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We consider a Ricci de Turck flow of spaces with isolated conical singularities,
which preserves the conical structure along the flow. We establish that a given
initial regularity of Ricci curvature is preserved along the flow. Moreover
under additional assumptions, positivity of scalar curvature is preserved
under such a flow, mirroring the standard property of Ricci flow on compact
manifolds. The analytic difficulty is the a priori low regularity of scalar
curvature at the conical tip along the flow, so that the maximum principle
does not apply. We view this work as a first step toward studying positivity
of the curvature operator along the singular Ricci flow.
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1. Introduction and statement of main results

Consider a compact smooth Riemannian manifold (M, g) without boundary. Its
Ricci flow is a smooth family of metrics (g(¢));>¢ such that

1-1) 9;8(r) = —2Ric(g(1)), g0)=¢

where Ric(g(#)) denotes the Ricci curvature tensor of g(¢). Due to diffeomorphism
invariance of the Ricci tensor, this evolution equation fails to be strongly parabolic.
One overcomes this problem by adding an additional term to the equation which
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breaks the diffeomorphism invariance. This leads to the equivalent and analytically
more convenient Ricci de Turck flow

1-2) 9;8(t) = —2Ric(g()) + Lwrg®), g(0) =g,

where W (¢) is the de Turck vector field defined in terms of the Christoffel symbols
for the metrics g(¢) and a background metric &

(1-3) W ()" = g0 (T (g(1) = TH;(h).

In the applications, the background metric / is usually taken as the initial metric g,
or as its small Ricci flat perturbation. The de Turck vector field defines a one-
parameter family of diffeomorphisms (¢ (¢));>0 and if (g(¢));>o is a solution to
the Ricci de Turck flow (1-2), then the pullback (¢ (#)*g(#)),>0 is a solution to the
Ricci flow (1-1).

On singular spaces, the de Turck vector field may point towards the singular
stratum and thus lengths of the corresponding integral curves may not be bounded
from below away from zero. Hence the one-parameter family of diffeomorphisms
(¢ (t))r>0 may not exist for positive times. Therefore, in the singular setting (1-1)
and (1-2) are generally not equivalent and we study the latter flow.

Our work establishes an interesting property of the flow, namely that a given
initial regularity of the Ricci curvature is preserved along the flow.

Theorem 1.1. The singular Ricci de Turck flow preserves the initial regularity of
the Ricci curvature. In particular, if the initial metric has bounded Ricci curvature,
the flow remains of bounded Ricci curvature as well.

We are not able to deduce an analogous result for the scalar curvature. The
reason is that the norm of the Ricci tensor appears as the reaction term in the
evolution equation of the scalar curvature. Thus, unbounded Ricci curvature at
the singularity pushes the scalar curvature to infinity after infinitesimal time. In
contrast, the evolution equation on the Ricci curvature is tensorial which allows
more flexibility. However, we are able to prove a different property of the scalar
curvature along the Ricci flow which is well known in the smooth compact case.

Theorem 1.2. An admissible Riemannian manifold with isolated conical singulari-
ties and positive scalar curvature admits a singular Ricci de Turck flow preserving
the singular structure and under the additional assumption of strong tangential
stability, positivity of scalar curvature along the flow.

The present work is a continuation of a research program on singular Ricci flow,
that preserves the initial singular structure, that has seen several recent advances.
In the setting of surfaces with conical singularities, singular Ricci flow has been
studied by Mazzeo, Rubinstein and Sesum [16] and Yin [23]. The Yamabe flow,
which coincides with the Ricci flow in the two-dimensional setting, has been studied
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in general dimension on spaces with edge singularities by Bahuaud and Vertman
in [1] and [2]. In the setting of K#hler manifolds, K&hler—Ricci flow on spaces
with edge singularities appears in the recent results on the Calabi—Yau conjecture
on Fano manifolds; see Donaldson [6], Tian [20], see also Jeffres, Mazzeo and
Rubinstein [9]. Kihler—Ricci flow in case of isolated conical singularities has been
addressed by Chen and Wang [4], Wang [22], as well as Liu and Zhang [15].

Ricci flow on singular spaces of general dimension, without the Kihler condition,
does not reduce to a scalar equation and has been studied in [21] by Vertman.
Subsequently, Kroncke and Verman [13; 14] established stability and studied
solitons and Perelman entropies of this flow in the special case of isolated conical
singularities. The present work is a continuation of this research program.

Let us point out that Ricci flow preserving the initial singular structure, is not
the only possible way to evolve a singular metric. In fact, Giesen and Topping
[7; 8] construct a solution to the Ricci flow on surfaces with singularities, which
becomes instantaneously complete. Alternatively, Simon [19] constructs Ricci flow
in dimension two and three that smoothens out the singularity.

2. Geometric preliminaries on conical manifolds

We begin with a definition of spaces with isolated conical singularities. We point
out that part of our analysis in fact applies to spaces with nonisolated conical
singularities, the so-called edges.

Definition 2.1. Let M be the open interior of a compact smooth manifold M
with boundary F := dM. Let x be a boundary defining function and C(F) a
tubular neighborhood of the boundary with open interior C(F) := (0, 1), x F. An
incomplete Riemannian metric g on M with an isolated conical singularity is a
smooth metric on M satisfying

g1 C(F)=dx*+x%gr+h=:g+h,

where the higher order term 4 has the following asymptotics at x = 0. Let g =
dx? + xgr denote the exact conical part of the metric g over C(F) and V; the
corresponding Levi Civita connection. Then we require that for some y > 0 and all
integers k € Ny the pointwise norm

(2-1) x*VEh|g = 0(x"), x—0.

Remark 2.2. We emphasize here that we do not assume that the higher order term
h is smooth up to x = 0 and do not restrict the order y > 0 to be an integer. In that
sense the notion of conical singularities in the present discussion is more general
than the classical notion of conical singularities where /4 is usually assumed to be
smooth up to x = 0 with y = 1. This minor generalization is necessary, since the
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Ricci de Turck flow, which will be introduced below, preserves a conical singularity
only up to a higher order term / as above.

We call (M, g) a manifold with an isolated conical singularity, or a conical
manifold for short. The definition extends directly to conical manifolds with finitely
many isolated conical singularities. Since the analytic arguments are local in nature,
we may assume without loss of generality that M has a single conical singularity
only.

Let (z) = (z1, ..., z,) be local coordinates on F, where n = dim F. Then (x, z)
are local coordinates on the conical neighborhood C(F) C M. A b-vector field is
by definition a smooth vector field on M which is tangent to the boundary dM = F.
The b-vector fields form a Lie algebra, denoted by V. In the local coordinates
(x, z), the algebra V), is locally, near 0 M, generated by

d 0 0
x—, 0, =—,...,— |,
0x 071 0zp

with smooth coefficients on M. The b-tangent bundle T M is defined by requiring
that the b-vector fields form a spanning set of sections for it, i.e., V, = C>® (M, *T M).
The b-cotangent bundle ?7*M is the dual bundle and locally, near 3 M, generated
by the one-forms

d
(2-2) {%,dzl,...,dzn}.

Note that the differential form dx—x is singular in the usual sense, but smooth as
a section of ?T*M. Extend the radial function x of the cone C(F) to a nowhere
vanishing smooth function x : M — [0, 2]. Then we define the incomplete b-tangent
space {*T M by asking that C**(M,"*T M) :=x~'C°(M,*T M). The dual bundle,
the incomplete b-cotangent bundle °T* M, is related to its complete counterpart
PT*M by C®(M,""T*M) = xC>®(M,>T*M), and is locally generated by

(2-3) {dx, xdzy, ..., xdz,).

3. Weighted Holder spaces on conical manifolds

In this section we review definitions from [21, Section 1.3] in the case of isolated
conical singularities. Let (M, g) be a manifold with isolated conical singularities.

Definition 3.1. Let dy;(p, p’) denote the distance between two points p, p’ € M
with respect to the conical metric g. In terms of the local coordinates (x, z) over
the singular neighborhood C(F), the distance can be estimated up to a constant
uniformly from above and below by the distance function of the model cone

d((x,2), &, 2) = (Ix —=x'*+ (x + x|z = 21DV
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The Holder space Cjt(M x [0, T]), a € [0, 1), is by definition the set of functions
u(p, t) that are continuous on M x [0, 7] with finite a-th Holder norm
lu(p, 1) —u(p', t')|
< 00,
du(p, p)* +1t —1'|*/2

(3-D lltlle := |Iu||oo+SuP(

with supremum taken over all p, p’ € M and t,t’ € [0, T] with p % p’ and t # ¢'.!

We now extend the notion of Hélder spaces to sections of the vector bundle
S := Sym*("’T*M) of symmetric 2-tensors. Note that the Riemannian metric g
induces a fiberwise inner product on S, which we also denote by g.

Definition 3.2. The Holder space Ci;(M x [0, T], S) is by definition the set of
all sections w of S which are continuous on M x [0, T'], such that for any local
orthonormal frame {s;} of S, the scalar functions g(w, s;) are in C2,(M x [0, T]).
The a-th Holder norm of w is defined using a partition of unity {¢;};c; subordi-
nate to a cover of local trivializations of §, with a local orthonormal frame {s j;}

over supp(¢;) for each j € J. We put
(3-2) ol P =" "lg(; @, 8ji) la-

jeJ k

Different choices of ({¢;}, {s;«}) lead to equivalent norms so that we may drop
the upper index (¢, s) from notation. Next we come to weighted and higher order
Holder spaces of S-sections.

Definition 3.3. (1) The (hybrid) weighted Holder space for y € R is
CE(M x[0,T1,S), :=x7 CL(M x [0, T],S) Nx’T*CL (M x [0, T], S)

¢

with Holder norm ||w|lq,y = X7 @lle + 77" @]l 0o.
(2) The weighted higher order Holder spaces are defined by

CE* (M % [0.T1. 8), :={weCl_ | (V}ox?0) o e CE_ forall j+2I <k},

for any y € R and k € N. For any y > —« and k € N we also define

CoY(M x [0, T1, S ={wecy| VoG we Ci , forall j 421 <k}.

The corresponding Holder norms are defined using a finite cover of coordinate
charts trivializing Sy and a subordinate partition of unity {¢;};c;. By a slight
abuse of notation, we identify V;, with its finite family of generators over each
coordinate chart. Writing D := {V{; o(x29,)! | Jj + 2l < k} the Holder norm on
Cike’“(M x [0, T1, S), is then given by

(3-3) ooy =D > 1X@) ) lay + @y -

jeJ XeD

1'We can assume without loss of generality that the tuples (p, p’) are always taken from within the
same coordinate patch of a given atlas.
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For the Holder norm on Cil;’a(M x [0, T1, S)f, replace in (3-3) [|w|la,, by [@]lq-

The Holder norms for different choices of coordinate charts, the subordinate
partition of unity or vector fields V;, are equivalent. Analogously we also consider
time-independent Holder spaces, which are denoted in the same way with [0, T']
deleted from notation above.

The vector bundle S decomposes into a direct sum of subbundles S = Sy @ S,
where the subbundle Sp = Sym% (*’T*M) is the space of trace-free (with respect
to the fixed metric g) symmetric 2-tensors, and S is the space of pure trace (with
respect to the fixed metric g) symmetric 2-tensors. Definition 3.3 extends verbatim
to subbundles Sy and Sj.

