CHAPTER 1

Basics of the Ricci flow equation

1. Basic notions from Riemannian geometry

1.1. Different notions of curvature. The curvature tensor Rm(g) interpreted here as a (1, 3)-
tensor is defined in this set of notes as:

Rm(g)(X,Y)Z := [V%,V{] Z — V!

‘eyiZ X,Y,Z eTM.

The curvature tensor Rm(g) interpreted as a (0,4)-tensor is then defined by:
Rm(g)(X, Y, Z, W) := g(Rm(9)(X,Y)Z, W), X.Y,Z,W € TM.

It satisfies the following symmetry properties:

Rm(g)(X7 Y7 Z? W) = Rm(g)(zv W7X7 Y) = _Rm(Y7X7 Z7 W),
The Ricci curvature is then defined as the trace of the curvature tensor with respect to g:
Ric(g)(U,V) :==try (Y, Z) = Rm(9)(U,Y,Z,V)), U,V €TM.

If (er)r denotes an orthonormal basis with respect to the metric g at a given point:
Ric(g)(U, V) =Y Rm(g)(U, ex, e, V) = Y _ Rm(g)(ex, U, V; ex).
k=1 k=1

In coordinates, we get: Ric(g)i; = g™ Rm(g)giji where g* denotes the (k,1) components of g~ . The
Ricci curvature is a symmetric (0,2) tensor.
Finally, we define the scalar curvature associated to a metric g as the following function:

R, = tr, (U, V) = Ric(g)(U, V).

If (ex)r denotes an orthonormal basis with respect to the metric g at a given point:
n
R, = ZRic(g)(ek,ek).
k=1

Recall the first Bianchi identity that states that for all vector fields X, Y, Z and W,
Rm(g)(X,Y,Z, W)+ Rm(g)(Y,Z, X, W)+ Rm(g)(Z,X,Y,W) = 0.

In order to state the second Bianchi identity, we take the opportunity to define the covariant
derivative of a given (0,p) tensor T as follows:

p
VAT (Y1, V) = X - (TP(Y1, .00 Yp) = Y T (V1,00 Vi Yh o, Yp),  Yi € TM.
k=1

It is immediate that V9T defines a (0,p + 1) tensor on M.
The second Bianchi identity states that for all vector fields X, Y, Z, U and W,

VY, Rm(9)(X,Y, Z,V) + V% Rm(g)(Y,U, Z,V) + V§. Rm(9)(U, X, Z,V) = 0. (1.1)
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In order to state the contracted Bianchi identity, we take the opportunity to define the divergence
of a tensor T say of type (0,p + 1) as the following (0, p) tensor:
divg T(Y1,...,Yy) :=try (U, V) = V{T(V, Y1, ..., Y))) .
By contracting twice, we end up with the contracted Bianchi identity:
2divy Ric(g) = g(VI Ry, -). (1.2)

Identity (1.2)) shows in particular that if n > 3, a Riemannian metric satisfying Ric(g) = pg where
p is a function on M must be FEinstein, i.e. p must be constant on M (if connected). This is known
as Schur’s lemma.

1.2. Laplacian on tensors. If 7" denotes a (0, p) tensor, we define its second covariant derivative
as:
VEVT = Vi (V4 T) =V, | T.
This defines a (0,p + 2) tensor. It equals the V9 composed twice to the tensor 7. We can speak of
the kth iterate of V9 applied to T and we write VI*T.
The rough Laplacian of a (0, p) tensor T is then defined by considering the trace of its second
covariant derivatives:
AT = tr, (U V) > VI T).
The following lemma recalls commutation formulae for any tensor:

Lemma 1.1. If T denotes a (0,p) tensor then:

VLTV, .0 Y,) = VET(YV, 0 Yy) = = > T (Yi, ., Rm(g) (U, V)Y, ... ¥,) .

p
k=1

FEquivalently, in coordinates,

p
9,2 _ 9,2 l
VI Ty by = V9 Ty by — O RM(O) i, Ty Ly oy
=1

We have then the crucial fact that will enable us to integrate by parts. Recall the scalar product
on (0, p) tensors induced by a Riemannian metric: if S and T are (0, p) tensors then,

<S, T>g = giljl,..g’iijSil7...7iij17.~‘,jp’ |T‘g = <T’7 T>g

Lemma 1.2. If T is a tensor,

AT = 2[VIT[; +2(A,T,T), .

