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Gravitational waves with A =0

1916
Einstein predicts 1960s
gravitational Bondi et al:
waves (GWs) “They are real!”
[] 'l '] '] '] :
L J 1974 Today

Observation by
Hulse and Taylor
confirms this

Cumulative shift of periastron time (s)

- General Relativity
prediction




Gravitational waves with A > 0
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» No Bondi news
» No ‘peeling’ theorem
» No positivity of energy

» No positive and negative frequency decomposition needed
for Hilbert spaces in quantum theory
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No positive and negative frequency decomposition needed
for Hilbert spaces in quantum theory

» ... and no quadrupole formula!



Outline

1. Steps calculation in Minkowski space-time

2. Steps calculation in de Sitter space-time

3. Result



Linearization

One-parameter family of metrics
g/ﬂ/(e) = gpy(o) +e€ h'ul/ + ...

» For Minkowski: g,,,(0) = 7.

» For de Sitter: g,,(0) = @2(n)g,, with a(n) = — /:/377
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3 main ingredients
1. gauge fixed gravitational wave 77”,,

ORy = 167GT,y —> fy = ? /dBX'T/j(t — X
2. energy & power

_ 1 8y (hpi _ p i
Ht_SZWG/dx(h,,h—h,,h)

0
Pt = l:;Hr = aHt

3. quadrupole moment & conservation of stress-energy
tensor

Q= /d3pr,-x,-

1 . 1.
/dsXT/j = > /dSXTO()X/Xj = EQ//



Energy loss in Minkowski




Energy loss in Minkowski

where Q; = £:Qj,
TT=Transverse & Traceless

I+



First ingredient: h,,

() = & (1) (Guv + eh +..)

7 0
| t=oco,n=0 1t
~
I -
[ -
I -~ T
— =~ __const
-+~ g =¢°
I
I
| &
- v
o 1% &,
I 15 7/
. $ Ly
& L 4
! 7
7
/ X
/
/
/
/
/
Y/
! 7

Need late time expansion instead of 1/r expansion!



First ingredient: h,,

ds? = —dt? + Mt (dx? + dy? + dz?)
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ds? = —df? + M (dx® +dy? +dz?)  H? =

w[>

Gravitational field satisfies
(—82 +e ?MD? — 3H8> hj =16xGe *"T;
ot2 ot U/ U]

which has solutions in the late time regime (vega, Ramirez, Sanchez; 1998]

_ 4 b , D
hj = G/d3x’ Ti(t, X’ 4GH/ dt'e" i,/d%(’ Ti(t', x)+O (2
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First ingredient: h,,

ds? = —df? + M (dx® +dy? +dz?)  H? =

w[>

Gravitational field satisfies
_z re 2 _3HL ) By = 16rGe 2T,
ot ot) !
which has solutions in the late time regime (vega, Ramirez, Sanchez; 1998]

- 4G t 9 D D
i = r/daX'Tu(tr, 4GH[mdt’eH’§/d3x’nj( HO(E: d(O)).

tail term

Assumptions
» D, < d(t) (better for late times due to expansion)

» L7 T, is non-zero only for a finite time-interval



Second ingredient: energy formula

Using the symplectic framework, the Hamiltonian associated
with de Sitter time translation is

Hy = —%w(h, Lrh)

_ 1 37+ cif ZTT ZTT
_167TGH/dI £ (ﬁrh,j + 2HA] )
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Definition

Q= [V o (ax)(ax)

—_————
S~ T,,0/'0¢ physical distance
aSdxdydz R

Interesting feature of de Sitter:

ETT;w :Ozﬁrpzo
0
- ETQ,']' = ds\/ﬁ X (ax,) — ZHQ,']' 75 0



Third ingredient: quadrupole moment Il

Conservation of stress-energy tensor V* T, =0is
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Third ingredient: quadrupole moment Il

Conservation of stress-energy tensor V#T,, = 0 is

Op—e MD'Tyi +3H(p+ P)=0
Ot Toi — D/T,/ +3HTy =0

1
— / Xy = 5 / d3v(ﬁ+3He—”fp+3H2e—2pr) (ax;) (ax)

1 .
+3 / BV (He—HfP+3H2e—2HfP) (ax)) (ax;)

fd3xT,-j = aT*1 (Q’(jp) +2HQI§/_P) + Holng) n ZHZQ,(jP))




Energy
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Properties energy

Hr = & JOT" (RaRE) o 450

ret

» Features information about energy density and pressure
» Recover result Minkowski in limit H — 0
> L7Ts =0 = Qa # 0 but Hr = 0 (as it should!)

» Energy is positive



How does positivity arise?
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