Remark 3.4. The spaces presented here are slightly different from the spaces
originally introduced in [21]. There, in case of S;-sections, higher order weighted
Holder spaces were defined in terms of x” C instead of Cioé’y. Here, we present
a more unified definition, which will become much more convenient below. The
arguments of [21] still carry over to yield regularity statements in these unified
Holder spaces.

Definition 3.5. Let (M, g) be a compact conical manifold, yy, y; € R. We define
the following spaces:

(1) If (M, g) is not an orbifold, we set

I, (M x [0, T1, 8) := C™ (M x [0, T1, So)y, ®Ci” (M x [0, T1, S1)},.

(2) If (M, g) is an orbifold, we set

3%, (M x [0, 71, 8) 1= CE*(M x [0, T, Sp)%, &CL™(M x [0, T, $1)),.

Note that e.g., for the nonorbifold case, the different choice of spaces for the Sy
and S| components, simply ensures that the §; component is not (!) included in
xVCi% for some positive weight y. In case of orbifold singularities, this restriction
is imposed on both the Sp and S} components. We can now impose regularity
assumptions on our initial data (M, g). Definitions 3.2 and 3.3 extend naturally to
associated bundles of "*T M. Also we write fo/’”‘ = ﬂ{')‘,‘;‘,

Definition 3.6. Let o € [0, 1), k € Ny and y > 0. A conical manifold (M, g) is
(o, v, k) Holder regular if the following two conditions are satisfied:

(i) The (0, 4) curvature tensor Rm € Cike’“(M x [0, T], @*T*M)_,.

(i1) The Ricci curvature tensor Ric € J—Ck_g 4y (M x[0,T],S).

We continue under that assumption from now on.
Remark 3.7. The asymptotics of the Ricci curvature tensor, as a section of S, is

generically O(x~2) as x — 0. Hence (a, y, k) Holder regularity with y > 0 in
particular implies that the exact conical part (C(F'), g) must be Ricci-flat. This is
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equivalent to (F", gr) being Einstein with Einstein constant n — 1. Moreover, the
weight y corresponds to the weight in (2-1).

4. Lichnerowicz Laplacian and tangential stability

Consider the right hand side —2 Ric(g(#)) + Lw)g(#) of the Ricci de Turck flow
equation (1-2). Write W () = W(g(¢), h) to indicate precisely what the de Turck
vector field depends on. Choose # = g as the background metric. Then, replacing
g(t) = g + 5 w for some symmetric 2-tensor w, the linearization of the right-hand
side of (1-2) is given by

d .
(4-1 7 (T2Ric@+50) + Lwgrson @+ 0)ls=0=—AL®,

where Ay is an elliptic operator, which is known as the Lichnerowicz Laplacian
of g, acting on symmetric 2-tensors by

Ar wij = Aa),-j —2g1’q Rm;l-j Wyrp +gqu,-p Wyj +gqujp Wiq,

where A denotes the rough Laplacian, and Rmy;; and R;; denote the components

of the (1, 3)-Riemann curvature tensor and the Ricci tensor, respectively. Near the
conical singularity A can be written as follows. We choose local coordinates (x, z)
over the singular neighborhood C(F) = (0, 1), x F. Consider a decomposition of
compactly supported smooth sections C3°(C(F), S [ C(F))

CSC(C(F), S | C(F)) — CF((0, 1), C®(F) x Q'(F) x Sym*(T*F)),

(4-2)
w = (w(am ax)’ w(ax, : )’ a)( N ))7

where Q!(F) denotes differential 1-forms on F. Under such a decomposition, the
Lichnerowicz Laplace operator A associated to the singular Riemannian metric g
attains the following form over C(F)

3) ap=- 2 nd O
E770x2 xax 2 ’

where [J; is a differential operator on C®°(F) x Q' (F) x Sym?(T* F), depending
only on the exact conical part g, and the higher order term is O € x 217 V% with

Holder regular coefficients.

Tangential stability. We can now impose a central analytic condition, under which
existence of singular Ricci de Turck flow has been established in [21].

Definition 4.1. (F, gr) is called (strictly) tangentially stable if the tangential oper-
ator [y, of the Lichnerowicz Laplacian on its cone restricted to tracefree tensors is
nonnegative (resp. strictly positive).



302 KLAUS KRONCKE, TOBIAS MARXEN AND BORIS VERTMAN

Tangential stability (in fact a smaller lower bound [J;, > —((n — 1)/ 2)? would
suffice) has a straight forward implication: for w € C°(C(F), §) we find

0 1 n—1 2 n—1 !
- ALw:(m</DL+( )
0 1 n—1 2 n—1
O(W(Jm( ) ))e

Thus, tangential stability in particular implies that A, acting on compactly sup-
ported smooth sections, has a lower bound, i.e., there exists some C € R such that

(4-5) AL | CP(M, S)>C.

For convenience of the reader we shall add here a complete characterization of tan-
gential stability, obtained by Kroncke and Vertman [13]. Recall that by Remark 3.7,
the assumption of («, y, k) Holder regularity implies that (F, gr) is Einstein with
Einstein constant (n — 1).

Theorem 4.2. Let (F, gr), n > 3 be a compact Einstein manifold with constant
(n — 1). We write Ag for its Einstein operator, and denote the Laplace Beltrami
operator by A. Then (F, gr) is tangentially stable if and only if Spec(Ag|rr) >0
and Spec(A)\ {0} N (n,2(n + 1)) = @. Similarly, (M, g) is strictly tangentially
stable if and only if Spec(Ag|r7) > 0 and Spec(A)\ {0} N[n,2(n+ 1)] = @.

There are plenty of examples, where (strict) tangential stability is satisfied. Any
spherical space form is tangentially stable. [13] also provides a detailed list of strict
tangentially stable Einstein manifolds that are symmetric spaces. Note that S” is
tangentially stable but not strictly tangentially stable.

Theorem 4.3. Let (F", gr), n > 2 be a closed Einstein manifold with constant
(n — 1), which is a symmetric space of compact type. If it is a simple Lie group G,
it is strictly tangentially stable if G is one of the following spaces:

(4-6) Spin(p)(p=6,p#7), Ee E;7, Es, Fu

If the cross section is a rank-1 symmetric space of compact type G/K, (M, g) is
strictly tangentially stable if G is one of the following real Grassmannians

S0Qq+2p+1D) s0®)
SO(2g + 1) x SO2p) SO(5) x SO(3)
SO@2p) SO@2p+2)
4D 5600 x SO(p) (P =4, SO0(p +2) xSO(p) P =Y
S0Cp) (p—2>2¢qg=>3),

SO(2p —¢q) xSO(q)
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or one of the following spaces:

SU@2p)/SO(p) (n=6), Ee/[Sp(4)/{xI}],  E¢/SUQ2)-SU(H),
(4-8)  E7/[SU8)/{£I}], E7/S0(12)-SU(2), Eg/SO(16),
Eg/E7-SU(2), F4/Sp(3) -SU(2).

Self-adjoint extensions of the Lichnerowicz Laplacian. We can now study the self-
adjoint closed extensions of Ay acting on compactly supported sections C3°(M, S).
We write L2(M, S) for the completion of C;°(M, §) with respect to the L?-norm
(-, )2 defined by g. The maximal closed extension of Ay in L*(M, S) is defined
by the following domain

(4-9) D(ALmax) i={we L*(M, S) | ALw e L*(M, S)},

where A w is defined distributionally. The minimal closed extension of Ay in
L*(M, S) is obtained as the domain of the graph closure of Ay, acting on C5°(M, S)

®(AL,min) = {a) € ®(AL,max) | El(wn)neN C CSO(M, S) :
Wy 7% o, A w, = A w in Lz(M, S)}.
Let (A, w;) be the set of eigenvalues and corresponding eigentensors of the
tangential operator [];. Assuming tangential stability, we have A > 0, and hence
we define

2
(4-10) v(h) 1= A+<?).

Standard arguments, see, e.g., [10], show that for each w € D(A [ max) there exist
constants c;t, v(A) € [0, 1), depending only on w, such that @ admits a partial
asymptotic expansion as x — 0

@1 o= Y (f@x "+ (@x " log(x)) - o,
v(A)=0
+ Z (C;“(a))x”0‘)_(”_1)/2 +c; ()x"P=0=D/2y ) 4+ B,
v(A)e(0,1)

for @ € D(AL min). All self-adjoint extensions for Ay, can be classified by algebraic
conditions on the coefficients in the asymptotic expansion (4-11), see, e.g., Kirsten,
Loya and Park [10, Proposition 3.3]. The Friedrichs self-adjoint extension of A
on C;°(M, S) C L*>(M, S) is given by the domain

(4-12) D(AL) :={w € D(AL max) | ¢; (w) =0for v(d) € [0, 1)}.
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Note that if n > 3, then tangential stability implies that all v(1) > 1. Hence the
minimal and maximal domains coincide and we find

(4-13) D(AL) =D(ALmax) = D(Apmin), forn=3.

We close the section with an observation by Friedrichs and Stone, see Riesz
and Nagy [18, Theorem on page 330], compare the corresponding statement in our
previous work [13, Proposition 2.2].

Proposition 4.4. Assume that (M, g) is tangentially stable, so that by (4-5) the
Lichnerowicz Laplacian A with domain C3°(M, S) is bounded from below by a
constant C € R.> Then the Friedrichs self-adjoint extension of the Lichnerowicz
Laplacian Ay is bounded from below by C as well.

5. Existence and regularity of singular Ricci de Turck flow

The main result of [21, Theorem 4.1], see also [13, Theorem 1.2], is existence and
regularity of singular Ricci de Turck flow. Despite a slight difference of Holder
spaces used here and in [21], we still conclude from [21, Theorem 4.1] that the heat
operator of the Friedrichs extension A; maps

e—tAL . g_(:k,ol

O 2ty (M X [0, T1, §) — H (M x [0, T, S).

Y0, Y1

Therefore existence and regularity obtained in [21, Theorem 4.1], as well as in [13,
Theorem 1.2] for a different choice of a background metric, still hold in our spaces.

Theorem 5.1. Let (M, g) be a conical manifold, which is tangentially stable and
(o, k + 1, y) Holder regular. In case the conical singularity is not orbifold, we
assume strict tangential stability. Let the background metric be either equal to g or
a conical Ricci flat metric, in which case g is assumed to be a sufficiently small
perturbation of g in 9{71‘/3/2’“ (M, S). Then there exists some T > 0, such that the Ricci
de Turck flow (1-2), starting at g admits a solution g(-) € 9{%)2,’1“ (M x[0,T],S)
for some vy, y1 € (0, v) sufficiently small.

Let us now explain in what sense the flow preserves the conical singularity.
Given an admissible perturbation g of the conical metric gg, the pointwise trace of
g with respect to go, denoted as tr,, g is by definition of admissibility an element
of the Holder space Ci];’a(M , S1)?, restricting at x = 0 to a constant function
(trg, 8)(0) = ug > 0. Setting X := ,/ug - x, the admissible perturbation g = go +h
attains the form

g=di*+%’gr +h,

2The case of C =0 is commonly referred to as linear stability in the literature.
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where |h] ¢ = O(x7) as x — 0. Note that the leading part of the admissible
perturbation g near the conical singularity differs from the leading part of the
admissible metric gg only by scaling.