2. First definitions and remarks

Definition 1.3. A smooth one-parameter family of Riemannian metrics (g(t))sc(q,p) On a manifold M
is a solution to the Ricci flow if it satisfies:

ag(t) = —2Ric(g(t)), on M x (a,b). (2.1)

Equation (2.1)) can be supplemented with an initial condition to turn this equation into a Cauchy
problem. Whether this Cauchy problem is well-posed or not is a subtle question that will be ad-
dressed in a later Chapter.

Basic examples are:
(i) (Shrinking spheres) If (S, gsn) denotes the standard metric on the unit sphere in Euclidean
space R"*! of curvature 1/(2(n — 1)) then the one-parameter family of metrics defined by

g(t) := (=t)gsn, t<0,
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is a solution to the Ricci flow living in the past. Such solutions are said to be ancient. Indeed,
on the one hand, d;g(t) = —gs» for all ¢ < 0. On the other hand, scaling properties of the
Ricci tensor gives —2Ric(g(t)) = —2 Ric(gsn) = —gsn by assumption on the curvature of ggn.

(ii) (Steady flat metrics) If (R™, grn) denotes the standard metric on Euclidean space R™ of cur-
vature 0 then the one-parameter family of metrics defined by

g(t) = gRrn, te R,

is a solution to the Ricci flow living eternally. Such solutions are said to be eternal.
(iii) (Expanding hyperbolic space) If (H", ggn) denotes the standard hyperbolic metric on H" of
curvature —1/(2(n — 1)) then the one-parameter family of metrics defined by

g(t) :=tgmgn, t>0,

is a solution to the Ricci flow living in the future. Such solutions are said to be immortal.
Indeed, on the one hand, d;g(t) = gun for all ¢ > 0. On the other hand, —2Ric(g(t)) =
—2Ric(ggn) = gu» by assumption.

(iv) (Einstein metrics) More generally, if (M"™, go) is an Einstein metric with constant 1/2, i.e. if
2Ric(go) = go then g(t) := (—t)go defines a Ricci flow living on (—o00,0) that shrinks the
Einstein metric as ¢ goes to 0~. Similarly, if Ric(gg) = 0 (including flat manifolds) then the
static g(t) := go defines a Ricci flow living on R. Finally, if 2Ric(go) = —go then g(¢) :=t go
defines a Ricci flow living on (0, +00) that expands the Einstein metric as ¢ goes to +oo.

(v) (Product Ricci flows) If (M;", gi(t))¢c(a,p) denotes two solutions to the Ricci flow defined on
a common interval of time (a,b) then the product metric g(t) := g1(t) + g2(t) defined on the
product manifold M{"* x MJ? defines a solution to the Ricci flow.

(vi) (Round shrinking cylinders) This is a special case from the previous example which is of
considerable importance. These are the Ricci flow products (S?% x R¥ (—t)ggn—r + ggk),
living on (—00,0). As ¢ goes to 0, observe that the solution collapses to a lower dimensional
Euclidean space R¥.

Next, we describe special features in low dimensions together with the basic symmetries of the
Ricci flow.

e Invariance under the action of diffeomorphisms

Recall first that for a Cl2o . function on a Riemannian manifold, the Hessian of f with respect
to the metric g is:
VI f(X,Y) = g(V4VILY), X,Y € TM.
It is a basic result that the Hessian of a function defines a symmetric (0,2) tensor. Then the
Laplacian of f is the trace of its hessian:

Agf = trg (V92 f).

In coordinates,

Agf—g”< Ly Y 8)-

O0x;0x; 992y,
Recall the fundamental properties of the Levi-Civita connection and the different notions of
curvature under the action of diffeomorphisms on the space of metrics:

Proposition 1.4. Let (M, g) be a Riemannian manifold and let ¢ be a diffeomorphism of M.
(i) ¢* (V%Y) = V:ﬁ:g(@*Y, for any vector fields X andY on M.
(ii) If f: M — R is a C? function, ¢*(VIf) = V9 9(*f), and Apeg(0* f) = ¢* (Ayf).
(iii) (Scalar curvature) ¢* Ry = Ryxy .
) (Ricci curvature) Ric(e*g) = ¢* Ric(g) as symmetric 2-tensors.
) (Curvature operator as a (1,3) tensor) ¢* Rm(g) = Rm(¢*g) as (1,3) tensors.

