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GW sources in the nHz band
‣Supermassive black hole binaries 

• Example: 
- Chirp mass = 109 MSun , 1000 years before merger                                                    

=> f = 5x10-8 Hz : nanoHertz band                                                      
=> df/dt = 9x10-18 Hz/s : very slow evolution 

• Very massive: masses  > 107 MSun,  
• Close: distance z<2, 
• Quasi-monochromatic 
• Large number of sources: 

- Individual sources 
- “Stochastic” background built                                                            

from large number of non-resolved sources

© Nicole Rager Fuller

© Mikel Falxa & Alberto Sesana 
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GW sources in the nHz band
‣Stochastic background from supermassive black hole binaries 

• Modelling: red-process, power law approximation 

            + Hellings-Downs spatial correlations

 SGWB
P ( f ) =

A2
GWB

12π2 ( f
yr−1 )

γGWB

yr3 γGWB = 13/3 for  circular & GW-driven SMBHBs
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GW sources in the nHz band
‣Stochastic background from cosmological origin: 

• First order phase transition 
• Cosmic strings 
• Primordial GWs 
• …

© Binétruy et al.
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Pulsars
‣Neutron star with high magnetic field 

‣Rotation axis  magnetic axis => lighthouse effect 

‣Emission: 
• Radio, gamma, etc
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Pulsars observations
‣Somewhere in Sologne ... the Nançay radio telescope
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Pulsars observations
‣Somewhere in Sologne ... the Nançay radio telescope
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Pulsar timing
‣Precise timing of arrival time of pulses => Time Of Arrival (TOA)
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Pulsar timing
‣Precise timing of arrival time of pulses => Time Of Arrival (TOA) 

‣One measurement point per observation (few minutes to few hours) 

‣Typically, one observation every week - every month                             
=> sampling cadence of the data (irregular) 

‣Very stable pulsars are milliseconds pulsars (MSPs) 

‣Timing with few tens nanoseconds precision 

‣More than 25 years of observation for some pulsars 

‣ For example, Nançay Radio Telescope: 62 MSPs monitored with 
timing precison better than 2 μs and cadence better than 30 days 
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Pulsar timing
‣Example: MSPs observed at Nançay
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Pulsar timing
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Pulsar timing

Error on orbital period Error on proper motion Without Shapiro effect

Error on sky position Error on period Error on period derivative
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Pulsar timing
‣Examples: 
• J1909-3744:

…
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Pulsar timing
‣Examples: 
• J1713+0747:

…



PTA results -   A. Petiteau  - Seminar DPhP - 10 July 202316

Pulsar noises
‣White noise : 

•  with  the original errorbars 

‣Red noises:    

      with  the observation frequency 

• RN: standard red noise ( ) 
• DM: Dispersion Measure variations ( ) 
• SV: scattering variations ( ) 

‣Specific features for some pulsar: exponential dips

σ2
scaled = EFAC2 × σ2

original + EQUAD2 . σ2
original

Sk =
A2

12π2

Kscale

ν−k ( f
1yr )

−γ yr3

Tspan
ν

k = 0

k = 2

k = 4

https://arxiv.org/abs/2306.16225

+2

+2

+2
+2
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Pulsar timing and GWs



PTA results -   A. Petiteau  - Seminar DPhP - 10 July 202317

Pulsar timing and GWs
‣When gravitational waves (GWs) are passing between pulsar and Earth, 

they will slightly modified the arrival time of pulses, i.e. the TOA
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Pulsar timing and GWs
‣When gravitational waves (GWs) are passing between pulsar and Earth, 

they will slightly modified the arrival time of pulses, i.e. the TOA

‣We have a model for the TOA 

‣ If GWs => deviation from the model

=> GWs observed in the residuals = data - model
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Pulsar timing and GWs
‣ GWs => correlated fluctuations in TOAs of multiple pulsars

© D. Champion

δtGW(ta) = ∫
ta

te

ν(t′ ) − ν0

ν0
dt′ = ∫

ta

te

δν(t′ )
ν0

dt′ 

δν(t′ )
ν0

=
̂ni
α ̂nj

α

2 (1 + ̂nα . ̂k)
Δhij

Δhij = hij(te) − hij(ta)

