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Strong-field tests ?



• ~ 1600 known pulsars
• ~   100 binary pulsars

Many NS-WD binaries

PSR J1141–6545
       [Kaspi et al. 1999]

PSR J0407+1607
PSR J2016+1947
…

PSR J0751+1807    ⇒    2.1 m   NS!
         [Nice et al. 2005]

8 NS-NS binaries

PSR B1913+16    [Hulse-Taylor 1974]
PSR B1534+12    [Wolszczan 1991]
PSR J0737–3039 [Burgay et al. 2003]

PSR B2127+11C (in globular cluster)
PSR J1756–2251 [Faulkner et al. 2004]
PSR J1518+4904
PSR J1811–1736
PSR J1829+2456

PSR J1906+07     [Lorimer et al. 2005]
                                      (maybe NS-WD?)

pulsar

companion

radio waves

observer

Precision tests of
strong-field gravity





Binary-pulsar tests

pulsar

binary
pulsar

= (very stable) clock

=     moving     clock

t

pulses

t

pulses

P

• Time of flight across orbit     size of orbit                        (“Roemer time delay”)

– orbital period                                P
– eccentricity                                   e
– periastron angular position          w
– …

c

“Keplerian” parameters

• Redshift     G mB  + second order Doppler effect     vA     (“Einstein time delay”)

– parameter                                      gTiming

rAB c2

“post-Keplerian” observables
[PSR B1913+16 • Hulse & Taylor]

2 c2

2

• Time evolution of Keplerian parameters

– periastron advance                       w  (order  
1  )

– gravitational radiation damping   P  (order  
1  )

c2

c5

.

.

3
observables

– 2
unknown

masses mA, mB

= 1
test

Plot the three curves [strips]

gTiming(mA, mB)  =  gTiming

w        (mA, mB)  =  w

P        (mA, mB)  =  P

theory                                 observed

.

.

.

.

theory                                 observed

theory                                 observed

“ g - w - P  test ”. .
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in general relativity
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= –2.421 × 10–12
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in general relativity
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Discovered by R. Hulse and J. Taylor in 1974

s ≤ 1





PSR B1534+12
in general relativity

Discovered by A. Wolszczan in 1991

   

d Doppler    n.a +   v
2

d t d  PSR
Doppler    n.v  fi ^

“Galactic” contribution to P
       [Damour–Taylor 1991]
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5 observables - 2 masses = 3 tests
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Formation of PSR J1141–6545:
neutron star born after the white dwarf

[Tauris & Sennels 2000]

main sequence stars
5 < M1/m   < 11
3 < M2/m   < 11

Roche-lobe overflow
⇒ significant mass transfer

Helium core

settles as a white dwarf

Red giant
Roche-lobe overflow
⇒ orbit shrinks

Common envelope
quick ⇒ small mass transfer

White dwarf inspirals
towards the giant's core

 ⇒ envelope ejected

Helium core collapses
⇒ type Ib/c supernova

Momentum kick to
newborn neutron star

⇒ eccentric final orbit
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Discovery Kaspi et al. 1999, Timing Bailes et al. 2003

PSR J1141–6545
in general relativity

P
.

= –4 × 10–13

Asymmetrical system
neutron star – white dwarf

(mB sin i )3

(mA+ mB)2 =
  2 π 2

P

(x c)3

G

Mass function

Neutron star born after white dwarf
⇒ eccentricity e = 0.17 large
     and nonrecycled pulsar

s ≤ 1

P
.

γ

ω.
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PSR J0737–3039
in general relativity2nd pulsar

1st pulsar0 0.5 1 1.5 2 2.5
0
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Timing Burgay et al. 2003, Double pulsar Lyne et al. 2004, latest analysis Kramer et al. 2006
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Strong-field effects
0.6

0.4

0.2

0
0.5 1 1.5 2 2.5 3

mA/m—

|αA|

critical
mass

maximum
mass

maximum
mass in GR

scalar charge

baryonic mass

ϕ
neutron star

αA αB
scalargraviton

eff

A B A B

depends on internal
structure of bodies A & B

αA αB

A B

αA αA

βB

B

A A

⇒ all post-Newtonian effects

c7c5

GAB  =  G  ( 1  + αA αB
 )

Similarly for (γPPN– 1) and (βPPN– 1)

Energy flux  =                                Quadrupole + O    
1         spin 2

+ Monopole    0 +  
1   2+ Dipole + Quadrupole  + O    

1        spin 0
c2c c3 c5 c7

  (αA–αB)2
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A tensor–scalar theory
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PSR B1913+16
in scalar-tensor theories



   Vertical   axis (β0 = 0) : Jordan–Fierz–Brans–Dicke theory    α0 = 2 ωBD + 3
Horizontal axis (α0 = 0) : perturbatively equivalent to G.R.
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Solar-system & PSR B1913+16 constraints
on scalar-tensor theories of gravity
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binary pulsars

impose β0 > −4.5

i.e.  β
PPN– 1 < 1.1

γPPN– 1

VLBI

[T. Damour & G.E-F 1998]
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The four accurately timed
binary pulsars in general relativity
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   Vertical   axis (b0 = 0) : Jordan–Fierz–Brans–Dicke theory    a0 = 2 wBD + 3
Horizontal axis (a0 = 0) : perturbatively equivalent to G.R.
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Solar-system & best binary-pulsar constraints
on scalar-tensor theories of gravity
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PPN– 1 < 1.1
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[T. Damour & G.E-F 2006]