(iv

(v
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Corollary 1.5. Let (M, g(t))ie(t, 12), t1 < t2, be a solution to the Ricci flow and let ¢ be a diffeo-
morphism of M. Then the family of metrics (*g(t))tec(o,r) 5 @ solution to the Ricci flow.

e Invariance by scalings

Recall the following scaling properties of the Levi-Civita connection and the different notions
of curvature:

Proposition 1.6. If A > 0 and g is a Riemannian metric on a manifold M,
(i) V;‘(gY = V%Y, for any vector fields X and Y.
(i) If f: M = R is a C' function, VN = A\"IVIf, and Aygf = ATIAL S
(iii) (Scalar curvature) Ry, = A1 Ry, .
(iv) (Ricci curvature) Ric(Ag) = Ric(g) as symmetric 2-tensors.
(v) (Curvature operator as a (1,3) tensor) Rm(Ag) = Rm(g) as (1,3) tensors.
(vi) (Sectional curvature) if P denotes a plane of TM then: Kyy(P) = A1 K 4(P).

Corollary 1.7. If A > 0 and if (M", g(t))(t, +,) s a solution to the Ricci flow with —oco <t; <t3 <
+oo then the family of metrics gx(t) := Ag(t/\) defined on (M1, M\t2) is a solution to the Ricci

flow.

e Special expression in dimension 2

In real dimension 2, if (M?2, g) is a Riemannian surface then the Ricci curvature of g is related
to the scalar curvature of g as follows:
R
Ric(g) = 79 qg.
In particular, this makes the Ricci flow conformal, i.e. it preserves the conformal class of a given
metric, say the initial metric the flow starts from.

e Terminology for solutions to the Ricci flow:

A solution to the Ricci flow is said to be ancient (respectively immortal) if it is defined on
(—00,T), T < 400 (respectively on (T, +00), T > —oo). Finally, a solution to the Ricci flow is
eternal if it is both ancient and immortal, i.e. if it is defined on (—oo, +00).

e Different singularities types of solutions to the Ricci flow:

A solution (M, g(t))sejo,), T' < +00, to the Ricci flow forms a
(i) Type I singularity if lim sup,_,7— (T — t) sup,, | Rm(g(t))|g¢) < +o0,

(ii) Type ITa singularity if it is not Type I, i.e., limsup,_,p— (T — t) sup,s | Rm(g(t))]4¢) = +o0.

If a solution (M, g(t))¢c[—oo,r) to the Ricci flow is ancient, we also define Type I ancient
solutions at ¢ = —oo, if limsup,_, . [t|supy |Rm(g(t))[gs) < +oo. Similarly, one can define
ancient Type II solutions at ¢ = —oo to be ancient solutions which are not Type I at ¢t = —o0.

By analogy, one defines singularity types of immortal solutions (M, g(t))se(7,400) to the Ricci
flow:

(i) Type III singularity if limsup;_, , t supy, [ Rm(g(t))|g¢) < 400,

(ii) Type IIb singularity if it is not Type III, i.e., limsup,_, { o tsupy, | Rm(g(t))|g) = +o00.



3. EVOLUTIONS OF ZEROTH ORDER GEOMETRIC QUANTITIES 11

Solutions (M, g(t)):e(o,r) to the Ricci flow satisfying lim sup,_,o+ tsupy, | Rm(g(t))|g¢) < +o0
can also be considered but do not have a specific terminology to avoid any confusion with the
previous definitions. Depending on the context, Type Ila or Type IIb singularities are simply
called Type II singularities.

Let us explain the choice of the linear scaling in time to understand singularities of the Ricci
flow. Let us stick for instance to a Type III solution, i.e. a solution (M, g(t));e(0,400) (the general
case (T, +00) can be easily deduced by translating the solution in time) that satisfies

| Ran(g(6)) ]y < ©

—, t>0,
t

for some time-independent positive constant C.
Thanks to Corollary the rescaled solution gy(t) := Ag(t/A), for t > 0 and A > 0 still
satisfies

Rm(r ()l < 5o 130,

for the same uniform positive constant C'. This estimate follows from the definition of the norm
of a tensor together with Proposition This fact alone suggests that one can perform parabolic
dilations by letting A either go to 400 (a blow-up) or to 07 (a blow-down). The limit in some
suitable topology (Gromov-Hausdorff, Cheeger-Gromov are key words here), if it exists (up to a
subsequence) thanks to an adequate compactness result, is likely to carry additional structure (e.g.
a fixed point of the Ricci flow). Classifying fixed points of the Ricci flow is then a crucial task to
understand the formation of singularities.

