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The Schwarzschild spacetime (1915) is the simplest non-trivial
solution of the vacuum Einstein equations:
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In this talk we shall prove the linear stability of the Schwarzschild

solution. A first version of the theorem is the following:

Theorem. Consider the system of equations obtained by
linearizing the Einstein equations with respect to a fixed
Schwarzschild metric of mass M. Given initial data for this
system, bounded in suitable weighted norms, the evolution converges
up to infinitesimal diffeomorphisms to a member of the linearized

Kerr family of solutions.

The purpose of this talk is to make all this precise.



The Linearization Procedure and the System of Equations



The linearization procedure

Let us fix the Eddington-Finkelstein differential structure of the
Schwarzschild metric and consider a one-parameter family of

Lorentzian metrics in double null-coordinates
g (€) = —4Q2 (¢) dudv+g, . (€) <d90 — 5 (e) dv) (dHD — b2 (¢) dv)

with g (0) being the Schwarzschild metric of mass M.

Remarks
1) Any metric can locally be put into this form.
2) Use of the double gauge for the analysis of EVE:

Christodoulou; Klainerman-Rodnianski, Luk-Rodnianski, Luk-Dafermos



g (€) = —4Q2 (¢) dudv+g, . (€) (d@c — 5% (e) dv) (d@D — b2 (¢) dv)

Associated null-frame

1 1
93258u , 9425 (8U—|—bA89A) , eA:mﬁ.

Compute the connection coeflicients I' in this frame. For instance,

Xa5 =9 (Ve ,e4,ep) second fundamental form of Si,,v in (',
Construct try and x, which is symmetric traceless.

In Schwarzschild, we have ¥ = 0 and Qtry = 2 ( — M)

T T

Write ¥ and (Qtrx)(1> for linearized part.



A full list of linearised metric and connection coeflficients is

NN RUSK.

(Qrx) D, (Qtr )W, %, x, 0™, w .

Note we allow ourselves to drop the superscript (1) if the

background quantity vanishes.



Linearizing the (Weyl)-curvature components

The curvature tensor is determined by

XAB = |44 (e4aeAae4aeB) ) Apap = w (637eA7637eB)
1
IBA — §W(eA,eg,e4,e3), QA — W(eAae47e4ae3)
1
P = |14 (63,84783764) ’ o — Z*W(e3ae47e3ae4)

Only p is non-vanishing in Schwarzschild: p = pg = —%—Af

Denote our linearised quantities by: «, 8, a, 38,0, p!



What do we estimate?

The analytical content of Ric[g] = 0 is contained in

V*W .0 =0  Bianchi Equations
VI'+I'T =W  Structure Equations

Linearize around background with connection I', and curvature W:
O+ T) W +w,r =0

(1) (1) (1) (1)

(O0+T,) I +T ., I =W

In Minkowsi W, = 0, the first equation decouples and keeps its
variational structure. — conservations laws, decay estimates
(Christodoulou-Klainerman 1990)

Around Schwarzschild W, # 0, so coupling even at linear level.
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1y _ M

Q2 6 M
W3a(1) N — —295101(1) = —2¢53(1) + —32(1)

T T r

¢80 4 2trxg8) — 5581 = afvall)

7560 +irxgs® 10560 = pf (—p™M oM 4305y

Va0t + Etrxsp(l) — afvp(1) — 2 rs (trx) (M)
2 25

3 3
ng(l) + ;”Ksp(l) — —dlvé(l) — gg—i (QtT’K)(l)

Y74‘7(1) + th’XSU(l) = —cu’rlﬁ(l)

3
¢30(1) + Etrzsa(l) = —cu’rlé(l)
248D +trxgs® + 05580 =7 (41, 0D) 4 30gn D
F25(D) +20mx 5D — 55580 = _afua®

Y742(1) + %trxsﬁ(l) + QGSQ(l) = 2¢§§(1) - 3982(1)
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In the above V3 and V4 are appropriate covariant differential

A
operators in the es and e4 null directions, V' denotes the angular
covariant derivative, dfv denotes the divergence on the spheres, and

@I and @; denote the angular differential operators:

N (_pu)’ g<1>) — Vup D £ ¥ oD

(ZD;*S) =Vals+VBéa—4¢,, (vcfc)

AB

which are adjoints of dfv.

All operators are now defined with respect to the
background Schwarzschild metric!
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The above linearized system is well-known in the physics literature,
at least at the level of mode decomposed solutions. It is usually
expressed in the Newman-Penrose ('62) formalism.

However, the theory can be formulated completely in physical
space, admits a well-posed initial value problem with initial data

satisfying constraints.
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Remarks

Of course this is by far not the only way to study the problem!

We should mention the pioneering works of (Regge-Wheeler ’57,
Vishveshwara ’70, Zerilli *70) studying metric perturbations at the

level of mode decomposed solutions.

