


Fundamental*physics*

=*fundamental*laws*which*describe*the*physical*world,*its*proper8es*

****and*its*evolu8on*–*from*the*smallest*to*the*largest*scales*

Are*the*physical*laws*derived*here*on*Earth*

the*same*as*in*the*rest*of*the*Universe?*

*

For*instance,*does*the*astronaut**

fall*in*the*same*way*everywhere*in*the*universe?*

*

Even*near*exo8c*maAer*in*strong*gravita8onal*fields?*



*******Fundamental*physics*and*astronomy*

*A*lot*of*physics*is*obviously*known,*but*some*fundamental*ques8ons*remain,*

*****e.g.***Is*general*rela8vity*the*last*word*in*our*understanding*of*gravity*?**

**************Do*new*fundamental*forces*exist*and/or*what*is*Dark*Energy*?*

**************Who*is*wrong*–*Einstein*or*the*Standard*Model**?*****

**************What*is*the*equa8on*of*state*of*super*dense*maAer?*

*A*lot*of*these*ques8ons*involve*large*scales*and*we*need*to*go*to*the*extremes*

*of*our*known*parameter*space*–*into*the*Cosmos!*

Radio*astronomy*is*ideal*as*

***********O*we*observe*extreme*and*energe8c*processes*and*objects*

***********O*get*lots*of*photons*that*are*easy*to*copy*and*mul8ply*

***********O*can*probe*the*complete*Universe,*undisturbed*from*dust*etc.*

***********O*can*get*polariza8on*(magn.*fields!)*and*dynamic*informa8on*(pulses!)**



Undisturbed*and*different*view…*

Gives*vastly*different*view*of*universe,*e.g.*

A*Universe*of*stars* A*Universe*of*hydrogen*gas*

Radio*waves*penetrate*dust:*e.g.*view*into*inner*Galaxy**
Sharpest*images*in*all*astronomy*



****Fundamental*physics*&*radio*astronomy*

Some*examples:*

*

Astrometry*(Quasars,*Masers,*Pulsars)**

**************!*Reference*frame*8es,*cosmology,**GR*tests*
********
Young*&*binary*pulsars*
**************!*Equa8on*of*state,*core*collapse*physics,*equa8onOofOstate*
*
Millisecond*&*binary*pulsars*
**************!*Gravita8onal*physics,*Equivalence*principles,*Lorentz*invariance**
********************fundamental*constants,**gravita8onal*wave*physics,*dark*energy*
*

Spectroscopy*(Quasar*absorp8on,*Masers)*

**************!*Fundamental*constants,*distance*scale,*cosmology*

*

Surveys*(HI,*Con8nuum,*CMB)*

**************!*Dark*energy,*dark*maAer,*lensing,*cosmology*



This*talk*

• **Introduc8on*
• **Gravity*–*tests*of*general*rela8vity*
• **Tests*of*alterna8ve*theories*
*

I*won’t*have*8me*to*speak*about:**

•  Detec8ng*gravita8onal*waves*with*pulsars*
• **Studying*black*hole*proper8es*with*pulsars*
• *What*enormous*difference*the*SKA*would*make…*

*

*

**********************************************************************But*I*do*have*some*slides*prepared…*



Understanding*Gravity*

• *General*rela8vity*conceptually*different*than*descrip8on*of*other*forces*
• *But*GR*has*been*tested*precisely,*e.g.*in*solar*system*

• *Classical*tests:*
****O*Mercury*perihelion*advance*

****O*LightOdeflec8on*at*Sun*

****O*Gravita8onal*redshie*

• **Modern*tests*in*solar*system*(see*PPN*formalism*by*Will*&*Nordvedt),*e.g.**

****O**Lunar*Laser*Ranging*(LLR)*

****O**Radar*reflec8on*at*planets,*Cassini*spacecrae*signal*

****O**LAGEOS*&*Gravity*Probe*B*
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*

Accept*it,*or*may*there*be*a*problem??***

• **Precision*Cosmology:***Infla8on?**

**********************************************Dark*MaAer?**

**********************************************Dark*Energy?**

*********************We*need*simple*and*clean*experiments*in*strong*gravita8onal*fields!*

Dark*Energy*

Dark**
MaAer*

Atoms*



A*simple*and*clean*experiment:*Pulsar*Timing*

Pulsars*are…*

•  …cosmic*lighthouses*

•  …almost*Black*Holes:*~1.4*M⁄**within*20km*

•  …objects*of*extreme*maAer*:*10x*nuclear*

•  …massive*flywheels,*hence*very*stable*clocks*

•  …pulsar*8ming*measures*arrival*8me*(TOA):*

*

*



TOA* Residual*

Model*

Fold* Fold*

Coherent*8ming*solu8on*about*1,000,000*more*precise*than*Doppler*method!*
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A*simple*and*clean*experiment:*Pulsar*Timing*

