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gµ⌫ = ⌘µ⌫ + hµ⌫

||hµ⌫ || << 1

Lorenz	
  Gauge:	
  

@µh
µ
⌫ � 1

2
@⌫h = 0

⇤ h̄µ⌫ = �16⇡GTµ⌫
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In	
  Vacuum:	
  

⇤ h̄µ⌫ = 0

The	
  Lorenz	
  gauge	
  is	
  not	
  a	
  full	
  gauge	
  fixing.	
  

Transverse	
  Traceless	
  Gauge:	
  

h0i = 0

�ijhij = 0



Can	
  we	
  recover	
  the	
  usual	
  TT	
  graviton	
  modes	
  
a`er	
  using	
  ma1er	
  degrees	
  of	
  freedom	
  in	
  gauge	
  
fixing?	
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ADM	
  Formalism	
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Dynamical	
  variables	
  are:	
  

Hamiltonian	
  

S =

Z
dtd

3
x

⇥
⇡̃

ab
q̇ab �NH�N

aCa
⇤

(qab, ⇡̃
ab)

2	
  physical	
  degrees	
  of	
  freedom	
  



Outline	
  

•  Defining	
  the	
  system	
  
•  Par2al	
  reduc2on	
  of	
  the	
  theory	
  by	
  fixing	
  a	
  2me	
  
gauge	
  

•  Lineariza2on	
  
•  Complete	
  reduc2on	
  by	
  solving	
  the	
  
diffeomorphism	
  constraint	
  

•  The	
  physical	
  degrees	
  of	
  freedom	
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GR	
  with	
  Dust	
  
•  Consider	
  GR	
  coupled	
  to	
  dust:	
  

	
  

This	
  system	
  has	
  3	
  physical	
  degrees	
  of	
  freedom	
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Tµ⌫ = M@µ�@⌫�
S =

Z
d

4
x

p
�gR

�
Z

d

4
x

p
�gM(gµ⌫@µ�@⌫�+ 1)



•  The	
  ADM	
  ac2on	
  is:	
  

	
  
•  The	
  Hamiltonian	
  and	
  diffeo	
  constraints	
  are:	
  

	
  

H = HG +HD

Ca = CG
a + CD

a

We	
  use	
  the	
  dust	
  to	
  fix	
  the	
  2me	
  gauge	
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S =

Z
dtd

3
x

h
⇡̃

ab
q̇ab + p��̇�NH�N

aCa
i



Dust	
  2me*	
  

� ⌘ �� t = 0
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Surfaces	
  of	
  constant	
  2me	
  =	
  level	
  surfaces	
  of	
  dust	
  

N = 1

� = const

*V.	
  Husain	
  and	
  T.	
  Pawlowski	
  
Phys.Rev.Le+.	
  108	
  (2012)	
  141301.	
  

Hphysical = �p� =

Z
d3x HG



Linearized	
  Gravity	
  with	
  Dust	
  2me	
  

•  Minkowski	
  space	
  is	
  a	
  solu2on	
  of	
  the	
  equa2ons	
  
of	
  mo2on	
  in	
  the	
  dust	
  2me	
  gauge.	
  

•  All	
  3	
  physical	
  d.o.f	
  are	
  manifested	
  in	
  the	
  
metric	
  field	
  

•  Linearize	
  about	
  Minkowski	
  

qab = �ab + hab

⇡̃ab = 0 + pab

Na = 0 + ⇠a
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A	
  Suitable	
  Basis	
  
•  We	
  want	
  a	
  natural	
  separa2on	
  of	
  perturba2ons	
  
into	
  scalar,	
  vector	
  and	
  tensor	
  modes	
  

ê1

k̂

ê2

k̂
x

k̂y

k̂z

J↵x = eim↵
x

Helicity	
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  *D.	
  Baumann	
  (2012),	
  arXiv:0907.5424v2	
  

*	
  



Basis	
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Scalar	
  

Vector	
  

Tensor	
  
Mab

3 = f(e1, e2),

Mab
4 = g(e1, e2)

Mab
5 = f(e1, e2, k),

Mab
6 = g(e1, e2, k)

Mab
1 = �ab,

Mab
2 = f(k, �ab)

