)
(3.21)
This is simply a rewriting of @), with k9, Vi (¢) = k0pUi(¢, @) + @ 0zUx(d,a). Now the fixed
point (or floating point) equation is provided by the PDE obtained by setting k@kﬁk((ﬁ, a) = 0.
In order to understand the meaning of ([B:21]) we can first consider the case in which we discard

the loop contribution on the rhs. That is, we study the tree level equation (with 7, = 0)
o d—92- . - -
dUg(¢,a) — T¢ 9;Uk(9,a) +adaUk(¢,a) = 0. (3.22)

Such equation, in the absence of boundary conditions simply constraints the dependence on the
variables to
Un(d,a) =a~ 1Y <~% <;~S> , or U(p,a)=a"Y (a% ¢) , (3.23)
or in other words, the floating point potential is effectively a fixed point potential, where dimen-
sional quantities (the potential and the field) are expressed in units of a. This was to be expected
as in the absence of the rhs, the FRG equation is simply a statement of classical scale invariance
(or k-independence), and thus dimensional analysis is enough to fix the potential. If in addition
we Tequire analyticity in both ¢ and a~! (the latter in order to recover the flat space limit), that
is, if we require regular behavior at ¢! = ¢ = 0, and also Zy symmetry, we find
L 7%
U(p,a) = Z e a”dHd=2) yn (3.24)

n=0

12



with free dimensionless coefficients ¢,,. Because of the presence of the dimensionful parameter a,
we find a more general potential than the usual (bd% required by scale invariance in flat space.

As another consequence of the dimensional scale given by the curvature, we can straightfor-
wardly see that the Gaussian fixed point has a massive generalization that would be forbidden
on flat space: we can solve the full floating point equation with an ansatz of the type
(52

U(p,a) = u(a) +c = (3.25)

When plugged into ([B.2I]), the second term disappears from the linear (or tree level) part of
the equation, because it is a solution of ([3:22]). On the other hand, the trace part becomes <;~S—
independent, with 8(%(]}((5, a) = 2c/a®. We are then left with an inhomogeneous linear ODE for
u(@), for which the solution of the associated homogeneous equation is upem (@) = ug/a?, for an
arbitrary constant wug, while the special solution of the inhomogeneous equation is scheme and
dimension dependent.

Non-trivial floating points are much harder to study without truncations, as they require the
flat case solution as boundary condition at a~! = 0. For this reason, we will now resort to a

polynomial truncation.

3.3 A simple truncation

Truncations of the potential to polynomial form are a very useful approximation even on flat
space. The lowest order truncations can serve as a playground to understand qualitative features
of the theory under examination (e.g. [29 B0]), while their recursive extension can serve even
as a quantitative method for the extraction of precise critical exponents (e.g. [48| [41]). Here,
since we focus on the qualitative picture rather than on precise quantitative estimates, we will
consider the simplest possible truncation, that is, a simple quartic potential, and again Z; = 1.

We distinguish two cases, corresponding to equation ([B.7) and (B2]]) respectively:

Vii() = vo(k) + va(k) ¢ + va(k) ¢, (3.26)

and
Ui, @) = ug(k,a) + ug(k,a) ¢* + ug(k,a) ¢* . (3.27)

As observed previously, the first case ([3.20]) does not lead to nontrivial fixed points. We obtain

the system of beta functions

Fipp(a,0)
_ (M)\Y,
kOpvg = —dvg + 71 o (3.28)
- F(a,0)
kakUQ =-2 Vo — 12 V4 m s (329)
F, a, 0
ke = (d — 4) vy + 14423 w0 (@,0) (3.30)

T +20)3°
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It is easy to check that setting the left-hand-sides to zero, if F{ v()(@,0) has a nontrivial dependence

on a (i.e. in the non-flat case), then the only fixed point is at va = v4 = 0 (as already discussed,

in order to fix also vy we would need to modify the equation). The nontrivial solution is
4—d . 12(d —4)

T 2d-32" T (d—16)3F u)(@,0)

vy (3.31)
In the flat case F{x()(a,0) is a constant, and for d < 4 this is the Wilson Fisher fixed point in
the simplest truncation. In the curved case this solution changes with &k (at fixed a), and we
cannot interpret it as a fixed point. From the known behavior of F{ M)(EL,O), we find that as
k — 0, vj — +oo in the hyperbolic case (actually as k& — 1/a because of the optimized cutoff),
while v; — 0 in the spherical case. In the spherical case, the nontrivial solution merges with the
Gaussian fixed point, but as we already know, there is no phase transition in this case. In the
hyperbolic case, the nontrivial fixed point is pushed to infinity, leaving us with only the Gaussian
fixed point, thus explaining why the Gaussian approximation is valid in this case. We can also
study the linear perturbations around (31]) in H3. We find that the stability eigenvalues are k-
independent and equal to vy = %(2 + \/8_2), but the eigendirections are k-dependent and become
degenerate at k = 1/a, both reducing to the vector (0,1). As a consequence, critical exponents
have to be taken from the Gaussian fixed point, and thus they trivially coincide with the results
from the Gaussian approximation (i.e. in d = 3 they are v = 2 and vy = 1).

