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Pulsar

• Highly magnetised 
( )


• Fast rotating (T )


• Stable rotators


• Produce two radio beams 
of emission 


• Lighthouse effect

B ∼ 1012 − 1014 G

∼ 10−3s
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Pulsar timing
It is possible to predict the arrival time of pulsar’s radiation on 
Earth once that its ephemeris are known. Millisecond pulsars are 
characterised by the smallest “timing residuals” and, hence, are 
the most precise sources among pulsars.
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• turbulent ionised 
interstellar medium, 


• spin noise, 


• instrumentation issues, 


• planetary ephemeris, 


• gravitational waves or 
unknown effects

Timing residuals
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Long-term, un-modelled 
effects can perturb the 
ToAs and appear as ‘red 
noise’ in the timing 
residuals:

European Pulsar Timing Array DR2 (2023)

https://www.aanda.org/articles/aa/pdf/2023/10/aa46841-23.pdf


F.Iraci

• Aim: detect extremely low-frequency GWs (nHz)


• Expected sources: ensemble of coalescing Supermassive Black 
Hole Binaries. Stochastic GW background.


• Array of stable millisecond pulsars

Pulsar Timing Array (PTA)
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1
2
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The correlation signature 
follows Hellings and Downs 
curve:

European Pulsar Timing Array DR2 (2023)
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https://www.aanda.org/articles/aa/pdf/2023/10/aa46841-23.pdf
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EPTA result: 3  evidence for a stochastic GWBσ
Pulsar Timing Array
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PTA collaborations

Credits: Thankful Cromartie
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+LOFAR 
+NenuFAR
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Dispersion

Credits: Caterina Tiburzi
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Dispersion

Credits: Caterina Tiburzi
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:


➡ 


➡

δDM = 10−3 pc/cm3

δt150 MHz ∼ 0.2 ms

δt1.4 GHz ∼ 2 μs
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Dispersion Measure variations

adapted from Ocker+2024

IISM

Not to scale

A different DM value per observation! 
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Timing residuals example
Dispersion Measure variations

Correlated structures in the timing residuals characterised by a steep 
red power spectrum. Competitor to the GWs red noise
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• 25 millisecond pulsars 
collected by the 5 largest 
telescopes in Europe (Effelsberg 
100m radio telescope, Jodrell Bank Observatory, 
Nançay Radio Telescope, Westerbork Synthesis 
Radio Telescope, Sardinia Radio Telescope).


• Time spans ranging from 14 to 
~25 years.


• Frequencies:


• EPTA: > 1.4GHz 


• InPTA: 300-500 MHz, 
1260-1460 MHz

EPTA DR2
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• EPTA+InPTA (DR2new+):


• EPTA: > 1.4GHz 


• InPTA:   300-500 MHz,            
1260-1460 MHz


• 25 millisecond pulsars


• LOFAR:


• 100-200 MHz


• 12 common pulsars 

• NenuFAR:


• < 100 MHz


• 2 common pulsars

DR2low

13Iraci+2025
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Data combination
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Data combination
J1012+5307 (Wrms = 3.680 s) post-fitμ
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DR2low
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• EPTA+InPTA (DR2new+):


• EPTA: > 1.4GHz 


• InPTA:   300-500 MHz,            
1260-1460 MHz


• 25 millisecond pulsars


• LOFAR:


• 100-200 MHz


• 12 common pulsars 

• NenuFAR:


• < 100 MHz


• 2 common pulsars

Iraci+2025
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Noise modelling

Power-law power spectrum     
DM noise:  


Achromatic noise - RN:  

ADM, γDM

ARN, γRNP( f ) ∝ A f −γ

Need to choose the number of 
Fourier components

Vanilla red noise models: DM 100, RN 30

17
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Vanilla noise runs

γDM γDM

lo
g 1

0
A D

M

DM (100 bins) DM (100 bins)
— NG15y

- - PPTA DR3

EPTA DR2 EPTA DR2low
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RN vs DM variations

EPTA DR2
EPTA DR2low

Ferranti+2025 (simulations)
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Solar wind in pulsar timing

IISM

Sun

Solar wind

1

2

3
Pulsar

Earth

IISM

is a flow of magnetised plasma that originates from the solar

corona and continues outwards at constant velocity to a distance of

∼100 au where it terminates.
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Additional free-electron density content 
affects the ToA of pulsar radiation 
depending on the angular separation 
between the LoS and the Sun.
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• long timespan


• High cadence 
especially around solar 
conjunction epochs

SW tracking

Susarla+2024
21

DMSW = n1 AU
e

ρ
r sin ρ [1AU]2

PTA SW noise:  