We now wish to specify conditions on the weights yp, y1. Let us write (1) for the
tangential operator of the Lichnerowicz Laplacian A, acting on trace-free tensors So.
The tangential operator of Ay acting on the pure trace tensors S; is simply the
Laplace Beltrami operator Ay of (F, gr). We set ug := min(Spec 0} \{0}) > 0
and u; := min(Spec Ar\{0}) > 0. In the orbifold case we set u := min{ug, u;}.>
Define

2 2 2 2
Then the admissible choice of weights (yp, 1) (in the orbifold case set y = yp = yy)
and the Holder exponent « is given by the following restrictions:

Y0 € (0, m0), YW =2y, V<V,
(5-D €O, m), i<y, <y,
a € (0, wo—vo) N O, w1 —y1).

Remark 5.2. Note that in case of ug, u; > n, i.e., Iy > n, and assuming additionally
y > 1, we may choose yy, y; > 1 satisfying (5-1). This stronger condition is studied
in the Appendix, where a list of examples is provided.

We close the section by pointing out regularity of the de Turck vector field.
As before we may define weighted higher order Holder spaces of the incomplete
b-cotangent bundle b, By Theorem 5.1, see [21, Section 6],

(5-2) W(t) e Cl (M x [0, T1, P T*M) 145,

where ¥ :=min{yy, y1}, and ¥ =y in the orbifold case. As explained in the previous
Remark 5.2, assuming [, > n we can choose ¥ > 1, so that existence time of the
integral curves of W () is positive, uniformly bounded away from zero. In this case
we may pass from the Ricci de Turck flow back to Ricci flow, which is generally
not clear in the singular setting.

6. Evolution of curvatures under Ricci de Turck flow

The results of this section are well-known in the setting of smooth compact manifolds
where the Ricci flow is defined. Evolution equations are usually proven by studying
evolution of curvatures under the Ricci flow, and then the corresponding equations
follow for the Ricci de Turck flow by applying the corresponding diffeomorphisms.
In the singular setting there might be no globally well-defined diffeomorphism to

3See [21, Remark 2.5].
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go from the Ricci de Turck flow back to the Ricci flow, as the de Turck vector field
may be pointing toward the singularity. Thus we need to establish the evolution
of Ricci curvature under Ricci de Turck flow directly without passing back to the
Ricci flow. The evolution of the scalar curvature is then a direct consequence.

Notation. Let g(t),t € [0, T] be a Ricci de Turck flow of Riemannian metrics
on M. We denote by V, A, Ay and I" the covariant derivative, the Laplace Beltrami
operator, the Lichnerowicz Laplacian and the Christoffel symbols, respectively,
defined with respect to the metric g(). We let |-| be the norm with respect to g(¢).
We denote the Riemann curvature tensor by Rm, the Ricci tensor by Ric and the
scalar curvature by R, and we use the following conventions:

Rm(X, Y)Z = Vx(VyZ) — VY(V)(Z) — V[X’y]z,

R a 9 d R! 0
m\ —, — | —5 = s
dxt’ dxJ ) oxk ik g x!
Here and below we use the Einstein summation convention and sum over repeated

upper and lower indices. We lower the upper index to the fourth slot R;jx := g RZ. k-
Then the Ricci tensor Ric and the scalar curvature R are given by

Ricjy = Rj := Rfjk = gilRijkl, R:= gijjk-

Theorem 6.1. Let M be a smooth manifold. Let g(t),t € [0, T] be a solution of the
Ricci de Turck flow with initial metric g and reference metric h, i.e.,

58 (. 1) = (2R + VW + V; W) (x, 1), (x,1) € M x[0, T,
(6-1)

8ij(x,0) =g;;(x), xeM,

where W(1)* = g(1)'(T};(g(1)) — T'};(h)) is the de Turck vector field. Then the
Ricci tensor Ric evolves by

(6-2) (8[+AL)Rjk =Vijka+ijVka+kaVij.
Proof. By [5, Lemma 3.5] the evolution of the Ricci curvature is given by
(6-3) Rk = 28" (VyVjar, +VyViajp — V,pVyaj — V;Viap,),

where the time-dependent (0, 2)-tensor a is the time-derivative of the metric, a;; :=
%gij. Using the Ricci de Turck flow equation %gij =—-2R;; +V;W; +V;W; we
obtain
(6-4) 8tRjk = —gpq (Vq Vj Rkp—i—VqVkij—Vqu Rjk—Vj Vkqu)
+%g”’1 (VquVk W,+VyV;V,Wi+V, ViV W,+V, ViV, W;
-V, VyViW =V, V,ViW;—V;V\V,W,—V;V,V, Wp).
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The first line on the right-hand side is the time-derivative of the Ricci tensor when
the metric evolves by Ricci flow. Since it is known [5, Lemma 6.9] that under Ricci
flow the time-derivative of the Ricci tensor equals the Lichnerowicz Laplacian of
the Ricci tensor, i.e., 9; Rjx = —AL R, it follows that

(6-5) ALRjk = gpq(quijp +VqVkij — vquRjk — Vijqu).

To simplify the second and third line on the right-hand side, we compute several
terms by commuting covariant derivatives. We have

(6-6) Vo ViV Wi =V (Vo VWi — RT W)
=V, ViWi = VR Wy — R™ V), Wiy,

Hence by exchanging j and k
(6-7) V,ViV,W; =V,V, VW, —V,,R,’(’;ij —R,’(”qume.
Furthermore,

(6-8) V,V;ViW,
=V, ViWy =R Vi Wy — R Vi Wy
=V, (ViVp Wy =R W)= R Ny Wy — R Vi Wiy

=V ViV Wy =V R Wiy =RV Wy — R Vi Wy — R Vi Wi

By exchanging j and k and commuting covariant derivatives we have

6-9) V,ViV;W, =V V;V,W, = ViR" W,, —R" VkW

piq

=V, ViV, W, — R,'g;pv W, —RquVpW kamW

piq

Now plugging (6-5), (6-6), (6-7), (6-8), (6-9) into (6-4) we obtain

(6-10) & Rjx=—ALRj—1g"(V, R’”kW +R" VWtV quJW

+RpjkV 14 +R?}]qVka+Rkij Wy

—I—RquV Wi —|—VkRZ’qu —{—RMVka

+ R Vi Wy R Vi W)
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Simplifying and rearranging terms yields

(6-11) & Rjx=—ALRjx — 18"V, W, (R7, + R, + REG,)
— 58IV Wy (R + R, + Ry

— —g”qW (VpRY + VR + ViR, + ViR )
— 8" (R ViWm + R Vi W),

The second line on the right-hand side is

(6-12) ——g”"V Wi (R]pk—l—R,’("pjﬁ—R,’(’;p)—Egqu Wy (R R, + R )

= _§Vme(ijkm+Rkpjm+Rkjpm)_jvm Wp(Rpjkr11+Rkjpm+Rpkjm)
= _%Vme (ijkm+Rkpjm+Rkjpm)_%vP wn (ijkp+Rkjmp+Rmkjp)
= _%Vme(ijkm+Rkpjm+Rkjpm_Rkpjm_Rkjpm_ijkm)

=0,

where in the penultimate line we used the symmetries of the curvature tensor. The
fourth line on the right-hand side is given by

(6-13) —gPI(R™ VW + R" ViWy) = RinV; W + Ry Vi W,

pkq piq

To compute the third line on the right-hand side, we first observe that by the
symmetries of the curvature tensor and the second Bianchi identity

(6-14) VoRjgkm = VpRimjg =~V Rpijiq — Vi Rumpjg-

Moreover, exchanging j and k yields

(6-15) VpRigim = —VmRpjkg — VjRmpig-

Now using (6-14) and (6-15) we obtain for the third line on the right-hand side

(6-16)  —38PI W (VpRI AV, RE AV R +ViRY )

== 38" W" (= Vi Rpjq = Vi Rnpjq =V R pjig
_Vj Rmpkq +Vj Rpkqm +vk Rqum)
_%Wm(_vm Rkj+kamj_vajk+vj Rmk_vj ka_kajm)
=W"V,Rji.
Plugging (6-12), (6-13) and (6-16) into (6-11) we finally obtain the claimed evolution
equation of the Ricci tensor

8,Rjk=—ALRjk-i-Vijka+ijVka+kaVij. O
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Corollary 6.2. Let M be a smooth manifold. Let g(t), t € [0, T] be a solution of
the Ricci de Turck flow with initial metric g and reference metric h, i.e.,

D gij(x, 1) = (2R +ViW; + V; W) (x,1), (x,1) € M x[0, T,

(6-17) i
8ij(x,0) =g (x), xeM,

where W (1)k = gl (Ffj (g(1) — Ffj (h)) is the de Turck vector field. Then the
scalar curvature R evolves by

(6-18) (8 + A)R = (W, VR) +2|Ric|*.
Proof. The scalar curvature is given by R = g/*R jk- Since
dg't=—gPg"d,8,0 = """ (=2R g + V, W, +V,W),)
and by the evolution equation for the Ricci tensor (6-2) we thus obtain
R =—g"g" (=2Rpy + V, W, + V,W,)R i
+ g (= ALRjL + Vi Rjx W™ + Ry Vi W™ 4 Ripy V; W™)

=2[Ric|* —2gPg"V ,W,Rjx — g/*ALRjx + Vy RW™ +2g7* R, V, V"
=—AR+V,,RW" 4+ 2|Ric|?,

where in the last step we used gjkALRjk = AR. O

Remark 6.3. Note that in the proof we didn’t use the special form of W, we just
used that W is a (time-dependent) one-form.

Remark 6.4. Note also that, although the computations above are local, it is not
possible to locally go from the Ricci de Turck flow back to the Ricci flow. If the de
Turck vector field points towards the singularity, such that there exists a sequence
of points p, € M where the integral curve of the de Turck vector field starting at
Pn has maximal existence time .« (p,) — 0, the local diffeomorphisms generated
by the de Turck vector field are not defined near p, for times tmax(pn) <t <T. As
the times fmax (p,) become arbitrarily small, it is also not possible to replace T by
a smaller time 0 < § < T and obtain the evolution equations on [0, S].

7. Regularity of Ricci curvature along the Ricci de Turck flow

Our aim in this section is to improve the a priori low regularity of the Ricci curvature
along the singular Ricci de Turck flow, as noted in [21, Theorem 8.1]. Consider an
(o, k+ 1, y)-Holder regular conical manifold (M, g), satisfying tangential stability,
with singular Ricci de Turck flow g(-) € J—C%‘f‘yl (M x [0, T], S), i.e., decomposing
g(t) = (14u)g+w into trace and trace-free parts with respect to the initial metric g,
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we have
(@, u) € CEH(M x [0, T1, So)y, ®Cit > (M x [0, T, S1)5,.

Recall the following transformation rule for the Ricci curvature tensor under con-
formal transformations (setting 1 +u = ¢%>® and noting that dim M =n + 1)

(7-1) Ric((14u)g) =Ric(g)—(n—1)(Vop—04-04)+(ALp—(n—1)[|VS|*)g.

