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Abstract

We discuss a natural form of Ricci-flow conjugation between two dis-
tinct general relativistic data sets given on a compact n > 3-dimensional
manifold 3. We establish the existence of the relevant entropy functionals
for the matter and geometrical variables, their monotonicity properties,
and the associated convergence in the appropriate sense. We show that
in such a framework there is a natural mode expansion generated by
the spectral resolution of the Ricci conjugate Hodge—-DeRham operator.
This mode expansion allows one to compare the two distinct data sets
and gives rise to a computable heat kernel expansion of the fluctuations
among the fields defining the data. In particular, this shows that Ricci-
flow conjugation entails a natural form of L? parabolic averaging of one
data set with respect to the other with a number of desirable properties:
(i) It preserves the dominant energy condition; (ii) It is localized by a
heat kernel whose support sets the scale of averaging; (iii) It is character-
ized by a set of balance functionals, that allow the analysis of its entropic
stability.
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1 Introduction

The study of initial data sets for Einstein equations [6] is a well-developed
part of mathematical relativity with seminal interactions with geometric
analysis. Examples abound, and a fine selection is provided by the interplay
between minimal surfaces, mean curvature flow, and asymptotically flat data
[40,41], by the connection between the positive mass theorem and the proof
of the Yamabe problem [2, 3, 50], and most recently by the engineering of new
data sets out of sophisticated gluing techniques [20,21,22]. These results
often go beyond the motivating physics, and clearly indicate that being the
carrier of an Einstein initial data set C4(X) is an important geometrical
characterization for an n-dimensional Riemannian manifold 3.

If we denote by 7y, 5y Met(X) the tangent space (at (%, g)) to the manifold
Met(X) of Riemannian metrics g on 3, by C*°(X, Ry ) the space of smooth
non-negative functions, and by C*° (X, T'Y)) the space of smooth vector fields
on ¥, then a (generalized) Einstein initial data set, (Fig. 1),

Cy(D) = (g, K, 0,J) € T Met(S) x C(5,Ry) x C°(X,T%),  (1.1)

is defined by a Riemannian metric g € Met(X), a symmetric bilinear form
K € Txq Met(X),! a scalar field p € C®°(2, R, ), and a vector field J €
C>(X,TY), constrained by the dominant energy condition ¢ > |J|, and by
the Hamiltonian and the divergence constraints

R(g) — (2A + |K[2 — (trg K)?) = 16mo, (1.2)
2V, (K“b — g (tr, K)) — 167", (1.3)

Here A is a constant (the cosmological constant), |K |2 := K¢K%, try K :=
g™ K, and R(g) is the scalar curvature of the Riemannian metric g. This
characterization of Cy4(X) is a natural generalization of the notion of
3-dimensional initial data set for Einstein equations where the symmetric
tensor field K can be interpreted as the extrinsic curvature of the embed-
ding i; : ¥ — M® of (X, g) in the spacetime (M®) ~ % x R, g¥) resulting
from the Einstein evolution of C4(X), whereas p and J can be respectively
identified with the mass density and the momentum density of the mate-
rial self-gravitating sources on (X, g). In full generality, to (1.2) and (1.3)
one should also add the set of additional constraints of non-gravitational
origin associated with the dynamics of the sources. In order to avoid speci-
fying the precise nature of the matter fields, here we represents these fields
in the initial data with the pair (p,J), only requiring that the dominant

We can think of the pair (g, K) as a point of the tangent bundle 7 Met(X) to Met(X).
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z Ce(Z )=(g, K, p.J)

Figure 1: The initial data set C4(3) as a point in the space T Met(X) x
C®(B,R,) x C=(E,T).

energy condition p > |J| holds. From a geometric perspective it is worth-
while recalling that the set of solutions to the constraint equations (1.2) and
(1.3) is, under suitable conditions, an co-dimensional submanifold (Fig. 2) of
the configurational space 7 Met(X) x C®(3,R;) x C®(X,TY), [5,19,27].
This is related to the fact that, from a geometric analysis point of view,
the constraints (1.2) and (1.3) provide an undetermined system of cou-
pled (elliptic) partial differential equations (PDEs) [6, 16, 43]. It is precisely
such a property that allows for a subtle interaction with the additional
geometrical structures the manifold > may be endowed with, and is respon-
sible for the geometrical richness of the notion of Einstein initial data sets
alluded above. Among the additional structures that may decorate the
constraints configurational space 7T Met(X) x C®(X,Ry) x C®(X,TY) the
one that interests us in this article is related to the Ricci-flow introduced by
Hamilton [37] (Fig. 3)

0
%gab(ﬂ) = _2Rab(6)7 (14)

gab(ﬁ = 0) = Yab, 0< ﬁ < TO:

where R4 () is the Ricci tensor of the metric g;x (). This weakly parabolic
diffusion—reaction PDE defines a flow on the space of Riemannian metrics
Met(2)? | which extends naturally to the constraints configurational space
via linearization and via the (Ricci-flow-induced) scalar and vector heat

2The Ricci-flow is not the only natural (i.e., Diff(¥)-equivariant) geometric flow on
Met(Y), other examples that may come to mind are the Yamabe flow and the Cross-
curvature flow. In our setting the Ricci-flow comes to the fore because it interacts with
the constraints configurational space in a very natural way, as will be evident from the
analysis presented here.
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Figure 2: Under suitable conditions initial data sets C4(X) can be consid-
ered as points of a submanifold in the constraints configurational space
T Met(X) x C®(E,Ry) x C°(X,TY).

flows on C®(X,Ry) x C°(X,TY). In particular, the linearized Ricci-flow
and the backward conjugated linearized Ricci-flow induce on 7 Met(X) x
C>®(X,Ry) x C°(X,T%) a parabolic conjugation with strong averaging
properties [15]. This suggests that there may be a non-trivial interplay
between Ricci-flow and Einstein initial data sets. The key idea in such
a scenario is that the Ricci-flow, even if it cannot evolve along the con-
straint manifold®, may interpolate in the configurational space 7 Met(X) x
C®(X,R4) x C(X2,T%) between distinct initial data sets (Fig. 4). The
above remarks suggest that when a Ricci-flow interpolation exists it is a
form of parabolic conjugation and as such it may provide a natural geo-
metrical way of comparing an Einstein data set C4(X) := (g, K, 0, J) with a
given reference data set C4(¥) := (g, K,0,J).

In order to make such heuristic remarks more precise we introduce the
following set of definitions characterizing Ricci-flow conjugation.

Definition 1.1 (Physical data versus Reference data). Let C,(X) :=
(9,K,0,J) and C5(X) := (g, K, 0, J) denote two distinct initial data sets on a
C> compact n > 3-dimensional manifold without boundary ¥. Both Cy(X)
and C4(X) are supposed to satisfy the corresponding dominant energy condi-
tion and the Hamiltonian and divergence constraints. For Cy(2):=(g, K, 0, J)

these are provided by (1.2) and (1.3), while for Cg(¥):= (7, K,

3This is a consequence of the weak-parabolicity of the Ricci-flow and of the fact that
the constraints are in involution with respect to the hyperbolic evolution associated with
the evolutive part of the Einstein equations.
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Met (%)

Figure 3: Ricci-flow in the space of Riemannian metrics Met(X).

0,J) they are explicitly given by g > |J|, and

R(g) — (2A + [K[|2 — (trg K)?) = 167y, (1.5)
2V, (F“b _ g (trgf)) = 167" (1.6)

where A is a cosmological constant, (possibly distinct from A), and V
denotes? the Levi-Civita connection associated with the Riemannian mani-
fold (X,9g). The data set Cy(X) := (g, K, o, J) will be conventionally referred
to as the Physical Data on %, whereas C5(X) := (g, K, 0, J) will be called
the Reference Data.

In such a general setting, Ricci-flow conjugation can be defined whenever
the metric tensors g and g, associated with the two distinct data sets Cy(X)
and Cz(X), are connected by a fiducial, non-collapsing, Ricci-flow 38— g(3)
of bounded geometry on ¥ x [0, 5*].

Definition 1.2 (Interpolating fiducial Ricci-flow). A fiducial Ricci-flow
of bounded geometry interpolating between the two Riemannian manifolds
(2, g) and (X,7) is a non-collapsing® solution of the weakly-parabolic initial

“In what follows, we will often omit the overline over V, since the meaning will be clear
from the geometrical context.

5The assumption of non-collapsing is necessary since torus bundles over the circle admit
smooth Ricci-flows with bounded geometry, which exist for all 3 € [0, 00), and collapse as
B — oo [39].
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Figure 4: Ricci-flow in the space of Riemannian metrics Met(X) may induce
a flow in the configuration space 7 Met(X) x C®(E,Ry) x C®(X,TY),
which interpolates between distinct initial data sets.

value problem

0
%gab(ﬂ) = _2Rab(ﬁ)7 (17)

gab(/@ = 0) =ga, 0B /6*7

such that g.,(6%) = gap, and such that there exists constants Cj > 0 for
which [V¥Rm(B)| < Ck, k=0,1,..., for 0 < 8 < 3*. We assume that any
such a flow is contained in a corresponding maximal solution, 5 — gus(3),
0 < B <pB* < Ty < oo, with the same initial metric gop(8 = 0) = gap-

Recall that the maximal interval of existence, [0, 7)), for the flow (1.7) is
either Ty — oo or limg »7, [sup,ex [Rm(z, B)|] = oo, whenever Ty < oo, [37,
38,51] where Rm(x,3) denotes the Riemann tensor of (3, g((3)) evaluated
at the generic point z € 3.

If between the two Riemannian manifolds (¥, ¢g) and (X,g) supporting
the Einstein data Cy4(¥) and Cy(¥) there exists an interpolating Ricci-flow
of bounded geometry then the conjugation between Cy(X) and C3(X) is char-
acterized by the

Definition 1.3 (Ricci-flow conjugation [15]). Two distinct initial data
set Cy(¥) and Cy(3) are said to be Ricci-flow conjugated on X x [0, 3*] along
an interpolating Ricci-flow of bounded geometry 5 +—— g(f3), 0 < g < g%, if
they are connected by the flows C(3) € C*°(Z x [0, 8*], ®% T*E) and C*(n) €
C®(Ex [0,87],®@%TE), p=0,1,2, = * = B,

o(8) L o(n)
B C(B):= | Ji(B) , n—=Cm:=|J
Ka(6) )
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respectively defined, along [+— g(8), by the solutions of the
Hodge-DeRham-Lichnerowicz (HDRL) heat equation

0
%C(ﬂ) = AqC(0), (1.9)

C(B=0)=Cy(%), 0<B <,
and of the corresponding backward conjugated heat flow

O 50\ A At g
a—ncﬂ(n) = AC (n) — R(g(n)C*(n), (1.10)

Cn=0)=CiE), 0<n<p* n:=0 -5

along the time-reversed Ricci evolution 1 +— g(7).

Remark 1.4. Here Ay := —(d () + dg4(s) d) is the Hodge Laplacian, with
respect to Ricci evolving metric 3 — g(3), thought of as acting on C*° (X x
[0, 8%], @& T*%), p=0,1,2, (recall that formally the Hodge Laplacian on
symmetric bilinear forms acts as the Lichnerowicz—DeRham Laplacian; see
below for notation). It is also worthwhile to stress that the flows (1.9) and
(1.10) directly arise from the linearization of the Ricci-flow (Fig. 5) along a

metric perturbation 9((1? (8) := gap(B) + € hap(B), € > 0,

D h(B) = 2R

2 ©(B)|ezo = —2DRic(g(8)) © has(3)

de (1.11)
hab(ﬁ:()):haba Ogﬁéﬁ*

Indeed, by considering scalar induced perturbations hqp(3) :=2V,Vy 0(0),
vector-induced perturbations hay(3) 1= Vo Jy(8) + Vi Ja(5), and tensor per-
turbations hay(8) := Kap(5), one easily reduces (1.11) to (1.9) by naturally
fixing the action of the group of diffeomorphisms Dif(¥), ([1], (see also
Chap. 2 of [18]). A similar procedure generates the conjugate flow (1.10).

As already stressed, the parabolic nature of the interpolating flows § —
(9(B),C(B)) and 1 — (g(n),C(n)) implies that they do not pointwise satisfy
the constraints, (1.2) and (1.3), for 0 < (3,n) < 8*. Rather, they entail a
form of parabolic L2-averaging of one data set Cy(X) with respect to the
other C3(X) (this latter taken, according to Definition 1.1, as the refer-
ence data set). In this paper, we discuss these averaging properties in full
detail. In particular, we prove the existence of the relevant entropy func-
tionals for the matter variables, their monotonicity property, and the asso-
ciated convergence in the appropriate L?-sense. We also show that in such
a framework Perelman’s energy JF characterizes the energy-increasing and
energy-decreasing reference trajectories associated with the divergence-free

part of ?ab(n).
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Figure 5: The linearized Ricci-flow induces a heat flow conjugation in the
configuration space 7 Met(X) x C*°(2,R;) x C*°(3,T%). In this picture,
the planes denote the Dif f(X) orbits Oy and Oy gy of the manifolds (%, g)
and (X, g(3)). The orthogonal planes depict slices L2-orthogonal to the
orbits. They parametrize infinitesimally close orbits sampled by a (poten-
tially) non trivial linearized Ricci-flow and its conjugate flow. The bell-
shaped curves emphasize that the linearized Ricci-flow and the conjugated
linearized Ricci-flow can be reduced to geometrical heat flows.

1.1 Outline of the paper

We end this introductory section by presenting a commented list of the main
results proved and discussed in this work. Throughout the subsection we

let B — (g(B),C(B)) and n — (g(n),Cﬁ(n)) be the flows solution of (1.9) and
(1.10) defining the conjugation (Fig. 6) between the physical data Cy4(3) and
the reference data C5(X) on ¥ x [0, 3%].

A first group of results concerns the localization properties of the distri-
bution 0£ the physical matter variables (o, J) with respect to the reference
data (g, J). We have the

Theorem 1.5. The relative entropy functional

S[dTI(B)|da(B)] = / o(8) In o(8) dg(B). (1.12)

%

where do(B) := o(B) dugsy and dIL(B) := o(B) da(3), is monotonically non-
increasing along the flow B — (g(B),do(B3)). Moreover, the matter distribu-
tion o(p) is localized in the entropy sense around o(3) according to

SII1(8) — do(5) 3, < SIAT(B)da(3)] < e TOUS[drTldg],  (1.13)
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Figure 6: Under Ricci-flow conjugation we evolve the matter variables (0,J)
with respect to the reference distribution (g,J). Parabolic conjugation
implies that the associated relative entropy is monotonic and that the dom-

inant energy condition is preserved.

where SoldIl|dg] := S[dIL(3)|do(B)]g=0, T(B) >0 is a [B-dependent log-
Sobolev constant, and where | ||%, denotes the total wvariation norm
defined by

|dIT(8) — d2(B) s = sup {

llells<1

[ oane) - [ ¢d?(ﬁ>'}- (1.14)

Finally, the dominant energy conditions

o(B) = 1J(B)], alm) = [J(n)], (1.15)

hold along the flows 3 — (o(B), J(B)), 0 < B < B* andn — (2(n), J(n)), 0 <
n < B*.