Pulsars*are…*

•  ….cosmic*lighthouses*

•  …almost*Black*Holes:*~1.4*M"**within*20km*

•  …objects*of*extreme*maAer*:*10x*nuclear*

•  …massive*flywheels,*hence*very*stable*clocks*

•  …pulsar*8ming*measures*arrival*8me*(TOA):*

*

*

Measure*how*a*pulsar*falls*as*a*test*mass*in*the**

gravita8onal*poten8al*of**a*companion*(and*in*the*Galaxy)*

*******************************************************O*with*very*high*pecision!*

P*=*0.005255749014115410*±*0.000000000000000015*s*

PSR*J1012+5307:*15*years*of*observa8ons*with*EPTA*

[*Lazaridis)et)al.)2009*]*

!*100*billion*rota8ons*since*discovery*&*not*lost*a*single*count!*



We*can*do*precision*measurements!**Best*of…*

Masses:&
#  Masses*of*neutron*stars:**m1*=*1.4398(2)*M�*and*m2*=*1.3886(2)*M�*(Weisberg*et*al.*2010)*

#  Mass*of*WD*companions:**

#  Shapiro: ********************* ** *0.204(2)*M� * *(Jacoby*et*al.**2005)*

#  Op8cal:**************** * *0.181(7)*M� * *(Antoniadis*et*al.*subm.)*

#  Mass*of*millisecond*pulsar: * *1.67(2)*M� * *(Freire*et*al.*2010)*

#  Main*sequence*star*companion: * *1.029(8)*M� * *(Freire*et*al.*2010)*

Spin&parameters:&
#  Period:* *5.757451924362137(2)*ms**(Verbiest*et*al.*2008)*=*2*aAo*seconds*uncertainty!*

Orbital&parameters:&
#  Period:* * * *0.102251562479(8)*day**(Kramer*et*al.*in*prep.)*

#  Eccentricity: * * *3.5*(1.1)*×*10−7 *(Freire*et*al.*subm.)*

Astrometry:&
#  Distance:**************** ** * *157(1)*pc * *(Verbiest*et*al.*2008)*

#  Proper*mo8on:** * ***** *140.915(1)*mas/yr *(Verbiest*e*t*al.*2008)*

GR&tests:&
#  Periastron*advance:* * *4.226598(5)*deg/yr *(Weisberg*et*al.*2010)*

#  Shrinkage*due*to*GW*emission:* ***********************7.152±0.008*mm/day *(Kramer*et*al.*in*prep)*

#  GR*validity*(obs/exp): * *1.0000(5) * *(Kramer*et*al.*in*prep.)*

In&the&Future:&
#  Measure*mass*of*SGR*A**to*10O6!*

#  Measure*spin*of*SGR*A**to*precision*of*10O4*to*10O3:*Cosmic*Censorship!*

#  Measure*quadrupole*moment*to*10O3*to*10O2:*No*hair!**(Liu*et*al.*2012)*



We*even*measure*the*masses*of*our*planets…&

Champion et al. (2010) 



Pu{ng*the*planets*on*the*pulsar*scale…&

• *incorrect*planet*masses*have*severe*impact*on*our*8ming*residuals*

***=*measured*–*expected*pulse*8mes*of*arrival*

• *in*the*future,*a*PTA*should*measure*planet*masses*very*precisely*

Champion et al. (2010) 

Effect*of*a*Jupiter*mass*modified*by*5x10O10*M"*

Champion et al. (2010) 

PTA*with*biweekly*observa8ons*of*20*psrs*



Best*labs:*Pulsars*with*companions*

Kramer & Stairs (2008) 

~&2000&&radio&pulsars&

1.40*ms**(PSR*J1748O2446ad)*

8.50*s*****(PSR*J2144O3933)*

*

~&140&&binary&pulsars&

Orbital)period)range)