From here we conclude that Ric((1 + u#)g) — Ric(g) € Cike’“(M x [0, T], 8)-24y,-
Now consider Ric((1+u)g +w) —Ric((14+u)g), which is an intricate combination
of a and w, involving their second order x ~2 V? derivatives. Hence that difference
lies in C{;“(M x [0, T], §)—24+5 with ¥ :=min{yy, y1}. We conclude

Ric(g) € CLM"* (M x [0, T1, 8) 2+,
Ric(g(r)) € CL*(M x [0, T1, )24y,  t>0.

€

(7-2)

In particular, e.g., if po, w1 <2 <y, then y <2 < y. In that case, the initial Ricci
curvature Ric(g) is bounded as a section of S, while for positive times Ric(g(#)) is
singular as a section of S. In this section we improve this low regularity result.

Expansion of the Lichnerowicz Laplacian. Below we fix the following notation: A
superscript “~” indicates that the quantity is taken with respect to the initial metric
£(0). For example, V and A7 refer to the covariant derivative and the Lichnerowicz
Laplacian with respect to g(0). Otherwise the quantities are defined with respect to

the flow g (7).

Theorem 7.1. Consider an («, k + 1, y)-Holder regular conical manifold (M, g),

satisfying tangential stability, with singular Ricci de Turck flow g(-) € ﬂ{];;f)z,’l“ (M x

[0,T],S), i.e., decomposing g(t) = ag + w into trace and trace-free parts with
respect to the initial metric g. Then there exist

AeCh*(M x1[0,T], S)7,
B eCl*(M x[0,T1. $)-117.
CeCl*(M x[0,T1, $) 217,

such that for any (time-dependent) symmetric 2-tensor ¢
(7-3) Arc=a"PAa e+ (A-(x"'V) 2+ B-x"'V, +0)e.

Proof. Consider the rough Laplacian A = —g'/V;V ; first. We start by writing out
A in local coordinates and later on turn to the Lichnerowicz Laplacian A;. We
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compute for any symmetric 2-tensor ¢

(7-4) (Ao =—g"ViVjcu
= —gij (81- ajckl—a'FTkal—F;nka'le—a'F';llck,n—r"j?llaickm
S N ETES Wi WYORE S Wil DaTS W TTOME WA o

ijt m ijt m
. m P mppP
LT emp=T1 8 chm+ T D icmp+ T TE cip)-

Our goal is to obtain an expansion for each term on the right-hand side of (7-4).
The metric g(¢) has the form g;; = ag;; + w;;, with inverse (see [21, page 28])
(7-5) g1 =a7'8" —a 2§ wp +a g g " wyp g -

Hence the first term on the right-hand side of (7-4) is given by

—g"9i0jc =—a""'870;0jcu—(—a 2§ g wps+a gl 8 8 wsp wrg)0idjcur.
Now we study the asymptotics of the last expression at the conical singularity. This
is analogous to the discussion in [21, pages 28-29]. Consider the local coordinates
(zoy - - - » 2n) Of C(F) with zg =x and (zy, . . ., z,) being local coordinates of F. An
upper index i = 0 does not contribute any singular factor of x due to the structure
of the inverse g~!. A lower index i = 0 indicates a differentiation by 9, € x~!V,,
Hence an index i = 0 (as a combination of a lower and upper index) contributes
x~1V;, up to a term of type A.

Similarly, an upper index i > O contributes a singular factor x~! due to the
structure of the inverse g~'. A lower index i > 0 indicates a differentiation by
dz; € Vp Hence an index i > 0 (as a combination of a lower and upper index)
contributes x ! V;, up to a term of type A. Hence in total we find

(7-6) —g78:8jcn = —a"'§7 88 e+ A (x 71 V) en,

for some A € Ck (M x [0, T], S)7. In order to study the remaining terms in (7-4),
involving Chrlstoffel symbols, we note that the Christoffel symbols Fk with respect
to the metric g(¢) are related to the Christoffel symbols Fk of the 1n1t1a1 metric g
as follows
(7-7) Tf =T} +3a"" 8" (0:a2jm+0;a8im—nagij+0i jm +03; @im — O wi))
+ %( a nglgmp W) +a nglgkrgpq wip qu)
X (a0 &jm + 0j&im — 0m&ij) + 0iagjm + 9;agim

— Onagij + 0 jm +0j Wim — 0 wij)

This allows us to conclude by counting upper and lower indices as above that for

any {Y,}, with Yo := 9, and ¥; := x—laz,. fori=1,...,n, we have

(7-8) (Ac)(Yi, Y1) =a " (A)(Yi, Y+ (A-(x T V)2 +B-x "1V +C)e(Yi, Y1),
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for some terms A, B, C as in the statement of the theorem. Computing further
(7-9) A=a""PAa"P +4+(A- V) + B x T Y, 0,

where B'= B—a~Y2(Va~1/2),C' = C—a~Y2(Aa~'/?). Note that the terms B’, C’
still have the same Holder regularity as B, C. Now we turn to the Lichnerowicz
Laplacian. Recall that it is given by

ALCkl = Ackl — ngqR;lerp + gqukquz —I—g”qukaq-

To deal with the extra terms involving the Riemann curvature tensor and the Ricci
curvature on the right-hand side, we note the following formula for the components
of the curvature tensor in local coordinates

(7-10) Rfjk = 3iF§-k — ;T + karz{p - Fﬁcl“ﬁ-p,

which also leads to a formula for the components of the Ricci tensor
(7-11) Rjx =R =0T —9;T}, +Th i, —ThT .
These extra terms can be treated using (7-7), which leads to the claimed expansion
for the Lichnerowicz Laplacian. ([
Corollary 7.2. Under the conditions of Theorem 7.1 we conclude
(7-12) (8 +a"*Aa""?*)Ric =: X (Ric) € CL"*(M x [0, T1, S) 4125
Proof. Recall the evolution (6-2) of Ricci curvature along the Ricci de Turck flow
(7-13) (3; + Ar) Ricjx = V,, Ricjy W™ +Ricj,, Vi W™ + Ricy,, V; W™,
By (5-2) and (7-2) we conclude

(8 + Ar)Ric € C (M x [0, T1, S)—a127-
The statement now follows from Theorem 7.1 and (7-2). U
Mapping properties of the heat parametrix for L := a'/ 2Xa~12, We first point

out the following relation between L = a'/ 2Aa~1/2 and the Lichnerowicz Laplace
operator Ay

(7-14) L=a"?Aa"'"?
Y —i—al/Z(Za_l/z) +a1/2(§a—1/z)§
=AL+(B-V+0)
= AL+P,

where B and C are terms with same regularity as in Theorem 7.1. The heat operator
for Ay has been studied in [21, Theorem 3.1], which asserts that for n > 3, any
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y € (0, 24+ min{ug, 11}) and o € (0, 1) sufficiently small, the following is a bounded
mapping (we simplify notation by writing }C’}‘;“ = J{])‘/”‘;‘,)

(7-15) e AL gt (M x [0, T1, S) — H424(M x [0, T1, S).

Since by (7-14), L and A differ only by lower order terms P, the heat operator
construction in [21] carries over to get a heat parametrix for L as well. Thus, exactly
as in (7-15), we find

(7-16) H:=e "5 (M x[0,T1,8) — HELS(M x [0, T1, 9).

The following mapping properties are needed later in this section, and follow by
similar arguments as in [21, Theorem 3.1] and (7-15).

Lemma 7.3. Consider smooth functions p € C*(M) smooth up to the boundary,
n € Cg°(M) smooth with compact support away from the conical singularity. Let
v € Cy° (M, TM) be asmooth 1-form and w € Cy° (M, PT*M QPT*M) a smooth
(0, 2)-tensor, both with compact support away from the conical singularity. Let H
be the heat parametrix of L = a'/ 2Aa~V2. Then

Eg:=nHp: 3, (M x[0,T],8) - HEL9(M x [0, T1, S),
Eo:=v®Hp : H (M x [0, T], S) > HELA(M x [0. T, T*M ® S),

EO::w®Hp:ﬂ-Ck_’Z‘+y(Mx[O, T1,8) > HEL(M x [0, T, T* M®®S),

with || Eoll = 0, | Eoll = 0 and | Eol| = 0 as T — 0.
The next result is a straightforward consequence of Lemma 7.3.

Corollary 7.4. In the notation of Lemma 7.3 we find
Fo:=v®VHp:H",_ (Mx[0,T],S)— HEL S (Mx[0, ], T* M5,
Go:=g"viV;Hp: }c" -, (Mx[0,T],8) - J{k+1 Le(Mx[0,T1, ),

with | Fyl| = 0, ||Goll > 0as T — O.

Proof. By Lemma 7.3 we have

(M x[0,T],S) — F4 M x [0, T], P T*M® ® 9),

Vv ® Hp) : H:e e

—4+y
with [V(v® Hp)|| = 0 as T — 0. On the other hand
Vwv® Hp) =Vv@® Hp+v® VHp.

Hence the mapping properties of Fy follow by applying Lemma 7.3 to Vv ® Hp.
The mapping properties of Gg follow from the ones of Fy, as Gy is simply Fy
composed with a contraction. (]
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Heat operator parametrix for a=/ 2Xa~12. Our goal in this section is the existence
of inverses Q and R for the parabolic operator P := d; + a~'L, where a is the
pure trace part of g(¢) with respect to the initial metric g and is positive uniformly
bounded away from zero for short time. These parametrices are constructed out
of the heat parametrix H for L = a'/*?Aa~"/2, using (7-16), Lemma 7.3 and
Corollary 7.4. Our main result in this subsection is as follows.

Theorem 7.5. Let n > 3. Consider any y € (0,2 + min{ug, n1}) and o € (0, 1)
sufficiently small, such that (7-15) holds. Then there exists Ty > O sufficiently small
and a bounded linear map

(M x [0, Tpl, §) — HE2% (M x [0, Tol, S),

. k,o
Q: ¥ ~2+y

—4+y
such that if f € fHk_’Zer (M x [0, Tpl, S), then u = Qf solves the initial value
problem

@ +a 'Lu=f u(-,0=0.

The proof of that theorem will occupy the rest of this subsection. Before we
proceed, let us note an immediate consequence.

Theorem 7.6. Let n > 3. Consider any y € (0, 2 4+ min{ug, u1}) and o € (0, 1)
sufficiently small, such that (7-15) holds. Then there exists Ty > 0 sufficiently small
and a bounded linear map

R:IHETSM, $) — LM x [0, To), S),

such that if ug € fHk_Jgi;f (M, S), then u = Ruq solves the initial value problem

@ +a 'Lyu=0, u(-,0) =uo.

Proof. We have Lug € H"§, (M, S) and thus a~' Lug € 35§ (M x [0, To], S).
We set Rug := ug + Q(a~ ' Lug), which yields the desired solution to the initial

value problem above. U

Construction of a boundary parametrix. We now begin the proof of Theorem 7.5.
The proof idea is to construct boundary and interior parametrices, and glue them
together to an approximate solution to (3; +a~!L). Provided the error is sufficiently
“nice”, we can obtain a solution Q by a Neumann series argument. We follow the
analytic path outlined in the work by Vertman jointly with Bahuaud [2].