A gauge invariant approach in this context is due to Moncrief ’75.
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Analysis of the System of Gravitational Perturbations
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Special Solutions I: Pure gauge solutions

There are infinitesimal coordinate transformations preserving the

double null-form of the metric. These can be worked out explicitly.
For instance,

Lemma 1. For any smooth function f = f (v,0,¢), the following is
a (pure gauge) solution of the system of gravitational perturbations

(1)
R O Y
S

Q) 1
2 Lo e . - aevafo(£)

77(1) = ... ,etc.
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Special Solutions II: Linearized Kerr solutions

Lemma 2. The following is a solution of the system of

gravitational perturbations:

. (1) Q) AM
g(l)zo ) V9 =0 , — =0, by=  in2 0
A /gs QS r
6
oher = T—4aM cosf ~ Yy (0,¢) ... ete.

Non-trivial Kerr solutions can be detected at the initial data.
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Gauge invariant quantities which decouple

It has long been known that the gauge invariant null-curvature
components o and « satisfy decoupled wave equations: The

Teukolsky (or Bardeen-Press '73) equation:

3M

Only mode stability but not even uniform boundedness was known.
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Hierarchy of gauge invariant quantities

Define the symmetric traceless tensors

Y3 (r0%a) = B35 - %

V.4 (?“QSOé) @;Q—F M

Y= 292

y: 2Q2

We also deﬁne
P =

Vs (vri®Qs) and P:= Vi (yriQs) . (2)

7“3Q5 T3QS

A quick computation shows that we can write
* Lk SMQS ~ —~
P =D,P; (_P(l)aa) - (X-X) . (3)

P =2y} (-0, o) - 2 (%) (4
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These transformations appear at the level of mode solutions in the
work of Chandrasekhar.

The point is:

e the quantities P and P satisfy the Regge-Wheeler equation, a
wave equation which does admit a positive conserved energy

and an integrated decay estimate.

e P and P are symmetric traceless tensors: they don’t see the

Kerr modes

e the quantities P and P control ¢ and 1 and then «, «
respectively
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Analysis of the Regge-Wheeler equation

We have that ¢ = r3Pyp satisfies

ﬁauavqﬁ—(&—i) - 2Fe=0. (5)

r

All insights for the linear wave equation can be used:

L.
2.
3.

the existence of a positive conserved energy is immediate.
the redshift estimate holds near H™.

an integrated decay estimate was shown by |Blue-Soffer, GH].
Trapping enters!

one can apply the black-box (we actually reprove them) results
of [DafRod, Schlue, Moschidis| to go from integrated decay to
polynomial decay rates for the energy.
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Intermezzo: The linear wave equation on black holes
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The following definite result has been obtained:

Theorem. Solutions of the linear wave equation

DgM,a¢ =0 (6)

for gar.a a subextremal member of the Kerr-family decay

polynomaially in time on the black hole exterior.

e ¢ = (0 case: Kay—Wald, Dafermos—Rodnianski, Blue-Sterbenz

e |a| < M case: Dafermos and Rodnianski, Tataru-Tohaneanu,

Andersson—Blue

e |a| < M case: Dafermos—Rodnianski—-Shlapentokh-Rothman
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Remarks

e Theorem 1 fails in the extremal case a = M (Aretakis).

e A version of Theorem 1 has been proven for Maxwell’s equation
in the a < M case by Andersson—Blue and Blue (a = 0).

e Generalizations to Kerr de Sitter (Dyatlov, Vasy, Hintz) and
Kerr-anti de Sitter (Holzegel-Smulevici, Gannot, Dold)

25



Why is the linear problem [,,,9 = 0 hard?

Recall Minkowski [,1) = 0. Two key estimates

/ (D) + |V = / (8,0)° + |[V|>  energy conservation
2t

>0

T
| oat] @) +I90P < Cr [ (@) +IV9 TLED
0 >n{r<R}

>0

Already in the Schwarzschild case deriving analogues of these two
estimates requires

e understanding of the redshift near H* to prove boundedness
e understanding of trapping at the photon sphere to prove decay

The Kerr case is much more complicated (superradiance)!
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The redshift

Schwarzschild has a globally causal Killing field 0;

— coercive energy identity degenerating on H™:

/ Dy (1— %) ,s/ Dy (1— ﬂ)
3% r Yo r

with | D1|? denoting (the sum of) all derivatives of ).

The redshift effect is about removing the degeneracy at r = 2M to

get a non-degenerate boundedness statement.

Commutation, elliptic estimates and Sobolev embedding lead to

pointwise estimates.
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Trapping

Restricting again to a = 0, one easily checks the existence of
null-geodesics contained in the timelike hypersurface » = 3M

7273\/§M

In the high frequency approximation, solutions to the wave

(s) = (t(s),7(5),0(5), 0 (5)) = (s,sM m ! )

equation travel along null-geodesics!