Let us note that, following a standard notational idiosyncrasy, the relative
entropy S[dII(3)|do(5)] is minus the physical relative entropy, thus the above
result states that, as expected, — S[dII(/3)|do(3)] is non-decreasing along the
forward flow 8 — o(8). Also, we should stress that we are emphasizing mat-
ter rather than volume preservation and consequently the fiducial Ricci-flow
is not volume-normalized. As follows from the above result, this strategy
is a posteriori justified since it provides a good control on the localization
properties of the flow 3+ p(/3) with respect to the reference backward flow
n — o(n). The proof of Theorem 1.5 and a number of related properties are
discussed at length in Section 5.
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A second group of results concerns the general properties of the geo-
metric flows conjugating the extrinsic curvature tensors K and K. These
properties are a direct offspring of the nature of the Lichnerowicz heat
equation Qg Kgp(0) = (% — Ay) Kq(8) = 0 and of its Ricci-flow conjugate

Q;Fub(n) = (a% —Ag+ R)Fab(n) = 0. The resulting flows §+— Ku,(5)

and 7 +— Fab(n) naturally give rise to a perturbation of the forward and of
the backward fiducial Ricci-flow

ﬂ = gab(ﬂ) + EKab(ﬁ)v (116)
gl + K (), >0,

and a basic issue in Ricci-flow conjugation is to understand the relation
between these perturbed flows and the underlying Ricci-flow geometry. This
is discussed in general terms in Section 2.2 also in relation with the properties
of the Berger-Ebin splitting of 75 4()) Met(X) along the Ricci-flow. An

important characterization of the reference backward flow 7 +— Fab(n) is
contained in the, (see Theorem 2.8 of the paper, and [15]),

Theorem 1.6. Let n+— Fab(n) be the solution of the Ricci-flow conjugate

Lichnerowicz heat equation Ojlfab

(9(n), K (),

(n) =0 on X x [0,3*], then along n —

d —ab

df Rab(n)K (n)d:ug(n) =0, (117)
nJs

d —ab

% . (gab(n) —2n Rab(n)) K (n)dug(n) =0. (1'18)

To set this result in a proper perspective let us recall that the evolution of
the reference matter density n — 9(n) along the fiducial Ricci-flow is strictly
related to the Perelman energy functional [48] F : Met(X) x C*(X,R) — R
associated with the pair (¢(3),2(n)) and defined by

Flg(n), aln)] = /2 (R +|VIngl?) da(n)

- /E(R+ VF)e™! dug = Flg(n). £(n)), (1.19)

for g evolving along the fiducial Ricci-flow 5 +— ¢(3), and n — f = —Ing(n)
evolving backward according to %(nn) = Dy f — |Vf\3(n) +R(n). A well-
known property of the Perelman functional [48] implies that Flg; f] is



RICCI-FLOW-CONJUGATED INITIAL DATA SETS 1421

(Z, g+ & K (B*)) n
Conjugate linearizeq E grek)
Ricci flow
£ ~Energy, /
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Z.g)

Figure 7: The initial K € C5(X) characterizes the Fg(n),o(n)]-energy
increasing or decreasing nature of the perturbed conjugate flow 1 — K ().
Since K provides a privileged direction in 7 Met(X), the linearization
D Flg(n),2(n)] o K can be used to define a natural notion of entropic sta-
bility of the Ricci-flow conjugation between data.

non-decreasing along the defining (forward) flows, and we have

d
L Fl(B).206)) =2 / Rix(8) = ViV na(8)” de(8) > 0. (1.20)

where 9(8) := o(n = 5" -

It is natural to discuss how F[g(n),2(n)] behaves on the perturbed ref-

erence flow 1 — g®(n) + efab(n), as € \, 07. In particular, one expects
that Ricci-flow conjugation is a sensible mapping between Einstein data
sets if the fiducial Ricci-flow interpolating between (X, g) and (X,9) is, in a
suitable sense, stable under the perturbation induced by the reference data
C5(X) at n = 0. If the fiducial flow is a generalized fixed point of the Ricci-
flow, e.g. a Ricci flat or a shrinking soliton then the problem reduces to the
known (second-order) stability analysis around the given Ricci-flow, (see,
e.g., [14,34,52]). More generally, if we interpolate along a generic Ricci-
flow, we have to consider a form of first-order entropic stability around the
fiducial low. We have (Fig. 7)

Theorem 1.7. For e > 0 small enough and 0 < 5 < 3%, let Qc(g9(5))

= {g(ﬁ) + h(B) h € I(s; g(3)) Met(X), [M(B) L2(5,duy ) < 5} )

denote the (affine) e-tubular neighborhood of the fiducial Ricci-flow 8 — g(3)
in Met(X). We assume that v+ g(f) is not a Ricci-flat soliton over
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¥ x [0, 8%]. If Kpr is the trace-free and divergence-free part of K € C4(3),
then the reference flow 1 (g(n),éﬁ(n)) is Flg(n),0(n)]-energy decreasing
(increasing) in Q(g(3)), i.e.

d

— Flgey(n),2(n)]

o <0 (>0), (1.21)

e=0
and the Ricci-flow conjugation between the two data sets Cy(X) and C4(X)
is F-stable (unstable) in the K -direction if for n = 0 we have

_ S 1
§(G.K) = / (Rab Koo + nRtrgK> g >0 (<0). (1.22)
¥

This theorem (proved in Section 7), states that under the initial con-
dition (1.22), (it is important to stress that (1.22) is a statement on the
reference data Cg(X) at n = 0), the initial data set C5(X) generates, for e >

0 small enough, a perturbed Ricci-flow 1 — g% (n) + e?ab(n) in Q(g(0))
which is Flg(n), 0(n)]-energy decreasing (increasing) with respect to the
fiducial (backward) Ricci-flow. Thus, if F(g, K) > 0 we have stability, in
Qe(g(0)), of the flow under such first—order linear perturbation. Conversely,
if §(g, K) < 0 the perturbation increases the F[g(n), 2(n)]-energy and the
Ricci-flow conjugation is energetically unstable in the reference direction K.
Roughly speaking the direction K with respect to which we compare the for-
ward evolution 8 — Kq(3), (note that [y Kab(ﬂ)fab(ﬂ) dpig(s) is preserved
by parabolic conjugation), generates a perturbed Ricci-flow that respect to
the fiducial one is energetically more favored and tends to drive the conju-
gation away from the given 5 +— gq(53).

The actual comparison between the two data sets C4(X) and Cg(¥) is
realized by exploiting the spectral resolution (Fig. 8) of the elliptic operator
—Ag+R(g) on (X,9), (i.e,, at n=0), and a number of properties that
allow one to compare Fourier coefficient along the conjugated flows ( —

(9(B),C(B)) and n +— (g(n),éﬂ(n)) solution of (1.9) and (1.10). We have the

Theorem 1.8 (Data comparison). Along the fiducial backward Ricci-flow

n+— g(n) on X x [0,5*], let n— {@%n) (77)} denote the flows defined by

Oy, () =0, @ (3=0):=8,, neN, (1.23)

where {@tn), /\E;?)} is the discrete spectral resolution of the elliptic operator

—Agq+ R(g) on the reference (X,g), and O} = 8% — Ag+R(g(n)) is the
backward HDRL heat operator along n+— g(n). If (o(5*), Ji(0%), Ku(5*))
denote the forward evolved (o, J;, Kap) € Cg(X) along [ — C(3) then we
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Figure 8: The spectral resolution of the elliptic operator —Ag + R(g) on
the reference (X,g) gives rise to Fourier coefficients, which have remark-
able properties under Ricci-flow conjugation. These properties generate a
mode expansion of the physical fields (p, J, K) with respect to the reference
geometry (3,9).

can write
o5 = S8 | [ oty (1.24)
n z B=0
Ja(ﬁ*) = Z 65”) |:/2 qu)zn) dﬂg:| ) (125)
Ku(B) = Z ‘i’é?) [/Z Kij q’l&) dug] , (1.26)
n £=0

where the integrals appearing on the right-hand side are all evaluated at
06 =0. Moreover, under the same hypotheses and notation, we have the
mode distribution

2

/|Q(ﬁ*)|2dUg:Z / 0Py dpg| (1.27)
= n > B=0

2
[ dug =3 | [ a0t dy| (1.28)
x n z B=0

2
[ 1@ =S| [ K2 dn, (1.29)
z n b £5=0
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Such a mode expansion can be applied to the fluctuations of the physical

fields 8 — (g(B),C(5)) with respect to the reference flows 7 — (g(n),@ﬁ(n))
so as to get

Theorem 1.9 (Fluctuations mode expansion). Let

=Y @3, (1.30)

To=Y (03",
Ka=Y e()3}).

n

the mode expansion on (3,7) of the reference data € Cg(X). Then, if we
define

00(n) = / 0P () d#g:| —@n(0), (1.31)
L/ X —0
0J(n) = / Ji®f,, )dug] —eu(J), (1.32)
6=0
Ky i= / Ko, dug] —2.(K), (1.33)
£=0
we can write the 3-evolved data (o(5%), J;(%), Kap(8*)) as
o) =2+ 50, (1.34)
n
JaB) = Tat S 60, (1.35)
Kap(6%) = Kap + Z 6(1(2)5.’((”)- (1.36)

Both Theorems 1.8 and 1.9 follow from the results of Section 3. They
can be quite effective when the reference data Cz(X) are supported on a
manifold of large symmetry, e.g., a round 3-sphere for which one can have a
rather explicit control on the spectral resolution of —A; + R(g) in terms of
scalar, vector, and tensor harmonics. In general, this mode expansion and
the properties of the associated Ricci-flow conjugation suggest that there is
an underlying heat-kernel representation governing Ricci-flow conjugation.
This also implies that, at least for small 7, Ricci-flow conjugation is indeed
a form of parabolic averaging of the physical data C4(3) with respect to the
reference C5(X). Indeed we have the
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Theorem 1.10 (Heat kernel representation of the fluctuations). The
B-evolved data (o(B*), J;(8%), Kap(B*)) admit a heat kernel® representation
i terms of the heat kernel H(y,z; n) of the backward conjugated opera-
tor O = 8 —Ag+R(g9(n). In particular, the fluctuations of the data

(0(B%), Ji(B*), Kap(B*)) with respect to the reference data € C5(X), admit a
computable asymptotic expansion for small . For instance, in the case of
the matter density, we can write (see section 4, for notation)

o(B*,y) = oly +Z<I> 8 0(n)

- 1 ex —M z,mn) -0
_WHMMﬁLp< 220 lofen) = 20)] it

N h _ d3w.e)
+ 2 /Z e< " ) Y1) (y, z5n) [o(x,n) — 2(y)] Atz
) (nN—%) , (1.37)

where Y[h](y,x;n) are smooth coefficients, depending on the geometry of
(X3,9(n)), characterizing the asymptotics of the heat kernel of O}.

This asymptotics takes a more explicit form when applied to the eval-
uation of integral quantities such as [, 0o(8*)do(n). Note that whereas
Js o(B* —n)do(n) is a conserved quantity along the interpolating Ricci-
flow, the above integral is not. It provides, as n varies, the matter content
of the Ricci evolved p(3*) with respect to the given reference flow p(n) and
fz (8%) — o(B* —m)]do(n) is a relevant physical quantity, which can be
used to describe the (small 1) fluctuations of p(8) associated with Ricci-
flow conjugation. Making a parallel with heat propagation, [, o(6*)da(n)
plays the role of the heat content of a system characterized by a distribution
given by o(* — 1) and by an n-dependent specific heat proportional to p(n).
We show that as n \, 07 we have the asymptotic expansion

/@wmwwmz/mmm%

> >

_ 77/ QAg(g*)dﬂgJH#/ ﬁ“”ﬁﬁbg(ﬁ*)@dug +.... (1.38)
> >

Similar expansions can be written down for the current content and the
extrinsic curvature content, (see Theorem 4.5). The proofs of these results

6See Theorem 4.1 for the definition of the tensorial heat kernel H(y,x; 1) and the
associated notation.
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are discussed in detail in Section 4, and they provide detailed evidence of
the non-trivial interaction between Ricci-flow and Einstein initial data sets.

The paper is organized as follows. Section 2 introduces Ricci-flow conjuga-
tion starting with a brief (mainly notational) summary on the Berger—Ebin
decomposition of the tangent space to the space of Riemannian metrics and
the associated notion of affine slice. The core of this section is a technical
lemma providing the various commutation rules between the HDRL heat
operator and its Ricci-flow conjugate. Some of these commutation rules
are well-known whereas other are new and interesting in their own right.
Section 3 describes a natural decomposition in modes associated with the
interaction between Ricci-flow conjugation and the spectral resolution of the
elliptic operator —A; 4+ R(g). This mode decomposition is then applied to
the Ricci-conjugated flows allowing for a comparison between the physical
data set C4(X) and the reference data Cz(X) along the lines described in
the introduction. In Section 4, we discuss the heat kernels for the Ricci-
conjugated flows and their small 1 asymptotics. Section 5 deals with the
Ricci-flow conjugation between matter fields. Here, we introduce the rel-
evant entropic quantities, discuss the convergence to equilibrium and the
associated localization with respect to the reference data set Cg(¥), and
prove the preservation of the dominant energy condition. In Section 6,
we discuss Ricci-flow conjugation for the extrinsic curvature flow. Finally
in Section 7, we analyze the role of Perelman F-energy in characterizing
entropically the Ricci-flow perturbations associated with the conjugate flow

7+ fab(n). A few concluding remarks are presented in Section 8.

2 Ricci-flow conjugation

To set notation, let ¥ be a C* compact” n-dimensional manifold, (n >
3), without boundary, and let Diff(¥) and Met(X) respectively be the
group of smooth diffeomorphisms and the open convex cone of all smooth
Riemannian metrics over 3. For any g € Met(X), we denote by V the
Levi-Civita connection of g, and let Rm(g) = R, 9; ® de* @ dot ® da™,
Ric(g) = Rap dz® @ dz® and R(g) be the corresponding Riemann, Ricci and
scalar curvature operators, respectively. The space of smooth (p, ¢)-tensor
fields on ¥, C*°(%, @ T*Y ®?TY) is endowed with the pre-Hilbertian L?
inner product (U, V)r2(s,du,) = Js (U, V)gdpg, where (U, V), is the point-
wise g-metric in @ T*X @1 TS, We let |[U]|7, and ||U]]3,. = ||U][7. +

"In the non-compact case our understanding of Ricci-flow conjugation is much more
limited due to the subtle issue of the appropriate boundary conditions to adopt in dealing
with the interpolating flows.
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S [IVOU2,, s > 0, be the corresponding L? and Sobolev norms. The
completions of C*°(X, ®” T*¥ ®7 T'Y) in these norms, define the correspond-
ing space of square summable and Sobolev sections L?(X, @ T*Y @7 TY)
and H*(X, @ T*X ®1T3%), respectively. In such a setting, the tangent space
to Met(%) at (X, 9), Tz g Met(X), is identified with the space of smooth
symmetric bilinear forms C* (3, ®% T*¥) over ¥, and we shall consider the
Riemannian metrics Met*(X) of Sobolev class s > § as an open subset of
H5 (X, ®2T*Y). The averaging properties of Ricci-flow conjugation between
distinct initial data sets depend on the interaction between the linearized and
conjugate-linearized Ricci-flow and the Berger-Ebin splitting of the space
of symmetric bilinear forms. Thus, to place the arguments to follow in a
natural context, we start recalling a few basic properties of such a decom-
position.

2.1 Remarks on the affine Berger—Ebin slice theorem

The (non-linear) space Met®(3) is acted upon by the (topological) group,
Dzﬂsl(z), defined by the set of diffeomorphisms which, as maps ¥ — X are
an open subset of the Sobolev space of maps HS/(E,E), with s’ > s+ 1.
In particular, there is a natural projection map 7 : Diﬂsl(z) — O, m(¢) =
¢* g, where O/ is the DiﬂS,(E)forbit of a given metric g € Met*(X), and ¢* g
is the pull-back under ¢ € Dzﬁsl(E). If 75, 4)O, denotes the tangent space
to any such an orbit, then 7(x, O is the image of the injective operator
with closed range

* . qys+1 s 2
5 HTH (S, TE) —» HA (S, ®°T*Y)

1
w6y (w) = B Ly g, (2.1)

where L, denotes the Lie derivative along the vector field w. Standard ellip-
tic theory implies that the L2-orthogonal subspace to I méy in I(s g Met® (%)
is spanned by the (co-dim) kernel of the L? adjoint d, of g,

b5y HA (2, @°T* %) — H¥ 12, T* %)
his 8,h = — g Vihjy dz®. (2.2)

This entails the well-known Berger-Ebin L?(3, dug)-orthogonal splitting [13,
24] of the tangent space 7y, 5y Met *(X),

Tz, Met®() = [T(s g Met*(8) N Ker §y] & Im d; [HSH(E,TE)](, |
2.3
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Im, 3\, TMet (2)

e et g%

Figure 9: The Berger-Ebin decomposition of 75, jyMet *(%).

according to which, (Fig. 9), for any given tensor h € T, jyMet (%), we can
write hgyp, = haTb + Ly gap Where haTb denotes the div—free part of h, (V¢ hz:b =
0), and where the vector field w is characterized as the solution, (unique up
to the Killing vectors of (3, g)), of the elliptic PDE d, §; w = J, h.