Observed  & emitted pulsar spin frequency

Emission & reception times of pulses Pulsar & GW source sky location

GW characteristic strain
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Pulsar timing and GWs
‣ For an isotropic GW background, characteristic spatial correlation: 

Hellings-Down curve: specific relation between correlation of 2 pulsar 
and their angular separation => signature of GW Background

ΓGWB(ζIJ) =
3
2

xIJ ln xIJ −
xIJ

4
+

1
2

+
1
2

δxIJ with xIJ = [1 − cos(ζIJ)]/2
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Correlated signals
‣3 potential types of signal correlated between pulsars: 

• Quadrupole:  
- Gravitational waves 

• Dipole:  
- Systematic in the model of the position of the Earth, i.e. solar 

system ephemeris 
• Monopole: 

- Clock time errors
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EPTA
‣European collaboration: 

• Nancay RT (FR),                                                                          
70% of the data 

• Effelsberg RT (G), 

• Jodrell Bank Obs. (UK), 

• Westerbork Synthesis RT(NL), 

• Sardinia RT (I).

  

Westerbork Synthesis Radio Telescope  

Jodrell Bank

22
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IPTA
‣Two others collaborations 

• Parkes PTA (Australia) 
- Parkes radiotelescope  

• NANOGrav (USA): 
- Arecibo 
- Green Bank 

‣Recent collaborations:  
• InPTA: GMRT, ORT (Inde) 
• CPTA: FAST, … (Chine) 
• MeerKAT (Afrique du Sud) 

‣Worldwide collaboration: International PTA
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PTA collaborations
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EPTA data DR2
‣25 pulsars 

‣25 years 

‣5 radio telescopes 

‣14 backends 

‣Observed frequencies                                                                                 
from 300 MHz to                                                                                                  
3 GHz 

‣Raw data = observations: 
• Output of the coherent dedispersion system 
• Time evolution of the 4 stokes values in multiple frequency channels (for 

Nançay, band of 4 MHz)

https://arxiv.org/abs/2306.16224

https://arxiv.org/abs/2306.16224
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EPTA data DR2
‣25 pulsars 
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EPTA data analysis
‣Ideally, we would like to go from raw data to parameters directly but too 

heavy (too much data, too many parameters). 

‣Analysis done by steps: 
1. Construct one or several TOAs per observation: 

a. Folding in time and frequency to obtain one profile 
b. Compare to a template profile to obtain the reference time for the 

observation = TOA 
* For high SNR pulsar can be done in multiple frequency bands 

2. For each pulsars using all TOAs collected: 
a. Estimate the pulsar timing parameters with the pulsar model 
b. Identify the best noise model with its parameters 

3. Using all pulsars with their timing parameters and noise model, search for 
correlated signals putting constraints on spectral parameters and spatial 
correlations.  
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EPTA data analysis
‣Multiple noise sources => single pulsar noise analysis 

‣Systematics: ephemerides, clock stability, … 

‣Bayesian analysis: 

• Continuous waves (i.e. individual sources):   

• Stochastic:  
- GW Background: common noise 
- Noises: 

• White noise: measurement errors + systematics 
• Red noise: low frequency noise on pulsar rotation 
• Dispersion noise due to the propagation through interstellar medium 

• Timing parameters (pulsars parameters) also considered

Σ

p(δt | ⃗θ) =
1

det(2πΣ)
exp (−

1
2

δtTΣ−1δt)
δt → δt −

Nsignals

∑
i=1

hi
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EPTA data analysis
‣For single pulsar analysis: 

• Gaussian likelihood 
• Bayes factor estimation to compare models 
• Red Noise, DM variations and scattering variations: 

- described as stationary Gaussian processes, following the Fourier-
sum with a discrete and finite set of sine/cosine basis functions 
and a power-law power spectral density (PSD);  

- Set of frequencies for each Gaussian process is chosen linearly 
distributed   

-   is a free parameters (transition red noise - white noise)

1/Tspan,2/Tspan, . . . Ncoef /Tspan

Ncoef

https://arxiv.org/abs/2306.16225
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EPTA data analysis
‣For correlated signal analysis (GWB): 

