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Using Many Gamma-ray Pulsars to 
Measure nHz Gravitational Waves
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Basic Idea

1) ~All galaxies have a super-massive black hole (SMBH) in the middle. 
Often, two SMBH’s orbiting each other (due to galaxy mergers).

Massive binaries emit gravitational waves (GWs).

Individual binaries are too faint to “hear” – signal is the sum over the population.
Characterizing the signal informs about masses, mergers, history…

2) Millisecond pulsars (MSPs) are Nature’s best clocks.                   See Pablo S-P’s talk, tomorrow.

GW’s delay and advance pulse times-of-arrival (ToA’s).
The timing “noise” induced by the GW “noise” is the PTA signal.

PTA = Pulsar Timing Array.

3) Radio PTAs have tracked (“timed”) arrays of MSPs for decades.
GW measurements (upper limits) since 2021 (2006).

4) Gamma-ray PTA:      who knew !?
Less sensitive but i) useful upper limit (2023), a measurement in a few years, and

smaller and different systematic uncertainties.

5) New – improved gamma-ray analysis ; “Data Set II” in preparation.
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Réseau de pulsars.      
Le suivi chronométrique sur des années révèle un fond

d’ondes gravitationnelles.
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Propagation d’une onde qui déforme 
l’espace.

« Strain »



Anneaux de billes, déformés lors du passage d’une onde gravitationnelle: 

Polarisation en +.                                                             Polarisation en X. 



https://doi.org/10.1002/andp.201600209

Ofek Birnholtz, contact author, with Bruce Allen, pédagogue extraordinaire.

Undergrad formulae to read masses, distance from plot.



Qij(t) = ½ µr²Iij (Eq A3½ )  (moments of inertia)

µ = m1m2/(m1+m2) = ½  pour m1=m2

h ~ 4Gω²µr²/c4d (small!)

(Eq. 4)



1974 – Hulse et Taylor discover PSR B1913+16,
a pulsar  -- neutron star binary.

1993 Nobel prize – orbit shrinks as gravitational
waves carry energy away.

Curve: Gen’l Relativity.     Dots: data.    Not a fit! 

2025 – Double pulsar J0737-3039A,B gives
many of our best GR tests.



PSRs J0737-3039 A et B,
découvert en 2003.

Mesures affinées en permanence… La théorie d’Einstein reste la meilleure…



Pulsar timing is an amazingly sensitive technique 
for measuring tiny things.

Back to nHz GW from binary SMBHs.
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nHz (Today’s talk)

Virgo,
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h ~ 4Gω²µr²/c4d

µ for SMBHs.    ω for inverse years, decades. 



• Many galaxies harbor binary SMBHs.

• Integrate strain h from an assumed population:
Mass, period, and distance distributions.

• Predict h to follow a power-law frequency distribution, with α ≈ -2/3.



Using pulsars to detect hc(f)

Basics of pulsar timing 

Expect α ≈ -2/3.



“P Pdot plot”
Young, fast, powerful

Crab 

Ils ralentissent en vieillissant 



« Les meilleures horloges naturelles connues »

All is well!

--- Pulsar Timing ---
Record pulse times-of-arrival (TOAs) weekly or monthly, for years & years.

Fit a rotation model (ephemeris) – position, spindown, binary orbit, DM. 
Residuals = (predicted times – measured times).

Bad proper motion

Position is off

Wrong Pdot
(braking rate)

 ~11 years 



Radio rotation ephemeris includes
the Dispersion Measure (DM)

Electron column density along 
the line of sight.

Space weather!

Interstellar plasma varies in time.

Possible nHz timescales.
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Depuis 20 ans, gros effort des radioastronomes à découvrir des MSPs, 
et à bien suivre les plus stables, dans le but des ondes gravitationnelles.



« Good timers »

• Sharp peak x Fast spin rate

• Nearly Nothing perturbs its spinning & braking.
Spiders need not apply

• Bright enough to allow repeated measurements.
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Ismaël Cognard, LPC2E Orléans/Nançay.

90 ns! 90 ns! 90 ns! 90 ns! 



Once the cosmic clock is « calibrated », search for deviations.
Here: prediction for 3 MSPs in different sky directions.

Delays/advances are perturbations from
gravitational wave.

Too small to see for individual pulsars.

For an MSP array,
GW-induced residuals should have a power spectrum with Γ = 13/3,

This is the first signature that the PTA’s search for.   
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Upper limits from the radio consortia since 2007.

2021: First published measurement. 
Freeze Γ = 13/3 to find Agwb.
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Previous results: 
Assume an idealized population. 

Here: Free up some parameters,
start probing the true population.

Mesure
Idéale



Low frequency sensitivity increases as the years go by.

But… is it gravity or is it noise?

Towards a smoking gun :

For two pulsars, the correlation in their residuals
depends on their angular separation
across the sky.

For N pairs, 
build the Hellings-Downs curve 

The field’s Holy Grail.
2
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Version européenne: 

Spectre des amplitudes du bruit induit 
par les ondes gravitationnelles

Blue: pente de 13/3 ‘naïve’ attendue.
Orange: affinage.

