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Pulsar Timing Arrays : principles

— oP PN

a highly magnetized neutron star
rapidly rotating (few ms to few s)
a radiation beam aligned with magnetic axis
lighthouse behaviour
observed from radio to gamma rays

60 are very stable —» natural clocks



Pulsar Timing Arrays : principles

— oP PN

WMMM

The Earth and the distant pulsar are considered as free masses
whose position responds to changes in the metric of space-time

t

— The passage of a gravitational wave disturbs the metric
and produces fluctuations in the arrival times of the pulses

With timing uncertainties dt (~100 ns) and observation time spans T (~25 years)
— PTA are sensitive to amplitudes ~ dt/T and to frequencies f~ 1/T

Sensitivity ~ 100 102 /25 x 3 107 — A~1.310-16
Frequency domain (25 years - 1 week) — 102 -10-%Hz

ramer (MPIfR)
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Pulsar Timing Arrays : principles
1) Describe the pulsar rotation in a reference frame co- moving with the pulsar
V(t) =1y + I)()(t — t()) -+ 550(?5 — t0)2 -+ .-

The observed parameters v and © are associated
with the physical processes causing pulsars to spin down
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2) Timing model T
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tSS’B — ttopo +tcorr - 5D/fobs +AR® +A7r +AS® +AE® +AR+AS +AE +AA
. . Solar System binary system
clock  dispersion Romer, parallax, Shapiro  Romer, Shapiro, Einstein
and Einstein delays and Aberration delays
3) Full noise model Noise model (stochastic)
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Pulsar Timing Arrays : principles
exp (—38t7C~16t)
v/ det(2nC)

we write the PTA likelihood as ~ p(dt|n) =

The covariance mgtrix 1s decomposed C ~ | 0 5i3‘|‘€z‘ 57;3"‘771‘ Ou, 5ig“|"faz‘5ab 52.].
into a sum of « noises » whose spectrum

is described by a power law GW clock/eph. astrod indiv. rot./disp.

The GW term depends both on 3 A A AN 1 &
the amplitude of the signal as a function of Loy = g(l + 5ab) 2dQ P(Q) Z Fg(Q)Fb (Q)
S
g

its sky position and on the «antenna pattern »

(overlap reduction function)
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log10 (RMS residual, sec)

Observed spectrum

29th June 2023
EPTA, NANOGtrav and PPTA
show coherent results

Agazie et al 2024
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How interpreting such a common signal in terms of astrophysics ?

- ] - - . .
Population synthesis ingredients Reines & Volonteri (2015)
T T T T T
[ Broad-line AGN (this work) ]
Colpi & Dotti [ RGG118 }/:
(2009) 10p7c% v 1
[ Reverberation-mapped AGN . ﬁf, s -
\ 4 ‘\\ f. L Elliptical galaxies o P /'__"-.
‘\ \ ,’J 9; + ./{ /I /_'
5\ \ 7~ .
¥ . V [ } e b P 4 ]
\_'4/."‘ I ? @ i £ P P 3 /. -"‘-/
~\ /- 1 ] b -~ p e ~ .
o\ o 2 o RpR ]
v/ '.|' v S i (2% v
W It { / o - Y YOOy e *e ‘e
\/ i b s LTy o e A u{'
)y / i PP T edce 2 & ¢
oS ks I ~ - +/ XS PRIl Y. e .3{
\\ // \‘f' =\ ] (@) 7 N Phd P ‘ ./ - .= ..\.'o’ 2. 7]
\/ .I ! il O : - / .. " .q J.. ’.'...o 0‘.
17 - - . K T R 4 0* . (2
.\' /. if .£ - + ~ % e . ° . .37. oV u’ oo
o/ II’I N 7 - / ,'/ ® o + ’ . " b
'.\' f O \\/ 6 = . -~ ® ’ o . . -
I'\ ! \‘.‘: '\\ /! :/ " °e S ¢
Vo A/ 3 " & t °o o .
/ U ¥ Il‘ : L - % 4
i v/ v 5k ° — — — Kormendy & Ho 2013, scaled —
° - i/ r ° — — Kormendy & Ho 2013 1
{ ) Vi [ McConnell & Ma 2013
\ Vi \/ i —---— Haring & Rix 2004
‘.’_ .' 72 PP PR EPEPEPEPE BRI BN PP B
\\...' 7 85 90 95 100 105 11.0 115 120
' |Og (Mstellar/Md

Merger trees from cosmological N-body simulations (lllustris, TNG, EAGLE, Horizon-AGN, SIMBA ...)
Bulge to BH mass ratio from galaxies dynamical studies
Add dynamical friction with stars and gas to migrate the BHs towards the center

Three body interaction with stars from the loss cone region (when binary orbital velocity > stars)

f —2/3
yr—1 ) (Phinney 2001)

GW ” ~ d°N R
emission h’g(f) - /0 dz/(; aMm dzdMdlnf, hQ(fr) he(f) =4 (
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The PTA signal vs SMBHB population models
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Comparing with the

predictions of —2/3
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The PTA signal vs SMBHB population models
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The PTA signal vs SMBHB population models
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Constraints on the cosmology of the primordial Universe

u charm to luon Hoiggf‘ o S = : =

The theory of cosmic strings e e
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Constraints on the cosmology of the primordial Universe

64 ——.

CS - BOS model
CS - LRS model

== Turbulence model
Inflation model

Cosmic string background :

string tension — log., Gy = -10.1/-10.6 ::
features — Ncusp = 2 ; Nkinks = 0

1078
Frequency [Hz]

GWB produced from vortical (M)HD turbulence
around QCD energy scale:

temperature scale T* — 140 MeV
turbulence strength Q* — 0.3
turbulence characteristic length scale A*"H* — 1

i Inflation model : :

i 1881 Results

: tensor/scalar perturbation ratio — log;or = —12.1872 1 | from Antoniadis et al 2024
: - EPTA - paperlV

I spectral index of tensor perturbation — ny = 2.29t(1)'§z '
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Implications on ultra light dark matter content

(scalar-field, axion-like field)

Well known issue with CDM (WIMPS or QCD axions) at kpc scales : core-cusp problem

Travel time of pulsar radio beam is affected by t

he gravitational potential from ULDM

— periodic oscillations ~ prominent in a single frequency bin (Khmelnitsky&Rubakov 2014)

(amplitude P _translates into a density)
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EPTA+INPTA NANOGrav
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Full IPTADR3 = 125 pulsars A From PTA’s to IPTA
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On going work
Checking anisotropy (e.g. Bécsy et al 2023)
(a way to separate foreground astrophysical signal from cosmological ones)

Checking stationarity (e.g. Falxa et al 2024)
(signature of an eccentric binary dominating the signal)

Checking signal template mismatch (e.g. Valtolina 2024)
(# single power law, Gaussian, isotropic and stationary)

Develop multi-sources population inference models
(SMBHB background + individual BH pairs + various cosmological source populations)
Combine recent data releases under IPTA umbrella

(acquire sensitivity and cross-checks of systematics)

Include low frequency data from LOFAR and NenuFAR
(better constrain DM noise and scattering noise)

Address the impact of variable Solar Wind
(ecliptic latitude, time variation)

Improve SS ephemerides model
(collaboration with INPOP people)