Let us consider the subset of metrics Met*TH(X) C Met*(X), and let
BZH(g) = {hT € ’T(Z,g)./\/letsﬂ(Z) N Kerdg‘ HhTHLz < p} , (2.4)

be the open ball of radius p, L?~orthogonal to I mdy (H*T2(T%)). According
to the Ebin—Palais slice theorem [24] (for a fine survey on slice theorems see
[7,42]), B5t!(g) exponentiates, via the flow induced by H**! vector fields
[25], into a submanifold S5 of Met5™! (%) providing a slice to the action of
Dif f572(%). Since Met*1(¥) is an open set in H (X, ®2T*Y), instead
of a local slice obtained by exponentiation, here we shall use the affine
slice defined, for a small enough p, by the ball B;H(g) itself, (affine slice
construction is described in [8,42]). Explicitly, if we identify

St~ {g+ By (9)} € MO (Z, @2 T7E) (2.5)

then, there is a neighborhood U+ of g € O 1(X) and a section y : U™ —
Dif 574X, ¢ — x(¢') € Dif f5TH(X), with m o x = id, such that the map

T UQSH X S;H — Met*TH(%),
(g g+ hT)—T(d g+h")=x(g) (g+hr"), (2.6)
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Figure 10: The affine Berger-Ebin slice theorem along the fiducial
Ricci-flow.

is a local homeomorphism onto a neighborhood of g in Met*T1(X). More-
over, if I(X, g) C Met*+t1(X) denotes the isometry group of (X, g) and n €
I(%, g), then n* S;H = S;H. Conversely, if n € Dif f*t1(X) and n* S;H N
S;‘H # 0, then n € I(X,g). This affine version [8,42] of Ebin—Palais slice
theorem allows to locally parametrize Met**1(X), in a neighborhood of a
given (3, g), by means of the diffeomorphisms ¢ € Dif f*+1(X) defined by
the cross section x(g') = ¢* g and of the divergence free tensor fields h” in
the slice ST,

Remark 2.1. Regularity arguments show that the existence of the slice
map (2.6) can be extended to Met(X), (obtained as the (inverse) limit
space {Met*T1(X)}; ), and henceforth we shall confine our analysis to
the smooth case.

Let 8 — gap(5) be a fiducial Ricci-flow of bounded geometry on ¥ x [0, 5]
in the sense of Definition 1.2. The hypothesis of bounded geometry implies
that we can apply the Berger—Ebin splitting (2.3) along the fiducial Ricci-
flow. In particular, we have the following induced affine slice parametrization
in a neighborhood of the given Ricci-flow (Fig. 10)

Lemma 2.2. Let 3 +— g(B) be a fiducial Ricci-flow B — g(3) of bounded

geometry on ¥ x [0, 5*|, then there exists an affine slice parametrization of

a tubular neighborhood, Q,(g(5)), of B — gan(B) such that

2(9(8)) = (Us(s) X Se()) * 0,671, (2.7)
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where, for each given (3 € [0, 3], Uyp) C Oyp) is an open neighborhood of
the Ricci-flow metric g(3) in the Dif f(X)-orbit Oyg), and

Sy = {9(8) + nT | W7 € Kerdypy, 1N |2 auypy < p}> (28)

is, for p > 0 independent from ( and small enough, the associated affine
slice through g(3).

Proof. Along 8+ g(), 0 < 8 < *, the Berger—-Ebin decomposition
Tg(@)Met(E) = KeT’(Sg(ﬁ) D Im(;;(ﬂ) (2.9)

is well-defined since the fiducial Ricci-flow is of bounded geometry. At each
given 3, the corresponding affine slice is provided by, (see (2.5)),

Se(8) = {g(ﬂ) + gp(ﬂ)(g(ﬂ))} ; (2.10)

where the open ball gp(ﬁ) (9(B)) of divergence-free tensor in 7y, 4(5))Met(X)
is defined according to

Buo)(9(8) = {hT(8) € Kerdy) [ |17 (B) 2 < p(B)} . (2.11)
The hypothesis of bounded geometry implies that, for 0 < G < %, the set

of {p(B)} is uniformly bounded away from zero by some positive constant
p = info<p<p« {p(B)} > 0. We correspondingly define

By(9(8)) = {h'(B) € Kerdyg) |7 (B)llz2 < p} (2.12)

and set
Som) = {9(B) + Bu(9(8))} - (2.13)

Since Sy(g) € gg(ﬁ), the slice map (2.6)) associated to gg(ﬁ) restricts natu-
rally to Syg), to the effect that for each 3 € [0, 3*] there is a neighborhood

Uyp) of g(B) € Oyp)(X) and a section xg : Uyz) — Dif f(X), ¢ — xp(9’) €
Dif f(¥), such that the map Yg : Uy(g) X Sg(p) — Met(X)

Ys(g',9(8) +hT(B) = xs(g")* (9(B) + LT (B)), (2.14)

is a local homeomorphism onto a neighborhood of ¢g(3) in Met(X%). O
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K(B)

e 0 OKMHL &P
Lichnerowicz O / w(p) //‘
heat flow g(B) \7 ) )
~—_ ]/ Linearized

Fiducial Ricci flow

Ricci flow

(2, g+eK)

Figure 11: The geometry of the linearized Ricci-flow is related to the
observation that if K () is a solution of the Lichnerowicz heat equation,
then K(3):= K(B) + Ly 9(B) is a solution of the linearized Ricci-flow
(with the same initial datum K') as long as the covector field is such that

G w(B) = 645 (K(8) — 3tr K(5) K(8)), with w(5 = 0) = 0.

2.2 The HDRL heat operator

The Ricci-flow interacts with the slice map Yz in a rather sophisticated
way: a perturbation of the Ricci-flow, which propagates an h € 75, 45—0))
Met(X) NUy =) will give rise to a perturbed Ricci-flow evolution in Uy,
whereas a perturbation propagating an h € 7—(27g(ﬁ:0))M€t(E) NSy In
general fails to evolve in Sy(g). Naively, this can be attributed to the dis-
sipative (weakly-parabolic) nature of the Ricci-flow, however the underly-
ing rationale is quite subtler and holds a few surprises. To discuss this
point, let € — 9((12) (8), 0 <€ <1, be asmooth one-parameter family of Ricci-
flows in the tubular neighborhood €,(g(3)) defined above. For €\ 0,

this set {91(12) (8)} is locally characterized by the tangent vector hgp(3) in
Ty Met(¥), covering the fiducial curve B — gqu(8), 0 <6< 6%, and

defined by the first jet hqep(5) = %gfj}) (B)]e=0 of g((lz) (6). Any such hg(3)
satisfies the linearized Ricci-flow equation (Fig. 11)

0 d

95 M) = =2 L RE(Blmo = —2DRic(g(5)) © has(5)

hay(B =0) = hay, 0B <5

(2.15)

As is well-known, this linearization is not parabolic due to the equivariance
of the Ricci-flow under diffeomorphisms. However, there is a natural choice
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Fiducial Linearized S ot+eK
Ricci flow Ricci flow . gt+ekK)

Figure 12: The HDRL representation of the linearized Ricci-flow is a geo-
metrical heat equation, which unifies the scalar, vector, and tensor heat
equations, which we often use to analyze specific properties of the Ricci-flow.

[1], (see also Chap. 2 of [18]), for fixing the action of the diffeomorphism
group Dif f(X), and (2.15) takes the form of the dynamical system (3 —
hav(B) € Ty(gyMet(X) defined, along the fiducial Ricci-flow 3+ g(3), by
the Lichnerowicz heat equation

OL has(8) = (;B - AL) has(B) = 0,

hab(ﬁ = 0) = hab7 0< /6 < ﬂ*a

(2.16)

where Ap @ C®(3,2T*Y) — C®(%,®*T* %) is the Lichnerowicz—
DeRham Laplacian [44] on symmetric bilinear forms defined, (with respect
to gas(0)), by

ALhab = Ahab - Rashg - RbshZ + 2Rasbth8t7 (2'17)

A = g®(B)V, V, denoting the rough Laplacian. Henceforth, when dis-
cussing the linearized Ricci-flow (2.15) we will explicitly refer to the gauge
reduced version (2.16).

Remark 2.3 (The HDRL heat operator). It is worthwhile recalling
that the elliptic operators defined, along the fiducial Ricci-flow 5 — g4 (5),
by: (i) The standard Laplacian acting on scalar functions A; (ii) The vec-
tor Laplacian acting on (co)vector fields, Ayec = A — Ric; and (iii) The
Lichnerowicz—DeRham laplacian acting on symmetric bilinear forms Ay,
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can all be formally identified® with the g(3)-Hodge-DeRham Laplacian act-
ing on p-differential forms

Ng = —(d 59(3) + 59(5) d). (2.18)

Thus, along a Ricci-flow of bounded geometry 3 — gqu(3), 0 < 8 < 3%, the
scalar heat flow (% — A)w(B) =0, the covector heat flow (a% — Ayee)

va(8) = 0, and the linearized Ricci-flow (% — Apr) hgp(B) =0, can be com-
pactly represented by the kernel of the HDRL heat operator

S 210

thought of as acting on the appropriate parabolic space of f—dependent sec-
tions: C°(X x R,R) for the scalar heat operator, C*°(3 x R, 7*) for the
covector heat operator, and finally C*® (X x R, ®%T*Y) for the Lichnerowicz
heat equation. Alternatively, we may consider ()4 as acting on the carte-
sian product X12)=0 C®(X xR, ®@%T*Y), (p=0,1,2), and use the compact
notation (Fig. 12)

() (35-2)
O ;Z-((% - (aag _ Am) u( | (2.20)
: (aaﬁ - AL) hab(3)

If we consider the L?(X x R, dg3 djig()) parabolic pairing between the
spaces C®(X x R, @%T*Y) and C*(X x R, ®%TY), (p = 0,1,2), we can also
introduce [15] the backward L?-conjugated flow associated with (2.16), gen-
erated by the operator

i O
Qi —g5 ~ Lt R, (2.21)

8The fact that formally the Hodge Laplacian A4 acts on 2-forms in the same way
that the Lichnerowicz—DeRham Laplacian acts on symmetric 2-tensors is a well-known
property of Ap-see, e.g., [18].



1434 MAURO CARFORA
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Figure 13: The conjugate HDRL heat equation has a number of unexpected
properties allowing a better control of the linearized Ricci-flow. These prop-
erties are related to the fact that the Ricci curvature evolves according to
the forward Lichnerowicz heat equation.

acting on the appropriate space of $-dependent sections C*° (X x R, ®§TE),
(p=0,1,2), or in a more compact form

0
=(5) < L ") -
O;kl W,L(ﬁ) = <_(‘3ﬂ — Ayec + R) WZ(/B) ) (222)
H*(B)
(-% AL+ R> Hb(3)

for (@, W, H) € x2_y C™(% x R, @T%).

The role of ()4 and (O} in Ricci-flow conjugation is connected with their
interaction with the Berger-Ebin splitting of 75 4())Met(X). To make this
interaction explicit, we organize in a unique pattern a number of commu-
tation rules among (g, O}, and the action of d (), and 6;(@' Some of
these relations are rather familiar, a few others extend, in a non trivial way,
known properties of the conjugate scalar heat flow (Fig. 13).

Lemma 2.4 (Commutation rules). If Og and O} respectively denote the
HDRL heat operator and its conjugate along a fiducial Ricci-flow
B—guw(B) on Tx[0,87, then for any v(B) € CX(E x R,T),
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h(B) € C®(E x R,®4T*Y), and H(B) € C®(T x R,®%TY) we have

d d
5 (MB) FT9)) s,y = 5 [ Hanl9) H(8) g

— [ [H9) O ha®) = ha(3) Ot 0] ditsr, (223)

moreover the following set of commutation rules hold:

try(s) (Oah(B)) = Ou (try(s) h(B)) — 2R™(B) hir(B), (2.24)
try) (O4 H(B)) = Of (trys H(B)) — 2 Ru(B) H* (), (2.25)
Ou (85, 24(8)) = 835 (Ow(B))*. (2.26)

Ol (998 H(B)) = dy() (OZH(B)) , (2.27)

Ou (6508 M(B)) = 3y(5) (Qa h(B)) — 2R™*(8) V; hiy(B) d’
— 2h(B) (v, R*(3) — v’fnf(m) da!, (2.28)
O (% v(ﬂ)) = 0r5) (Ov(B)) — [vavkmb<ﬁ> + 0V Ry ()

+204(8) (Vo Rus(5) + Vi Ras (9) — Vi Ra(5))]
x dz® @ da?, (2.29)

where tryg) and * respectively denote the g(3)-dependent trace and the g(3)-
rising operator along the fiducial flow.

Proof. The relation (2.23), describing the evolution of the L? pairing between
Tis,98)Met(E) and C°(E x R, ®ETY), immediately follows from adding

and subtracting H Ay, hyp to

d
a8 (h(B), H () L2( dpy )
_ E ab abg ab
_/E [habaﬂH H aﬁhab RhabH d,ug(ﬂ), (230)

and exploiting the fact that Ay is a self-adjoint operator with respect to
dprgsy- The commutation relations (2.24) and (2.25) between the g(/3)-
dependent trace and the operators (g and () are elementary consequences
of the Ricci-flow evolution. Similarly well-known, (see, e.g., [18]), is the



1436 MAURO CARFORA

commutation rule (2.26). A direct computation shows that (2.28) is a con-
sequence of the Weitzenbdock formula (see, e.g., [15]),

\V AL Sy =A A Skt + Ska Vi Rke — R? AV Ska — 2Ska A& R?, (2.31)

and of the Ricci-flow rule

0 . 0 . .
ﬁiﬁ \vAd Sk = gllg Vi <5’ﬂ Skl> + QRZkVi Sk + Sy VIR™, (2.32)

both valid for any symmetric bilinear form S € C*(X x R, ®%T*Y). Explic-
itly we compute

0 0 -
((% — Ad) VF hyy = V* (35 hkl) + 2R*V; hyy

+ R VIR™ — A(VF hyy) + RV hyy
=VF ((’fﬂ hkl) + 2R*V; by 4 hyni VIR™
— V¥ (AL hiy) + b VIR — REVE hyg
— 2 hgo VERE + RIVFE by
= (885 hy — AL hkl> + 2RV, hyy
+ 2hi (Vi R* — VERY), (2.33)

where in the first and in the forth line we exploited (2.32) and (2.31), respec-
tively. This provides (2.26). The basic relation (2.27) follows from a rather
lengthy but otherwise straightforward computation. According to the defi-
nition of ()} we have

)
* ab) _ Y bl a) _ ab
o) (VaH )f %( VaHl> (Ag—R) Vo H
= —2RYVeH, — gbl;ﬁvaﬂal — AV, H®

+RIV, HY + RV, H®. (2.34)
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By exploiting again (2.32) and (2.31), this latter expression reduces to

_oRMYOH,, — gblva (c‘fﬂ al) _ QleRzav H,
— " Hy ViR — AV H® + RV, HY + RV, H %

= RV Hy — gV < 55 (e gldHcd)> ~ 2" RV, Hoy
— " HyVIRY — AV, H® + RV, H Y

= RV Hy — g"V* [gac gZdaaﬂH“‘ — 2Rge gia H
—2Rid Gac H Cd} — 2¢"R"V; Hy

— "HyVIRY — AV H® + RV, H™
= —RUNVHy +2HY VR e + 2Rae VO H® 4+ 2HI VR,
d
B
~ Vo ALH® + Hp VIR — RIVEHy, — 2H VR ® + RV, H

+2R4VeH — V. < ch) — 2RV, H® — H™V R,

— 9 _ cb
vc[ 5% AL+R] H (2.35)

where the last line follows from canceling terms and by using the contracted
Bianchi identity. This proves (2.27). Finally, (2.29) is a consequence of the
known Ricci-flow identities (see, e.g., [18]),

Vi <A1)j — 'R,;C'Uk> = ALVZ'U]' — P (Vszk + Vle'k - kaZ]) , (2.36)

0 0
%ij =V (351}]) + P (V{Rjk + V;Rik — Vk'R,Z'j) , (2.37)

which hold for any smooth §-dependent covector field v(/3). According to
these we compute

<59ﬁ + Ay — 7?,> (Vavp + Vivg)
=V, <8—}—Ad—R> vp + Vi <0+Ad—R) [
op o3
+ 40" (VoRok + VoRar — ViRap) + 0aVFREp + 05V REa,  (2.38)

from which (2.29) follows. O
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Figure 14: The forward evolution along the linearized Ricci-flow (in the
HDRL representation) naturally preserves Im 5;( )

From the commutation rule (2.26), we get a familiar property of the lin-
earized Ricci-flow that we express as the

Lemma 2.5. If §— v((), 0 < 3 < (%, is a solution of Oqv(B) =0, then
the induced flow

B = G5 05 (B) € Ug() N Tim g(ap Met(E) x [0, 57, (2.39)

s a solution of the linearized Ricci-flow Od(s;(g) vi(3) = 0.