ê1

k̂

ê2

k̂
x

k̂y

k̂z



Equa2ons	
  of	
  Mo2on	
  

•  Scalar	
  mode	
  equa2ons:	
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Only	
  the	
  longitudinal	
  
component	
  of	
  the	
  shi`	
  
appears	
  

ḣ1 = �p1 + |k| ⇠k,
ṗ1 = |k|2 h1 � |k|2 h2

ḣ2 = 2p2 + |k| ⇠k
ṗ2 = �|k|2 h1 + |k|2 h2



•  Vector	
  mode	
  equa2ons:	
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Only	
  the	
  transverse	
  components	
  of	
  the	
  shi`	
  
vector	
  appear	
  

ḣ5 = p5 + |k| ⇠2
ṗ5 = 0

ḣ6 = p6 + |k| ⇠1
ṗ6 = 0



•  Tensor	
  mode	
  equa2ons:	
  

	
  	
  	
  	
  	
   	
  No	
  components	
  of	
  the	
  shi`	
  vector!	
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ḣ3 = p3, ṗ3 = �|k|2 h3,

ḣ4 = p4, ṗ4 = �|k|2 h4,



	
  The	
  Diffeomorphism	
  Constraint	
  

Only	
  the	
  scalar	
  and	
  vector	
  modes	
  are	
  
constrained	
  

kap̄
ab = kap

I(k, t)Mab
I = 0
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=) ( p1 + p2) k
b + |k|

�
p5 eb2 + p6 eb1

�
= 0



Transverse	
  components:	
  
	
  
	
  
	
  
	
  
Gauge	
  choice:	
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h5 = 0 = h6

The	
  Final	
  Reduc2on	
  

Vector	
  modes	
  

( p1 + p2) k
b + |k|

�
p5 eb2 + p6 eb1

�
= 0



Longitudinal	
  component:	
  
	
  
	
  
	
  
	
  
	
  
Gauge	
  choice:	
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h2 = 0

Scalar	
  modes	
  

(p1 + p2) k
b + |k|

�
p5 eb2 + p6 eb1

�
= 0



Physical	
  degrees	
  of	
  freedom	
  

ḧ1 = 0

ḧI = �|k|2 hI I = 3, 4
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One	
  ultra-­‐local	
  scalar	
  mode	
  

Two	
  Lorentz	
  covariant	
  tensor	
  modes	
  



Results	
  
•  The	
  graviton	
  modes	
  propagate	
  at	
  the	
  speed	
  of	
  
light	
  

•  The	
  scalar	
  mode	
  is	
  ultra-­‐local.	
  None	
  of	
  the	
  
consequences	
  associated	
  with	
  dynamical	
  
scalars.	
  

•  GR	
  +	
  dust	
  in	
  the	
  dust	
  2me	
  gauge	
  appears	
  to	
  
be	
  consistent	
  with	
  standard	
  field	
  theory	
  on	
  
Minkowski	
  space2me	
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•  If	
  we	
  were	
  to	
  deform	
  the	
  Hamiltonian	
  as:	
  

	
  	
  	
  	
  the	
  scalar	
  mode	
  no	
  longer	
  remains	
  ultra-­‐local	
  
	
  
	
  
•  If	
  we	
  include	
  a	
  poten2al	
  for	
  the	
  dust	
  field	
  this	
  
would	
  act	
  as	
  a	
  dynamical	
  cosmological	
  
constant	
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ḧ1 = (1� 2↵)|k|2h1

H := �p
qR(3) +

1
p
q

�
⇡̃ab⇡̃ab � ↵⇡̃2

�



Thank	
  you	
  for	
  listening.	
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Coun2ng	
  the	
  degrees	
  of	
  freedom	
  	
  
Covariant	
  Picture:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
10	
  metric	
  components	
  

−	
  
4	
  coordinate	
  choices	
  

−	
  
4	
  constraint	
  equa2ons	
  

=	
  
2	
  physical	
  d.o.f	
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Canonical	
  Picture:	
  
	
  
	
  

12	
  components	
  
−	
  

4	
  coordinate	
  choices	
  
−	
  

4	
  first	
  class	
  constraints	
  
=	
  

4	
  phase	
  space	
  d.o.f	
  
	
  

(gµ⌫) (qij ,⇡
ij)



Linearized	
  Theory	
  

ADM	
  showed	
  that	
  for	
  any	
  symmetric	
  tensor:	
  

24	
  

qij = �ij + hij

hij = hTT
ij + hT

ij + hL
ij

hµ⌫ = hTT
µ⌫

N = 1, Na = 0