We start by introducing the notion of a reference covering which is a special
case of a covering considered in [2]. Let U = [0, 1), x (=1, 1)? be a model half-
cube. For each p € M, there is a coordinate chart ®, : U — W, onto an open
neighborhood W, C C(F) C M, centered around pi. Due to compactness of 0 M,
there are finitely many such charts {W;, ® pi}f\’: , covering C(F). Together with
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Vi

1
0 i

Figure 1. The cutoff functions ¢;, ;.

the open set Wy = M \([0, %) x F ) we obtain an open cover of M that we call a
reference covering.
Let o : RT™ — [0, 1] be a smooth cutoff function with o(s) =1 for s < ‘l‘ and
1

o(s) =0 for s > 5. Denote by (x,z) € CID;I_1 (W;) the local coordinates on the

coordinate chart W;, centered around p; € d M. Then we define

x Izl
$i(®p,(x,2) :=0x)a(llzl),  Vi(Pp(x,2)) =0 (§>0 (T)
Notice that ¢;, ¥; € C“(lVI) are both identically 1 near (0,0), and ¥; = 1 on
supp ¢;. Furthermore, ¢;, ¥; € Ci,(M), since they are constant near the cone points.

These functions are illustrated in the radial direction in Figure 1.
Next, for ¢ € (0, 1) to be specified later, and any p =z9 € W; NdM we set

- X ~ X

@ip(x,2) == ¢ (;, zZ— ZO)a Vipx,2) =i (g, z— za)-
This defines smooth cutoff functions ; p, Ui, » € C®(M) which again lie in
Cfe’“ (M), with the Holder norms bounded by ¢ ™% ||¢; “C{\'.a( M) and e[| [| ke
respectively ¢ ‘

(M)’

(7-17) ”ai,p”C:‘eﬂ(M) = S_a”(Pi ”Cfe'a(M)’ ||¢i,p||c£‘é°‘(M) = 8_a||‘/fi “Cfé"(M)'

Let L; be the lattice of points in the coordinate chart W; of the form {(0, w) | w € Z"}.
By construction, every point on d M lies in the support of at most a fixed number
(independent of ¢) of functions {%, pli=1,...,N, pe L;}. Furthermore, let
F, = F.(x) be a cutoff function with supp F. C {x > ¢/4} C M, which is identically
1 on the set {x > ¢}. Let G;(x) = F.(3%). For any p € L; we normalize

(Zi,p {/71',17
7-18) @iy Vipi= —
"7 TR+, D qer; Phg

TG+, > ger, Prg
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By (7-17), these functions again lie in C¥ (M), with

1€

—u —
i, pll ko pry = const- e @il chayyy = const- e,

(7-19) W w
||wi’pllcé<e,a(M) <const-¢g ||1p,-||cike,a(M) <const-eg %,

Finally note that due to normalization, for any 0 < ¢ < 1, the functions
C:=D D b W=D ) Vi
i peL; i peL;

are smooth cutoff functions in C*°(M) which are identically 1 in a neighborhood
of the cone singularity. We can now introduce an approximate boundary parametrix.

Consider any f € 3{122‘ ty (M x [0, Tp], S) and denote by H,, the heat kernel of

a(p,0)~'L,* for any p € 3M (note this is simply a rescaling of L by a positive
constant). Then we define our boundary parametrix by

N
(7-20) Onf =Y VipHplej,fl.

j=1 peL;
Lemma 7.7. The solution u, :=; ,H,[@; , f] satisfies
@ +a'Lu,=9;,f+E) ,f+E] ,f.
where the operators E?’ » and Ej1 p are as follows:

@) E;.)’p is a bounded linear map on U{IEZJFV (M x [0, T], S), and there exists a

constant C > 0 independent of j, p, such that for T /> < 1

IEY £l < Ce” + T ), £,
o

.. . . k,
(i1) Ejl.’p is a bounded linear map on 9{_4+

y(M x [0, T, S), with operator norm
satisfying ||E]1., L= 0asT — 0"

Proof. We simplify notation by omitting the subscripts on ¢, ¥ and E°, E'. Then
we compute in view of (7-14)
@ +a~'Lyuy = @ +a” ' L)Y Hplef])
= Yo Hylpf1+a (By - Hylof1+287Viv (V;Hylof |
+ B Hplof]) + ¥ LH,lpf])
=y @ +a” (P, O Hylpf1+ ¥ (@' —a~ (p, 0)LH,l¢f]
+a” Ay - Hylof1+a 287V (V;Hylef1+ B - Hylof )
= yof +E°f+E'f,

“4Recall that g(p, 1) = a(p, Ng(p) ® w(p, 1).
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where the operators E® and E'! are explicitly given by

E°f =y —a ' (p.0)LH,lef].

E'f:=a"'Ay - Hylof1+2a7" g7V (V;Hylpf1+ B - Hylof D).
Since ¥ = 1 on supp ¢, any derivative of Y vanishes on a neighborhood of the
conical singularity. Hence the claimed mapping properties of E! follow from

Lemma 7.3 and Corollary 7.4. What is left is establishing the mapping properties
of E°. Writing out definitions of the various Holder norms, we find

(72D NE fllyee < Cllv(a™! —a™ (p, ODllgter - ILHplofllgets -
We write p = (0, zo). For any (x, z) in the support of ¥ we obtain

a0, 2,0 = a7 (0, 20, 0)1 < I Ix ™7 (xB)a ™ oo + 1% 1@ [
< 7 7Y (0)alloo + 12l
Y /2
<Cldu(p,q)" +1 )”a”Cile’a(MX[O,T],Sl)’;

Y Ol/2
<CE"+T )”a”Ci'e*"‘(Mx[O,T],Sl)';’

where we used that a(0, -, ¢) is constant in z, and d,a~' = —d,a - a—2. Recall the
notation D of Definition 3.3. Then for any partial differential operator X € D of
order at least 1, we compute similar to above for any (x, z) € supp ¥

1X(a ' (x,z2,0) —a"' (0,20, )| = [ Xa ' (x, 2, )] < x| Ix 7 Xa oo

Y
= Ce'llallcremxo,r1,5e

y aQ
<C(e" + T2)”a||Cile'°‘(M><[0,T],Sl)};'

Analogous estimates hold for Holder differences. Noting (7-19), we conclude

(722) Y@ —a™ (p ODlgte = Ce™ (& + T2 all kv yrpo 11,5,

Now we estimate L H,[¢f]. We first note that it vanishes identically at # = 0. This
is obtained from the following mapping properties of the heat operator

Hyop: 35, (M x[0,T],S) — HEL4(M x[0,T1, 9),

Hyop: 3, (M x[0,T],S)— 3 5420 (M x [0, T, S),

where the first mapping property is due to (7-15) and the second is obtained by
similar arguments, converting the lesser target regularity into a time weight. Hence
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LHylpf] e ﬂ{]ig +y vanishes identically at = 0 and hence

(7-23)  WLHplgf g0 = ILHplpf]— LHplof1(t = 0)lly0
(7-24) < CT*Pllpf Myes, = CE+T oS Mgens -

Analogous estimates hold for Holder differences, if we take supremums over supp .
Hence overall we arrive at the estimate

(7-25) ILHplof Mats upprxcio.rrs) = CE* TR Tgges -
Plugging the estimates (7-22) and (7-25) into (7-21), we conclude for 7'/ g2 <1
0 y o/2N — /2
1Ef iy, < Cle” + T + T lof Mo
< CE+ T A+ T/ pf Mgt
< CE" + T lpf s, -

This finishes the proof. (]

Proposition 7.8. Let o € (0, min{y, 1}). For every é§ > 0, there exists ¢ > 0 and
Ty > 0 sufficiently small, such that the heat parametrix defined in (7-20)

(M x [0, Tpl, §) — HE2%(M x [0, Tol, S),

. k,a
Qp: H —2+y

—4ty

is a bounded linear map, solving
@ +a '"LY(Qpf)=Df +E f+E'f,

where E° and E' are bounded linear maps on J—CIELV (M %10, Tp], S) with operator
norms |E°|| < 8 and |[E'|| — 0 as Ty — O*.

Proof. By Lemma 7.7 we compute for any f € Fehe (M x [0, Tp], S)

—4+y

N
@ +a ' LYQu )= Y @ +a 'Ly, Hplpjpfl=2f + E°f + E'f,

j:] ])EL]'

where we have defined fori =0, 1

N
E'f:= Z Z Ejlpf‘

j:] [)GLj

The operators E; > and hence also both E° and E!, are bounded operators on

J—CIEZ‘ ty (M x [0, Tp], S) by Lemma 7.7. It remains to estimate their operator norms

as Top — 0. The fact that |[E'|| — 0 as Ty — 07 is a direct consequence of the
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second statement in Lemma 7.7. For the estimate of || E°|| we argue as follows. We
choose & > 0 and Ty > 0 with Ty < ¢2. Then by Lemma 7.7 and (7-19) we have

2
1ED , Fllgs < CC&” + T3 )lgp fllggs

-/ Y o2
<Ce (e +T0 )”f”g{kjw
— — /2

=C(e" ™ 4+ 67T, )||f||g{$x+y
Now set 8" :=8/(3_,|L;IN) > 0 for a given § > 0. Then fix & > 0 sufficiently small
Ce¥ ™% < §'/2 (note that y — « > 0). For the fixed £ > 0 choose Ty > 0 sufficiently
small, such that Ce™* T(;l/z < 8'/2. These choices yield || E?|| < 8, and the proof is
finished. ([

Construction of an interior parametrix. Next we construct an approximate interior
parametrix. This construction is analogous to the one in [2], but for the convenience
of the reader we repeat it here.

Recall that the radial function of the cone x : C(F) — (0, 1) is extended smoothly
to a nowhere vanishing function x € C*°(M). We assume that x > 1 outside of
the singular neighborhood C(F). For ¢ > 0 small enough, Y, :={x >¢/2} C M
is a manifold with smooth boundary {¢/2} x F. Let Y denote the double of Y.
Since the Riemannian metric on Y need not be smooth, we smoothen the metric
in a small collar neighborhood of {¢/2} x F, such that the metrics on Y and M
coincide over Y»,.

Since ® € C*®(M) is by construction identically 1 in {x < &}, the function
1 — @ defines a smooth cutoff function on the closed double Y, which is again
denoted by 1 — ®. Let P denote the extension of P = 3; +a~'L to a uniformly
parabolic operator on Y. Note that ﬂ-lej‘ y | Ye = Cike’“(Yg x [0, Tp], S). Let
0;: Cike’“(Yg x [0, Tol, ) — Cike+2’°‘(Y8 x [0, Ty, S) be the solution operator of the
inhomogeneous Cauchy problem

Pu=(1-®)f u(-,0)=0.

Also let x be any smooth cutoff function which is identically 1 on supp(1 — ®).

Then we define the interior parametrix for any f € iHlﬁZ‘ +y by

0if = x0il(1— @) f].

Construction of the parametrix. From the approximate boundary and interior para-
metrices we obtain an approximate parametrix by

Of = f+0Oif

for f € Feh (M x [0, Tol, S). From there we get a parametrix as follows.

