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Timing concept 

If a physical model adequately describes the trends, it is 
applied with the smallest number of parameters 



(OBSERVED TOAs – MODEL TOAs)  → residuals 
Good timing solution → no evident trend in the residuals 

Timing analysis quality: residuals 
Quality factor in a timing point:  

uncertainty σTOA in the TOA 



15 significant digits!  

5.757451831072007 ± 0.000000000000008 ms 

Pulsars as clocks  



Pulsar Timing applied to binary pulsars 







The best binary so far: J0737-3039A/B 



The last published mass-mass diagram 
for the best binary: J0737-3039A/B 
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 5 independent tests of GR! 
MB=1.249(1)M 

MA=1.338(1)M 



The impact of SKA 
Challenging Einstein:  

tests of General Relativity and fundamental 
physics in pulsar binary systems  

Multiplying a factor > 10 the known population   

Timing the targets a factor > 10 better than now    

Search speed   ≈   (Tsys/Aeff)2 Ω 

Timing quality    σToA ≈ Tsys/Aeff 



ATNF Pulsar Catalogue 
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How many targets? TODAY 
With SKA 



The current 
relativistic pulsars 

population ≈ 20  

The SKA relativistic pulsars 
population ≈ 100-200  

RELPSRs 

The most interesting 
binary relativistic 
pulsars are rare... 



Improvements in timing the Double Pulsar  
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SKA will allow us having 
TOAs much better than 

the current ones  



Why bother with further improving GR 
tests in strong field ? 

There exist alternative metric gravity theories (e.g. a subclass 
among the tensor-scalar theories) which would pass ALL Solar 

System (weak-field limit) tests, but would be violated as soon as 
extreme conditions (strong-field limit) are reached  

[Damour & Esposito-Farese 1996] 



16.9 deg/yr 

PFrame …If Lorentz-invariance is violated in 
strong gravitational fields                   

a preferred frame would exist… 

time-varying orbital parameters should be seen, 
most notably 

in longitude of periastron (ω) and eccentricity (e) 

[ Wex & Kramer 2007, 2010 ] 

… and the orbital orientation 
    relative to it would change due to 

orbital precession 

…for the Double Pulsar… 



Neutron star dependent 

[ Damour & Schaefer 1988 ] 

[ Lattimer & Schutz 2004 ] 
[ Morrison et al. 2004] 



The impact of SKA 
Challenging Einstein:  

Test basic principles of Black-Hole physics 

Open the parameter space for discovering the 
“expectedly very rare” PSR+BH binary   

Giving the chance to discover a PSR orbiting Sgr A*    



Mass from PK params assuming GR 
Normal pulsar in highly eccentric (0.9) orbit	

Recycled pulsar in eccentric (0.4) orbit	

BH mass with precision < 0.1%	
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BH spin with precision < 1%	
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Spin from measuring higher order 
derivatives of secular changes in semi-
major axis and longitude of periastron 
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In GR, for Kerr-BH we expect: 

test of “Cosmic Censorship Conjecture” [ Penrose 1969 ] 

All singularities are hidden within Event Horizon of BH! 
i.e. no “Naked Singularities” allowed! 

χ

Normal pulsar in highly eccentric (0.9) orbit	

χ

Recycled pulsar in eccentric (0.4) orbit	
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     scalar field   
coupling field-matter 

coupling parameters 

Testing alternate gravity theories 

Branse-Dicke 

[ Liu et al. in prep. ] 

100m (10 yr): MSP + 10 M BH 
20 day orbit, e = 0.8 
2 day orbit, e = 0.1  

SKA (5 yr): MSP + 10 M BH 
20 day orbit, e = 0.8 
2 day orbit, e = 0.1  

Even for gravity theories where BHs are the 
same as in GR (Kerr), PSR-BH systems would  

constitute superb gravity laboratories 

GR 



Mass measurement from relativistic effects using GR 
(one PK parameter is sufficient, since MPSR << MBH): 

Precession of pericenter (possible  
“contamination” by frame dragging) 

[ from Liu et al. 2012 ] 

BH mass with precision < 0.001%	

Einstein delay 

Shapiro delay 
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The oblateness of the spinning BH results 
in periodic (at the pace of the orbital 
period) transient signals appearing in 

timing residuals, which depend on the 
quadrupole moment Q of the BH 

In GR, for Kerr-BH we expect: 
test of “No Hair” theorem  

An uncharged BH, is fully described by its mass and its spin ! 

BH quadrupole moment with precision ~ 1%	 [ Liu et al. 2012 ] 



The impact of SKA 
Gravitational Wave Astrophysics   
in the nano-Hertz frequency band  

≈ 100 usable clocks to be timed with 100 ns 
accuracy   



Perturbation in space-time can be 
detected in timing residuals over a 
suitable long observation time span 

 Sensitivity (rule of thumb): 

€ 

hc(f)~
σTOA
T

Radio 
Pulsar 

where  
hc(f) is the dimensionless strain at freq  f 

σTOA is the rms uncertainty in Time of Arrival  
T is the duration of the dataspan  

Source 
of GWs 

Earth 
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The radio galaxy 3C66 (at z = 0.02) was claimed to harbour a 
double SMBH with a total mass of 5.4 · 1010 Msun and an orbital 

period of order ~yr [ Sudou et al 2003] 

Timing residuals from PSR B1855+09 exclude such a 
massive double BH at 95 c.l. 



Using a number of pulsars distributed across the sky it is possible to 
separate the timing noise contribution from each pulsar from the 

signature of the GW background, which manifests as a local (at Earth) 
distortion in the times of arrival of the pulses which is common to the 

signal from all pulsars  



LISA 
Adv LIGO/

VIRGO 

CMB-
POL 

Pulsar Timing array(s): the frequency space 
and the sources 

Note the complementarity in explored frequencies with respect to the current 
and the future GW observatories, like LIGO, advLIGO, advVIRGO and LISA  

PTA 

•  Expected sources: 

      - Binary super-massive 

        black holes in early 

        Galaxy evolution 

     -  Cosmic strings 

     -  Cosmological sources 

•    Types of signals: 

     - Stochastic (multiple) 

     - Periodic (single) 

     - Burst (single) 
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[	  van	  Haasteren	  et	  	  al.	  2011	  ]	  



LEAP 





A detailed scientific investigation of the 
GWBackground  is warranted with SKA 



[	  L
ee
	  e
t	  a

l.	  
20
09
	  ]	  

GW polarisation 

lo
g(

 m
g[

eV
] 

) 

present 
solar 

system 
limit 

Graviton mass 

[	  L
ee
	  e
t	  a

l.	  
20
10
	  ]	  



Npsr=40 Dpsr=100pc  n=10ns  h0=1e 16
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Tobs	  =	  5	  yr,	  1	  TOA	  /	  2	  weeks	  

PGW = 4.4 yr 

PGW = 2.2 yr 

[ Lee et al. 2011 ] 

Response pattern of a single pulsar: 

-‐	  Single	  binary	  super-‐massive	  black	  hole	  produces	  periodic	  signal	  

-‐	  Signal	  contains	  informa9on	  from	  two	  dis9nct	  epochs:	  t	  and	  t-‐d/c	  