3. Evolutions of zeroth order geometric quantities

3.1. Evolution of distances. The easiest way to compare distances between two points at two
different times is through estimating metrics first.

Proposition 1.8. Let (M, g(t))ic(s, 1) be a complete solution to the Ricci flow. Assume
r(0)g(t) < Ric(g(t)) < - (0)g(0).
where r4(t) is bounded on subintervals of (t1,t2). Then,
e 2+ () Tg(s) < g(t) < e 2Jir-() Ta(s), t1<s<t<ty,
in the sense of quadratic forms. In particular,
e Jire (™) deg(s)(:c,y) <dgy(z,y) <e” Jir-( deg(s) (z,y), t1<s<t<ty, xyeM.

The drawback of this proposition is when the curvature is allowed to blow up at a linear rate,
for instance, if 7, () behaves like t~! close to t = 0.
Hamilton has circumvented this issue as we now explain in a series of lemmata:

Lemma 1.9. If v : [0, L] — M is a minimizing unit speed geodesic in a Riemannian manifold with
Ric(g) < r2g for some constant r > 0 then,

/ Ric(g)(7.7) < 4(n — 1)r.

Observe that the righthand side of the previous estimate does not depend on the geodesic ~.

PRrROOF. Recall the following second variation along the minimizing geodesic ~:

L
0< /0 ((n — 1)¢2(s) — 2(s) Ric(g) (3(5), 4(5)) ds,

for any Lipschitz function with compact support in [0, L].
If L < 2r~!, there is nothing to prove. If L > 2r~! then let ¢ be a piecewise linear function
such that (s) = 1 on [r~', L — 771 and such that |¢(s)| = r for s € (0,r~') U (L —r~1, L) with
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L
/’Mdmwwxﬂ@st%n—nﬂ+/' (1 — 2(s)) Ric(g)(3(s), 4(s)) ds
0 0,r—1JU[L—r—1,L]
<2n —1)r + 12 1 — ©3(s))ds
<ot [ A
<2(n-1)r+ gr <4(n—1)r.
O

Remark 1.10. The proof of Lemma only requires that the upper bound on the Ricci curvature
holds on By(v(0),1//7) U By(y(L),1/+/r). Do we need the geodesic y to be minimizing ?

The following lemma is just stating the fact that dy (@, y) = ly) () and dg—g) (2, y) < lg—s)(7)
for all minimizing geodesics vy joining x to y, i.e. t — Iy () is a barrier for dg)(z,y):

Lemma 1.11.

d 3 - d —8 9
lim inf 220 (7 9) ﬂtﬂx”z—mm/Rmewx
s—0T S % o'

where v runs all minimizing geodesics joining x to y.
We are finally in a position to prove the main estimate due to Hamilton:

Proposition 1.12. Let (M", g(t))ie(0,1) be a complete solution to the Ricci flow such that

Ric(g(t) < &

— t T
. € (0,7,

for some uniform positive constant C. Then,

dg(t) (T, Y) = dgy)(z,y) — K(n, C)Wta—vt), 0<t;<ty<T,

where K (n,C') is a positive constant depending on n and C only. Moreover, if Ric(g(t)) > 0 then
the following distortion estimates on the distance hold:

dg(tl)(xvy) - K(?’L, C)(\/E_ \/E) < dg(tg)(xvy) < dg(tl)(xvy)7 0<t1 <ta<T.

PROOF. The combination of Lemma applied to 72 := Ct~! and Lemma shows that:

Ay (2 y) — doro (2,
liming 2O Zdoe-0 (@Y om0,

s—0+ S

By integrating this differential inequality (invoking Lebesgue’s integral theorem), one gets the desired
estimate:
dy(1,)(,y) = dgay(@,9) = 8(n = D)VO(VE2 = Vh), 0<ti <tz <T.
O

3.2. Evolution of the volume form. Since in local coordinates, the volume form associated to a
Riemannian metric g denoted by dy, is expressed by 4/det g;; dx1 Adxa A ... Adxy, one easily obtains

that: 9 1
ara0) = 590 (Org(t)) dpige) = — R dhge).