This implies (Fig. 14) that the forward evolution along the linearized
Ricci-flow naturally preserves I'm 5;( 8)’ and that data h(8 = 0) = §; Uﬁ‘ =0
evolve in Uy x [0, 5%]. Conversely, if h(B) € Ker Oa N7T(s 45 Met(X),

0 < 8 < %, is a solution of the linearized Ricci-flow with (3 = 0) € Ker dys—0),
then in general h(3) & Ker d g for 3 > 0, and 8 — h(3) does not evolve in
the affine slices Sy x [0, 3%].

Remark 2.6. If we decompose h(3) € Ker (g according to the g(f)-
dependent Berger—Ebin splitting

hav(B8) = hiy(B) + Ly () 9ab(B), V¥ hiy(8) = 0, (2.40)

we immediately get from (Oghqp(5) = 0, and the commutation rule (2.26),
the relation

OQahiy(B) = =287 ) (Oaw(B))*. (2.41)
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This directly shows that the non-trivial part hl,(3) of a solution of the
linearized Ricci-flow h(5) dynamically generates Dif f(X) reparametriza-
tions, 07 5 (Oqw(B)), of the given fiducial flow. Thus, whereas elements in
Ker Qg NC*™(X x R, T*Y) generate a natural evolution in Uyg) x [0, 7],
there is no natural way of preserving the subspace ker d,(3) along the for-
ward flow (2.16) if we do not impose strong restrictions on the underlying
fiducial Ricci-flow 8 — gu(0) [4,12, 34, 36, 56].

The situation is fully reversed if we consider the conjugated flow generated
on C*®(X x R, ®?T %) by O3, since in such a case the commutation relation
(2.27) immediately implies [15] the (Fig. 15)

Lemma 2.7. Let 3 — gq(5) be a Ricci-flow with bounded geometry on Xg x
[0, 8*], B* < Tp, and let n+— gap(n), n = p* — B, denote the corresponding
backward Ricci-flow on %, x [0, 3*]obtained by the time reversal 3 +— n =

p* — B. Then Kerdy,) is an invariant subspace for Oy, i.e.,

OZ (Ker 5g(77)) C Ker (59(,7), (2.42)

along 0+ gap(n). In particular, if n+— H(n) with H(n=0) € Ker y,—0)
is a flow solution of the parabolic initial value problem (OfH(n) =0 on
¥ x [0,5%], ie.

gHab _ AdHab _ RHab,
on (2.43)

H®(n=0)=H™¢c 0¥, %T%)N Kerd,,

then n— H(n) € Sy N T(s,g(m)Met(E) x [0, 57].

Note that, according to (2.23), the conjugate linearized Ricci-flow 1 —
H %(n) is characterized by

d
an ). ha () H “*(n)dpg(y) = 0, (2.44)
along any solution 3+ hg(83) of the linearized Ricci-flow (Ogh(5) =0 on
(3,9(8)) x [0, 8*], (with g = * — ). In particular, from the commutation
relation (2.26), it follows that

di/ (8500 v* ), H ")y =0, (2.45)

VB3 — v(B), Oqv(B) = 0. Surprisingly, these elementary properties directly
imply the following strong geometrical characterization of 1 +— H %°(n):
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(£8) Q Kerg? Q
< A e

g

Conjugate
Lichnerowicz
heat flow

Im &
g

Figure 15: The backward evolution along the conjugate linearized Ricci
flow (in the HDRL representation) naturally preserves metric perturbations,
which are in Ker dg.

Theorem 2.8 (see [15]). Let n— H®(n) be a solution of the conjugate
linearized Ricci-flow (2.43) on ¥ x [0, 3*], then [, Rab(n)H‘lb(n)dug(n) and

J5:(9ab(n) = 20 Rap(n)) H (n)dpig(yy are conserved along n+— (g(n), H (1)),

a
dn Jx

657 /E (9ab(n) — 20 Rap(n)) H* (n)dpsy() = 0. (2.47)

Rab(n)Hab(n)dug(n) =0, (2.46)

This result characterizes the solutions 1 +— H(n), of the conjugate lin-
earized Ricci-flow O H(n) = 0, as providing the localizing directions (in L?
sense) for the (non-linear) evolution of Ric(g(3))

0

aiﬁ Rij = AL'RZ‘]‘ = A'Ri]‘ + QRkijl'Rkl — Q’R,'R,“ﬂzf (2.48)

3 Conjugated mode expansion

Let us consider the pair of conjugated heat flows (1.8), C(3) € x2_, C*°(X X
R, ®¢T*%) and C*(n) € x2_,C=(T x R,®LTY), solutions of (1.9) and
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(1.10). Note that

w() o(8) @ (1) o)
w(B) | = | L) |, | Wi |~ | T (3.1)
hab(ﬁ) Kab(ﬂ) Hab(’?) ?ab(n)

provides the obvious dictionary among the fields discussed in the previous
sections and their physical counterparts defining the data sets C,(X) and
Cy(X). Theorem 2.8, Lemma 2.4 and Lemma 2.7 allow a rather complete
analysis of the conjugation between two given n-dimensional Einstein initial
data sets Cy(X) and C,(X) as characterized by Definition 1.3. We start by
exploiting the conjugacy relation between (Og, O}, and the LQ(Z,d,ug(n))
spectral resolution of C*(X, ®%TY) generated by the operator Ay — R(n)
at a given fixed n € [0, *].

Since we are considering Cg(X) as the reference data, let us set 7 =0 so
that g(n = 0) = g € C5(X). From the spectral theory of Laplace-type oper-
ators on closed Riemannian manifolds (see [29,30] (Th. 2.3.1)), it follows
that, on (X, g), the elliptic operator Py = —A4 + R(g) has a discrete spectral

resolution {6&), /\EZ))},

0!

—ab

)
where 6(@, E(in), and 5(‘:3 respectively are the eigenfunction of the conjugate
scalar Laplacian —Ag + R(g), of the conjugate vector Laplacian —Aye. +
R(g), and of the conjugate Lichnerowicz—DeRham Laplacian —Ap + R(g).

(d) (d)
2

The eigenvalues )\(1) < /\( ) < --- 00 have finite multiplicities, and are con-

tained in [~C@, 00) for some constant C(® depending from the (bounded)
geometry of (¥, g). Moreover, for any € > 0, there exists an integer n4)(¢)

s0 that 75 ~° < )\E;?) < nite forn > n(qy(€). The set of eigentensor {5&)},
6(51) € C®(%,®PTY), p=0,1,2, with

— . — d —
Py CI’(E%) = (—Aq+R(9)) (I)(:L) = AEn)) ‘I’(El) (3.3)

provide a complete orthonormal basis for L*(, ®PT %; dug), p = 0,1,2. If
for a tensor field H € L*(%,®PTY), p=0,1,2, we denote by ¢, = (H,

6(‘31)) r2(x) the corresponding Fourier coefficients, then we have that
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Conjugate

Lichnerowicz S\ _

heat flow n ) # (Tﬂ)
: o @

3o Fiducial
(2 £ ) Ricci flow

Figure 16: The backward evolution, along the conjugate linearized Ricci
flow, of the eigenmodes {E(ﬁn)} of the the elliptic operator Py = —Ag4+

R(g) does not preserve the eigenfunction property. However, the associated
Fourier coefficients are preserved.

H € C®(%,®PTX), p=0,1,2, iff lim, .o nFc, =0, Vk €N, (i.e, the {c,}
are rapidly decreasing). Also, if |H|; denotes the sup-norm of k™ covari-
ant derivative of H, then there exists j(k) so that |H|, < n?(®) if n is large

enough. This result implies in particular that the series H = )" ¢, <I>(ﬁn)

converges absolutely to H, and that the linear span of the {6(’1 is dense

n)
in the C* topology. With these preliminary remarks along the way, we
have: (Fig. 16)

Theorem 3.1 (Conjugate mode expansion). Along the fiducial back-
ward Ricci flow n— g(n) on X x [0, %], let {@%n) (n)} € C™(X x [0, 8%],
@PTY), p=0,1,2, denote the flows defined by

O3 ®, () =0, ® (n=0):=8g), nek (3.4)

If C(B) € C*(E x [0, 8], @PT*X), OqC(B) =0, C(B=0)=C, is the for-
ward evolution of (o, Ji, Ku) € Cq(X) then, in terms of the initial data
C(B=0):= (0, Ji, Kap) € C4(¥), we can write

o3 =3 8" /2 0 By diy, (3.5)
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= (n) i

:Z D, / Ji ) diig, (3.6)

Zcbab / Kij c1>” ) dig, (3.7)

where the integrals appearing on the right-hand side are all evaluated at 3 =
0, e.g. [x Ky (I)’dl) dpg == [, Kij(3=0) <I>( (n = B%) dpg(s=0). Moreover,
under the same hypotheses and notation, we have

2
/. o)y = 3 [ et | (3.8)
) 2
/E]J(ﬂ*” dug—; /EJa(I)((ln)d,U/g , (3.9)
/ K iy = [ K03, (3.10)

Remark 3.2. Note that the integral norms on the right-hand side of the
above relations, e.g., 0P dug‘g only depend on the given initial, (for
B =0), fields (o, Ju, Kqp), and on the geometry of the underlying Ricci flow

B — g(B), (via the backward flow n — q>(ﬁn)>_

Proof. We prove Theorem 3.1 explicitly for the §-evolution of the second
fundamental form 8 +— K, (3) € C®(2, ®2T* ¥), the remaining cases for
B — o(B) and 8+ J,() being similar.

From the evolution (O} @?b)( ) = 0, we compute
— [Py ()]* = ARy ()P = 2|V () () > = R(0) @y ()
+ 4Py (1) - Riem(B) - @y (1), (3.11)

where [V®, (n)[? == V* @ V" (), and P (n) - Riem(5) - @y (n) :=

y (n)
@)y Rigji ®f})- This implies that

d
o L@ gy = =2 [ 19900 dity
nJs by

+4 /E(I)(n) (n) - Riem(n) - D) (n) ditg(n)- (3.12)
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This explicitly shows that, for n > 0, the flows {@%n) (77)} e C>®(X x [0, 5],
®PT'¥) do not preserve, in general, the orthonormality condition of the orig-

inal {6(%}. To partial compensation of the lack of normalization, we can

easily bound the L? norm of {@?n) (n)} Since the Ricci flow [ +— g4 (0)

on ¥ x [0,3*] is of bounded geometry, a direct application of the maxi-
mum principle to the reaction-diffusion equation governing the evolution of
|Riem(g(8))|? along B+ gup(B3), implies the doubling time estimate, (see,

g., [18], lemma 6.1), according to which if |Riem(g(5 =0))| < Cp then
|Riem(g(B))| < 2Cy, for all 0 < 5 < 1/16 Cy. Introducing this in (3.12) we
get

< 8o, (3.13)

L0 day < 0 [ 00y 00 do]
=0

where we have exploited the orthonormality condition [, [®,)(1)[? djglyn=0 =
J5; 1@y (n)|? dpg = 1. Note that even without the doubling-time estimate,
(e.g. if we run the interpolating length-scale 3 over an interval [0, "]
such that §* > 1/16 Cp), the hypothesis of bounded geometry implies that
|Riem(g(B))| < C(B) on ¥ x [0, 5*], for some B-depending constant C(5) <
oo. In such a case, we get the weaker estimates

/WWWMWms#WW% (3.14)
)

which suffices to control, in terms of the geometry of the underlying back-
ward Ricci flow 7+ g(n), the L?norm of the flows {q)?g)}. It is also not

difficult to check that {@%n) (n)} are not, for n > 0, the eigentensors of the

family of n-dependent elliptic operators Py(n) = —Ag + R(g(n)). However,
as we shall prove momentarily, the conjugacy between (OgC(f8) =0 and

Q3 {@%n)(n)} = 0 preserves the Fourier coefficients V(3 € [0, 3*], e.g.,

/Klj )d/ug(ﬁ) /KU(I) )(ﬁ*)dﬂg (315)

With these preliminary remarks along the way, let K (8%) € C™
(X, ®2T*¥) be the evaluation, for 8 = 3*, of the flow K (3) € C®(% x
[0, 8*],@2T*%), Oa K(B) =0, K(8 = 0) = K. Since the set of eigentensors

{CIDZ( n) } provide a complete orthonormal basis for L?(X, @2T* ; dpg) and
their linear span is dense in C°°(¥, ®%T*Y), the smoothness of Kgp(3*)
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implies that we can write
Kan(8) = 308 [ Ky(3) 8, dig (3.16)

where the series converges absolutely in the C'™ topology. Along the con-
jugate heat evolutions {@gg) (n)} € C>®(T x [0,5%],2*T* %), OF @EZ) (n) =

0, 2 (n=0):=3" neN, and Ku(8) € C®(Z x [0, 8], 83T*%), Ou
K(3) =0, K(8=0)= K, we have (see (2.23))

d
5 | K83 g =0, (317

where @éi) (B) = @ZL) (n = p* — B). This implies (3.15), and in particular

(by evaluating the left member for § = $* and the right member for 5 = 0),
[ K8, g = [ K @ (5 d (3.18)

which yields (3.7). Under the stated smoothness hypotheses, (3.10) imme-
diately follows from Parseval identity. O

The above theorem can be applied to the Ricci tensor Ric(f) and the
Ricci flow metric g(8) itself. Indeed, by exploiting Theorem 2.8, we directly
get

Lemma 3.3. Let §— g(), 0 < B < B*, be a Ricci-flow of bounded geom-
etry interpolating between g € Cy(X) and g € C3(X). If Ric(g) and Ric(g)
respectively denote the Ricci tensor of the metric § € C5(X) and g € Cy(X),
then

Rar(@) = 3 85 [ Ris(a) 9, (57) (3.19)
and
T = 3 85 [ (0= 26" R 9, () (3.20)

Proof. The proof follows simply by noticing that the (non-linear) evolu-
tion of Rup(8) and gap(B) — 2(8* — B) Rap(5), along the underlying Ricci

flow, is governed by OgRap(5) = 0 and Og (9ap(8) — 2(8* — B) Rap(8*)) =
0, respectively. Thus R (5) and gap(8) — 2(5* — ) Rap(5) are smooth and
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Fields

i
HDRL heat flow il
2 AR

.

