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Radio astronomy essentials:
Pulsars and how to find them
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http://deepai.org

Pulsar discovered by Jocelyn Bell

e Discovery in 1967 by Jocelyn
Bell Burnell and Antony Hewish.

e The first pulsar: CP 1919 (now
PSR B1919+21).

¢ |nitial nickname: “LGM-1"
(Little Green Men) because of
the extremely regular pulses.




Neutron s%ing rapidly, emitting beamed emission periodically
Credit: NASA



Supernova explosion at the end of life of a massive star



Credit: NASA

y does It
pin so fast”?

I'explosion d'une supernova Pulsar
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erest = 3 million elephants



Radio pulsars is a geometfic effect.
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Credit: Joeri van lLeeuwen (Leiden)




Pulsars In a nutshell

» Rapidly rotating Neutron Stars

e Radius ~ 10 km, mass ~ 1.4 solar mass

« - central densities: order of a billion tons / cm3

* Highly magnetized (108 ~ 1074 Gauss)

2 emit steep spectrum radio emission aligned with -field axis

* Misalignment of rotational and [3-axes - periodic signals

Large mass > Consequent rotational stability = Accurate clocks
- Many astrophysical applications



Light cylinder

* Radio emission comes from magnetic polar regions credit: U Manchester
_— : ot oy magnetic axis
» enormous electric fields accelerate particles | rotajon axis >
» these particles produce electron-positron pairs ' \'

* the plasma generates the coherent radio emission we
observe. (c.f. yesterday’s lecture)
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closed B
fieldlines
- Beam sweeps across Earth — pulses S

* light cylinder radius: where co-rotation would require the
speed of light. Outside: Open field lines and particles escape

» magnetic field is not aligned with the rotation axis, so as the
star rotates, the magnetic field structure is continually
changing in time —> radiates energy away —> spins down

» We know pulsars are rotation-powered because they steadily  cylinder
lose rotational energy, and that lost energy exactly matches N Y open ’
the power carried away by their radiation and particle winds. \fieldlines




P-Pdot diagram and NS zoo
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Spin Period (s)

primary secondary

binary disrupts

Woomph!

|

binary survives

N

|

secondary evolves
(Roche Lobe overflow)

high-mass system

e

low-mass system

N

millisecond pulsar - white dwarf binary

Plot credit: Thomas Tauris

runaway star
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young pulsar

mildly recycled pulsar

young pulsar

binary disrupts /‘
v
\ ‘Woomph!
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binary survives

N\
Ne

double neutron star binary

Most MSPs in binaries — recycling



Spin Period Derivative (s-s™*)

P-Pdot dlagram and NS zoo

Characteristic ages

f g ! o i
-~ 15.8Myr | — =
2P S 10~
If the pulsar had been slowing at the same rate its entire life, how long
would it take to reach its current spin?
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Spin Period (s)

Bt =3.2x 109GV PP ~ 10 G

P

10-15

P\ 1/2
-

Pulsars with strong magnetic fields slow down faster (stronger radiation,
more outflow)

Death lines

B <10%G

P

1s

2

Critical value (~1072 G) needed to trigger pair creation, beyond that,

rotation too slow to sustain the plasma needed for radio emission



Some more on emission mechanisms

e Coherent emission: The exact mechanism is still debated:

* curvature radiation from bunched particles — Requires highly ordered
bunching, hard to justify dynamically. Doesn’t naturally produce the
observed microstructure and subpulse variability

* plasma instabilities: Explains rapid variability, Growth rates too slow to
explain the brightness and short pulse widths. Difficult to produce narrow
emission cones _ B0154+61

58676
58657
58571
58557
58536
= 58524
58513 8
58506
58448
58420
58400

+ Nulling: constrains magnetospheric models —the engine -
driving the emission must be able to switch states rapidly. -

* Subpulse drifting: components move systematically in
phase. Emission comes in organized sub-beams; shows

plasma circulation patterns near the polar cap. | O
~Rahul+,

Ng et al., 2020

2018
n - 0 0 50 100 150
Lengitude (in degrees) Phase bln



~Pulsar searching

How do we find them?
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Pulsar searching by periodicity
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Pulsar searching by periodicity

w A w 7 >| Acceleration ]l )‘ FFT+ ) >| Sift & Fold I

l New Acceleration I
—| New DM trials ’(

Celestial signal — single receiver beam Terrestrial RFI — Multiple receiver beams
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116-124 MHz

Pulsar searching by periodicity

135 MHz
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Image credit: Bassa et al 2024

Frequency channels

De-dispersion

Acceleration

New Acceleration

trials
New DM trials
ouY : "3293_000103_channeTs, p1s” vsing 3:1: (347100

Time

4 N ( )
FFT + Sift & Fold
. . > .
harmonic summing candidates

MPIfR - Bonn Pulsar Group

* Can be narrow band in frequency

* Time domain impulsive RFI

e Periodic RFI

e Strategy: threshold, kurtosis...