—4+y
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Proof of Theorem 7.5. By Proposition 7.8 we conclude
@ +a 'L)Qf =bf +E f+E' f+(1—®)f+ E*f =: f + Ef.

where Ezf = [X,a_lL]éi[(l — @) f]. Now similarly as in Lemma 7.3 and
Corollary 7.4 we find that || E2|| — 0 as Ty — 0. Hence we can choose Ty sufficiently
small, such that the error term Ef := E° f + E! f + E? f has operator norm less
than 1. Then I + E, as an operator on J—C'ﬁj{‘ +y (M x [0, Tp], S), is invertible, and
we set

Q:=QU+E)". a

Extension of parametrices to the full time interval. In this subsection we extend
the existence results of Theorems 7.5 and 7.6 from the shorter time interval [0, Tp]
to the full time interval [0, T']. By Theorem 7.5, for any f € iHli’Zer (M x[0,T1,S)
there exists a Ty € (0, T'] and a solution u = Q f € J{Ii’g+y (M x [0, Tp], S) to the
parabolic initial value problem

@ +a 'Lyu=f u@=0)=0.
If Ty < T, we consider the homogeneous Cauchy problem
@ +a 'Ly =0, vit=0)=u(t =Ty,

where the initial data u(r = Ty) € ﬂ{]ig +y (M, S). By Theorem 7.6, the solution to
this problem, v; = Rv; (¢t = 0), exists on the time interval [0, Tp] independent of

the initial value u(# = Tp). We may use Theorem 7.5 to solve
0 +a~"'"Lyuy = f(p, 1+ To), u1(0) =0,
on the interval [Ty, 27], and then the function

u(p,t), for0<r<Typ,

Fp 1) —
“(p. 1) {m(p,t—To)-l-vl(p,t—To), for To <t < 2Ty,

extends u past Ty. This process continues until n7y > T, and produces a solution u
in U-lengy(M x [0, T'], S). Thus Theorem 7.5 and hence also Theorem 7.6 hold on
the full time interval [0, T].

Remark 7.9. To see that the solution produced in this way indeed has the claimed
regularity (in particular including Holder regularity in time), we observe that instead
of piecing together solutions on the time intervals [0, Ty], [7o, 27p] etc. we could
have instead chosen overlapping intervals [0, Ty], [Ty — &, 2Ty — €] etc. with a
small ¢ > 0. Then these solutions agree on the overlaps by a uniqueness argument
analogous to the proof of Theorem 7.10, based on the fact that the Friedrichs self
adjoint extension L is bounded from below.
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Regularity of Ricci curvature along the flow. We continue under the previously
fixed notation where the superscript “~" indicates that the quantity is taken with
respect to the initial metric. The following result proves our main Theorem 1.1.

Theorem 7.10. Let (M, g) be a tangentially stable conical manifold of dimension
at least 4, with (a, y, k + 1) Holder regular geometry. Let g(t),t € [0, T] be the
solution of the Ricci de Turck flow with initial metric g and reference metric as
in Theorem 5.1. Then, assuming y € (0, 2 4+ min{ug, 11}), ifliTc € U—legﬂ/ (M x
[0, T, S), then Ric € "5, (M x [0, T1, S).

—2+y
Proof. By Corollary 7.2 we know
(d+a~'L) Ric=: X (Ric) eCly (M x[0, T1, $) 412y SH G, (Mx[0, T1, 5).

Consider the parametrix Q of Theorem 7.5 and the parametrix R of Theorem 7.6.
We set ¥’ := min{y, 27} and define

(7-26) Ric’ := Q(X (Ric)) + R(Ric) € H S, (M x [0, T1, S),

which is a solution of the parabolic initial value problem

(7-27) (3 +a 'L)Ric’ = X(Ric), Ric(t = 0) = Ric.

We define u := Ric’ — Ric. For n > 3 (recall that dim M > 42 we can integrate by

parts without boundary terms and conclude (recall L = a'/?Aa~1/?)
Ol T2 01 gy = —(@ PR U, 1) 241 g0 = = IV @ P) 74y ) < O-

Since u(t = 0) =0, we find that u = 0. Hence we still conclude, despite having no
maximum principle at hand

Ric = Ric’ € ¢

b5 (M x[0, T, S).

We iterate the argument, improving the weight as long as y” < y. This proves the
theorem. O

8. Positivity of scalar curvature along the Ricci de Turck flow

We can now prove our second main result on positivity of scalar curvature along the
singular Ricci de Turck flow. At this final step, we will need a stronger tangential
stability hypothesis. We impose, see Remark 5.2, the following additional

Assumption 8.1. We assume strong tangential stability: ug, u; > n, i.e., > n,
so that we may choose yp, y; > 1 satisfying (5-1). This stronger condition is studied
in the Appendix, where a list of examples is provided. Amongst the symmetric
spaces of compact type, only

Eg, E7/[SUE®)/{*I}], Eg/SO(16), Esg/E;7-SU(2)
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satisfy the strong tangential stability condition.’
The following theorem proves our second main result, Theorem 1.2.

Theorem 8.2. Let (M, g) be a strong tangentially stable conical manifold of dimen-
sion at least 4, with (o, y, k + 1) Holder regular geometry, where we assume y > 3.
Let g(t),t € [0, T] be the solution of the Ricci de Turck flow with initial metric g
and reference metric as in Theorem 5.1. Assume that R, > 0. Then Ry > 0 for all
t € [0, T). Furthermore, if R, is positive at some point in the interior M, then Rg )
is positive in the interior M for allt € (0, T].

Proof. By Theorem 7.10, Ric € J{’i’g+y/(M x [0, T, S), where y’ is any weight
smaller than {y, 2 + uo, 2 + ©1}. Due to Assumption 8.1 of strong tangential
stability, we find in the evolution equation (6-18) for the scalar curvature along the

flow

(8-1) &R+ AR = (W, VR) +2|Ric|> € C%(M x [0, T]).

1€

We want to express the Laplace Beltrami operator A in terms of a~'A, where A
denotes the Laplace Beltrami operator with respect to g = g(0). Consider first the
Laplace Beltrami operator for ¢ = ag,

1 .
A§=— Aai(\/detg'g”aj)
det g

—a'A- (% — 1)-8,-a-a2-§ij8j

—a 'A— {x_lvba, a}x_lvb,

where {x~'V,a, a} refers to a linear combination of monomials consisting of the
terms in the brackets. If we take into account higher order terms with g =ag & w,
we obtain in the same notation and higher regularity of R

(82) AR—a 'AR
= {x_l]/;,a, a}x_IVhR + {x_IV;, o, x o, a)}x_IVhR + {a, a)}x_IVl%R
€ CY(M x [0, T).

(&
The relation above is similar to Theorem 7.1, where we note that the Lichnerowicz
Laplacian acting on the pure trace component S; coincides with the Laplace Beltrami
operator. Combining (8-1) and (8-2), we conclude

(8-3) dR+a 'AR=P eC:(M x[0,T]).

¢

By [2, Propositions 4.1 and 4.6] there exists a solution R’ € Cio(M x [0, T]) of
(8-3), for a given initial value R(0) € CZ(M), such that AR" € C(M x [0, T])

SWe hope to lift that restriction in the forthcoming work.
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again. Exactly as in Theorem 7.10, we find R = R’. Hence the maximum principle
obtained in [2, Theorem 3.1] applies to R and, denoting by Ry, (#) the minimum
of the scalar curvature at time ¢, which is attained at pp,i(?) € M, we conclude

0 Rugin (1) = (W (Pmin(1)), V Runin (1)) + 2|Ric(pmin (1)) |
= (W (Pmin(1)), V Rmin (7))

Now, if pnin(¢) lies in the open interior of M, then V Ryin (1) =0. If pyin(¢) lies at the
conical singularity, we argue as follows: note that (W, VR) € CZ(M x [0, T]),_3.

Since by strong tangential stability, we can choose y’ > 3, we find that (W, VR) is
vanishing at the conical singularity and hence

0 Runin (1) = (W (pmin(#)), VRpin(?)) =0.

This implies that R > 0 for all ¢ € [0, T']. Now the last statement follows from the
strong maximum principle [11, Theorem A.5]. (]

Appendix: Characterizing the spectral conditions

In this appendix, we aim to characterize strong tangential stability in terms of
eigenvalues of geometric operators on the cross-section of a cone. Note that this
condition is only used in the last part of our argument, proving Theorem 1.1. It is
not used in our first main result Theorem 1.2 on higher regularity of Ricci curvature.

Note that the operator [ can be entirely be described as an operator on the
cross section (F"*, gr) of the cone. Therefore in this section, all scalar products and
geometric operators are taken with respect to (F", gr). The operator Ag denotes
the Einstein operator on symmetric two-tensors over F. It is given by

r
AE wjj = Aa),-j _zgpq quij Wyrp,

where A is the rough Laplacian. We write A for the Laplace Beltrami operator on F.
Moreover, TT denotes the space of symmetric two-tensors which are trace-free
and divergence-free at each point.

Theorem A.l. Let (F", gr), n > 3 be a compact Einstein manifold with constant
n — 1. Then (F, gr) is strongly tangentially stable if and only if we have the
conditions

Spec(Aglrr) > n,  Spec(Aqi(rnkerdiv) > 1+ Vn2+2n+1,

and if for all positive eigenvalues A of the Laplace—Beltrami operator on functions

satisfies

n(A=3n+2)(A+4—n)n(A+n+2)
—8n(n—1)(A—n)(A+n+2)—8in(n+1)(A—3n+2) > 0.
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Proof. We first recall from the discussion before Remark 5.2 that strong tangential
stability is equivalent to the two estimates

up = min(Spec 0, \{0}) > n, u; = min(Spec Ar\{0}) > n.

However, the condition #; > n holds for any Einstein metric except the sphere,
where we have equality [17]. For the rest of the proof, it thus suffices to consider
the bundle Sp [ . We use the same methodology as in [13] which builds up on
a decomposition of symmetric 2-tensors established in [12]. We use the notation
in [12, Section 2] and the calculations in Section 3 of the same paper where we
remove all terms containing radial derivatives in order to obtain expressions for the
tangential operator. More precisely, we write:

o {h;}, abasis of L2(TT), Agh; =«ih;, Vi := (r’h;).
« {w;}, a basis of coclosed sections of L%(T*F), Aw; = Hiwi, V3= (r28*w;) ®
(dr Orw;).

e {v;},abasis of L2(F), Av; =Av;, Vai := (r2(nV?v; + Av;2)) D (dr OrVuv;) &
(v; (r2g —ndr ®dr)).

Here, A in Aw; denotes the connection Laplacian, while A in Av; denotes the
Laplace Beltrami operator. The spaces V;;, V3., Vi, with L?(0, 1) coefficients,
span all trace-free sections L?(So | F) over F, and are invariant under the action
of the Lichnerowicz Laplacian. In [12, Section 2], there is also a notion for the
spaces Vs := (v;(r’g + ndr @ dr)). But these spaces span the full trace sections
L?(S; | F), whose discussion is not relevant here. At first, ifh= r’h; € Vii,

@Oph, b2 = killhl 2

such that [J; > n on V;; for all i if and only if x; > n for all eigenvalues of the
Einstein operator on T T-tensors are positive (nonnegatlve)

Let now £ € V3; so that it is of the form h= h1 +h2 = (pr *wi +Ydr O ro;.
In this case, we have the scalar products

Orhi, h) 2 = 30*(wi — (n — 1))%,
(Opha, h2) 2 = 220 + 2n +6)],
(Ophy, ho) 2 = =2(ui — (n— D)Yre.