95*min**(PSR*J0024O7204R)*

5.3*yr***(PSR*J1638O4725)*

Companions)

MSS,*WD,*NS,*planets*

&
and&1&Double&Pulsar!&

PSR*J0737O3039A/B*

*

22.7*ms*/*2.77*s*

Porb*=*147*min*

e)****=*0.088&



General*Rela8vis8c*effects*observed*and/or*precisely*measured:*

*Gravita8onal*physics*tested*by*pulsars*

•  Precession*of*periastron*

•  Gravita8onal*redshie*

•  Shapiro*delay*due*to*curved*spaceO8me*

•  Gravita8onal*wave*emission*

•  Geode8c*precession,*rela8vis8c*spinOorbit*coupling**

•  Speed*of*gravity,*frame*dragging*

•  …*

Tested*concepts*imbedded*within*General*rela8vity*(GR)*framework:*

•  Strong*Equivalence*Principle*

•  Lorentz*invariance*

•  NonOexistence*of*preferred*frames*

•  Conserva8on*of*total*momentum*

•  NonOexistence*of*gravita8onal*StarkOeffect*

•  NonOvaria8on*of*gravita8onal*constant*

•  …*

Limits*on*alterna8ve*theories,*e.g.*tensorOscalar*theories*



*Gravita8onal*physics*tested*by*pulsars*
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Figure 1. Orbital energy–energy loss diagram for known and likely double neutron star binaries.
εO denotes the orbital energy of a binary system divided by the reduced mass energy (µc2). It is
a direct measure for the strength of post-Newtonian effects in the orbital dynamics. Its derivative
dεO/dt is the reduced gravitational wave luminosity of the system according to general relativity. It
is an indicator for the strength of radiative effects that cause secular changes to the orbital elements
due to gravitational radiation damping. This figure illustrates that the double pulsar is the most
relativistic binary pulsar known to date.

quantity immediately accessible to the observer. The conversion is possible since we know
the inclination angle of the orbit, i, which we can determine with the help of the relativistic
Shapiro effect. We will discuss this effect and a number of other manifestations of relativistic
gravity in the following section (section 3), where we will see that the small but nonzero
orbital eccentricity of e = 0.088 is important.

The combination of these system parameters means that the double pulsar is currently the
most interesting source for tests of theories of gravity. This is even true without the unique
feature of having both neutron stars visible as radio pulsars. This is illustrated in figure 1
where we attempt to compare the known double neutron star systems by plotting the orbital
energy of each binary system divided by the reduced mass energy (as a direct measure for
the strength of post-Newtonian effects) versus its derivative (as as an indicator of the strength
of radiative effects that cause secular changes to the orbital elements due to gravitational
radiation damping). The double pulsar clearly stands out at the top, marking its importance
for experiments discussed in this work.
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Orbital*energy*(μc2)*

HulseOTaylor*

Kramer*&*Wex*(2009)*

Double*Pulsar*



Recent*Update*on*HulseOTaylor*Pulsar**

Observed*value:**

****dPb/dt=*O2.423*±*0.001*×*10
O12*

• *First*binary*pulsar*
• *Decay*of*orbit*as*first*evidence*for*existence*of*gravita8onal*waves*
• *Data*in*agreement*with*GR’s**gravita8onal*quadrupole*emission:*

*

[ Weisberg et al. 2010 ] 

Test*limited*by*systema8c**

effects**due*to*rela8ve**

accelera8on*in*the*Galac8c*

gravita8onal*poten8al*and*

our*(limited)*knowledge*of*it.*



Comparison*HulseOTaylor*vs*Double*Pulsar*

PSR*B1913+16* PSR*J0737O3039A/B*

Sun*

PSR*B1913+16*

PSR*J0737C3039A/B*

More*compact…*

…*and*much*closer!*



The*Double*Pulsar*(Burgay*et*al.*2003,*Lyne*et*al.*2004)*
• *Old*22Oms*pulsar*in**a*147Omin*orbit*with*young*2.77Os*pulsar*

• *Orbital*veloci8es*of*1*Mill.*km/h*

• *Eclipsing*binary*in*compact,*slightly*eccentric*and**edgeOon*orbit*

• *Ideal*laboratory*for*gravita8onal*and*fundamental*physics*

• *In*par8cular,*exploita8on*for*GR*(Kramer*et*al.*2006)*

• *Recent*very*significant*improvement*–*work*in*progress!*
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Most*rela8vis8c*system:*orbital*precession*