In the parametrization (8.27]) we obtain instead

_ Fuy(a,0)
= — & — — .32
kO uo adzug — dug + 112, (3.32)
_ Fiamy(a,0)
= —a0aus — 2ug — 120y M :
kO us a0z un U9 Uy 0+ 2uy) (3.33)
Fan (@,0)

o B o Lmyla,

kEOgpus = —alzus + (d — 4) ug + 144 uj At2m) (3.34)

Imposing again the vanishing of the left-hand-sides, we obtain this time a system of ordinary
differential equations. The interesting case is the hyperboloid, which we can study once more in
d = 3. The equation for a > 1 is not easily integrated analytically but can of course be integrated
numerically. However, whatever the solution is in that range, this has to be matched with the
solution for @ < 1. The latter is trivial because of the vanishing of Fr)(a,0), and we are left
with a set of equations that is essentially the same of the usual tree-level flow equations but with

k replaced by a. We thus obtain

* Co * C1 * C2
Uy = =3, Uy = ==, Uy = —, 3.35
0 a3 2 a2 4 a ( )
corresponding to the potential
* € € 9 € 4
U (¢,a) = =+ — —¢". 3.36
(60) = 5+ 252+ 2 (3.36)

Of course from (B35) we obtain the same result as from (B3I]), i.e. that the dimensionless
couplings go to infinity as @ — 0. However, ([8.30]) gives a different point of view on what is going

on: due to the dimensionful scale a, we obtain a mean field k-independent potential.
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4 Conclusions

In this paper we have studied the effects of curvature on the critical behavior of a scalar field,
concentrating on spherical and hyperbolic spaces. By applying the Ginzburg criterion we have
deduced that on a d-dimensional sphere the Gaussian approximation is never trustable when
the correlation length becomes large, while on a d-dimensional hyperboloid it is trustable for
any d > 2. We have interpreted this in terms of effective dimensions, such as the spectral and
Hausdorff dimension: in the far IR both notions of dimension indicate that spheres are effectively
zero-dimensional (they look like a point) while hyperboloids have an infinite effective dimension.
In view of the known dependence of the Ising universality class on the dimension, one would then
expect to find no phase transition on the sphere, and to find a phase transition well described
by mean field theory on the hyperboloid. Such expectations were confirmed in Sec. 8] where we
applied functional renormalization group techniques to the analysis of the scalar model on curved
backgrounds. After discussing the general new features of the FRG equation in the presence of an
external scale, we have shown by numerical integration in the local potential approximation that
on the sphere there is only the symmetric phase. Finally, with the help of a simple truncation, we
have shown how the Wilson-Fisher fixed point is pushed to infinity in H3, thus leaving us with
the sole Gaussian fixed point, with trivial critical exponents.

The main purpose of this paper was to show how the FRG can help us understanding the
effects of geometry on critical phenomena. To that end, we studied the simplest model, and tried
to keep things simple, but many other extension and applications are of course possible. On the
technical level, it would be desirable to consider smooth cutoffs, thus avoiding the nonanalytic
staircase effects encountered with ([3.6]), and to study the LPA’ more in detail, as well as the full
next-to-leading order of the derivative expansion. A natural and simple extension of this work
would be to study the O(N) model, something to which we hope to come back in the near future.
It would also be interesting to study what happens on different spaces, and in particular whether
some space can be found in which a nontrivial behavior persists at the phase transition, but with

different exponents than in the flat case.
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A Geometry of backgrounds

The most trivial homogeneous space, which we consider in this work as reference case, is flat
Euclidean space E?, with metric element ds?Ed) = Oupdxtdx”. The other two spaces we study
here are d-dimensional spheres and hyperboloids.

