
NEUTRON STARS  
AS PROBES OF RELATIVISTIC GRAVITY

MARTA BURGAY 
INAF – OSSERVATORIO ASTRONOMICO DI CAGLIARI



OUTLINE

• NEUTRON STARS AND PULSARS 
• THE NEUTRON STAR ZOO 
• TIMING: USING PULSARS AS PRECISION CLOCKS 
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• PULSARS AND GR: TIMING ARRAYS FOR GW



NEUTRON STARS

20 km !
~1.4 Msun

• BORN IN CORE-COLLAPSE SN 
• PREDICTED BY BAADE & ZWIKY IN 1933 
• DISCOVERED BY BELL & HEWISH 

(NOBEL 1973) IN 1967 THROUGH THE 
DETECTION OF REGULAR RADIO PULSES

• RAPIDLY ROTATING, HIGHLY 
MAGNETISED NSS

• EMITTING BEAMS OF RADIO WAVES 
AT THE EXPENSES OF ROTATIONAL 
ENERGY



PULSARS ENERGETICS

ROTATION OF THE NS MAGNETIC DIPOLE POWERS 
THE EMISSION (PACINI 1967, GOLD 1968



Radio Pulsars



PSRcat 1.53

http://www.atnf.csiro.au/people/pulsar/psrcat

The neutron star Zoo

http://www.atnf.csiro.au/people/pulsar/psrcat
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The neutron star Zoo



Radio Pulsars



WE CAN PREDICT THE TIME OF ARRIVAL OF PULSES WITHIN 

FEW ns OVER 1 YEAR !

PULSARS AS CLOCKS

20 km  

1.4 Msun 

700+ rot/s

P = 0.00155780652149318686248 ± 0.00000000000000000000003 sec



www3.mpifr-bonn.mpg.de/staff/pfreire/47Tuc

PULSARS AS LABORATORIES

• ISM & GALACTIC B FIELD

• BINARY EVOLUTION 
• EOS OF NUCLEAR MATTER

• GLOBULAR CLUSTER STUDIES

• GW DETECTION IN PTAS

• TESTS OF RELATIVISTIC GRAVITY

• …

ESA & Francesco Ferraro

Kramer et al. in prep.

David Champion

www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html



PULSAR TIMING

• PREDICTING TIMES OF ARRIVAL (TOAS) ON THE BASIS OF A MODEL

• MEASURING TOAS FROM REPEATED OBSERVATION OF A PULSAR

• CREATING TIMING RESIDUALS

• FITTING FOR MODEL PARAMETERS TO REMOVE TRENDS
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PULSAR TIMING



THE PULSARCENTRIC TOAS (I.E. TOAS EXPRESSED IN PULSAR PROPER TIME) 
MUST BE TRANSFORMED TO THE PULSAR SYSTEM BARYCENTER (PSB)  

 tPSR-BARY = Tpsr  +  ΔR,b  +  ΔE,b + ΔS,b +  ΔA

PULSAR TIMING



• 5 KEPLERIAN-PARAMETERS: 
  Porb ap, e, ω, T0 

• MASS FUNCTION:

PULSAR TIMING



A GOOD TIMING MODEL GIVES RANDOMLY DISTRIBUTED TIMING RESIDUALS WITH A SMALL RMS

PULSAR TIMING



FOR SOME BINARY PULSARS, THE ACCURACY OF THE TOA DATA IS SO 
HIGH THAT - BY USING ONLY THE KEPLERIAN DESCRIPTION - ONE 

CANNOT OBTAIN AN ACCEPTABLE TIMING SOLUTION. 

!

 ADDITIONAL PHYSICS IS NEEDED!

PULSAR TIMING



GOING BEYOND KEPLER…
POST-KEPLERIAN (PK) FORMALISM  [DAMOUR & DERUELLE 1986]

Shapiro Delay  r & s

Gr. redshift & time dilation - γ Orbital decay Pb 
.

Periastron Precession - ω
..



Periastron precession

Time dilation & gravitational redshift

Shapiro delay (amplitude)

Shapiro delay (shape)

Orbital period decay 

GR tests!

TESTING RELATIVISTIC GRAVITY



ω!

TESTING RELATIVISTIC GRAVITY



ω!