•  Huge*precession*of*16.8991±0.0001**deg/yr!*

Compare*to*Mercury:*

€ 

˙ ω = 0.00012deg/yr

Mercury&

•  Measured*within*a*few*days*of*observa8ons!*

•  One*full*revolu8on*in*about*20*years!*

******(cf.*to*3*Million*years*for*Mercury’s*orbit)*



Most*rela8vis8c*system:*orbital*decay*

•  Effects*of*gravita8onal*wave*emission*detected*

•  Orbit*shrinks*every*day*by*7.152±0.008*mm/day***

•  Merger*of*the*two*pulsars*in*85*Million*years**
*****************************************

*********************Anima8on*by*AEI:*

•  Exactly*the*kind*of*source*to*be*detected*with*GW*detectors*
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Most*rela8vis8c*system:*gravita8onal*redshie*

•  As*other*clocks,*pulsars*run*slower*in*deep*gravita8onal*poten8als*

•  Changing*distance*to*companion**(and*felt*grav.*poten8al)*during**

*******ellip8cal*orbit:**

•  Pulsars*are*running*slower*and*faster*during*orbit*by*
383.9±0.6*microseconds!*



Most*rela8vis8c*system:*Shapiro*delay*

•  At*superior*conjunc8on,*pulses*from*pulsar*A*pass*near*pulsar*B*

•  SpaceO8me*near*companion*is*curved*

•  Addi8onal*path*length*

•  Delay*in*arrival*8me:**

s*=*sin(i)=0.99975±0.00009*

i=88.7±0.2*deg*

20,000km*



Tes8ng*theories*of*gravity*

Rela8vis8c*effects*measured*as*correc8ons*to*Keplerian*orbit:*

•  Binary*period,*Pb**

•  Projected*semiOmajor*axis,*

****x*=*ap*sin(i)*/*c*

•  Eccentricity,*e*

•  Longitude*of*periastron,*ω*
•  Epoch*periastron,*T0*

PostOKeplerian*Parameters*

*=*theory*independent*

****correc8ons*to*describe*

****pulse*arrival*8mes*

Among*others:*

•  Shapiro*delay,*r*and*s*

•  Gravita8onal*redshie,*γ**

•  Decay*of*orbit,*dPb/dt*

•  Precession*of*orbit,*dω/dt*

Idea:*Compare*measured*magnitude*of*PK*parameters*with*theory*predic8on!*

Keplerian*parameter:*
PostOKeplerian*(PK)*parameters:*



StrongOfield*tests*with*binary*pulsars*

Elegant*method*to*test*(falsify!)*any*theory*of*gravity**
(Damour*&*Taylor*‘92)*

All*PK*parameter*can*

be*wriAen*as*func8on*of*

only*observed*Keplerian*

and*the*masses*of*pulsar**

and*companion,*e.g.*in*GR*

we*can*write*orbital**

precession*rate*as:*
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Periastron*advance*

For*every*postOKeplerian*parameter,*we*can*write:*

****Mass*companion*=*Func8on*Theory*(Mass*pulsar*|*Keplerian,*PK*paramteters)*



StrongOfield*tests*with*binary*pulsars*

All*lines*given*by*PK*

measurements*need*to*

meet*in*a*single*point*

for*theory*to*pass*test!*

*

We*need*2*PK*parameters*

to*define*intersec8on*point.*

*

Every*addi8onal*PKOline*can*

poten8ally*miss*this*intersec8on*

point*and*hence*tests*the*theory!*

For*every*postOKeplerian*parameter,*we*can*write:*

****Mass*companion*=*Func8on*Theory*(Mass*pulsar*|*Keplerian,*PK*paramteters)*

NPK*–*2*tests*possible*



StrongOfield*tests*with*binary*pulsars*

All*lines*given*by*PK*

measurements*need*to*

meet*in*a*single*point*

for*theory*to*pass*test!*

*

We*need*2*PK*parameters*

to*define*intersec8on*point.*

*

Every*addi8onal*PKOline*can*

poten8ally*miss*this*intersec8on*

point*and*hence*tests*the*theory!*

For*every*postOKeplerian*parameter,*we*can*write:*

****Mass*companion*=*Func8on*Theory*(Mass*pulsar*|*Keplerian,*PK*paramteters)*

NPK*–*2*tests*possible*

PK3*

Fail!*

PK1*

PK2*



StrongOfield*tests*with*binary*pulsars*
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measurements*need*to*

meet*in*a*single*point*
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Every*addi8onal*PKOline*can*

poten8ally*miss*this*intersec8on*
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****Mass*companion*=*Func8on*Theory*(Mass*pulsar*|*Keplerian,*PK*paramteters)*