• For spectral parameters constraints: 
- Similar to single pulsar analysis 
- Many parameters to estimate (about 200): GWB parameters + 

noises parameters of all pulsars 
• For spatial correlation constraints: 

- Search for generic spatial correlations and compare against 
expected HD curves 

- Several methods

https://arxiv.org/abs/2306.16214

https://arxiv.org/abs/2306.16214
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EPTA results: GWB
‣Bayes factor:                                                                                           

‣Acronyms: 
• PSRN: Pulsar noise 
• CURN: Common Uncorrelated Red Noise 
• CLK: Clock Noise (monopole) 
• EPH: Solar system ephemeris (dipole) 

‣Significance: when using only new backends, Bayes factor at 60, p-value of 
 0.001,  confidence => strong evidence for the existence of GWB≈ ≳ 3σ

https://arxiv.org/abs/2306.16214

https://arxiv.org/abs/2306.16214


PTA results -   A. Petiteau  - Seminar DPhP - 10 July 202332

EPTA results: GWB
‣     Free spectrum                                    Posterior for GWB parameters 

‣GWB parameters (DR2new): 
• logarithmic amplitude:   

• spectral index:             

‣No dipole and no monopole 

‣

log10 A = − 13.94+0.23
−0.48

γ = 2.71+1.18
−0.73

https://arxiv.org/abs/2306.16214

https://arxiv.org/abs/2306.16214
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EPTA results: GWB
‣Spatial correlation: overlap reduction function 

• Binned 

• Optimal statistic

https://arxiv.org/abs/2306.16214

https://arxiv.org/abs/2306.16214
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EPTA results: GWB
‣Scrambling the sky position of pulsar, destroy the signal  

‣Many other tests see https://arxiv.org/abs/2306.16214

https://arxiv.org/abs/2306.16214

https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2306.16214
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EPTA results: individual sources
‣Continuous GW search = Super Massive Black Hole Binary 

‣GW described by  parameters:  

• Amplitude, frequency, chirp mass, sky position, inclination, 
polarisation, initial phase, phase at pulsar, pulsar distance 

‣ Frequentist analysis: 
• Maximum F-statistic (equivalent to likelihood) at 4.6 nHz

8 + 2 × NPSR

https://arxiv.org/abs/2306.16226

https://arxiv.org/abs/2306.16226
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EPTA results: individual sources
‣Bayesian analysis: 

• Bayes factor PRSN+CURN+CGW vs PRSN+CURN  

• Sky localisation:

https://arxiv.org/abs/2306.16226

https://arxiv.org/abs/2306.16226
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EPTA results: individual sources
‣Bayesian analysis: 

• Hard to distinguish between individual source and background. 
-  Bayes factors: 

- Simulations: 

https://arxiv.org/abs/2306.16226

https://arxiv.org/abs/2306.16226
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NANOGrav results 
‣67 pulsars during 15 years 

‣GW Background: 
• Bayes factor: 200-1000 (about 4 sigma)

https://arxiv.org/abs/2306.16213

https://arxiv.org/abs/2306.16213
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NANOGrav results
‣Continuous GW search

https://arxiv.org/abs/2306.16222

https://arxiv.org/abs/2306.16222
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PPTA results 
‣32 pulsars during 18 years

https://arxiv.org/abs/2306.16215

https://arxiv.org/abs/2306.16215
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First EPTA interpretation

‣Implications of the EPTA results, DR2new: 
•   

•   

‣For: 
• Supermassive black hole binaries 
• Physics of the early Universe 
• Dark matter

log10 A = − 13.94+0.23
−0.48

γ = 2.71+1.18
−0.73

https://arxiv.org/abs/2306.16227

https://arxiv.org/abs/2306.16227
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SMBH: Formation & Evolution
Galaxy mergers  Formation Closed binary Merger

100 kpc → 100 pc 100 pc → sub-parsec sub-pc→qq M (au)

∼ few Gyr ∼ few Myr ∼ few hours

★ Dynamical friction 
★ Stellar formation 
★ Tidal chocs 
★ Gas dynamics 
✤ Callegari & al. (2009) ApJ 

696 L89

★ Gaz friction 
★ Circularisation 
★ Possible inversion of 

angular momentum 
★ 3 bodies interaction 
✤ Dotti & al. (2009) MNRAS 

396-1640

Inspiral of the 2 BHs 
due to Gravitational 

Wave emission

★ GW “burst”, 
★ Recoil 

velocities of 
remnant BH.