• deterministic (NE_SW)

• stochastic (SWGP)

Spherical model:
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Solar wind in PTAs

DR2low DR2low - 75 deg cutDR2low - 45 deg cut
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—— 1/1yr harmonics

Unmodelled SW absorbed in the DM variations
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Unmodelled SW absorbed in the DM variations

Solar wind in PTAs

DR2low DR2low - 75 deg cutDR2low - 45 deg cut

23

—— 1/1yr harmonics

Low frequency data were crucial to identify 
the limits in the current SW model used 
within the PTA collaborations.
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• LOFAR pulsars in EPTA DR3: 25/60


• LOFAR pulsars in IPTA DR3: 25/130

EPTA and IPTA
Current efforts

Credits: EPTA

EPTA Meeting 2023 - Milan (Italy)
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Probing the IISM with LOFAR

adapted from Ocker+2024

IISM

Not to scale

HII region

         tdelay ∝ DM ν−2 DM = ∫LoS
nedl δLoS → δne → δDM

Stochastic  variations described by a 
power law wavenumber spectrum

δne
Pδne

= C2
nq−β

Kolmogorov: β = 11/3
25
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HII regions along the LoS
• Follow up of Ocker+2024 with LOFAR 

catalog


• 6 pulsar with HII region crossmatch:
J0358+5413 
J0407+1607 
J0609+2130 
J0614+2224 
J1955+2908 
J2225+6535
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DM time series

J0358+5413

J0407+1607

J2225+6535
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Power spectrum of density fluctuations

(Ocker+2021)

Pδne
= C2

n q−β

HII{
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Control samples

EPTA DR3 pulsars with HII along the LoS: 4

IPTA  DR3 pulsars with HII along the LoS: 8
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• LOFAR observations are very sensitive to IISM effects


• 12 LOFAR pulsar combined with EPTA DR2.


• Frequency coverage of LOFAR is essential for disentangling the 
chromatic and achromatic processes.


• LOFAR data highlighted the limitations of the current chromatic noise 
models used in PTA data analysis. 


• 25 LOFAR pulsars will be part of EPTA DR3 and IPTA DR3


• Discrete IISM structures: HII regions along the LoS as scattering screens


• IISM turbulence and its connection to large-scales (See Pauline Noé's 
talk this afternoon!)

Summary
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Backup
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P-  diagram·P
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Timing residuals affected by the SW
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DR2low

34

Iraci+2025
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• Aim: identify the most favoured 
noise model for each pulsar 

• Run multiple analysis with 
different noise models: 

• RN 

• DM 

• RN + DM 

• RN + DM + SV 

• DM + SV

Advanced noise modelling

PSR EPTA DR2low EPTADR2new+
J0030+0451 RN13  DM100  SV77 RN10
J0751+1807          DM92   SV38          DM50
J1012+5307 RN87  DM20  SV100 RN100 DM47
J1022+1001 RN98  DM99 SV99 RN30   DM100
J1024-0719 DM18          DM15
J1640+2224 RN54  DM40  SV40          DM47
J1713+0747 RN73  DM74  SV12 RN73   DM72
J1730-2304 RN18  DM52          DM11
J1738+0333 RN29  DM28          DM24
J1744-1134 RN22  DM100  SV31 RN19   DM98
J1857+0943 RN87  DM99          DM92
J1918+0642 RN36  DM24  SV42          DM75

Noise model
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Chromatic index study

• Noise run with free chromatic index (only for pulsars with SV in the 
favoured model)
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Solar wind 

Remove data with solar 
angle: 


< 45°


< 75°

Analyse the data with the favoured noise model without SW

J0030+0451: RN13 DM100 SV77


J1022+1001: RN98 DM99 SV99
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Characterising the turbulence of the HII

adapted from Ocker+2024

DHII

Not to scale

Pδne
= C2

n q−β

̂q ≈
2π

veff,⊥(s) τĈ2
n =

1
KDM (β)

DDM(τ)

d (veff,⊥(s) τ)
β−2

Structure function of 
the DM time series
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• 171 pulsar with parallax distance measurement (fractional 
uncertainty <20%. See Ocker+2026)


• Remove any pulsar with HII along the LoS


• Distance threshold:


•   —————>


• 


• Compute  for an extended uniform medium for all pulsars with 
scattering timescales measurements (88 out of 171)

dpsr ≤ 3 kpc

Δdpsr ≤ 0.5 kpc

C2
n

Building a control sample

SM = 2.15 ν11/3
GHz D−5/6

kpc τ5/6
ms

C2
n =

SM
Dkpc

Krishnakumar+2015

Krishnakumar+2015, Cordes+1986
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