In particular, if (M, g(t)):e(o,r) is solution to the Ricci flow on a closed manifold, then:

d
a7 Voloy M = — /M Ry(r) dhg(s)-

It might be more convenient to keep the volume fixed along the Ricci flow. This is the normalized
Ricci flow and it is defined as follows:

01it) = —2Ric(g(6) + ~7(D3(0),  7(e) = (ol M) [ Ry dg
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Going back and forth from the Ricci flow to the normalized Ricci flow is done as follows: if (M, g(t));
is a solution to the Ricci flow on a closed manifold M then

§() == e(t)g(t),  where cft) == exp (i /0 Cr) dT) and £(t) = /0 ") dr,

is a solution to the normalized Ricci flow (exercise).

4. Evolutions of first order geometric quantities

We start with a general formula that computes the variation of the Levi-Civita connection in an
arbitrary direction:

Lemma 1.13. If (g(t))—c<t<c is a smooth one-parameter family of Riemannian metrics with g(0) =: g
and 8tg(t)|t:0 =: h a symmetric 2-tensor then:

(&

In coordinates, this gives:

V) ¥.2) = (TD.2) + (TE0(X.2) - (VEDX.Y)).
t=0 X

9
ot

1
F(g)fj = §gkl <V‘ghjl + V?hil — Vlghij) .

t=0
PrOOF. Recall the fundamental formula relating the Levi-Civita connection of a Riemannian

metric g to the Lie bracket and the metric g:

for any vector field X, Y and Z on M.

Differentiating this formula applied to each metric g(¢) and time-independent vector fields X,
Y and Z, gives the expected result if one recalls the fact that V9 is torsion free (i.e. [X,Y] =
V%Y — V{ X) together with the definition of the covariant derivative of a tensor h:
(V4R)(Y, Z) = X - (h(Y, 2)) — h(VLY, Z) — h(Y, V% Z).

O

As a corollary, one easily obtains the variation of the Levi-Civita connection along the Ricci flow:

Proposition 1.14. If (M, g(t)); is a solution to the Ricci flow then:
o) ((57°7) ¥.2) = (V4 Rictalt)(X,¥) - (V4 Riclg(e))(¥,2) ~ (7 Rielg(1) (. 2).
X

In coordinates, this gives:
0 . . .
STl = ¢ (V" Ric(g),; — VI Ric(g); — V1" Ric(g)a ).
We also take the opportunity to derive the variation of the Laplacian acting on functions along
the Ricci flow:

Proposition 1.15. If (M, g(t)); is a solution to the Ricci flow and if f(t) : M — R is a smooth
one-parameter family of smooth functions then:

2 (BT 0) = gy (70)) +2 (Riclolt), 7202

In particular, if n = 2,

g(t)

9 0
a1 Ban /() = Dy (atf (t)> + Ry By F(1).



14 1. BASICS OF THE RICCI FLOW EQUATION

PROOF. Recall that the Laplacian associated to a metric g acting on a function f is defined in

g [ O*f of
— i _ k ZJ

Then Lemma |l.13] ensures that:

coordinates as follows:

57 (Ba70) = Ay (570 + 2 (Rictal0). TO210)) | = o) LT (a0l

9(t)
B (5 0)) + 2 (Rictg(0). 770270

g(t)7 (V9 Ric(g(0));1 + VI Rie(g())a — VI Ric(g());; ) of(t)

g(t)

= Agir) (gtf (t)> +2(Riclg(t)), V027 <t)>g(t>

+2div( Rie(g(0)) (VIO £() — 9(8) (VI Ry, VIO £ (1)),
which implies the desired result thanks to the contracted Bianchi identity. |

Remark 1.16. Recall that for a vector field X, divy(X) := >0, 9(VZ,X,e,) where (e,), is an
orthonormal basis with respect to g. Check that A, f = divy (VY f).