Fiducial
Ricci flow (p.1,K)

(p(B=), J(B+), K(B=) )

~
) # W Geometry —#
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W\NVU\ HDRL heat flow

Figure 17: The forward evolved fields (o(5%), J(6*), K(5*)) can be
expanded in terms of the initial data (o, J, K) € Cy(X) with respect to

the conjugated modes {@%n)} at 0 =0. Note that these backward prop-
agated modes only depend on the geometry of the fiducial Ricci flow.
Thus the {@%n) (n)} provide the geometrical directions along which the fields

(0, J, K) € C4(X) do not dissipate in the L*-sense.

conjugated to the flows {‘1)1('2) (77)}, n € N, and in analogy with (3.7), we get
the stated result. O

There is a useful (somewhat tautological) rewriting of Theorem 3.1 which
better emphasizes the relation among the Ricci flow conjugated (Fig. 17)
data C4(X) and C5(X). This relation will be further stressed later on when
we will introduce the heat kernel associated with the conjugate operator (.

Lemma 3.4. Let

=Y e@3", (3.21)

the mode expansion on (2, ) of the data € Cq (), where
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en(J) = /E T %, dug, (3.23)
e(K): = /z Kij B dpig. (3.24)

Then, if we define
do(m) == /z 0 Py dpg — Cn(@)] ; (3.25)
6J(ny = /E Ji®,) ditg —cn(J)] , (3.26)
0K () = /E Kijcb’gb \ dpag —cn(K)} , (3.27)

we can write

o8 =2+ 8" 604, (3.28)
Jo(B) =T+ > 360, (3.29)
KarB) = Kar+ 3 B 0K ). (3.30)

Proof. The lemma trivially follows by first adding and subtracting to the
expressions for (o(8*), Jo(5%), Kap(8*)) the terms <§, A Fab> and then
expanding according to theorem 3.1 and (3.21). O

Roughly speaking, this lemma implies that the physical Einstein data
€ Cy(X) evolved, along the fiducial Ricci flow, according to (OqC(5) =0,
generate fields (o(8*), Jo(8*), Ka(8*)), which are expressible in terms of

reference Einstein data Cg(X) plus fluctuation terms. These latter can be

parametrized in terms of the eigen-modes 5%,1) on the reference (¥, 9) and of
their conjugate evolution along the given backward Ricci flow. This shows
that Ricci flow conjugation is a rather natural procedure for comparing the
initial data sets Cy(X) and Cyz(X).

Explicitly, we can rewrite the Hamiltonian and the divergence constraints

R(g) — 2N+ |K |2 — (trg K)?) = 1670, (3.31)
2V (Kb — Gop (trg K)) = 167, (3.32)
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Conjugate Linearized Ricci ﬂow ™~

@ Q)

y Fiducial
Ricci flow

Linearized Ricci flow: Data
transfer through mode expansion

Figure 18: By exploiting the mode expansion of the fluctuating fields (see
(3.28), (3.29), and (3.30)) we can compare the initial data sets C4(X) and
Cy(%).

which are assumed to hold for the reference data set C5(X), in terms of the

Ricci-evolved physical data (o(5%), Ji(6%), Kap(8*)) and their fluctuations
according to (Fig. 18)

Lemma 3.5. On the reference manifold (X,9), the Hamiltonian and diver-
gence constraints (3.31) and (3.32) take the following form when expressed
in terms of the Ricci-evolved physical data B — (o(8*), J;(0%), Ku(5%)) and
of their fluctuations (00, 0J(n), 0K (n)),

R(g) — |2A + |K,

-5 e eK

g
2
_ (gabKab Z ab(I) 5Kn))
= 167 0(7) — 167 > " 60, (3.33)

and

2ve [Kabw*) >3 6K<n>] (3.34)
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— 2V, |9 Kq(f Z g3 5K ()

= 167 Jy(87) — 167 > By 6.J).

Proof. An obvious rewriting of (3.31) and (3.32) in terms of (3.28), (3.29),
and (3.30). 0

This lemma becomes a geometrically and physically significant statement
if one can prove that the Ricci evolution (+— (o(5%), Ji(8*), Kap(5*)) of
the physical data C4(X) entails a form of geometrical averaging control-
ling the fluctuations (00(n),dJ(n), 0K (ny), and complying with the domi-
nant energy condition characterizing the given matter field (o, J) € Cy(%).
In the next section, we do actually prove that the Ricci evolution (§—
(o(B*), Ji(B%), Kap(5*)) is in a technical sense a geometrical averaging as
seen from the reference data C4(X), at least for sufficiently small . This is
directly suggested by Theorem 3.1, which indicates that the mode expansion
formally behaves as a heat kernel for the operator of (). This is indeed the
case, and the averaging properties of Ricci-flow conjugatlon become quite
manifest when we consider the the heat kernel of (7 := 877 — Ar + R, along

the backward Ricci flow 1 +— gap(n).

4 Asymptotics for Ricci-flow-conjugated data

Let 8 — (2, 9a(8)), B8 € [0, 3%] be the fiducial Ricci-flow of bounded geom-
etry interpolating between the two data sets Cy(¥) and Cy(¥), and let
Ug C (£, 9(B)) be a geodesically convex neighborhood containing the generic
point z € ¥. For a chosen base point y € Ug, denote by lg(y, ) the unique
g(B)-geodesic segment x = exp, u, with u € T, ¥, connecting y to z. Par-
allel transport along lg(y,x) allows us to define a canonical isomorphism
between the tangent space T, and T,Y which maps any given vector

U(y) € T,X into a correspondlng vector ¥p, s € T2, If {en)(z)}h=1,23
and {e()(y) }r=1,2,3 respectively denote ba31s vectors in T, and T,%,
(henceforth, primed indexes will always refer to components of elements
of the tensorial algebra over T3 g), then the components of 17plﬁ(y’m) can be
expressed as

(vPW,m))k () =y, 2 8) " (), (4.1)
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where T,’f, € TYX K T*Y denotes the bitensor associated with the parallel
transport along lg(y, z). The Dirac p-tensorial measure in Ug C (X, g(0)) is
defined according to

ki..k
5}1/1,“}2(%55;5) = ®;€a:1) 7_]’:/2 (y, z; 3) 55(3/,3:), (4.2)

where d3(y, x) is the standard Dirac measure over the Riemannian manifold
(X3,9(8)) (see [44]). With these notational remarks along the way we have
Theorem 4.1. The flow 3 — C(B) admits, along the backward Ricci-flow
1= (3, 9a0(n)), n € [0,57], the L*(S x [0, 5*], dpg(y))-averaging kernel
H(y,;n)
n— H(z,y;n) = | Hily,z:n) |, (4.3)
HE (y, ;m)

defined by the fundamental solution to the HDRL conjugate heat equation

(8 RN +R> H(y, z;n) = 0,

on (4.4)
Jim, H(y, z;n) = 6(y, ),
where
6(y, )
0y, x) = | 05(y,») |, (4.5)
333 (y, )

1s the corresponding p-tensorial Dirac measure.

Proof. If (£, gap(n)) is a smooth solution to the backward Ricci flow on X, x
[0, 5*] with bounded curvature, then we can consider the g(n)-dependent
.fundamental solution Hﬁz,(y,x; 1) to the conjugate heat equation (2.43),
ie.,

0 z a
(2 - s+ Mo o

N Hi (y, a5m) = 05, (y, 3),

(4.6)

where (y,z;7n) € (2 x ¥\ Diag(X x X)) x [0,5%], n=0*— 0, A(Lx) denotes
the Lichnerowicz—DeRham Laplacian with respect to the variable x, and
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H (y, x; )

Conjugate Linearized Ricci flow

Fiducial
Ricci flow

Figure 19: The heat kernel H(y, z;7n) of the conjugate linearized Ricci flow
(in the HDRL representation) in the 7-dependent geometry associated with
the fiducial Ricci flow.

HS,(y,z;m) is a smooth section of (®?TY) X (®?T*X). The Dirac initial
condition is understood in the distributional sense, i.e., for any smooth sym-
metric bilinear form with compact support w’* € C5e(%, @ TY),

/2 Hﬁ% (y,xz;m) w' ¥ (y) du;‘a) — w“b(az) as 1\, 0", (4.7)
n

where the limit is meant in the uniform norm on C§°(X,®2TY). Since
along a backward Ricci flow on 3, x [0, 5*] with bounded geometry, the
metrics gqp(n) are uniformly bounded above and below for 0 <n < % it
does not really matter, which metric we use in topologizing the spaces
C™>(%,, ®2T* ¥,), and we can readily adapt to our setting the parametrix—
deformation methods used in [35] and in [18] to prove [15] that along a
backward Ricci-flow on %, x [0, 3*], with bounded geometry, there exists
a unique (Fig. 19) fundamental solution 7 +— Hﬁz, (y,x;m) of the conju-
gate (Lichnerowicz) heat operator (a% = A(Lx) + R) For the explicit (and
rather lengthy) proof of this latter result and for the general properties
of the integral kernel Hﬁg,(y,x;n) we refer the reader to [15]. Here, we
just need to recall its 7 \, 07 asymptotics, since this latter will be related
to the explicit structure of the averaging we are considering. The kernel
Hi‘}z,(y,x;n) is singular as 7\, 0T, the general strategy for discussing its
asymptotics is to model the corresponding parametrix around the Euclidean
2
heat kernel (47177)_% exp (—%f}’@) defined in T,¥ by means of the expo-

nential mapping associated with the initial manifold (X, ge(n = 0) = Gup)-
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To this end, denote by d,(y,z) the (locally Lipschitz) distance function
on (X, gap(n)) and by inj (X, g(n)) the associated injectivity radius. Adopt,
with respect to the metric g.,(n), geodesic polar coordinates about y € X,
ie., 2/ = dy(y, ) uw!’, with w/' coordinates on the unit sphere S? C T,%.
By adapting the analysis in [18], [28], and [31], [33] to (4.6) we have that,
as 7\, 0", and for all (y,z) € ¥ such that do(y, z) < inj (3, g(0)), there
exists a sequence of smooth sections Y[h]% G (y,mim) € C®(Ex Y, @ T K
®2T*Y), with Y[0] % & (y,mym) =788 (y, z;7m), such that

d3 (y,)
exp | — -4~ N
<:> ZnhT[h] e (W, zim), (4.8)
(47T n)2 h=0

is uniformly asymptotic to Hj k,(y, x;m), i

(y@)
)

o (y, ;1)
(47 m)?

7\0T

-0 (nN*%) , (4.9)

sz,(y,x n

in the uniform norm on C*® (X x ¥/, @*TY x ®?T*¥). A detailed presenta-
tion of the n \, 0" asymptotics of generalized Laplacians on vector bundles
with time-varying geometries is discussed in [31, 33].

In analogy to (4.6) let us introduce the fundamental solutions H (y, x;n)

and Hf(y,x;n) of the scalar conjugate heat equation (8% — A+ R) and of

the vector conjugate heat equation (8% — Ayec + R), (see (2.22)). Then by

defining

H(y,z;n)
H(z,y;n) = | Hily,z;m) |, (4.10)
Hﬁ%/(%%ﬁ)

we can write in compact form

0 .
(877— A§)+ R) H(y, z;n) = 0,

1 H’ _6’ )
M H(y, 2:m) = 0(y,7)

(4.11)
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(2, g (=P )

Figure 20: The asymptotics of the heat kernel H(y, z;n).
where
6(y,x)
6(y,x) = | 9y, 2) |, (4.12)
Ohi(y, z)
is the corresponding array of p-tensorial Dirac measures. In particular, it
follows that the various asymptotic expansions of the fundamental solutions

H(y,x;m), Hj(y,x;n), and H%, (y,z;m), which can be obtain in full analogy
with (4.8), can be written in a compact notation according to

dg(y,l’) N
exp ( ——25—
H(y, z;n) — (f) > 0" X[h] (y,w;n)
(4w m)2 b0 ot
:o(nN—%), (4.13)

where Y[h] (y,x;n) is a collective notation for the appropriate set of sec-
tions characterizing the asymptotics (Fig. 20) of the various heat kernels
involved. ]

Further details of heat kernels associated with a parameter-dependent
metric are discussed in [35,18], (see Appendix A, Section 7 for a charac-
terization of the parametrix of the heat kernel in such a case), and in a
remarkable paper by Garofalo and Lanconelli [28]. Strictly speaking, in all
these works, the analysis is confined to the scalar Laplacian, possibly with
a potential term, but the theory readily extends to generalized Laplacians,
under the assumption that the metric g,;(3) is smooth as  §*. In partic-
ular, the case of generalized Laplacian on vector bundles with time-varying
geometry has been studied in considerable detail by Gilkey et al. [31,33].
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Remark 4.2. The structure of the asymptotics (4.13) of the heat kernel
H(y,x;n) directly shows that, at least for small 7, the main contribution
to H(y,x;n) comes from a neighborhod of y € ¥ consisting of all points
x € ¥ which, as measured in the reference geometry (X,g), are at a dis-
tance do(y, ) < 2,/n. This remark implies that the integral kernel H(y, x;7)
averages out over a length scale given by

T(B) ~2/n=2+/p*—p. (4.14)

4.1 Asymptotics of the averaged data

The averaging properties of H(y, x;n) are readily stated by exploiting the
properties of the conjugated linearized Ricci flow. Explicitly, we get

Theorem 4.3. Let n — gqp(n) be a backward Ricci flow with bounded geom-
etry on £, x [0, 8*] and let H3, (y, x;n) be the (backward) heat kernel of the
corresponding conjugate linearized Ricci operator (7 H%, (y,z;m) =0, for
n € (0, 8], with H3S, (y, x;n \, 0%) = 64, (y, ). Then

Ry, n = 0) = /E HE (g :m) Rap (.0) dptgiayys (4.15)

for all 0 < n < B*. Moreover, as n\, 0", we have the uniform asymptotic
expansion

Rtk (yan = 0)
1 / < dg(y’x)) ab
= exXp { — T \Y, L3 1] Rab z,n d/'L x,
(47717)% b 4n ol ) (1) ditg(a
N h 2
d (y,x) ab
+ s /exp <—0) YAl (v, 23n) Rap(2,m) dtg(x
; (471_7])% . 4n [ ] k( 77) b( 7]) Hg(z,n)
L0 (UN—%) : (4.16)

where Tﬁz, (y,z;m) € TE, KWT*X, is the parallel transport operator associ-
ated with (3,g9(n)), do(y,z) is the distance function in (X,g(n=0)), and
T[h]%f, (y,x;m) are the smooth section € C®(X x Y, @2TE K @2T*Y),
(depending on the geometry of (X,9(n))), characterizing the asymptotics of
the heat kernel KZ%Z, (y,z;m).
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Proof. From Proposition 2.8, we get that along the backward Ricci-flow on
¥ x [0, 5*], we can write, for all 0 <n < g%,

Rirks (y, n= 0) = lim H;Z’ (ya €L 77) Rab(xa 77) dlu'g(n)
n/0% Jx

= /EHﬁZ/(y, ;1) Rav(z,1) ditg(n)- (4.17)

Since the asymptotics (4.8) is uniform, we can integrate term by term, and
by isolating the lower order term, we immediately get (4.16). 0

_ As an illustrative example, let us consider the case in which (3,9m) €
Cg(X) is a manifold of constant curvature C, i.e., Ryp (y,n =0) =2C gy =
% G- By tracing (4.15) with respect to g% (y) we get

Ry) = / 3% () H (g, 31) Rapl,m) djtg(o (4.18)

which nicely shows that the scalar curvature R(y) of (3,7,;) is obtained
upon averaging the Ricci curvature of the data C,(X) along the interpolating
Ricci flow B —— ¢4p(5). This is even more explicitly seen from the asymp-
totics (4.16). Indeed, by tracing (4.16) with respect to g ¥ (y), and taking
into account that, at order (9(77%), we can write g' ¥ ()78 (y, 25 m) Rap(z,m) ~
gab(x, n)Rab(xv 77) = R(‘T’ 7]), we get