Corrélation mesurés 
pour toutes les combinaisons de 
30 paires de pulsars.



Et les rayons gamma dans tout ça?



Now >328 with γγγγ pulses.



Surprise: ½ of γγγγ pulsars are MSPs.
~30 are good timers.

Most of us never dreamt
LAT MSPs would contribute to PTAs…

Matthew Kerr, Aditya Parthasarathy et al did it!!



LAT time stamp accuracy:
• Ground tests showed ~300 ns accuracy for the GPS-based dates.

First ever space mission with accurate timing.

Here: 10 years on-orbit, MSPs and Crab confirm the ground tests.



Contrainte du fond d’ondes gravitationnelles nHz
par la chronométrie en rayons gamma 

d’un réseau de pulsars.

nHz = nano Hertz = un milliardième de cycle par second = un cycle en 32 ans.
« plusieurs années »



Gamma-ray measurement (not just UL) should come in
5 (10) years to reach the top (bottom) of the radio uncertainty range.

Gamma Result: ���� < �. � × �����



Why the gamma result is important

• PTAs are probes of galaxies in the early Universe.

• Radio PTAs suffer from difficult systematic effects:
 DM variations (space weather)

 Human-generated radio background noise (RFI)
 Frequent radio-telescope improvements
 Data sets from diverse instruments, with varying sampling

Long author lists because there is a lot of hard work.

• Fermi LAT data:
 No propagation effects.
 Wonderfully stable instrument & sky-survey strategy.
 Mostly different set of MSPs.
 Discover a new γγγγ MSP today? 17 years of timing tomorrow!

Gammas to provide useful confirmation of difficult, important measurements.
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Pulsar 2025 conference in Sardinia
ApJ (submitted)



They re-thought & re-coded the analysis scheme.





Same (epsilon higher) UL, using same data set.

Robustness of the analysis, reliability of the 
uncertainties are clearly demonstrated.



Work-in-progress

Apply method to « Data Set II » (more gamma MSPs).

I’m quite curious to see what will come out of it…



Conclusions

• Decades-long radio timing of stable MSPs opening a new window for 
gravitational wave astronomy.

• Characterize galaxies in the early Universe
• Search for exotic signals (not mentioned today)

• Fermi LAT gamma-ray MSP timing provides complementary
measurements.

• Methodology improving,
• gamma-ray MSP sample growing,
• glorious upcoming results hoped for.



Venn diagrams
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Pulsar: une étoile à neutrons en rotation
Une supernova démarre quand le cœur d’une 

étoile massive se transforme en neutrons.
• ~ 26 km de diamètre
• ~1.4 masses solaires
• 1.6 ms à 10 s par rotation
• Champ magnétique intense

Ces ‘dynamos cosmiques’ rayonnent des 
faisceaux.

Pulsations:
comme un phare marin,
ou un gyrophare.



Crab = SN1054



https://fr.wikipedia.org/wiki/équation_d’Einstein

( R : la courbure d’espace-temps)

Equation d’Einstein ( 1915 )
Se simplifie à la gravitation de Newton pour les cas « normaux » … 



La masse déforme l’espace-temps.
ici: un pulsar (étoile à neutrons) en binaire avec un étoile normale.



Approximative

Equations

Champ

planes                         ondes



“Luminosity distance”: la forme du signal donne les masses.
La relativé générale d’Einstein donne l’intensité à la source. 

Intensité observée  distance.

E = 3M☼c² en ondes gravs!
Plus puissant que le reste de l’Univers pendant un dixième de seconde.





On capte la somme des ondes de beaucoup de paires de trous noirs.



Des horloges naturelles moins bonnesUne étoile à neutron est un volant d’inertie terrible!

Toutes tournent très régulièrement.

Mais… les pulsars jeunes ont un ralentissement saccadé:
Tremblements d’étoile? La croûte en fer se fracture? Turbulences dans le vent du pulsar?

Fermi LAT a découvert des dizaines de ‘veuves noires’ : le vent du pulsar 
« mange » l’étoile compagne    orbite perturbé.

Pour une trentaine de MSPs,
rien ne « frotte » leur rotation

 merveilleusement stables!
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Fermi LAT a découvert des dizaines de ‘veuves noires’ : le vent du pulsar 
« mange » l’étoile compagne    orbite perturbé.

Pour une trentaine de MSPs γ,
rien ne « frotte » leur rotation.

(>70 MSPs radio.)

 merveilleusement stables!



GBM
Gamma-ray burst monitor

Fermi LAT et GBM

Nous observons tous les pulsars du ciel,
connus ou pas,

détectables ou pas,
en rayons gamma du GeV, depuis 2008.
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Depuis 20 ans, gros effort des radioastronomes à découvrir des MSPs, 
et à bien suivre les plus stables, dans le but des ondes gravitationnelles.

Fermi LAT fournit une carte à trésors.
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