Solar-system and best binary-pulsar
constraints on tensor–scalar theories

(updated May 2006)
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Gravitational wave antennas
LIGO/VIRGO/LISA

• • •

LIGO VIRGO

Signal emitted by an
inspiralling binary system:

Effect on a detector:

(depends on hundreds
of post-Newtonian

coefficients)
time

signal



Gravitational wave antennas
LIGO/VIRGO/LISA

One needs accurate (3.5 PN)
templates to extract the
signal from the noise



Energy flux  =                                Quadrupole + O    
1         spin 2

+ Monopole    s +  
1   2+ Dipole + Quadrupole  + O    

1        spin 0

c7c5

c2c c3 c5 c7

.

Inspiralling binary

Even if no helicity-0 wave is detected, the time-evolution of
the (helicity-2) chirp depends on the Energy flux = (strong field)2

fi A priori possible to detect indirectly the presence of j:

If binary inspiral detected with GR templates
fi bound on matter–scalar coupling strength
[matched-filter analysis: C.M. Will, Phys.Rev. D 50 (1994) 6058]

Gravitational waves
in scalar-tensor gravity

Collapsing star

Energy flux 
= (strong field)2

= Monopole/c
     usual Quadrupole/c5>>

Detection
= (strong field) ¥ (weak field)
= too small for LIGO/VIRGO
[J. Novak's thesis, PRD 57, 4789; 58, 064019 (1998)]
and not in LISA's frequency band

Factor a0 =       
1       

ª  
1-gPPN 

< 0.003

Earth

2wBD+3         2





Chirp evolution in general relativity

For an unknown mass of the system

Chirp evolution in general relativity

time

signal

Chirp evolution in a tensor–scalar theory

time

signal
in phase out of phase



Solar-system and possible LIGO/VIRGO
constraints on scalar-tensor gravity

   Vertical   axis (β0 = 0) : Jordan–Fierz–Brans–Dicke theory    α0 = 2 ωBD + 3
   Horizontal axis (α0 = 0) : perturbatively equivalent to G.R.
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Solar-system, possible LIGO/VIRGO, and binary-pulsar
constraints on scalar–tensor theories of gravity

Bad news: LIGO/VIRGO will not probe scalar effects
Good news! fi GR templates can be used securely
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NS-BH
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Possible LISA constraints
on scalar-tensor theories of gravity

LISA will probe |α0| ~ 1.5 × 10–3 if 1.4 m   NS – 1000 m   BH
            observed with S/N = 10

[Scharre & Will 2002; Will & Yunes 2004; Berti, Buonanno & Will 2005]
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⇒ Tight constraints if detection of binary inspirals with GR templates
     But if no detection, what would we conclude?
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Future binary-pulsar constraints
on scalar-tensor theories of gravity
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Binary pulsars will probably probe such scalar-tensor
theories before LISA is launched

Good news: GR templates can be used securely





• ~ 1600 known pulsars
• ~   100 binary pulsars

Many NS-WD binaries

PSR J1141–6545
       [Kaspi et al. 1999]

PSR J0407+1607
PSR J2016+1947
…

PSR J0751+1807    ⇒    2.1 m   NS!
         [Nice et al. 2005]

8 NS-NS binaries

PSR B1913+16    [Hulse-Taylor 1974]
PSR B1534+12    [Wolszczan 1991]
PSR J0737–3039 [Burgay et al. 2003]

PSR B2127+11C (in globular cluster)
PSR J1756–2251 [Faulkner et al. 2004]
PSR J1518+4904
PSR J1811–1736
PSR J1829+2456

PSR J1906+07     [Lorimer et al. 2005]
                                      (maybe NS-WD?)

pulsar

companion

radio waves

observer

Precision tests of
strong-field gravity

Small-e binaries
⇒ null tests of

GR’s symmetries



Tests of the “strong equivalence principle” and of preferred-frame effects

• The different accelerations (due to a third
body or to their absolute velocity with respect
to a preferred frame) induce a polarization
of the periastron towards a precise direction

• ∃ several binary
   pulsars with

   ⇒ statistical argument to constrain PPN parameters
   [Damour, Schäfer, GEF, Bell, Camilo, Wex, Stairs, …]

e
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aB    aA
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e ≈ 0
eR

ωR
.

eF

e
eR

ωR
.

fixed direction

fixed direction

|eFixed|     |aA – aB|

⇒ Constraints on PPN parameters
       [Stairs et al. 2005]
• |α1| < 1.4×10–4 (≈ solar system bounds)
• |α3| < 4×10–20   (1012 tighter than sol. syst.!)
• |1 – mg/mi| < 5.6×10–3 for a neutron star