= 1 dg(y, )
Ry = /exp(—o’>7?,x,77 d,u T
(y) (47”7)% . An (z,m) g(z,m)
N 2(y,x
77h <7d055f] >> 7ilk/’r h ab . R d
+Z 3 € g [ ]i/k’(y7$>n) ab(x777) /U'g(x,n)
he1 (4mn)2 Js
+0 (nN—%> . (4.19)

By the very definition of Ricci-flow conjugation, (see, e.g., (2.44)), it
follows that a representation structurally similar to (4.15) and (4.16) holds
also for the extrinsic curvature flow 5 +— Kg,(3), solution of the linearized
Ricci flow Or Kgp(8) =0, i.e.,

Kuoly,n = 0) = /2 HE (g, 2im) Kap(r,m) ity (4:20)
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Figure 21: The asymptotics of the averaged data (the fields) is, for small 7,
a form of Gaussian averaging dressed by geometrical fluctuations.

for all 0 <n < B* and
> Tﬁi/ (yv &€ 77) Kab($a 77) d/"g(x,n)

Kig (y,n=0)
1 d?
— . / exp <_ O(y7 .%')
(4mn)2 Je 4n
N h 2
n / < dO (ya CE) ) ab .
+ - T[h]z’ ’(.%37,77) Kab(flf,n) d,u x

hzl (4r 77)% . A1) k g(z,n)

+0 (nN*%). (4.21)
Again (Fig. 21) by tracing with respect to g* ¥ (y) we get
k(y,n=0) = /E 7" () Hep (v 23m) Kap(2,1) dptg(a ) (4.22)
and
k(y,n =0) (4.23)
1 / ( di (y, 56))
= ——— | k(z,n) dpg
(4m 77)% ) 4n (1) gt
N ﬁh (_d%(w)) ,
1 ik’ a
+ 3 / € ! ¥ T[h]z’k’ (yv x; 77) Kab(xa 77) dug(m,n)

ey (4mm)z Jo

+0 (ané) .
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Since lim,~ o+ [ HSY (y, 231) gab(,7) ditg(my = girr (y,n = 0), the conserva-
tion law (2.47), applied to Hﬁz, (y,x; m)), directly provides the

Lemma 4.4. Let 3 +— gu(8) be a Ricci flow with bounded geometry on
Y5 x [0,5], and let H2, (y, z;n) be the (backward) heat kernel of the cor-
responding conjugate linearized Ricci operator (7}, for n= 3% — 3. Then,
along the backward flow n — gap(n),

Girgr (y,m = 0) = /E HE (y,23m) [9ab(2, 1) — 20 Rap(2,1)] dtg(ry, (4.24)

for all0 < n < B*, and

G (y,m = 0)
1 R b
= 3 / € o Ti’k’(y7 Z; 77) [gab(-%', 77) — 27 Rab(l', 77)] dug(x,n)

(4mn)2 I3

N h B

L 3 / e i YIS (v, 2i0)[ga(@,m)
hep (dmm)2 JE
_1

- 277 ,R'ab(wv 77)] d,ug(ac,n) + O (UN 2) . (425)

holds uniformly, as n ™\, 07.

From the scalar part of the conjugate heat kernel H(y, z;n) solution of
(4.11) we get, for the matter density flow 5 +—— o(5),

oy, = 0) = /E H(y, x:m) o) diigon. (4.26)

where, as usual, n := 8* — 3, and

o(y,n =0)
1 / < d3(y, w))
= exp ( ————— | o(z,n) dig(s
N 77h (_d%(w))
4

#3 [ ) o) dige
by (dmm)z Jx

+0 (nN—%) . (4.27)

Since H (y, z;n) solves the conjugate heat equation (4.4), the relation (4.26)
is a statement of mass conservation in the averaging region supporting, as
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7 varies, the probability measure H(y,z;n) dig(), (again by the defining
conjugacy relation, it is immediate to verify that fz H(y,z;n) dpg(em) = 1,
vn € (0, 87]).

Finally, for the matter current density J; € Cf (%), (evolving according to
Od, Ji = 0 — see Def. 1.3), we get

Ji’(y777 = 0) = /EHﬁ(yﬂb‘;n) Ja($, 77) d/"g(x,n)v (428)

for all 0 <n < @*, and

Jz’(yﬂ?:O)
1 / < d%(y,x)>
= exp | ————= | 7y, z;n) Ja(2,m) ditg(s,

(4%77)% ) 4n ) g(@m)

N h 2
77 d(](y7x)> a

+ exp | ——————= | Y|hly(y,z;m) Ja(z,n) dptg(s
S> s e (05 T e d
h=1 n

+0 (nN—%) . (4.29)

We can exploit the above asymptotics for giving a rather convenient repre-
sentation, as n \, 0T, of the fluctuations (60(n)> 0J(n), 0K (r)). For instance,
in the case of the matter density, by comparing (4.27) with the corresponding
expression (3.28) in Lemma 3.4, we can write

o8, y) =)+ " so( (4.30)
1 d? , X _
=ow) + oy Lo (<) e 2w due
N h A3y
+; (4:77); /26( N >T[h](y,x; n) le(x,n) — 2(y)] ditg(an)
+0 (nN_%) .

Similar expressions can be easily written down for > 62”) dJ(n), and
Yon 527;) 0K (), and clearly show that, at least for small 7, Ricci-flow con-
jugation is an averaging procedure as suggested by the spectral resolution
described in Lemma 3.4.
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4.2 The Matter—Geometry content of C(3*) and its asymptotics

The actual computation of the sections Y[h] 9%, (y, x;7) is, in general, quite
demanding and the above asymptotic expansions are mostly of theoretical
rather than practical value in most situations. A more useful result can be
obtained if, rather than looking at the pointwise expressions for the deformed
data C(3*), we consider the following integral quantities:

(i) The matter content of C(*) with respect to Eﬂ (n)
M(n) := /E oy, B°) 2y, n) dig(y,n): (4.31)
(ii) The current content of C(8*) with respect to Eﬁ (n)
J(n) = /Z Ty, 89 T (y,m) gy my; (4.32)
(iii) The extrinsic curvature content of C(3*) with respect to ¢’ (n)

R(n) = /Z Kap(y. 8) K™ (y.1) dpsg(y. (4.33)

By introducing the compact notation

2

(n)
(|, (4.34)
(n)

MB(n) := /E Cly, ") ® ct (y,m) dprg(y.m) =
n

m»

we collectively refer to the above expressions as defining the Matter—

Geometry content of C(8*) with respect to @ﬁ(n). Note that whereas
MSB(n = 0) is a conserved quantity along the interpolating Ricci-flow, in
general MG (n) is not. Making a parallel with heat propagation, the integrals
defining 9MM&(n) play the role of the heat content of a system characterized
by a distribution given by C(5* —n) and by an n-dependent specific heat
proportional to C(n). It provides, as n varies, a relevant physical quantity
which through 9M®(n) — MSB(0) can be conveniently used to describe, at
least for small 7, the fluctuations of the averaged physical data C(5* —n)
with respect to the reference data. To show that this is indeed the case, let
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us note that in terms of the heat kernel H(y, x; n) we can write

C(y,ﬂ*)z/EH(y,w; ) C (2,1) ditg(zm)- (4.35)
Thus
MS(n) = / /E H(y, z; n) C (2,1) © C *(y, n) dtg(am) digyy-  (4:36)

This expression has the structure of the heat content (in the sense of Gilkey

[31,32]) in a time (n) variable geometry with specific heat given? by C jj(y, ).
In particular, if we specialize the results of [31,32] to the case of the
Lichnerowicz—Hodge-DeRham heat flow discussed here we get the

Theorem 4.5. Let Afjﬁ(n)) i= —(ddg(g+—y) + 0g(g+—n) d) denote the Hodge
Laplacian, with respect to the backward Ricci evolving metric n— g(n),
thought of as acting on the generic section W € C®(X x [0, 5*], @ T*%),
p=0,1,2. Forn € [0,3*] small, let

AYOW ~ By W 4 APV, W + BV W + EW} +o(?) (437)

be the first-order Taylor expansion of Agﬁ(")) around gi(8%) = G, € C3(2),
with Ay and V, respectively denoting the Hodge Laplacian and the Levi—
Civita connection on (X,9q), and where the coefficients Zab, Eb, E are geo-
metrical quantities constructed with the Riemann and the Ricci tensor of
(3,9). With these preliminary remarks along the way, the Matter—Geometry

content of C(3*) with respect to ¢t (n) admits, for n \, 0%, the asymptotic
expansion

MS (1) ~ i B,(C,C)n"?, (4.38)
n=0

9Actually, in order to compare with the structure theorems in [31], the role of the

specific heat should be played by the expression C ﬁ(7]) v/det g(n)/+/det g. However, since
we are interested in the small i asymptotics, we can equivalently use C ﬁ(n).
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where the coefficients B,,(C,C) are all 0 for n odd, and where the coefficients
forn =0,2,4 are provided by

B(C,C) = / (5" o CFdyg, (4.39)
>
%Q(C,C)_—/EAdC(ﬁ*)@cﬁdug, (4.40)

B:(C.0) = 5 [ Bal(p)© BaCl iy
- % /2 (A V.9,¢(5%) + B'V,c(5) + Be(s)] © ¢ duy.
(4.41)

Note that explicit formulae for 98,(C,C), with n > 6, are in general, at
the time of writing, not known.

Proof. The theorem is a direct application of Gilkey’s analysis of the heat
content asymptotics for the heat propagation generated by Laplace-type
operators in time dependent geometries. In particular one can apply theorem
9.2 in [32], (this is stated for the more general case of the heat type operators
evolving in domains with Dirichlet boundary conditions, where both the
geometry as well as the boundaries are time dependent). O

As an illustrative example we start working out the asymptotics for the

matter content M(n). In such a case, reduces to the Laplace-

Beltrami operator ABM) on (X, g(6* — 1)), and one easily computes
ABM) LR — 2RV, Y, + o(n?), (4.42)

where we have exploited the relation

;:3 AP = 2RV, v, (4.43)

which holds along the Ricci-flow (see, e.g., [18]). From the above theorem
we easily get
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It is clear that the main computational burden in writing down similar
expressions for the full matter—geometry content lies in evaluating the

B4(C,C) coefficient which requires the Taylor expansion (4.37) of the vec-
tor and of the Lichnerowicz Laplacian A&ﬁ () While this does not present
particular difficulties, the resulting expressions are long and not particularly
illuminating, thus we simply write down the expansions up to the obvious
B5(C,C) term providing the relevant order—n contribution to the matter—

geometry content. We get
30 = [ T @)y = [ I8 T dg
0 [T ERE g+ [ TR Tydug 4o (445)
8 i= [ KBV K ) gy = [ Kanl5) K g
@éKﬂAKMWM%
e [ BRI + R 3()
— 2R asbr K*(8%)] dpug + - -+ . (4.46)
where A denotes the rough Laplacian on (X,g).

It is clear from the above remarks that the spectrum of fluctuations, even
for small 7, is quite rich and one wonders if and in which sense we are
able to control, not just asymptotically, the fluctuations of the Ricci evolved
fields (o(3*), Ju(8*), Kap(58*)) around the reference data Cz(X). This will
be done by studying separately the behavior of the evolution of matter
fields (o(f), Jo(5)) and that of the second fundamental form Kg,(3). For
the former we have quite a strong control in the entropy sense. For the
latter, the situation is quite more complex, with the existence of possible
non-dissipative directions for the fluctuations.

5 Matter fields conjugation

Let us start with an elementary but basic property of the scalar flow p(n) €
C>® (¥ x R,R), solution of the Ricci-conjugate heat equation (O} o(n) =
(8% — A+ R)o(n) =0. According to

d

— [ a(n)dpym =0, 5.1
dT} 5 () g(n) ( )
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we can normalize 7 +— (1) so as to have [ (7 1) ditgy =1 on 3 x [0, 7]
Since we want to interpret g(n) as a mass density, we can further restrict
our attention to positive solutions g(n) := e~ for some f(n) € C®(L x
R,R*), and consider dg(n) := e~ dpig(y) as a flow of probability measures
on Y. It is easily checked that these probability measures evolve according
to the (backward) heat equation coupled with the fiducial Ricci flow

ﬁ) = _2Rab(/8)a gab(ﬁ = O) = Yab
(5.2)

- do(n) = Ay do(n), do(n=0)=0(n=0)dugg.

Remark 5.1. When expressed in terms of f(n) = —In g(n) this is simply
a (well-known) rewriting of Perelman’s Ricci flow coupling [48] with the
backward evolution n — f(n)

gaﬁgab(/ﬁ) = _2Rab(ﬂ)a gab(ﬂ = 0) = Yab,
) _ o i R, S0 =f
on g(n) g(n) ) n=yv =17

In what follows, we shall indifferently use both representations. We identify
o(n) with the (reference) matter density flow induced by o(n = 0) € C5(%).

With these preliminary remarks along the way, let us consider the flow
o(B) € C*°(X x R,R), solution of the scalar heat equation (4 0(3) = 0. By
the parabolic maximum principle, if o > 0 we have o(3) >0, for all €
[0, 5*]. Moreover, since [+ o(8) and 1+ o9(n) are conjugated flows on
¥ x [0, B*], we have

ddﬂ /E o(8) da(8) = 0., (5.4)

where do(f3) := do(n = /* — (). Thus, we can normalize the mass density
flow 3 — o(3) associated with the data Cy(3) so as to have [y, o(3) do(8) =
1, and assume that also dII(8) := o() do() is a probability measure on
(X,9(B)). This corresponds to localize the matter content of Cq4(X) with
respect to the matter content of the reference @g(E).
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i (p(B).J(B)

I\I\l

(P®B.IB)

Figure 22: The relative entropy S[dII((3)|do(/3)], associated with the (nor-
malized) distribution o(3) with respect to the reference g(7), allows a rather
strong control on the averaging effect that Ricci flow conjugation has on the
matter fields.

In order to discuss the behavior of 5 — o(/3) with respect to the reference
flow n — dp(n) let us introduce the relative entropy functional [23], (Fig. 22)

mE) A ]
SITI(B)da(®)] = 4 = da(5) ™ da(g) 2P I AIB) < da(B),

o0 otherwise,

(5.5)

where dII(3) < dp(3) stands for absolute continuity. More explicitly, we
can write

S[dTI(B)|da(B)) = / o(8) In o(B) da( ), (5.6)

by

also note that S[dII(3)|dpo(5)] is minus the physical relative entropy; the
positive sign is more convenient for the analysis to follow.

Jensen’s inequality implies that S[dII(3)|da(3)] € [0, +oc]. Moreover, as
a function of the probability measures dg(5) and dII(3), S[dIL(3)|da(B)]
is convex and lower semicontinuous in the weak topology on the space of
probability measures Prob(X, g(3)) over (3, g(3)), and S[dIL(53)|da(5)] =0
iff do(5) = dII(3). Along with S[dII(3)|da(3)] we also define the correspond-

ing entropy production functional (the Fisher information) according to

2

) | G

s d28) | " ()
- /E o(8) IV n o(8)* da(B) > 0. (5.7)

Z[dIL(B)|de(P)) =

‘V]

Remark 5.2 (Logarithmic Sobolev inequality). Since for each given
€ [0,8%], (£,9(0)) is a compact Riemannian manifold of bounded geome-
try and (3, dg(5)), 8 € [0, %], is a probability measure absolutely continuous
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with respect the Riemannian measure, we can assume that a logarithmic
Sobolev inequality with [-dependent constant 7(5), LSI(7(f3)), holds on
each (X, g(8)). Explicitly, there exists a positive constant 7(/3), uniformly
bounded away from 0 in § € [0, 5*], and depending from the geometry of
(3, 9(8),do(B)), such that, for each given 5 € [0, 5*], we have

S[d=(B)|de(B)] <

375 =23 5.9

for all probability measures (X, d=(3)) absolutely continuous with respect to
(3,do(0)), [47,53]. For each fixed ( € [0, 5%], (5.8) is equivalent to the stan-
dard form of of the logarithmic Sobolev inequality, (see, e.g., [18]). Notice
that uniform logarithmic Sobolev estimates holding on the Ricci—flow space-
time (X x [0, 5*], g()) have been established by R. Ye, (see, e.g., [55] and
references therein)). For our purposes the simpler (5.8) suffices.