5. Evolutions of second order geometric quantities

e First variation of the Riemann tensor
In local coordinates, recall that:

Rm ()i = L (9)5% — 9L (9)ix + T(9)5,L () — T(9)5L(9)5

This formula is simply obtained by the definition of the Christoffel symbols and that of the Riemann
tensor. In particular, in the perspective of computing the first variation of the Riemann tensor,
we consider geodesic coordinates centered at a point, then I'(g) = 0 at that point. If (g(t))—c<t<e
is a smooth one-parameter family of Riemannian metrics with g(0) =: g and d,g(t)| o = ha
symmetric 2-tensor then we are left with:

0 9

— g

t= or(g)]k> Vi (aat

_v9< o (b + Fihsp - vghjk)> v <2 P (Vi hip + Vihip — széhuc))

F(Q)ék)

t=0

Therefore, by rearranging terms together, we have proved the:

Proposition 1.17. If (g(t))—c<t<c is a smooth one-parameter family of Riemannian metrics with
g(0) =: g and @g(t)‘tzo =: h a symmetric 2-tensor then:

0 1
51| Rm(@h = 59" (V¥ 4hiy — VIV iy + VIV — VIV sy — VIV + VIVEhy)
t=

e Linearized equation

Definition 1.18. Let (M, g) be a Riemannian manifold. Let h be symmetric 2-tensor. Then we
define:
— the Lichnerowicz Laplacian as the following second order operator:

Ap ghij == Aghij + Qgpkgql Rm(g)ipgjhu — g7 Ric(g)iphjq — 9" hip Ric(g) jq
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Equivalently, if
n
[e]

Rm(g)(h)(X,Y) := =Y h(Rm(g)(X, €)Y, e),
p=1

(hok)(X,Y) = h(X,e,)k(Y,ep),
p=1
for (ep), an orthonormal basis with respect to g,

Apgh = Agh +2Rm(g)(h) — Ric(g) o h — h o Ric(g).
— the Bianchi one-form denoted by By(h) as follows:

1
By(h) :=divg h — Qd(trgh),

Remark 1.19. Check that the operator Rom(g) 0 S2T*M — S?T*M is well-defined and that
trg(Rm(g)(h)) = (Ric(g), h)y. Deduce from this that try(Ar gh) = Agy(trgh).

Lemma 1.20. The differential of the tensor —2 Ric at a Riemannian metric g along a variation h
18:

Dy(—2Ric)(h) = AL gh — Lp,1)(9),
Lp,n)(9)ij := V] Bg(h); + V]Bgy(h);.
In particular, the differential of the scalar curvature at a Riemannian metric g along a variation
h is:
Dy R(h) = —Ag4(trgh) + divy(divy k) — (h,Ric(g)),-
Remark 1.21. The definition of Lp_()(g) is consistent with the more general definition of the Lie
derivative of a tensor 1" with respect to a vector field X:

LXT(Y1,...,Yy) =X - (T(Y1,....Y})) = T(Lx Y1, ... V) — . = T(Yi, ..., LxY,).

PROOF. Tracing Proposition [L.17] gives:
0 ) 1
ot o Ric(g)jx = §gpq <ng§hkp - v?vghkp + ngzhjp - ngihqp = VaVihir + Vﬁvihqk)
t=
1
=3 (—Aghjk — VIVItrgh + gPIVIV Iy, — gmvgvghkp)

1 . .
+ 5 (VA(divy h); + V(divg )y + 9" (V¥ Thsp — VEVIhs) )
1

=5 (=Aghji + Lp,m)(9)51)

1 1
+59™ (V§V§hk,, - Vi Vé’hkp) + 59" (V§Vihip = ViVihip) .

It is now a matter of commuting covariant derivatives:

gP (ngi?hkp - Vf-vghkp) = —g" Rm(g)};hup — 9" Rm(g)!, b

= —Rom(g)(h)jk + (Ric(g) o h)jk

g (ngzhjp - ViVZhjp) =—g" Rm(g)fzkjhlp — ¢" Rm(g)

= —Rm(g)(h); + (h o Ric(g));k,
as expected. O

!
gkpltil

e Evolution equation of the Ricci tensor
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Proposition 1.22. Let (M, g(t)): be a solution to the Ricci flow. Then,

9 Ric(g(t)) = Ap g0 Ric(g(1)).

ot
PROOF. According to Lemma|[1.20|applied to h := —2Ric(g(t)),
d .. .
— 25, Ric(g(t) = Apg0) (—2Ric(g(?))) = L, (-2 Ric(() (9(1))- (5.1)

By the contracted Bianchi identity, d(try(Ric(g))) = 2div4(Ric(g)) for any Riemannian metric g,
therefore, By (—2Ric(g(t))) = 0. This fact together with (1.22) implies the expected result.
]

e Evolution equation of scalar curvature

The scalar curvature satisfies a reaction-diffusion equation, more precisely:

Proposition 1.23. Let (M, g(t)): be a solution to the Ricci flow. Then,

% Ro() = By Ry +2| Riclg(#) 50
In particular, if n = 2,
% Ry = gty Ry + Ry -
PROOF. According to Lemmaapplied to h := —2Ric(g(t)),

% Ry() = 2841 (trge Ric(g(t))) + divy (divge) (=2 Ric(g(t))) — (=2 Ric(g(t)), Ric(g(t))) (1)

= 20 Ry() — divy (V99 Ryp) + 2| Ric(g(1)) 5 )
= Ay Rg(r) +2| Ric(g(t)) !3@),

where we have used the contracted Bianchi identity in the penultimate line.

e Evolution equation of the curvature tensor

Proposition 1.24. Let (M", g(t))ic(0,1) be a solution to the Ricci flow. Then,

2 Rg(1)) = Ay Rm(g(0) + Q(Rm(g(1))), ¢ € (0.7),
where Q(Rm(g(t)) = Rm(g(t))) * Rm(g(t)). Here the symbol Sy x Sa means linear combinations of

contractions of the tensorial product of two tensors S;, i =1, 2.

See the exercices section.
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6. Exercises

Exercise 1.25. In dimension 3, show that

. . . ) R
Rm(g)jx = Ric(g)ugjr + Ric(g)jrgu — Ric(g)ikgj — Ric(g) jugi — 7‘[] (91195k — 9ik9jt) -

Deduce from this that along a solution to the Ricci flow,

o . . . . . .
g Ric(g)jx = Ag Ric(g)jx + 3Ry Ric(g)jx — 6 Ric(g) o Ric(g)jx + (2| Ric(9)[2 — RY)gji-

Exercise 1.26. Under the assumptions of Proposition show that the pointwise limit (M, dg(t))
as t goes to O exists, there is a unique distance dy on M such that dy induces the same topology as
that induced by the distances dgy on M.

Exercise 1.27. The aim of this exercise is to derive the evolution equation of the full Riemann tensor
along the Ricci flow.

(i) Show that on M,

0 0 .
g Rm(g(t))ijr = g(t)lpa Rm(g(t))},; — 2Ric(g(t))ip Rm(g (1)),
= -~ V{OVIY Ric(g(t)u + VO VI Rie(g(t)n — VIOV Rie(g(t))
+ ViV Ric(g(t)a + VIO VI Rie(g(1) 5 — VIO VI Rie(g 1))
(ii) Show that for a static Riemannian manifold (M",g):
AgRm(g)ijr = —VIV)Rm(g)pirt — Vi Vi Rm(g) jpki
+ Rm(g),;; Rm(g)gprt + Ric(9)ig Rm(9)gjm + Rm(g) L, Rm(g) jpg + Rm(g)l; Rm(g) jprq
+ Ric(g)jq Rm(g)iqkl - Rm(g);]m Rm(Q)qul - Rm(g);]pk; Rm(g)piql - Rm(g)?pl Rm(g)pikqa
(Hint: use the second Bianchi identity)
(iii) Show that:
VIVIRic(g)w — VIV] Ric(g)u = — Rm(g)};;, Ric(9)p — Rm(g)};; Ric(g)p-
(iv) Show that:
AgRm(g)ijm = VIV Ric(g)u — VIV] Ric(g)ir — VIV Ric(g)i; + VIV Ric(g);i
+ Rm(g)gij Rm(g)gprt + Ric(9)ig Rm(g)gjm + Rm(g)fn-z Rm(g) jpkq
+ Ric(g)jq Rm(9)igrt — Rm(g),; Rm(g)pgrt — Rm(g)7  Rm(9)pig — Rm(g)7, Rm(g)ping-
(v) Conclude that:

%Rm(g(t)) = Ay Rm(g(t)) + Q(Rm(g(t))) — Ric(g(t)) * Rm(g(t)),
where:
QRm(g(t)))ijri := —Rm(g(?))ijpg Rm(g(t))pgrt — 2Rm(g(t))ipkg Rm(g(t)) jpgi
+ 2Rm(g(t))ipig Rm(g(t)) jprq
Ric(g(t)) * Rm(g(t))ijm = Ric(g(t))ig Rm(g(t))gjm + Ric(g(t))jq Rm(g(t))igrt
+ Ric(g(t))rg Rm(g(t))ijq + Ric(g(t))ig Rm(g(t))ijng-