Taking r28*w; and dr O rw; as a basis, [J; respects the subspace and acts as
2 X 2-matrix
(%(u,- —(m=1) =20 — (n - 1)))
—2(ui—(n=1) 2ui+Q2n+6) J-

Because
a2, = S(i — (n = D) -l@l*,  llholl7, =21y,
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the operator [y — n -id > 0 is represented by

A= (%(Mf — (=1 =5 —(n—1)) =2(u; —(n— 1)))
' —2(pi —(n—1)) 21 +6 '

The matrix A is positive definite if and only if the matrix

g (20— Q@n=1) =20t — (n—1)
o -2 21 +6

is positive definite because A is obtained from B by multiplying the first column
by u; — (n —1). By computing principal minors, this holds if

det(B) = 5(ui — (2n — 1) (2 +6) —4(u; — (n — 1)) > 0.

This in turn holds if

wi >n+vn2+2n+1.

Therefore, (J;, > n on the spaces Vs ; if and only if A > n++/n?>+2n+1 on
coclosed sections L?(T*F). It remains to consider the case & € V4 i, so that it is of
the form

h= fz] —I—ﬁg + }~z3 = (prz(nvzv,- + Avig) +vdr ©rVuv; + Xv; (r2g —ndr @dr).
This case is the most delicate one. We have the scalar products

@rh1, hy) =nn— D (ki —n) (A — 2(n — 1))¢?,
(Opha, h) =2 (A — (n — 1) + 2n + 6) 119>,
(OpLhs, h3) = [n{(n+ DA; —2(n + D} +2n%(n + 3)] X2,
(Ophy, hy) = —4(n — DA (L —n)¥re,

Opha, h3) =4+ DAY X,

(Orhy, h3) =0

and the norms
121172 = n(n — DA (A —n)e?,
72117, = 207,
I73]l7. = (n+ Dn.
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Consider (7 —n -id). It acts as a matrix A = (a;;)1<n<3, Whose coefficients are
given by

ajp =nn— DA (A —n)[A; —2(n — 1) —n],

ayp =2xi[A —(n—1)+3],

ayz=n{(n+ DA, —2(n—1)—nn+1)+2nn+3)},

app =ax = —4(m—1Dr;(x; —n),

ay =azp =4+ DA;,

a;z=az =0.
In order to prove positivity of this matrix, we consider its principal minors As3

(which is the lower right entry), A3 (the lower right 2 x 2-matrix) and A (the whole
matrix). At first,

Az =n{(n+ DA; +n>+3n+2} > 0.

Observe that in the case A; = 0, ﬁl =0 and Ez = 0, so that Vy; = span{fm} and
hence, (Ll — n -id) acts as A3z > 0. Therefore, we may from now on assume that
A; > 0, which means that actually X; > n (due to eigenvalue estimates for Einstein
manifolds, see, e.g., [17]) with A; = n only for §”. By considering the matrix

20 +4—n) 4(n+ 1A,
4n+1) n{n+Dr;+n>+3n+2})°
from which one recovers Aj3 by multiplying the first column by A;, we see that

det Aoz _ ) )
=20 +4—n-[(n+ Da; +n2+3n+2]—16(n + 1)2A,

=2n(n+ A2 =4+ D) (n+Hr; —2n(n —4)(n> +3n +2),

which is positive if

n+4
n

)L,'>

+\/"ni4+(n—4)(n+2).

Here, the right hand side is smaller than » if n > 4 such that this condition holds
anyway. Before we compute the full determinant of A, we remark that in the case
Ai = n, the tensor 51 is vanishing so that in this case, the matrix A describing [,
on V4 ; reduces to the matrix A3 which just has been considered. Therefore, there
is nothing more to prove in this case and we may assume A = A; > n from now on.
To compute the full determinant of A, we first consider the matrix

nA=2n—1)—n] —2(n—1)(A—n) 0
—4 A—(n—1)+3 4x
0 2(n+1) n{A+2(n+1)—n)
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type | G dim(G) A o STS
2p(p+2)  2p(p+2)
A |SUptDpz2 ol BER BER no
. - ;
Spin(5) 10 s : "
i 21 12
B, | Spin(7) 21 a 2 ",
Spin2p+1),n>4 2p(p+1) 2251 % o
Co |Sppz3  pCp+D BE S no
Dp Spin(2p), p = 3 pCp+1) 21;0_—11 2[5,%11 o
e o ¥ F w
e w6 % 3w
Eg Es 496 4 % yes
N S 2 1% n
G2 G2 14 2 2 o

Table 1. Conditions of Theorem A.1 for simple Lie groups.

from which we recover A by multiplying the three columns by (n — 1)A(A —n) and
2X, (n+ 1), respectively. We get

[((n— DA —n)2-A-(n+1)] " det A
=n(A—=3n+2)(A+4—n)n(A+n+2)
—8nn—1)A—n)(A+n+2)—8in(n+1)(A—3n+2)
which finishes the proof. O

Theorem A.2. Amongst the symmetric spaces of compact type, only
Es, E7/[SU®)/{£I}], Eg/SO(16), Eg/E7-SU(2)
are strongly tangentially stable.

Proof. We merge and analyze Tables 2 and 3 in [12] and Tables 1 and 2 in [3]. In
Tables 1-3, A denotes the smallest nonzero eigenvalue of the Laplace—Beltrami
operator divided by the Einstein constant #—1 and ® denotes the smallest eigenvalue
of the Lichnerowicz Laplacian Az on symmetric 2-tensors with [, trhdV =0
divided by the same constant n — 1.

To check that the above mentioned spaces satisfy the condition of Theorem A.1,
we check on one hand that the estimate for A in this theorem holds for (n — 1) - A.
On the other hand, we have the relations Ay = Ag+2(n—1)id, §*o Ay = A 05*
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type | G/K dim(G/K) A ® |[STS
A | SUPY/SOM). Sz p=3 | EhER | HEE 2 o
SU(p)/SO(p), p = 6 | AR 2 o
SU4)/Sp(2) = §° 5 2 3 no
U suepssownpzs |2 -poi Q2 o
AL —U}E):{iil) =CP”? 2p 2 2 |no
Tgx0p4ZP =2 2pq 2 2 no
oD 6 2 { lno
%, p=>2 4p+2 2 2;;% no
BI | sooasen 12 2 § no
s <o P =3 6p Wi | ma |no
S0t thekouy P4 =2 | 20Cm+1) | SRR | i | no
BIl | 30550 =82, p>1 2p et 25 o
CI | Sp(p)/U(p), p=3 p(p+1) 2 22 | no
sp(ls)px(zs)p(l) =s* 4 % 1? no
CIl | fsm =HPY. p =2 4p | A o
S gzpz2 | 4p | Mem | 2w
SOEXSOm 15 3 5 |no
oo P = 3 4p 2 2 no
DI %’ p=z4 p? ;:T; 2[;2)7”12 no
00,12 x50 P =4 p(p+2) - =~ |mo
oo 2p—q)q = 22 | no
p—2z2q=3
DIl | Z3 =52+ p>3 2p+1 2 AED | no
DI | SOQ2p)/U(p), p=5 p(p—1) 2 2 |no
EI | E¢/[Sp(4)/{%I}] 42 z 3 no
EIl | E¢/SUQ)-SU(6) 40 3 3 no
EIIl | E¢/ SO(10) - SO(2) 32 2 2 |no

Table 2. Continued in Table 3.
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type | G/K dim(G/K) | A | ® | STS
EIV | E¢/F, 26 218 |no
EV | E7/[SU®)/{£I}] 70 D3 yes
EVI | E;/SO(12)-SU(2) 64 R S
E VIL | E;/Eq-SO(2) 54 212 |no
E VIII | Eg/ SO(16) 128 82 118 1 yes
EIX | Es/E;-SUQ2) 12 | 2] 12 yes
FI F4/Sp(3) - SU(2) 28 212 o
FII | F4/Spin(9) 16 1% |no
G G,/ SO4) 8 % % no

Table 3. Conditions of Theorem A.1 for symmetric spaces of
nongroup type.

and Ay = A+ (n — 1)id. Therefore, the condition Spec(Ag|rr) > n holds, if
(n—1)©—2(n—1) > n and the condition Spec(Agq! (ryrker(div) > n++vn*>+2n +1
holds if (n — 1)® > 2n —1++/n2+2n+1.

To show that all the other examples do not satisfy [1; > n, we proceed as follows:
We check that (n — 1) A satisfies

n+4 n+4
A< " +\/ " +n—-4)(n+2)

or

n(A—=3n+2)(A+4—n)n(A+n+2)
—8nn—1DA —n)A+n+2)—8An(n+1)(A—-3n+2) <O0.

This holds for example, if A <3. Because Az (f-gr)=Af-grand A;oVZ=V20A,
we clearly have ® < A. Because of the decomposition

C®(Sym>(T*F)) = C®(F) - gr ® VX(C®(F)) ® 8" (' (F) Nker(div)) ® T'T,
(see [12]) © is attained on
S (QU(F)Nker(div)) ® TT

if ® < A. In this case, we check if ® satisfies (n — 1)® —2(n — 1) < n and
(n—1)® <2n—1++/n% 4+ 2n + 1 (both conditions are satisfied if ® < 3). Due to the
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relations above, this implies that either Spec(Ag|r7) > n or Spec(Agq1 (F)nker(div)) >
n+~/n%+2n 4+ 1 fails so that ;> n fails.

Therefore, the condition Spec(Ag|rr) > n holds, if (n —1)® —2(n—1) > n
and the condition Spec(A g1 (F)nker(div) > 1 + V12 +2n+ 1 holds if (n — 1)® >
2n—1++/n?2+2n+1.

To finish the proof, one just has to go through all the values of ® and A in
Table 1. Strong tangential stability is abbreviated by STS. As was already said, for
the spaces mentioned in the statement of the theorem, one manually checks the
estimates above to verify that the conditions of Theorem A.1 are satisfied. In all
the other cases, one finds ® < 3 except in the case E;/ SO(12) - SU(2) where one
manually checks the condition on A mentioned above. This finishes the proof of
the theorem.