—> Non-degenerate decay estimates for Schwarzschild are
necessarily associated with a loss of derivatives! (Sbierski 2013)

T
/ at* / D2 < C / D[ + | D
0 Zt*ﬂ{TSR} >0
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Back to the estimates for (P, 1, a) and (P, 1, a)
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Theorem (gauge invariant quantities). Consider a solution of the
system of gravitational perturbations arising from a smooth

asymp. flat seed initial data set. Then the gauge invariant quantites
(P,vY, ) and (B, 1, g) satisfy boundedness and integrated decay
estimates. Moreover, the quantities decay both in energy and

pointwise at polynomial rates.

Proof. For P and P this statement follows from previous work.

From the evolution equation for 1 we derive
9. [0 2r502] = 2,503 Py
or, multiplying by r" and using r, = —Q%,
Oy (|¢|2T6Q% ") + )2 reQenr™t = 2001 Q% Py
2

1
Oy (|¢\ZT6Q% ") + §\¢\2r6§2§m‘”_1 < Er7+”|P\QQ%.

The argument for o (and then (E, 1, Q)) 1s similar. []
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Corollary. Solutions to the Teukolsky equation decay inverse

polynomially in time.
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Estimating the (gauge-dependent) part of the solution.
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How do we obtain bounds on the other quantities?

Can’t estimate Y directly as it is blue-shifted.

o 2M -
Q5V4 (r*QsX) — —5 (rQsX) = —aQ§r?. (7)

Need to commute with the redshift vectorfield Q§1Y73 (twice) before
doing estimates. This requires additional fluxes on the horizon
which are in turn obtained from the gauge invariant quantities.

For X (and certain other quantites) we can only show boundedness
but not decay. Why is that?
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Before giving you the answer we state an informal version of the

boundedness statement:

Theorem. Consider a solution S of the system of gravitational

perturbations arising from a smooth seed initial data set. Then all

geometric quantities satisfy (weighted) boundedness estimates, e.qg.
O 1)

Q— < C ) ‘Tﬂglﬂ < C ) ‘T26‘ < C ,€tC. (8)
g A =

34



Recall that we defined the notion of pure gauge solutions above.

Let us write § as representing all geometric quantities
(a, By X X M5 ) of the solution in the initial data gauge and
Snew = S + Sy for the geometric quantities corrected by a pure

gauge solution f.

We determine the gauge function f dynamically from the

solution S (by solving an ODE along the event horizon).

The point is that for this suitably defined f all geometric quantities
of Sy ew Will actually decay. Moreover, the gauge function f is
controlled by the initial data in S!
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Theorem 1 (summary version). Consider a solution of the equations of
linearised gravity around Schwarzschild arising from general

asymptotically flat characteristic initial data on a double null cone.

1. Quantitative boundedness and inverse polynomaal decay holds for the
gauge ivariant quantities, in fact for general solutions of

Regge—Wheeler and Teukolsky equations.

2. In a gauge determined by initial data, all quantities of the system of
linearised gravity remain bounded by a constant times their initial

values.

3. In a gauge determined by the future, i.e. after addition of a pure
gauge solution normalised to the event horizon behaviour, all
quantities of the system decay tnverse polynomually to a member of

the 4-dimensional family of standard linearised Kerr solutions.

The final linearised Kerr solution can be read off from initial data and the

pure gauge solution normalised to the future is bounded by initial data.
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Epilogue: The connection with Wald’s canonical energy
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Epilogue: Conservation laws for gravitational

perturbations of Schwarzschild

While we do not use them in our argument, let us mention that
there exist certain conservation laws for the system of linearized
gravitational perturbations on Schwarzschild.

ul

Fy [T (uo,u1) = / dudfd¢ r° sin 6

uo

N

1 (1)
— 2g(1) (Qt'rx)(l) — 5 ((Qtr&) ! )

AM
-

Q) R
( P ) (QtrK)(l) +2Q3n1* + Q5 IxI°

V1
F, [T'] (vo,v1) = / dvdfdg r* sin 6

vo

2
— 2w (Qtr&)(l) — % ((Qt'rx)(l))

apM Q)
# (

o) (@0 + 2081gl° + QIR

742
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The following important conservation law holds:

Proposition 1. For any ug < u; < ug < 00 and vg < v1 < vg < 00

we have the conservation law

By [T] (uo, ur) + Fu [I] (vo, v1) = Fuy, U] (w0, u1) + Fu, [T (vo, v1)

A key property is that these fluxes are gauge invariant up to

boundary terms!

This conservation law can be exploited in connection with a gauge
transformation to produce a priori control on the flux of ¥ through

the event horizon as well as that of ¥ through null-infinity.
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Theorem 2 (GH). Given a solution to the system of gravitational
perturbations on Schwarzschild, the L?-energy flux of the linearized
shear X along the event horizon and the L?-energy fluz of the
(appropriately weighted) linearized shear X along null-infinity are
uniformly bounded a priori by an L?-norm on initial data which

wnwvolves only first deriwvatives of the metric perturbation.

There are further conservations laws at the level of curvature,

which allow to strengthen the above theorem.
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