By exploiting (5.8) we can easily establish the following

Theorem 5.3 (Control in the entropy sense). The functional S[dII(3)|
do(B)] is monotonically non-increasing along the flow B +— (g(3),do(5))

jﬂ S(dTI(8)|dg(8)] = ~T[d1(5)|da(B)). (5.9)

Moreover, as the length scale [ increases, the matter distribution dIL([3)
is localized, around the reference distribution do([3), in the entropy sense
according to

var

3 111(3) — da(B)2,, < ST(B)\da(s)] < o> I~ OUs,[armlag] , (5.10)

where Sy[dIl|dp] := S[dII(B = 0)|do(3 = 0)], and where || ||%,, denotes the
total variation norm on Prob(3, g((3)) defined by

|dII(8) — dg(B)l,o, = sup {

llolls<1

/E pATI(3) — /Z Mg(ﬁ)'}, (5.11)

Il @ |lp being the uniform norm on the space of bounded measurable functions
on X.
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Proof. For any o € C?(% x [0, 3*], RT), gg = /Ao, we compute

= [ e oda(s)
= [+ o) Bedals) - / o In 0 A(da(B))
b

/(1—1—an Nodo(B /A o In o) do(B), (5.12)

b

where, in the last line, we have integrated by parts. From the identity,
AloIn o) = (1 +1n 0)Ao+ 0 HVo|?, (5.13)

we get

d
dﬂ/gg n odo(f3) /EQ Vol do(3)
= /Z 0|V 1In o|* da(p), (5.14)

and (5.9) follows. For each fixed 3 € [0, 5*], the logarithmic Sobolev inequal-
ity (5.8) and (5.9) imply

d

@S[dﬂ(ﬁ)lcf(ﬁ)] < —27(3) S|dIL(B)|da(B)], (5.15)

which yields
S[dII(B)|de(8)] < =2 Jo TV is [dT1|dg]. (5.16)
Finally, from the Csiszar—-Kullback—Pinsker inequality, (see e.g. [23]),
_ 1
Sldll(B)lde(B)] = 5 ldIL(B) — do(5) [ (5.17)

we get (5.10), as stated. O

Such a result implies that, along 3 — (g(3), do(()), the distribution dII(53)
localizes around the reference matter distribution dg(3) in a rather strong
sense. Stated differently, o((3) is averaged with respect to dg(3). One can
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easily see this by observing that the variance of o(3), under the reference
probability measure dg((3), given by

VarldII(8)|dg(8)] = /E (o(8) — 1) da(B), (5.18)

is strictly decreasing along the reference flow 5 — (g(f3),do(3)). We have

Lemma 5.4 (Evolution of variance). The variance Var[dIl(3)|do(5)] is
monotonically decreasing along 5+ (g(3),do(5))

ddﬁVar[dH( )|da(p :—2/ |Vo(B)* da(B3), (5.19)
and
Var[dlI(8)|da(8)] < e~ 2o ~®dt vapg[art|dal, (5.20)

where Varo[dll|dg] := Var[dII(5 = 0)|do(8 = 0)].
Proof. From

ﬁﬁ[@ 12 adp] = (Ao — 1 — 2VeP)adu,
+ (0~ 1)’ [~A8+ R aldug — (0 — 1)20R dpg, (5.21)

which holds pointwise for o € C?(2 x [0, 3*],RT), we get (5.19) by integrat-
ing over ¥ with respect to dg((3). For each given € [0, 5*], the logarithmic
Sobolev inequality LST(7(/)) implies, (see, e.g., [45]), the following Poincaré
inequality for the pair (dII(3), do(5))

7(8) Var[dll(B)|do(S /|V@ |2dQ B), (5.22)

from which (5.20) immediately follows. O

Remark 5.5. From p(3) € C*(X x [0, 5*],R), Oq0(8) = 0 it follows that
Vio(B) € C™(X2 x [0, 8*], T*X) is a solution of (g V o(8) = 0, (a trivial con-
sequence of the well-known commutation V;A = A;V;). A direct computa-
tion provides

aﬁ VolB)P = AVo(B)? — 21TV e(B)P, (5.23)

which, by the maximum principle, implies that sup,cs, [Vo(3)]? is non—

increasing as 0 < § < *. Moreover, by integrating with respect to do(f)
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we get

d -
. /Z V()P da(p)
:/E [(AIVe(B)]2 - 2/VVa(B)) a(B)

+ [Vo(B)|* (—A2(B) + R(B)2(3)) — IVo(B)*R(B)a(B)] dugw(), Y
5.2

which easily yields

>do(B) = — 3)|? do( 2
5 | vewrae =2 [ vVedPa®. 62

The above remark suggests that the flow 5 — () also dominates the
matter current flow § — J(§) € C°(X,T*Y) defined, along the Ricci flow
B — g(B) by OaJ(B) =0, (see (2.20)). In particular, let us consider the
evolution of the B-dependent norm, |J(8)|? := Ji(8)Jr(B)g™* (B), of Ji(B).
As in (5.23) we get

)
5 J(B)> = AJ(B))? - 2]V I(B))?, (5.26)

where |VJ(3)[? := ViJp(B)ViJ*(B). The maximum principle implies that
sup ey |J(B)* is non-increasing as 0 < 3 < 3%, and integration with
respect to the probability measure 3 — dg(3) provides

d ) o .
g /E [J(B)I" de(B) = 2/2 IV J(B) da(B). (5.27)

Moreover, if we consider the evolution of |J(8)| := (J;(8)Jr(8)g™*(8))"/?,
then from (5.26) we compute

fﬁuw = AJB)+ [JBI (IVIIB)IP = [VI(B)F) . (5.28)

By setting Ji(8) = ni(B) |7(8)], where n(8) € C(3, T*%), ni(B)ni(B)g™
(8) =1, VB [0,87], we get |[V[J(DI?—IVI(B)>= —[J(B)IVn(B)*.
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Thus

9 2

%3 [ J(B)| = AJ(B) = [J(B)IVn(B)]7, (5.29)
and by subtracting this latter expression to the evolution (04 0(3) = 0, we

eventually get

0

35 20) = 1J(B)]) = & (e(B) = [J(B)]) + [ J(B)IVn(B)]? - (5.30)

The maximum principle implies that (o(3) — [J(8)|) > 0 on ¥ x [0, 5*], as
soon as (o(B) — |J(8)])s=0 > 0. Thus, we have established the following:

Theorem 5.6. The dominant energy condition
o(B) = [J(B)], (5.31)

holds along the flows 5 — (o(5), J(8)), 0 < B < B*.

A similar result holds also for the conjugate flows n — (a(n), J(n)), 0 <
n < B* solutions of (O}(a(n), J(n)) = 0. We have

Lemma 5.7. For any (2(n), J(n)) € C*°(X x [0, 8*],@P TX), p= 0,1, solu-
tion of the conjugate flow O%(a(n), J(n)) = 0, with o(n =0) > [J(n=0)],
we have

o(n) = [J(n)l, (5.32)

for all 0 <n < G*.

Proof. As in the derivation of (5.29) above, if we set J*(n) = m*(n) |J(n)],
)

where m‘(n)mF(n)gix(n) =1, ¥n € [0, 8*], we easily get from O3J(n
that |J(n)| evolves according to

aan [T(n)l = AT ()| = |T)[IVm(m)* = Rm)|J (n)]. (5.33)

Subtracting this expression to the evolution O} o(n) = (8% —A+R)o(n) =
0 of the matter density g(n), we get

;7(@|J|):A(§J|)+J||Vm|2R(@|J|), (5.34)

where we dropped the explicit n-dependence for notational ease. The pres-
ence of the scalar curvature term R (g — |.J|) is rather annoying, and to take
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care of it we exploit the fact that the Riemannian measure density /det g(53)
is covariantly constant with respect to the Levi—Civita connection V associ-

ated with (X, g(3)), i.e., Vi det g(8) = det g(8) g**(8) Vigap(B) = 0, (this is
equivalent to the familiar formula, 9;In y/det g(3) = 05T'%.(53), for the trace

a’ic
of the Christoffel symbols I'?.(3) associated with gu(5)). In particular,
we have A \/det g(#) = 0. Thus, by computing the n-evolution of the ten-

sor density +/detg(n) (2 —|J]), from (5.34) and the Ricci-flow evolution
8% Vdet g(n) = /det g(n) R(n), we get

o _ _ _
o detg (2 —|J|) = A/detg (2 —|J]) + /detg|J||Vm|>.  (5.35)

Again, a direct application of the parabolic maximum principle implies that

Vdet g(n) (a(n) —|J(n)]) >0 on I x [0,3*], as soon as this condition holds
for n = 0. Since the Riemannian density /det g(n) is uniformly bounded
away from zero on X x [0, 5*], we have (g(n) — |J(n)|) > 0. O

The matter dominance also implies localization and averaging, in the
entropy sense, of |.J(3)| with respect to the reference |J(3)|. If we define the
matter current relative entropy according to

SldJ(8)1d J(B) rZ/E [T I [T(B)T(B)] dpig(s) (5.36)

then theorem 5.3 implies

Lemma 5.8 (Matter entropy dominance). Along the conjugated matter

flows (0(B), J(B)) € C(X x [0, 5], &P T*E), and (0(8), J(B)) € C>(X x
[0,5*], @ TY), p=0,1, we have

S[dJ(B)|dT(B)] < e 2Jo W S [arT|dg], (5.37)

where  Sy[dII|dg] := S[dII(B = 0)|do(8 = 0)], and where 7(B) >0, (€
[0, B*], is the B-dependent log-Sobolev constant characterized by (5.8).

Proof. The dominant energy conditions established above imply

o(B)Ine(B) a(B) = |7(B)| 1 |T(B)I T (B)], (5.38)

whenever both expression make sense. The entropy dominance (5.37)
directly follows from theorem 5.3. O
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Not surprisingly the conjugate evolution (5.3) of the matter density n —
0(n) is strictly related to the Perelman functional [48] F : Met(X) x C™
(X, R) — R defined by

Flg: f] = /E (R + V2 dp, (5.39)

In particular, if we introduce the relative entropy functional associated with
the distribution of g(3) with respect to the 5-evolving Riemannian measure

dpig(8),

S[da(8)|dpg(s)] = /Z 2(8) m2(B) dpy(s), (5.40)

then one easily checks [17,46] that on X3 x [0, 5]

d _ 19y =

5 SlePldnyp) = [(R+VingPiz0) = Flui sl (64D
for g evolving along the fiducial Ricci-flow 5 +— ¢(3), and n— f = —Ino(n)
evolving backward according to (5.3). Since along this evolution Flg; f] is
non-decreasing [48]

d _

%f[g(ﬁ);f(ﬁ)] =2 /Z Rk (8) + ViV f(B)]* e TP dugg) > 0, (5.42)
we immediately get %S[d@(ﬂﬂdug(ﬁ)] >0, ie., S[do(B)|dugs)] is convex
along 3 — g(3) on X3 x [0, 5*]. The functional Flg; f] will play a slightly
more sophisticated role in the analysis of geometric fields conjugation.

6 Dissipative and non-dissipative directions for K (3)

According to Definition 1.3, the conjugation between the second fundamen-
tal forms K, € Cy(X) and K % € C4(X) is defined by the heat flows K;(3) €
C® (2 x [0, 6*], ®%T*%) and K () € C*°(Z x [0, 8*], ®%4T'S), solutions of
Od Kap(8) =0, Kap(8=0) = Kap, and of Of K *(n) =0, K (n=0)=
K ®_ respectively. We have a rather obvious control on the forward evolu-
tion Kup(3) € C®(Z x [0, 8*], ®%T*Y) whenever the initial datum is a Lie
derivative K (8 =0) =26} 0%, for some v € C®(Z,T*%). In such a case,
according to Lemma 2.4, (see (2.26)), if v(3) € C*>°(X x [0, 5*], T*X) evolves
according to Qg va(B) = 0, with v,(8 = 0) = v,, then Ku(8) = Vo up(8) +
Vi ve(B) is the solution of Oy Kup(8) =0, Kup(8=0)=Vavp+ Vpo,.
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Thus, in such a case the heat flow deformation of K € Cy4(X) simply gives
rise to a Dif f(X)-reparametrization of the underlying Ricci-flow. Explicitly,

Lemma 6.1. If the second fundamental form K € Cy(X) belongs to Im 4,
then its evolution according to Oq K(5) = 0 generates a flow

Im oy 3 K — 655 v (8) € Ug(z) N Tz g(a) Met(S) x [0, 87, (6.1)

where Ugz) N T(x 93 Met(X) is an open neighborhood of g(3), in the
Diff(%) orbit Oygy. Moreover, sup ;e [v(B)] is non-increasing for 0 < 3 <
B*, and if a dominant energy condition o > |v| holds at B = 0, we have that
0(8) = [v(8)| along v(B) € C=(S x [0, 3], T"%). Finally, the L*(%, dg(3))
norm of v(3) is monotonically decreasing according to

d 5 - . ,
o [ pane) = —2 [ 19 u(0)? as(o) 62)

Proof. The statement (6.1) is basically a rewriting of Lemma 2.5. We can
also apply to this situation the results we obtained for the matter current
flow J(B), and ultimately for the matter density flow o((), (see Remark
5.5, also note that (g4 0(f) = 0 implies Og Hess o(3) = 0, thus K () and
Hess p(3) satisfy the same heat evolution). It follows that sup ¢y [v(5)]
is non-increasing for 0 < g < g*. Moreover, since by a rescaling we can
always assume that a dominant energy condition g > |v| holds at =0,
we have, according to Lemma 5.6, that o(3) > |v(8)| along v(3) € C*°(Z x
[0, 3*],T*%). The L*(Z, do(3)) evolution (6.2) is a direct rewriting of (5.27).

O

For the reference conjugate evolution K %(n) € C®(X x [0, 3], ®3T%)
we have a natural counterpart of these results

Lemma 6.2. Along the solution K (n) € C*®(Z x [0, 5*],®%2T%) of the
conjugate heat flow O K ®(n) =0, K%®(n=0) = K%, the scalar density
sup zexy v/ det g(n) ‘59(71) K(n)| is non-increasing. Moreover

dn/ |(5 |d,ug(n /|5 n)K HVQ ‘ dﬂg ) (63)

where |6y K(n)| := [ghi(n)Va KV, Kbi]lm, and where Q(n) € C>(X x

[0, 3*],TX) is defined by Q’( )= \59(,] (7])]_1 Vv, K.



RICCI-FLOW-CONJUGATED INITIAL DATA SETS 1473

Proof. According to Lemma 2.4
O (Ogm) K1) = 040y (OzE (n)) 4 (6.4)

(see (2.27)). This implies that, along O} K %°(n) = 0, the divergence V; K"
(n) evolves according to

;7 Vy K¥(n) = AqVy K% () — R(n) Vs K" (1), (6.5)

where, as usual, Ay = A — Ric(() is the Hodge-DeRham Laplacian on vec-
tors. By proceeding as in Lemma 5.7 (see (5.33) and (5.35), and also (5.29)),
we compute

o _ _ o
o Vdet 16, K| = Av/det |6, K| — /det g|d, K||[VQ|*,  (6.6)

along the flow (6.5). The non-increasing character of the scalar density
sup ,ex v/ det g(n) ‘59(77) K (n)| immediately follows from the maximum prin-
ciple, and a direct integration of (6.6) over (X, g(n)) provides (6.3). O

The above result shows that [y [0y, K (n)] dig(,) decreases exponentially
fast along the solution of the conjugate HDRL heat flow OZK“b(n) =0,
K (n=0) =K. We also have some form of control on tr, K *(n).