In the case of irreducible rank-1 symmetric spaces of compact type, an analogous
argumentation yields Tables 2 and 3. (]

References

[1] E. Bahuaud and B. Vertman, “Yamabe flow on manifolds with edges”, Math. Nachr. 287:2-3
(2014), 127-159. MR Zbl

[2] E. Bahuaud and B. Vertman, “Long-time existence of the edge Yamabe flow”, J. Math. Soc.
Japan 71:2 (2019), 651-688. MR Zbl

[3] H.-D. Cao and C. He, “Linear stability of Perelman’s v-entropy on symmetric spaces of compact
type”, J. Reine Angew. Math. 709 (2015), 229-246. MR Zbl

[4] X. Chen and Y. Wang, “Bessel functions, heat kernel and the conical Kéhler—Ricci flow”, J.
Funct. Anal. 269:2 (2015), 551-632. MR Zbl

[5] B. Chow and D. Knopf, The Ricci flow: an introduction, Mathematical Surveys and Monographs
110, American Mathematical Society, Providence, RI, 2004. MR Zbl

[6] S. K. Donaldson, “Kéhler metrics with cone singularities along a divisor”, pp. 49-79 in Essays
in mathematics and its applications, edited by P. M. Pardalos and T. M. Rassias, Springer, 2012.
MR Zbl

[7]1 G. Giesen and P. M. Topping, “Ricci flow of negatively curved incomplete surfaces”, Calc. Var.
Partial Differential Equations 38:3-4 (2010), 357-367. MR Zbl

[8] G. Giesen and P. M. Topping, “Existence of Ricci flows of incomplete surfaces”, Comm. Partial
Differential Equations 36:10 (2011), 1860-1880. MR Zbl

[9] T. Jeffres, R. Mazzeo, and Y. A. Rubinstein, “Kéhler—Einstein metrics with edge singularities”,
Ann. of Math. (2) 183:1 (2016), 95-176. MR Zbl

[10] K. Kirsten, P. Loya, and J. Park, “Functional determinants for general self-adjoint extensions of
Laplace-type operators resulting from the generalized cone”, Manuscripta Math. 125:1 (2008),
95-126. MR Zbl

[11] B. Kleiner and J. Lott, “Notes on Perelman’s papers”, Geom. Topol. 12:5 (2008), 2587-2855.
MR Zbl

[12] K. Kroncke, “Stable and unstable Einstein warped products”, Trans. Amer. Math. Soc. 369:9
(2017), 6537-6563. MR Zbl


http://dx.doi.org/10.1002/mana.201200210
http://msp.org/idx/mr/3163570
http://msp.org/idx/zbl/1305.53065
http://dx.doi.org/10.2969/jmsj/78147814
http://msp.org/idx/mr/3943455
http://msp.org/idx/zbl/1432.53130
http://dx.doi.org/10.1515/crelle-2013-0096
http://dx.doi.org/10.1515/crelle-2013-0096
http://msp.org/idx/mr/3430881
http://msp.org/idx/zbl/1331.53074
http://dx.doi.org/10.1016/j.jfa.2015.01.015
http://msp.org/idx/mr/3348827
http://msp.org/idx/zbl/1326.53090
http://dx.doi.org/10.1090/surv/110
http://msp.org/idx/mr/2061425
http://msp.org/idx/zbl/1086.53085
https://doi.org/10.1007/978-3-642-28821-0_4
http://msp.org/idx/mr/2975584
http://msp.org/idx/zbl/1326.32039
http://dx.doi.org/10.1007/s00526-009-0290-x
http://msp.org/idx/mr/2647124
http://msp.org/idx/zbl/1244.53076
http://dx.doi.org/10.1080/03605302.2011.558555
http://msp.org/idx/mr/2832165
http://msp.org/idx/zbl/1233.35123
http://dx.doi.org/10.4007/annals.2016.183.1.3
http://msp.org/idx/mr/3432582
http://msp.org/idx/zbl/1337.32037
http://dx.doi.org/10.1007/s00229-007-0142-y
http://dx.doi.org/10.1007/s00229-007-0142-y
http://msp.org/idx/mr/2357751
http://msp.org/idx/zbl/1142.58017
http://dx.doi.org/10.2140/gt.2008.12.2587
http://msp.org/idx/mr/2460872
http://msp.org/idx/zbl/1204.53033
http://dx.doi.org/10.1090/tran/6959
http://msp.org/idx/mr/3660232
http://msp.org/idx/zbl/1370.58008

BOUNDED RICCI CURVATURE AND POSITIVE SCALAR CURVATURE 331

[13] K. Kroncke and B. Vertman, “Stability of Ricci de Turck flow on singular spaces”, Calc. Var.
Fartial Differential Equations 58:2 (2019), Paper No. 74, 40. MR Zbl

[14] K. Kroncke and B. Vertman, “Perelman’s entropies for manifolds with conical singularities”,
Trans. Amer. Math. Soc. 374:4 (2021), 2873-2908. MR Zbl

[15] J. Liu and X. Zhang, “Conical Kdhler—Ricci flows on Fano manifolds”, Adv. Math. 307 (2017),
1324-1371. MR Zbl

[16] R. Mazzeo, Y. A. Rubinstein, and N. Sesum, “Ricci flow on surfaces with conic singularities”,
Anal. PDE 8:4 (2015), 839-882. MR Zbl

[17] M. Obata, “Certain conditions for a Riemannian manifold to be isometric with a sphere”, J.
Math. Soc. Japan 14 (1962), 333-340. MR Zbl

[18] F. Riesz and B. Sz.-Nagy, Functional analysis, Dover Publications, New York, 1990. MR

[19] M. Simon, “Local smoothing results for the Ricci flow in dimensions two and three”, Geom.
Topol. 17:4 (2013), 2263-2287. MR Zbl

[20] G. Tian, “K-stability and Kéhler—Einstein metrics”, Comm. Pure Appl. Math. 68:7 (2015),
1085-1156. MR Zbl

[21] B. Vertman, “Ricci de Turck flow on singular manifolds”, J. Geom. Anal. 31:4 (2021), 3351
3404. MR Zbl

[22] Y. Wang, “Smooth approximations of the conical Kéhler—Ricci flows”, Math. Ann. 365:1-2
(2016), 835-856. MR Zbl

[23] H. Yin, “Ricci flow on surfaces with conical singularities”, J. Geom. Anal. 20:4 (2010), 970-995.
MR Zbl

Received May 4, 2022. Revised May 6, 2023.

KLAUS KRONCKE

DEPARTMENT OF MATHEMATICS
KTH STOCKHOLM

STOCKHOLM

SWEDEN

kroncke @kth.se

TOBIAS MARXEN

DEPARTMENT OF MATHEMATICS
UNIVERSITY OLDENBURG
OLDENBURG

GERMANY

tobias.marxen @uni-oldenburg.de

BORIS VERTMAN

INSTITUT FUR MATHEMATIK
UNIVERSITAT OLDENBURG
OLDENBURG

GERMANY

boris.vertman @uni-oldenburg.de


http://dx.doi.org/10.1007/s00526-019-1510-7
http://msp.org/idx/mr/3927129
http://msp.org/idx/zbl/1454.53085
http://dx.doi.org/10.1090/tran/8295
http://msp.org/idx/mr/4223036
http://msp.org/idx/zbl/1461.53068
http://dx.doi.org/10.1016/j.aim.2016.12.002
http://msp.org/idx/mr/3590543
http://msp.org/idx/zbl/1355.53066
http://dx.doi.org/10.2140/apde.2015.8.839
http://msp.org/idx/mr/3366005
http://msp.org/idx/zbl/1322.53070
http://dx.doi.org/10.2969/jmsj/01430333
http://msp.org/idx/mr/142086
http://msp.org/idx/zbl/0115.39302
http://msp.org/idx/mr/1068530
http://dx.doi.org/10.2140/gt.2013.17.2263
http://msp.org/idx/mr/3109868
http://msp.org/idx/zbl/1275.35066
http://dx.doi.org/10.1002/cpa.21578
http://msp.org/idx/mr/3352459
http://msp.org/idx/zbl/1330.14071
http://dx.doi.org/10.1007/s12220-020-00399-x
http://msp.org/idx/mr/4236530
http://msp.org/idx/zbl/1476.53118
http://dx.doi.org/10.1007/s00208-015-1263-3
http://msp.org/idx/mr/3498928
http://msp.org/idx/zbl/1381.53125
http://dx.doi.org/10.1007/s12220-010-9136-1
http://msp.org/idx/mr/2683772
http://msp.org/idx/zbl/1201.53049
mailto:kroncke@kth.se
mailto:tobias.marxen@uni-oldenburg.de
mailto:boris.vertman@uni-oldenburg.de

PACIFIC JOURNAL OF MATHEMATICS

Founded in 1951 by E. F. Beckenbach (1906-1982) and F. Wolf (1904-1989)

Matthias Aschenbrenner
Fakultit fur Mathematik
Universitit Wien
Vienna, Austria
matthias.aschenbrenner @univie.ac.at

Robert Lipshitz
Department of Mathematics
University of Oregon
Eugene, OR 97403
lipshitz@uoregon.edu

msp.org/pjm

EDITORS

Don Blasius (Managing Editor)

Department of Mathematics
University of California
Los Angeles, CA 90095-1555
blasius @math.ucla.edu

Paul Balmer
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
balmer@math.ucla.edu

Kefeng Liu
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
liu@math.ucla.edu

Vyjayanthi Chari
Department of Mathematics
University of California
Riverside, CA 92521-0135
chari @math.ucr.edu

Sorin Popa
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
popa@math.ucla.edu

Paul Yang
Department of Mathematics
Princeton University
Princeton NJ 08544-1000
yang @math.princeton.edu

PRODUCTION
Silvio Levy, Scientific Editor, production@msp.org

See inside back cover or msp.org/pjm for submission instructions.

The subscription price for 2023 is US $605/year for the electronic version, and $820/year for print and electronic.

Subscriptions, requests for back issues and changes of subscriber address should be sent to Pacific Journal of Mathematics, P.O. Box
4163, Berkeley, CA 94704-0163, U.S.A. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zentralblatt MATH,
PASCAL CNRS Index, Referativnyi Zhurnal, Current Mathematical Publications and Web of Knowledge (Science Citation Index).

The Pacific Journal of Mathematics (ISSN 1945-5844 electronic, 0030-8730 printed) at the University of California, c/o Department
of Mathematics, 798 Evans Hall #3840, Berkeley, CA 94720-3840, is published twelve times a year. Periodical rate postage paid at
Berkeley, CA 94704, and additional mailing offices. POSTMASTER: send address changes to Pacific Journal of Mathematics, P.O.
Box 4163, Berkeley, CA 94704-0163.

PJM peer review and production are managed by EditFLOW® from Mathematical Sciences Publishers.

PUBLISHED BY
:I mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2023 Mathematical Sciences Publishers


http://msp.org/pjm/
mailto:blasius@math.ucla.edu
mailto:matthias.aschenbrenner@univie.ac.at
mailto:lipshitz@uoregon.edu
mailto:balmer@math.ucla.edu
mailto:liu@math.ucla.edu
mailto:yang@math.princeton.edu
mailto:chari@math.ucr.edu
mailto:popa@math.ucla.edu
mailto:production@msp.org
http://msp.org/pjm/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/

Bounded Ricci curvature and positive scalar curvature under Ricci flow 295
KLAUS KRONCKE, TOBIAS MARXEN and BORIS VERTMAN
Polynomial Dedekind domains with finite residue fields of prime 333
characteristic
GIULIO PERUGINELLI
The cohomological Brauer group of weighted projective spaces and 353
stacks
MINSEON SHIN

Pochette surgery of 4-sphere 371
TATSUMASA SUZUKI and MOTOO TANGE



	1. Introduction and statement of main results
	2. Geometric preliminaries on conical manifolds
	3. Weighted Hölder spaces on conical manifolds
	4. Lichnerowicz Laplacian and tangential stability
	Tangential stability
	Self-adjoint extensions of the Lichnerowicz Laplacian

	5. Existence and regularity of singular Ricci de Turck flow
	6. Evolution of curvatures under Ricci de Turck flow
	7. Regularity of Ricci curvature along the Ricci de Turck flow
	Expansion of the Lichnerowicz Laplacian
	Mapping properties of the heat parametrix for L:=a1/2 "0365 a-1/2
	Heat operator parametrix for a-1/2 "0365 a-1/2
	Construction of a boundary parametrix
	Construction of an interior parametrix
	Construction of the parametrix

	Extension of parametrices to the full time interval
	Regularity of Ricci curvature along the flow

	8. Positivity of scalar curvature along the Ricci de Turck flow
	Appendix: Characterizing the spectral conditions
	References
	
	