NPK*–*2*tests*possible*

PK1*

PK3*

Pass!*
PK2*



GR*test*with*the*Double*Pulsar*

Five(!)*unique*strongOfield*tests,*represented*in*a*single*massOmass*plot:*

Kramer et al (2006), Kramer & Wex (2009) 

MB=(1.2489±0.0007)M"*

MA=(1.3381±0.0007)*M"*



GR*test*with*the*Double*Pulsar*

Five(!)*unique*strongOfield*tests,*represented*in*a*single*massOmass*plot:*

Kramer et al (2006), Kramer & Wex (2009) 

Periastron*
advance*

Mass*ra8o*
(two*orbits!)*

Shapiro*
delay*

Shapiro 
delay 

Gravita8onal*
redshie*

SpinOorbit*

coupling*

B

A

A

B

m
m

x
x

R =≡

Mass*ra8o*&*6*PK*parameters*

⇔ 7O2*=*5*tests*of*GR!*
More*than*in*any*system!*

R*is*independent*of*strong*(selfO)field*effects*to*1PN!*

*

Qualita8vely**

different*&*unique*

constraint!*

*

Grav.*wave*emission*



Best*strongOfield*test*of*General*Rela8vity*

Recent*big*improvements:*

Kramer et al (2006) Kramer et al (in prep.) 

Precision*measurements,*e.g.*

*P*(ms)**=*22.6993785996213*±*0.0000000000002*(measured*to*0.2*picoseconds!)*

*Pb*(d)*=***0.102251562452*±*0.000000000008*****(i.e.*2.45h*measured*to*691*ns!)*

dPb/dt**=*(O1.248±0.001)*x*10
O12**O*agreement*with*GR*at*0.1%*O*best*radia8on*test!*

*

**



• *Most*precise*test*in*strongOfield*regime:*

• *Shapiro*delay*measured*to*9x10O5*!*–*More*precise*than*we*can*predict!*

• *Best*radia8ve*test*ever:*0.1%**
• *Precision*will*improve*with*8me:*expect*to*supersede*solar*system*tests*

Double*Pulsar:*Latest*tests*of*GR*

Expected*in*GR:* Observed:*

γ*=*0.3840(4)*ms* 0.3839(6)**ms*

dPb/dt=O1.248(1)x10
O12* O1.248(1)x10O12*

r*=6.151(3)*µs* 6.26(14)*µs*

s=0.99988(50)* 0.999750(90)*

Based*on:*R*=*1.0714±0.0011*&*ώ=16.8991±0.0001*deg/yr*

1.000(2)*

1.000(1)*

0.98(2)*

1.0000(5)*

Ra8o:*



Rela8vis8c*spin*precession*–*SO*coupling*

Due*to*the*curvature*of*spaceO8me*the*proper*reference*

frame*of*a*freely*falling*object*suffers*“geode8c*precession”*

Experiments*made*in*Solar*System*provide*precise*tests*for*thiseffect*and*confirm*it,*e.g.,**

******************************O*Lunar*Laser*Ranging*

*******************************O*GyroOexperiments,*i.e.*GravityOProbe*B*

*****************************************

*********************************************************************************************…but*no*strongOfield*test*un8l*recently***



Geode8c*Precession*and*the*Double*Pulsar*

[ Breton et al. 2008 ] 

Dec 2003 

Nov 2007 

flux of pulsar A 

Breton*et*al.*(2008):*

•  *Eclipse*profile*is*changing*with*8me*

•  PaAern*is*changing*due*to*
***rela8vis8c*spin*precession*



Geode8c*Precession*and*the*Double*Pulsar*

[ Breton et al. 2008 ] 