Mass Function 
constraints 
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TESTING RELATIVISTIC GRAVITY



 J0737-3039   22.70   48.91    0.10   1.42  1.34+1.25    0.09  2.1     0.85 
 J1518+4904   40.93   11.61    8.63  20.04     2.72      0.25  200    >Hubble   
 B1534+12     37.90   11.62    0.42   3.72  1.33+1.33    0.27  2.5     27.0 
 J1756-2251   28.45  121.60    0.32   2.75     2.57      0.18  tbd     11.0  
 J1811-1736  104.18  477.00   18.78  34.78     2.57      0.82  970    >Hubble 
 J1829+2456   41.00   13.90    1.18   7.24  >1.22 <1.38  0.14  tbd    >Hubble 
 B1913+16     59.03  168.77    0.32   2.34  1.387+1.441  0.62  1.1     3.0 
 J1906+0746  144.10  217.78    0.17   1.42   1.25+1.37   0.08  0.001   3.0 
 B2127+11C    30.53   67.13    0.34   2.52   1.36+1.34   0.68  1.0     2.2

 PULSAR       Pspin   DM       Porb  ap sin(i) Mc+Mp     ecc   Age     TimeMerg 
              [ms]    [pc/cm3] [day] [lt-s]    [Msun]          [108 yr] [108 yr]

TESTING RELATIVISTIC GRAVITY

DNSS BEST TEST BEDS: 16+ IN CATALOGUE
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PSR B1913+16
DISCOVERED IN 1974 [HULSE & TAYLOR ’75]
• PSR+NS
• PSPIN = 59 MS

• PORB = 7.8 HR

• ECC = 0.61

• 3 PK PARAMETERS: Ω, Γ, PB 

.      .

GR verified at 0.2% level

NOBEL PRIZE 
1993 

Taylor & Hulse

TESTING RELATIVISTIC GRAVITY



PSR J0737-3039A/B
DISCOVERED IN 2003-2004 [BURGAY ET AL ’03; LYNE ET AL. ’04]
• PSR+PSR!
• PSPIN = 23 MS + 2.7 S
• PORB = 2.4 HR

• ECC = 0.09
• I = 89.29º
• ORB VEL = 0.02 C !!!
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TESTING RELATIVISTIC GRAVITY



GR WITH THE DOUBLE PULSAR
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! 
Theory 

independent

GR WITH THE DOUBLE PULSAR
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GR WITH THE DOUBLE PULSAR



GR WITH THE DOUBLE PULSAR



2004

7 mm per day!

GR WITH THE DOUBLE PULSAR



PROSPECTS FOR TIMING ARE EXCELLENT: 
• PRECISION ω   ≈  TIME1.5   PB 

• PRECISION γ    ≈  TIME1.5   PB
1.3 

• PRECISION PB  ≈  TIME2.5   PB
3 

• PRECISION r, s ≈  TIME0.5
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GR WITH THE DOUBLE PULSAR



GR WITH THE DOUBLE PULSAR



June 2005

GR WITH THE DOUBLE PULSAR



June 2005Kramer et al. 2006

GR WITH THE DOUBLE PULSAR
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GR verified with 0.05% precision!
0005.00000.1obs

exp

±=
s
s

GR WITH THE DOUBLE PULSAR



  …under embargo…

20162006

GR WITH THE DOUBLE PULSAR



Current test at 0.16% Current test at 0.008%

GR WITH THE DOUBLE PULSAR

 …under embargo…



GRAVITATIONAL WAVES



GRAVITATIONAL WAVES



PULSARS AND GWS



PULSARS AND GWS



PULSAR TIMING ARRAYS



PULSAR TIMING ARRAYS

TO EXCLUDE OTHER SOURCES OF TOA VARIATIONS
• MULTIPLE TELESCOPES
• MULTIPLE PULSARS, LOOKING FOR CORRELATIONS

PTAS ARE ARRAYS OF PULSARS & ARRAYS OF TELESCOPES.

NO DETECTION SO FAR, BUT CONSTRAINING UPPER LIMITS 



PULSAR TIMING ARRAYS

A. Sesana



FUTURE
• With SKA-1 

~30,000 new pulsars  
~2000 MSPs  
~200 relativistic binaries!

• Timing precision increased by 5-10



SUMMARY

• BINARY AND MILLISECOND PULSARS ARE FANTASTIC TEST BEDS FOR 
RELATIVISTIC GRAVITY

• AFTER 15 YEARS (AND 38 METERS TRAVELLED) FROM DISCOVERY, 
THE DOUBLE PULSAR IS STILL THE GREATEST OF THEM ALL

• PULSARS ARE BOTH EMITTERS AND DETECTORS OF GRAVITATIONAL 
WAVES

• ON-GOING AND FUTURE EXPERIMENTS ARE DISCOVERING AND WILL 
DISCOVER MANY MORE SUCH EXTREME LABORATORIES

• SKA WILL ALLOW US TO MAKE BIG STEPS FORWARD:  
• HIGHER SEARCH SPEED: 3-4X (10-12X) MORE PULSARS 
• HIGHER TIMING QUALITY: 5-10X (10-100X) BETTER TOA



THANK YOU FOR YOUR ATTENTION 