Figure 7: A major merger between two Milky Way like galaxies141: the simulation follows the evolution
of dark matter, stars, gas, and of the massive black holes (MBH = 3 � 10�3MBulge), but only the gas
component is visualized for seek of clarity. Brighter colors indicate regions of higher gas density and the
time corresponding to each snapshot is given by the labels. The first 10 images measure 100 kpc on a side,
roughly five times the diameter of the visible part of the Milky Way galaxy. The next five panels represent
successive zooms on the central region. The final frame shows the inner 300 pc of the nuclear region at the
end of the simulation.

24

Figure 9: Black hole relative separation as a function of time in four simulations156. In the upper row,
the hole’s distance refers to two selected 4:1 mergers (for galaxy models at z = 0); the thin and thick lines
correspond to simulations with no-gas (dry) and with gas (fgas = 0.1%), respectively. In the lower row, the
hole’s distance refers to 10:1 mergers (for galaxy models at z = 3); the thin and thick lines correspond to
simulations with no-gas (dry) and with gas (fgas = 0.3%), respectively. The insets show the color-coded
density maps of stars (left) and gas (right), on a box of 4 kpc on a side. The large dot on each curve indicates
the time at which the two snapshots are recorded. Colors code the range 10�2 � 1 M⇥ pc�3 for stars, and
10�3�0�1 M⇥ pc�3 for the gas. These snapshots are representative of the average behavior of the satellites
during the first two orbits. Note the formation of a strong bar for the 4:1 minor merger, which is absent for
the 10:1 case, and the truncation of the gaseous disk in the 10:1 satellite caused by ram pressure stripping.

28
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Population of SMBHB: Semi-Analytical model

Gultekin 2009

16 Scientific objectives
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Figure 2.4: Gravitational wave signals from massive black hole binaries (MBHBs): (a) gravitational wave
energy (upper) and generic waveform (lower) for a massive black hole binary system illustrating the
successive inspiral, plunge, merge, and ringdown phases; (b) two simulated waveforms, illustrating how
the waveforms are highly sensitive to the binary system parameters, including the mass and spin of each
component, as well as the detailed orbit geometry; (c) in the currently favored cosmological model,
galaxies form in a hierarchical fashion, starting from small systems at early times, and then growing
via mergers: each galaxy observed today is a consequence of its merger history extending back to high
redshifts. If black holes formed at early times, they will have followed the merger hierarchy of their host
galaxies. Black hole mergers are therefore expected to be common events.
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Figure 2.5: Gravitational wave signals from ‘extreme mass ratio inspiral’ systems (EMRIs): (a) schematic
of the associated spacetime (Drasco & Hughes, 2006; Amaro-Seoane et al., 2013); (b) segments of generic
waveforms, showing the plus-polarised waves produced by a test mass orbiting a 106MØ black hole spin-
ning at 90 per cent of the maximal rate allowed by general relativity, at a distance D from the observer
(Drasco & Hughes, 2006; Amaro-Seoane et al., 2013). Top panel: slightly eccentric and inclined retro-
grade orbit modestly far from the horizon, in which the amplitude modulation is mostly due to Lense–
Thirring precession of the orbit plane. Bottom panel: highly eccentric and inclined prograde orbit closer
to the horizon, in which the more eccentric orbit produces sharp spikes at each pericentre passage.
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Population of SMBHB: Semi-Analytical model

Gultekin 2009

16 Scientific objectives

t/M

inspiral plunge ringdownmerge

-150 -100 -50 0 50

0

10-3

0.25

0
-0.25

dE
/d
t

D
L/
M

 R
e(
h 2

2)

innermost stable 
circular orbit (ISCO)

0.03 0.05 0.06 0.07
time (s)

-0.20

0.00

0.20

inspiral

merger

ringdown

time (s)