The d-sphere can be defined in an intrinsic way as the quotient S¢ ~ SO(d +1)/SO(d), or in
an extrinsic way via its embedding in F4t!

d+1

> (x4 =a’, (A1)

A=1
where X4 are the Cartesian coordinates in R%!, and a is the radius of the sphere. Its metric

element can be written as

d d

ds?sd) = a%dQy = a? Z de? H sin?(0;) = a®df3 + a*sin®(07)dQq_1 , (A.2)
i=1 j=it1

where the product is omitted for i = d. The angles 6; take values in [0, 7], except for 6; € [0, 27].

As any homogeneous space, the d-sphere is maximally symmetric, which implies that it is an

Einstein space, i.e. R, = égwR with constant scalar Ricci curvature R, and that it has zero

Weyl tensor. In other words, the Riemann tensor reduces to
R
R;u/pa = m(gupgua - guagup) : (A?’)

On S the scalar Ricci curvature is given by

d(d—1)

Rigay=—>3—" (A.4)
We often use the volume of the unit d-sphere, which is
I'(d/2
Qg=a* / dlz/g = M(MW . (A.5)
(54 ['(d)

The d-dimensional hyperboloid is defined intrinsically as the quotient H% ~ SO(d,1)/SO(d),
or extrinsically as the upper sheet (X d+l 0) of the hypersurface

d
Z(XA)2 _ (Xd+1)2 — —CL2, (AG)
A=1
embedded in Minkowski space M®!, i.e. R with flat metric of signature (+,...,+,—). Its

metric element can be written as
ds?Hd) = d7? + a*sinh?(7/a)dQy_1 , (A.7)

where d€);_1 is the metric element on the unit (d — 1)-sphere, defined above, and 7 € [0, +00) is
the geodesic distance from the origin. The dimensional parameter a is the characteristic length

or “radius” of the hyperboloid, in terms of which the scalar Ricci curvature is
d(d—1)

Ripay = ———5—- (A.8)
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B Spectra of Laplacian operators

On flat space the eigenfunctions of the Laplacian are of course the plane waves, and the functional
traces are evaluated via Fourier transform. On curved backgrounds we lack a Fourier transform,
however we are on a comparable situation whenever we know the spectrum of the Laplacian, as
in the case of the spaces we consider in this work.

On generic Riemannian manifold with metric g,, the Laplace-Beltrami operator acting on a

scalar field ¢(z) is given by

V2¢(z) = %au(\/ggwa,@(a;)). (B.1)

The Laplacian spectrum on the sphere is well known [49], the scalar eigenmodes satisfying

n+d-—1
- V2 T;Z)n,j = % ¢n,y = Wn T;Z)n,j s (B'Z)
with multiplicity D,, = (n+dﬁ()c!l(_2f)fd_1), j=12,..Dy, and n = 0,1,2,... + co. Eingenmodes

(whose explicit expression we do not need here) are orthonormal, that is,

[ AV @ () = G (B.3)

For the scalar Laplacian on the hyperboloid we follow [50, 51, [52]. The eigenmodes of the
Laplacian on H? satisfy

1
— Vi = g@\z + %)t = VA, (B.4)
where

p=(d—1)/2, (B.5)

A€ [0,+00), and [ =0,1,2,... + oco. Eigenmodes are normalized as

[ e i a)ovala) = 600 = ). (B.)

The analogue of the multiplicty for the continuum spectrum is the spectral function, or Plancherel

measure, which is defined by

7TQd CL
pA) = - ; Z%z W (B.7)
and explicitly given by
- (d—3)/2
_ 2, 2
for odd d > 3, and by
(d—3)/2
mAtanh(m\) 9 9
AN= 77— A B.9
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for even d > 2 (for d = 2 the product is omitted).

Functional traces (which we define divided by the volume) reduce to
1
for the sphere, and to

d—2 00
Tr g0y [W(~V2)] = ﬁ /0 A (W (1) (B.11)

for the hyperboloid.

C Heat kernel

By definition the heat kernel is the solution of the heat equation
(as_vi_‘_b)K(:Evs;anb) =0, (Cl)

with initial condition 5
lim K (z, s;x0,b) = M )

s—0 \/g

On a homogeneous space the heat kernel depends only on the geodesic distance between x and

(C.2)

xg, which we denote by o(x, ). We thus write K (z, xq, s;b) = K(o,s;b).

Knowing the spectrum of the Laplacian we can write the general solution in the form

K(o,s:b) =Y e "Mty (2)x5 (20) , (C.3)

where —V?x,(z) = A xu(z), and u labels the whole set of eigenmodes.