Breton*et*al.*(2008):*

•  *Eclipse*profile*is*changing*with*8me*

•  PaAern*is*changing*due*to*
***rela8vis8c*spin*precession*



Precession:*TheoryOindependent*constraint*

• *We*can*both*explain*the*eclipse*paAern*and*measure*the*precession*

***rate*as*a*new*test*of*general*rela8vity*(Breton*et*al*2008):*

•  In*agreement*with*GR’s**

*****precession*rate*of*5.1*deg/yr*

•  Also,*first*unique*constraint**
****on*alterna8ve*theories*due**

****to*first*measurement*of*theoryO*

****independent*spinOprecession**

****parameter:*

All*alterna8ve*theories*need*to*predict*this*value!*



Pulsar*–*Black*Hole*Systems*

•  Various types: stellar BH, intermediate mass BH in globular clusters  
                          and pulsars around super-massive BH in Galactic Centre 
•  Not just enlarging the parameter space, but qualitatively different probe for  
   GR and especially alternative theories 

“…a binary pulsar with a black-hole 
companion has the potential of providing 
a superb new probe of relativistic gravity. 
The discriminating power of this probe 
might supersede all its present and 
foreseeable competitors…”    
(Damour & Esposito-Farese 1998) 



Pulsar*–*Black*Hole*Systems*

•  Various types: stellar BH, intermediate mass BH in globular clusters  
                          and pulsars around super-massive BH in Galactic Centre 
•  Not just enlarging the parameter space, but qualitatively different probe for  
   GR and especially alternative theories, e.g. Tensor-Scalar theories 

“…a binary pulsar with a black-hole 
companion has the potential of providing 
a superb new probe of relativistic gravity. 
The discriminating power of this probe 
might supersede all its present and 
foreseeable competitors…”    
(Damour & Esposito-Farese 1998) 

EspositoOFarese*(priv.*comm)*

Limits*on*TensorOScalar*Theories*



Best&studied:&``QuadraHc&Model´´&by&Damour&&&EspositoCFarèse&C&T1(α0,β0)&&

Physical*metric:*

Effec8ve*coupling*constant*αA*=*OqA*/*mA:*

Can*reach*order*unity*in*neutron*

stars,*even*if*α0&is*extremely*small**

(spontaneous*scalariza8on)**

[*Damour)&)Esposito=Farèse)1996)]*

Black*holes*have*no*scalar*charge*

(noOhair*theorem)*

Tensor-Scalar theories 



Dipolar*Gravita8onal*Radia8on*in*a*PSROBH*System*

! efficient emitter of dipolar radiation – which we could precisely measure if it exists 
     
    Efforts to find PSR-BH system: HTRU survey (Effelsberg + Parkes), GC searches… 

0 no (regular) ‘scalar hair’ 



Next*best*thing:*PSR*J1738+0333*–*a*PSROWD*system*

Precision*8ming*observa8ons*of*PSR* Op8cal*observa8ons*of*the*WD*companion*

[*Freire)et)al.,)submiCed]* [*Antoniadis)et)al.,)submiCed.*]*

From*spectrum*(surface*gravity*&*T):*

))))))mc*=*0.181*±0.008*Msun*

From*radial*veloci8es:*

)))))))q)=)mp/mc**=*8.1*±*0.2*

Hence:******mp)=)1.47)±)0.07)Msun)
)))))))))))))))
From*pulsar*8ming:*

)
)))))))))))Dp*=*1.4*±*0.1*kpc)
))))))))))
)))))))))))Pb/dt*=*(O27.7*±*1.5)*!*10O15**

P***=*5.85*ms,*Pb**=*8.51*h*

Gemini+ Keck 
observations 



Limits*on*dipole*radia8on*and*change*in*G*

Observed*orbital*decay*agreement*with*GR‘s*quadrupole*emission:*

GR*predic8on*

Hence,*limit*on*contribu8on*from*dipole*rad*or*change*in*G:)
))))))))))))))

Pb
exc = Pb

obs − Pb
GR = Pb
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&�

Limits*exceed*solar*system*limits*for*most*of*the*parameter*space:*

TensorOscalar*theories*

€ 

a(ϕ) = α0(ϕ −ϕ0) +
1
2
β0(ϕ −ϕ0)

2 + ...