-0.04

-0.02

0.00

0.02

0.04

inspiral

0.04

0 0.1 0.2 0.3
cosmological

time

(a) (b) (c)

Figure 2.4: Gravitational wave signals from massive black hole binaries (MBHBs): (a) gravitational wave
energy (upper) and generic waveform (lower) for a massive black hole binary system illustrating the
successive inspiral, plunge, merge, and ringdown phases; (b) two simulated waveforms, illustrating how
the waveforms are highly sensitive to the binary system parameters, including the mass and spin of each
component, as well as the detailed orbit geometry; (c) in the currently favored cosmological model,
galaxies form in a hierarchical fashion, starting from small systems at early times, and then growing
via mergers: each galaxy observed today is a consequence of its merger history extending back to high
redshifts. If black holes formed at early times, they will have followed the merger hierarchy of their host
galaxies. Black hole mergers are therefore expected to be common events.
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Figure 2.5: Gravitational wave signals from ‘extreme mass ratio inspiral’ systems (EMRIs): (a) schematic
of the associated spacetime (Drasco & Hughes, 2006; Amaro-Seoane et al., 2013); (b) segments of generic
waveforms, showing the plus-polarised waves produced by a test mass orbiting a 106MØ black hole spin-
ning at 90 per cent of the maximal rate allowed by general relativity, at a distance D from the observer
(Drasco & Hughes, 2006; Amaro-Seoane et al., 2013). Top panel: slightly eccentric and inclined retro-
grade orbit modestly far from the horizon, in which the amplitude modulation is mostly due to Lense–
Thirring precession of the orbit plane. Bottom panel: highly eccentric and inclined prograde orbit closer
to the horizon, in which the more eccentric orbit produces sharp spikes at each pericentre passage.
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First EPTA interpretation
‣Supermassive black hole binaries 

• Amplitude higher than expected … 
• but some models are compatible with the data: 

- Quasicircular orbits and no environmental interaction ( ) 

- Toward no delays between merger of galaxies and merger of SMBHs 
• Adding eccentricity and more complex effect helps to resolve the 

small tension on  
• If SMBHBs nature confirmed: 

- First observation of merger of SMBHs 
- Major breakthrough in observational astro. and galaxy formation

γ = 13/3

γ

https://arxiv.org/abs/2306.16227
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First EPTA interpretation
‣Physics of the early Universe 

• Implications on a stochastic background of primordial (inflationary) GW 
- "requires non-standard inflationary scenarios breaking the slow-roll consistency relation, leading 

to a blue-tilted spectrum" 
• Implications on a background of cosmic strings 

- "Allow narrowing down the string tension to values of , depending 
on the specific distribution of loops in the string network." 

- "the number of kinks cannot be constrained." 
• …

−11 ≲ log10Gμ ≲ − 9.5

https://arxiv.org/abs/2306.16227
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First EPTA interpretation
‣Physics of the early Universe 

• Implications on background from turbulence around the QCD energy scale 
- "can also potentially explain the common red noise, but requires either high turbulent energy 

densities, of the same order of the radiation energy density, or a characteristic turbulent scale close 
to the horizon at the QCD epoch." 

• Implications on the 2nd-order GWB produced by primordial curvature perturbations 
- "can be produced by the evolution of scalar perturbations at second order only if an excess of their 

primordial spectrum is present at large wavenumbers, compared to the level derived from CMB                                                                                            
observations at small wave numbers.                                                                         
Notably, such an excess will lead to                                                                                 
the production of PBHs which can                                                                                
non-negligibly contribute to the                                                                                  
CDM density."

https://arxiv.org/abs/2306.16227
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First EPTA interpretation
‣Ultralight scalar-field dark matter (ULDM) 

• Similar to a Continuous GW from a SMBHB, i.e. prominent only 
in one frequency bin 

• No ULDM  
• Upper limit

https://arxiv.org/abs/2306.16227
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Future
‣Next steps: 

• Confirmed the strong evidence => observation 
• Stochastic background or individual source or sources? 

Combination of both? 
• If stochastic background, better identified the spectral shape. 

‣Future data: 
• IPTA combination of the EPTA, NANOGrav and PPTA 
• Add MeerKAT data 
• SKA 