On flat space we have

e_‘z‘s —sb
(4ms)z

For spheres and hyperboloids, the nearest we can get to a closed expression for the heat kernel
on these spaces is probably in terms of fractional derivatives [50]. We introduce the dimensionless

variable y = o /a, rescale s — a’s, and define

wy = /p?+a?b. (C.5)

On the sphere one finds

d—1
sw? == +oo

1 e /1 ) e’
K@) = o eyt (Frorrn) 2 G0 E e

n=—oo

where the plus and minus sign are for d odd and even respectively. As y = 04 (see (A.2))), we have
that y € [0, 7], however geodesics can wrap several times around the sphere, and such “indirect

paths” precisely give rise to the sum over n in (C.6)).
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On the hyperboloid we have

D) d—1
1 e Sw+

K0y (y, 5:b) = — ) o
O 0l gyt \ 2w 0cosh(y) ) © |

Note that the fractional derivatives have different definitions for the cases of the sphere and the

hyperboloid [50], but always reduce to ordinary derivatives for d odd. Note also that the absence
of indirect paths for the geodesics makes the expression for the hyperboloid simpler than that for

the sphere.

D Propagators

By definition the propagator G(x,z¢;b) is the solution to the equation

(=V2 4+ b)G(x,x0;b) = 5(1177\;;70) : (D.1)

Again, due to homogeneity of space the propagator depends only on y = o(x,zg)/a, hence we
will simply write G(y;b) for the propagator. Its relation to the heat kernel is provided by the

Schwinger proper time integral,

G(y;b) = a* /000 dsK(y, s;b), (D.2)

which, upon using (C3), gives (assuming that A, + b > 0, Vu)
1
p) — " * . D.
Gl = X 3l id) (D.3)

On flat space the propagator is well known, and it takes the form (e.g. using (C4) and (D:2)))
bd—2

Gwo(@:0) = s (Vhlal) ™5 Kaze (VOJa]) (D4)

where K, (z) modified Bessel function of the second kind, leading to the asymptotic behavior

bd—2 1-a T Vbl
o (a30) ~ oy (Va5 [T 05)
for vb|z| > 1, and
d—4
. 22 Ld=2 9g
G gay(w3b) ~ WF(T) 2] (D.6)

for /b|z| < 1. This justifies the definition ([Z7)) of correlation length £, = b~1/2.
The propagators for both S? and H? have been computed in [53] directly solving (D), or
from an explicit mode sum in [54] for the sphere and in [55], [51] for the hyperboloid. Define

o4 = p+wt, (D7)
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Br=p—ws. (D.8)
The propagator on S¢ is given by

[ )T(5-)

. _ 2—d
G(Sd)(ya b) =a F(’)/) od 7Td/2

Fla,f_id/27), (D.9)
where F'(a, 8;7;2) is the hypergeometric function, and
z = cos?(y/2). (D.10)

For small b the propagator has the following Laurent expansion

Gsa)(y;b) fly)+0(), (D.11)

~baia,

where the b-independent part f(y) contains the UV divergent (y = 0) contributions. For d odd
it takes the form

a2—d

SISz ((1 —2)m i A —Z)+f2(1—z)> : (D.12)

fly) = > ()

with f1(1 — 2) and f2(1 — z) two analytic functions at z = 1, while for d even we find

/2
a’d / an, (d—2)!

d—2)
f(y):W ;(1_2)%_1—(%_1)!1%(1—2) ) (D.13)

where for example a9 = —1 for d = 2, and a9 = —7/3, a1 = 1/2 for d = 4. Note that for
b — 0 the divergent part of G Sd)(y; b) arises from the constant mode —V? 10,0 = 0, which by the
normalization condition (B3]) is 1o o(x) = a_d/nglm (compare (D.3) with (D.IT)).
The propagator on H? is given by
g—al'(ap)l(ay —d/2+1)

B — 2 —« . L1
Gay(y;b) = a F(a+—ﬁ++1)2d7rd/2z tFlay,ar —d/2+ 1l,ap — By +1;277), (D.14)

where
z = cosh?(y/2) . (D.15)
A more compact expression can be obtained for the propagator on H? by plugging (C.7) into
(D2). Exchanging integral and (fractional) derivative, we find

d—1

G L0 N ey D.16
) y) = 2wy Z <_%8cosh(y)> ‘ ' (D-16)

In odd dimensions, the evaluation is trivial as the derivatives are ordinary ones, and we find

d—1

G o - 7 eer D.1
()(¥) = 2wiZ (27Tsinh(y)> ¢ ) (D-17)
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