Lemma 6.3. Along the solution K% (n) € C>®(X x [0, 3*],@%TX) of the
conjugate heat flow O} K%(n) =0, K®n=0)= K%, the integral of trg(n)
K %(n) evolves linearly with 0 < n < 3* according to

/2 tTg(n) K(n) ditg(n) = /2 trg f(dug + 277/E Rav(9) Kb dpg- (6.7)

Proof. The most direct way of proving this result is by exploiting Theo-
rem 2.8 according to which

/2 (9ab() — 20 Rap(1)) K (1) dpgiy. (6.8)

and

/2 Rab(n) Rab(n) d:ug(n)7 (69)

are constant along the solution f(‘ib(n) € (X x 0,57, ®%TY) of the con-
jugate heat flow O K %(n) = 0, K %®(n = 0) = K . From (6.8) we get (by
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evaluation at n = 0)

/tfg K dug :/ (9ab(n) — 20 Rap(n)) K “*(n) dpgy)- (6.10)
b P

The constancy along the flow of (6.9) immediately yields the stated result.
O

As compared to a K (), which is a pure Lie-derivative, the evolution
Kaup(B) € C®(T x [0, 8*], 84T*Y) of a second fundamental form possessing
a div-free component, K(8 = 0) = 24 w! + Kp, with Kp € Kerdg, is rather
subtler. Kr can generate elements € I'mdyg), (recall that, according to
Lemma 2.4 the div—free character of K7 is not preserved by the linearized
Ricci-flow — see (2.28)). In particular, a basic issue one faces when dealing
with the linearized Ricci-flow is to characterize those Kr € Kerd, which
under the evolution Qg Kap(8) = 0, Kap(8 =0) = K(% do not dissipate away
and give rise to a K () with a non trivial component in K erdg(g), for all
pelo,p7].

A rather complete answer to such a question is provided by the
Theorem 6.4 (Non dissipative directions for K(3)). Let H%(n) €
C®(Z x [0, 8*],®%4T%) be a conjugate heat flow O H™(n) =0, with H
(n=0) € Kerdyp—o). If Kap(B) € C°(Z x [0, 5], @ET*%) is a solution
of OaKap(B) =0, with a generic initial condition K(8 =0) := K € Cy(%),
K =20, w! + Krp, such that

/ Koy H(3*) dpig # 0, (6.11)
where H®(5*) := H®(n = (*), then {K(B)} N Kerdgp) # 0, for all €
[0,8"], and

K — K(ﬁ) € Ug(ﬁ) U Sg(ﬁ) X [O,ﬂ*], (6.12)

provides a non-trivial deformation of the underlying Ricci-flow. In particu-
lar, for B = B* we can write

KGE) = 30057 [ Ky, (67 di (6.13)

where {<I> } and ¢'( )( n) respectively denote the div-free eigentensors of

the opemtor —AL —1—7?,( ) on (X,9) and the associated backward flows on

¥ x [0, 5*] generated by qu)ab )( n) =0, <I>(nT)(77—O) <I>(“b )"
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Proof. We exploit the fact that according to (6.4) and (6.5) (written for
a generic H%(n) € C*®(T x [0, %], ®%TY)), the conjugate heat equation
OnH (1)) = 0 preserves, along the interpolating Ricci-flow, the divergence-
free character of H %°(n), if this holds initially (for n = 0). Thus, if V; H"
(n=0) =0, then V;, H%(n) =0, for all n € [0, 3*]. Let H(n) be any such
a solution of O H %®(n) = 0 with V, H%(n =0) = 0. Let us consider the
heat flow K(3), Qg4 Kau(8) = 0, with a generic initial condition K (5 = 0) :=
K €Cy(%), K = 26, vf + KT, for some v* € C®(X,T*%) and KT € Kerd,.
Since H(n = 8" — () € Kerdyg), for all g € [0, 5], if (6.11) holds we nec-
essarily have

o#/ K H®(3 dﬂg_/ KL H™(3%) du,
= LRI B dig 5 € 0.5, (6.14)

where H%(3) := H®(n = 3* — 3), and where we have exploited the fact
that, by L?(X, dpig()) conjugacy, the inner product Js Kap(B) H%(3) diig(s)
is constant along the solutions K(8) and H(n) of OqK () =0 and O}
H(n) =0, respectively. Thus {K(8)} N Kerdyg) # 0, for all < [0,5],
and the flow K — K(f) necessarily has a non-vanishing S,g)-component
in the affine slice parametrization Uy z) U Sy() X [0, 3] associated with the
underlying Ricci-flow. If {@51}} denote the orthonormal set of div—free
eigentensor of —Ar +R(g) on (¥,5), and since KL (3*) is C*, we can
consider the L?(3, dug) mode expansion

* = (n,T *\ JlJ
KL = 8l )/E KE(B) @0 7 dpsg. (6.15)

For 0 < n < (3%, let us denote by {(I>(“7fT) (1) tnen, 0 < n < B* the flows defined
by
OO 1y} =0, (0% (1= 0)} = {0} (6.16)

According to (6.5), these flows preserve the div-free character of the initial

{égg’T) }, and are conjugated to the forward evolution defining K7, (3). Thus,
as in the proof of Theorem 3.1, the relation (6.13) immediately follows from

dﬁ/ Kab nT)( )dlu’g(ﬁ) =0, (617)

which holds for each conjugated pair <<I)("“75’T) (n), K;g(ﬂ)), n € N. O
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7 JF-energy stability of Ricci-flow conjugation

If in Theorem 6.4 we identify H* with the second fundamental form K €
Eg, it follows that the divergence-free part Kr € Ker 05 of K provides,
through its conjugate evolution O} K (n) =0, K(n = 0) = Kr, a reference
non-dissipative direction for the forward evolution K () of the second fun-
damental form K € C,. These reference directions are also related to the
behavior of the Perelman functional F on the pencil of conjugated trajecto-
ries around the underlying fiducial Ricci-flow § +— ¢(3). As a consequence,
they can be used to characterize a form of entropic stability of Ricci-flow
conjugation along a generic interpolating Ricci-flow. Roughly speaking, we
expect that Ricci-flow conjugation is a sensible mapping between Einstein
data sets if the fiducial Ricci-flow interpolating between (X, g) and (X,9)
is, in a suitable sense, stable. Generalized fixed point stability (see, e.g.,
[14, 34,52]) is not particularly interesting in our setting since if the interpo-
lating flow is Ricci flat or, say, a shrinking Ricci soliton, then the associ-
ated Ricci-flow conjugation is basically a diffusive rescaling of data. On the
other hand, for the case of interest to us, i.e., around a Ricci-flow trajectory
which is not a (generalized) fixed point, the only sensible notion of stability
is entropic stability in moving from the fiducial flow to a nearby perturbed
Ricci-flow. Thus we introduce the

Definition 7.1. A Ricci-flow conjugation between the Einstein initial data
sets Cy(¥) and C4(X) is said to be F-stable if the F-energy of the interpo-
lating Ricci-flow is non-increasing under the perturbation induced by the
reference data C4(X).

In order to discuss this characterization of F-stability we need a minor
technical result extending Ricci-flow conjugation to L2(%, x [0, 5*],e~/ ()

dptg(n))-

Lemma 7.2. Along the fiducial Ricci—Perelman flow n— (g(n), f(n)),
defined by (5.3), consider the backward evolution Q*wa“b =0 of a sym-
metric bilinear form 1 ®(n=0) € C®(X,®2TX) defined by the parabolic
initial value problem

. 8 1 a
Obﬁ“=<&fﬁn+2vf%)wb=&

PP =0) =9

(7.1)

Then, the resulting flow 1w 1% (n) is L*(%, x [0, 5*],e= M ditg(ny)-
conjugated to the solution [+ hap(5), B € [0, 5*],hap(8 = 0) = hap(5 = 0)
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of the linearized Ricci-flow (2.16), i.e.,

d _
= /E B () by () €T dpay ) = 0, (7.2)

and we get the conservation laws

d a _

i [ Basts @) e diayy =0, (73)
nJx

d _

% . (gab(n) —2n Rab(n)) @Zjab(ﬁ) € F) d/‘g(n) = 0. (74)

Moreover, if, forn =0, (1/1“’ e_f) € Kerdy, then (1/}"17(77) e_f(")) € Kerdyay,
vn € [0,57].

Proof. Tt is easily checked that under the evolutions (5.3) and (7.1) the flow
n — 1 ®(n) e~ solves (2.43). Thus, the above results immediately follows
from theorem 2.8. 0

Let g(n) — Flg(n), f(n)], n € [0,5*], the valuation of Perelman F-energy
on 1+ (g(n), f(n)), considered as a fiducial flow on ¥ x [0, 3*]. We are
interested in the behavior of F[g(n), f(n)] in a tubular neighborhood of 7 —
(9(n), f(n)). To this end we need the explicit formula for an n-dependent
linearization D Flg(n); f(n)] o (¥ *(n), #(n)) of F in the direction of an arbi-
trary variation

g () = g™ () + (), gib(n) € Met(S), Vee[o,1],  (75)

feo(m) = f(n) + €p(n), (7.6)

of the fiducial backward flow 1 — (gu(n), f(n)). A standard computation,
(see, e.g., [17], Lemma 5.3), provides

D Flg(): f] o (). 0n)) = - Flao0): Fio ()

e=0

_ /E b)) (Rap(n) + Va Vo £ () e D dpy

# (Y52 - 0m) @A ~ 19 E + R e diy,
%
(7.7)
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where we have set U(n) := 1% (n) gup(n). By considering variations ¢(n)

preserving the volume form e~/ dprg(p), (i-e., by choosing ¢(n) = @), we
get
d
e Pl s
== [ v > F VLY ) e gy (1)

Let us restrict the variation (7.8) to perturbations 1% (n) solution of the
L3(%, x [0, 8%, e ~Fm digm) )_conjugated linearized Ricci-flow (7.1), (see case
(i) of Lemma 7.2),

5~ AL+ 29 0) 71 ) 0n) =0,

n (7.9)
wab(77 ) ab'
In this case, we have
Theorem 7.3. Let us consider the set of bilinear forms
U, = { b e 00D, @2T) : pe! € Ker 5§}, (7.10)

which are L*(X, e~/ dyg)-orthogonal to Imés. Let {nw— P®(n) 1p®(n =
0) € W, } be the pencil of parabolic flows solution of (7.9) with initial data
varying in W, i.e.,
9 ab ab i ab
8771/1 (n) = Apv®(n) = 2V f(n) Vi “(n),

Y =0)=yP eV,

(7.11)

Then, the corresponding variation g(‘g)’(n) = g®(n) 4+ e®™(n) of the fiducial
backward Ricci-flow n — gup(n), generates a constant shift in the Perelman
functional, i.e.,

/Rab (n) e =f(n) d,ug(n)

- [ Rauite dug (7.12)
b
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Proof. Along the flow (7.9) let us rewrite (7.8) as

d

= - /E Rab(n) wab(n)e_f(n) dug(n)
e=0

_/E[ég(n)(w(n))]ab¢ab(77)e_f(n) d,ug(n)a (713)

where we have set wy(n) = Vi f1y(n). According to Proposition 7.2, since
Y@ (n=0) € ¥, we have that ¢®(n)e /" ¢ Ker dg(m)> Y1 € [0,6*] and
the last term in (7.13) vanishes by L%(X%, e~/ duy)-orthogonality. Thus,

along (7.9) & Flge (), f(n)]] _, reduces to — [5, Rap(n) ¢ *(n)e ™ dpy(y,
which, again by Proposition 7.2, is a conserved quantity. U

As an immediate consequence of this result we have that the initial data set
¥, can be used to parametrize the pencil of linear perturbations around
a generic (i.e., non Ricci-flat solitonic) backward Ricci-flow. In particular
we have the following characterization of perturbed backward Ricci-flow
trajectories.

Lemma 7.4. Letn — g(n) denote a fiducial backward Ricci flow, and assume
that g(n) is not a Ricci-flat soliton. Let PV ;g(n)] = {n— (v (),
f(1) :9%(n=0) € W, } be the corresponding pencil of parabolic flows solu-
tion of (7.1) with initial data varying in V. A flow n— (¥(n), f(n)) with
Y ®(n=0) €W, is Flg(n), f(n)]-energy increasing (decreasing)

d

@ Jf[g(e) (77)7 f(n)] 0 >0 (< 0)7 (714)

if, forn =0, ¢ Ry e duz <0 (>0).

We can apply this result to the the backward evolution n — (2(n), K (1))
of the (reference) matter density and second fundamental form (g, K) €
C4(X) so as to obtain the following entropic characterization of the stability

of Ricci-flow conjugation around a generic interpolating Ricci flow.

Theorem 7.5. For e > 0 small enough and 0 < 5 < 3%, let Qc(g9(5))

= {g(ﬁ) +h(B) | h € T(s,4(3)) Met(Z), [|M(B) | 25, duy 5) < 6} )

denote the (affine) e-tubular neighborhood of the fiducial Ricci-flow 3 — g([3)
in Met(¥). We assume that §— g(B) is not a Ricci-flat soliton over
¥ x [0, 5%]. If K7t is the trace-free and divergence-free part of K € Cg(%),
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then the reference flow 1 (g(n),éﬁ(n)) is Flg(n),0(n)]-energy decreasing
(increasing) in Q(g(B)), i.e.,

& Floo n). )

<0 (>0), (7.15)
e=0

and the Ricci-flow conjugation between the two data sets Cy(X) and Cg(X)
is F-stable (unstable) in the K —direction if for n =0 we have

37, K) ::/E(RabKTTJr R try )dug>o (< 0). (7.16)

Proof. Along the flow 1 — (K(n), 0(n)) solution of the conjugate heat flow

QO (K(n),o(n)) =0,with ~ (K(n=0)=Kr,0(n=0)>0), both the

divergence-free condition and the positivity condition are preserved It
-1

immediately follows that 1 (n) := 2~ '(n) K(n) is a solution of Op. v b(n) =

0, with f(n) := —1In a(n), such that ¢ %(n = 0) € ¥;. Then, the above
lemma provides the stated result if we factorize K (n = 0) = K in its TT—
part Kpp plus the trace trz K. O

Along the same lines, (by exploiting (7.4)), one could discuss entropic stabil-
ity of Ricci-flow conjugation with respect to Perelman’s shrinker functional
W(g, 0, 7). The details of such an analysis will be discussed in a forthcoming

paper.

8 Conclusions

The works [9, 10, 11] describe a number of potential applications of Ricci-flow
conjugation, such as producing averaged data for cosmological spacetimes,
computing backreaction terms to the constraint equations, and in general
giving (or rather trying to give) a sound mathematical basis to the chal-
lenging mathematical and physical problem of averaging in cosmology. The
properties of Ricci-flow conjugation discussed here indicates clearly that an
averaging procedure based on Ricci-flow is mathematically feasible and when
the averaging scale is not too large (i.e., when 7 [Rm(n)| << 1), such a pro-
cedure corresponds, according to Theorem 1.10, to a form of local Gaussian
averaging dressed with a rich spectrum of corrections terms of geometrical
origin. Clearly, the nice geometrical properties of Ricci-flow must come to
terms with the intricacies of what should be considered as a physically sound
averaging technique in relativistic cosmology. Indeed, modern high precision
cosmology calls into play delicate averaging issues [26] ranging from frame
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effects, localized averaging over past light cone, multiscale averaging and
the geometrical characterization of a corresponding distance ladder, just to
mention a few [49, 54]. Thus, it is still an open problem to establish what
the most appropriate averaging technique may be. In any case a general pre-
scription for comparing (generalized) Einstein initial data sets seems, from
the point of view of mathematical cosmology, a necessary step in such an
averaging scenario and Ricci-flow conjugation suggests itself as a natural
technique unifying in a unique geometrical framework several nice features:
(i) It sets a coherent averaging scale between matter and geometry which
goes beyond a naive volume averaging. (ii) It relates matter and geometrical
averaging to energy conditions. (iii) It provides a precise control over the
entropic stability of the relative matter-geometry fluctuations between the
given data sets.
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