Note:*

• *In*GR,**a(φ)*=*0*
• *JordanOFierzOBransODicke:**
**β0=0*and*a(φ)*=*α0(φOφ0)*

Coupling*of*maAer*to*scalar*field:*

PSR J1738+0333. II. The most stringent test of scalar-tensor gravity. 31
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Figure 7. Solar-system and binary-pulsar constraints on the matter-scalar coupling constants α0 and β0. Note that a loga-
rithmic scale is used for the vertical axis |α0|, i.e., that general relativity (α0 = β0 = 0) is sent at an infinite distance down this
axis. LLR stands for lunar laser ranging, Cassini for the measurement of a Shapiro time-delay variation in the Solar System,
and SEP for tests of the strong equivalence principle using a set of neutron star-white dwarf low-eccentricity binaries (see
text). The allowed region is shaded, and it includes general relativity. PSR J1738+0333 is the most constraining binary pulsar,
although the Cassini bound is still better for a finite range of quadratic coupling β0.
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Figure 8. Similar theory plane as in Fig. 7, but now for the (non-conformal) matter-scalar coupling described in the text,
generalizing the TeVeS model. Above the upper horizontal dashed line, the nonlinear kinetic term of the scalar field may be a
natural function; between the two dashed lines, this function needs to be tuned; and below the lower dashed line, it cannot exist
any longer. The allowed region is shaded. It excludes general relativity (α0 = β0 = 0) because such models are built to predict
modified Newtonian dynamics (MOND) at large distances. Note that binary pulsars are more constraining than solar-system
tests for this class of models (and that the Cassini bound of Fig. 7 does not exist any longer here). For a generic nonzero β0,
PSR J1738+0333 is again the most constraining binary pulsar, while for β0 ≈ 0, the magnitude of |α0| is bounded by the
J0737−3039 system.

c© 0000 RAS, MNRAS 000, 000–000



MONDOlike*tensorOvectorOscalar*(TeVeS)*theories*

dark matter 

[ Milgrom 1983 ] 

Modified Newtonian dynamics 
(MOND) 

To reproduce MOND: 

TeVeS with aquadratic kinetic term: 

[ Bekenstein & Milgrom,Bekenstein ] 

, 



“Natural“*MOND*and*binary*pulsars*

MOND potential appears at a  
distance larger than: 

~ 7000 AU ! α0
2 

If α0
2 < 0.002: MOND effects should be apparent in the solar system dynamics 

α0
2 > 0.002 would lead to a significant emission of dipolar gravitational radiation 

in pulsar-white dwarf binaries with  ~ 1 day orbital period: 

(α0 cp)2 

[ Bruneton & Esposito-Farese 2007 ] 



Limits*from*PSR*J1738+0333*for*general*class*of*TeVeS*

“MONDOlike*TeVeS*theories*are*essen8ally*ruled*out*or*will*soon*be*untenable**

–*unless**you*twist*it*into*a*very*unnatural*form*(e.g.*invoke*special*screening*of*scalar*

***charge*on*small*scales)!***************************************************Possible,*but*natural*or*physical…?*

*

**

PSR J1738+0333. II. The most stringent test of scalar-tensor gravity. 31
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Beckenstein‘s 
TeVeS (=rel. MOND) 



Summary*&*Conclusions*

• *Pulsars*are*unique*tools*for*the*study*of*fundamental*physics,*esp*gravita8on*

• *They*provide*clean*and*simple*experiments*as*test*masses*with*clocks*

• *The*best*example,*the*Double*Pulsar,*just*gets*beAer*and*beAer*

• *Best*strongOfield*tests*(incl.*radia8on*test)*provided*by*Double*Pulsar*

• *Rela8vis8c*spinOprecession*now*tested*in*strongOfield*regime*

• *Stringent*limits*for*alterna8ve*theories*of*gravity*

• *MONDOlike*TeVeS*theories*are*expected*to*be*ruled*out*very*soon*

• *Best*test*would*be*a*PSROBH*system*–*we’re*looking*for*it!*

• *Pulsar*around*SGR*A**would*allow*to*test*noOhair*theorem*at*%Olevel!*

• *GW*studies*using*pulsars*would*allow*new*probe*of*gravita8onal*physics*

• *Direct*detec8on*of*stochas8c*GW*background*may*“soon”*be*possible*

• *Of*course,*studies*will*be*“easy”*and*at*a*new*level*with*the*SKA,*un8l*then…*