* Replace with Gaussian / running

mean but be careful not to
iIntroduce artifacts
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Pulsar searching by periodicity
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The pulse travel time (t,) of an EM wave o
freq v emitted at a distance d propagating

through an electron plasma with uniform
number density ne :

Ne dl

2T, U




Pulsar searching by penodmty
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MPIfR - Bonn Pulsar Group

 Resampling in time to restore to rest frame of

the pulsar

Linear acceleration approx.
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Time elapse

semi-major axis: y(1) = A sin(2x

A = amp_guess

» Solving for full orbit too expensive
—> linear acceleration approximate

* For circular orbit, timing (y(t)) is approx. a
sinusoid with period equal to the orbital period
(Pp) and amplitude (A) equal to thetprojected

P, Fo) + C

''''''''''''

Pulse phase

Pulse phase

Pb = pb_guess
Phi =

phase_guess

C = offset_guess

This Is the 2nd exercise
INn the hands-on session
this afternoon
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Pulsar searching by periodicity
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This is the 2nd
exercise In the
hands-on session
this afternoon



Power spectrum

l Take data ] >I Cileiar} = >l De-disEersion] vy )I Acceleration ]
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Pulsar searching by periodicity
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 Pulses Are narrow, Not sinusoidal

* Their power Is spread over many
harmonics in the Fourier spectrum,
and incoherent harmonic summing
recombines that distributed power
to Improve detectabillity.

* After rescaling, the harmonics
line up at the same frequency,
and their power can be (incoherently)
summed.



Pulsar searching by periodicity
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This is the 2nd
exercise In the
hands-on session
this afternoon

Image credit: Ryan Lynch (NRAO)




Why are pulsars important?



59 ans de decouvertes de pulsars
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According to GR, accelerating massive objects should emit
GW. Orbital period delay predicted to be ~3mm/orbit.




59 ans de decouvertes de pulsars
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59 ans de decouvertes de pulsars

bre de pulsars
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Pulsars timing in a nutshell

 Unambiguously account for every rotation of a pulsar WWIMMW NWWNW
 TOAs: Times of Arrival

 Measurement - Model = Timing Residuals

* |solated pulsars have 4 timing parameters:
RA, Dec, P, P-dot

 Extended timing can give Proper motion & parallax

* Binary pulsars add 5 Keplerian Orbital params:
Porb, asini/c, e, w, TO

f
e Some binaries give post-Keplerian param: * } «f
(D-dOt, v, Porb'dOt, r y S 132:;30 | 49(I)oo | 50(1)00 | 51(1300 52000 48(;00 49(1)00 l 501300 51(1)00 | 52—000

Epoch (MJD) Epoch (MJD)

Credit: Pulsar handbook by Lorimer & Kramer



Pulsars timing in a nutshell

 Unambiguously account for every rotation of a pulsar WWIMMW NWWNW
 TOAs: Times of Arrival

» Measurement - Model = Timing Residuals ‘
! - Model = Timing Residua umuuum

GGGGG

As Michael Kramer says:

e The best pulsars keep time with an accuracy of 1 : 1§;Za B B 7
millionth of a second over 30 years (comparable to - .:[ilildalliEy - /-
best atomic clocks) m-?.i Ll i :

» PSR J1012+5307: 15 years of obs with EPTA: 100F
P =0.005255749014115410 + sof
0.000000000000000015 s o}

Residual (ms)

-> 90 billion rotations since discovery, and not lost “
a Single Cou nt! 132;00 | 49000 50000 51000 52000 48(500 49000 501300 51000 | 52—000

Epoch (MJD) Epoch (MJD)

Credit: Pulsar handbook by Lorimer & Kramer



Right size to detect GW from SMBH 10,000 ligQtyears = tew-£10s kpc
c.f.4-km arm In LIGO for stellar-mass' BHs -
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Agazie et al 2023 ApJL 951 L8

I | ] 1
FR prodl ll n

"Hellings Daowns arvea)

Credit: Steve Taylor (2025)

NANOGrav
mea urements |

Antoniadis et al 2023 AQA 678

Correlation Berween Pulsars

P
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The Hellings—-Downs curve: predicted correlation
pattern between timing signals from different
pulsars in a PTA when the timing fluctuations are
caused by a stochastic GW background

Reardon et al 2023 ApJL 951 L6

bl

"0 140 161) l“f

* Strong positive correlation when

pulsars are close together

» Correlation decreases as separation
Increases

 Slightly negative near ~90°
* Rises again slightly toward 180°
« GW distort ST in a quadrupolar pattern

€ (Degree)

Miles et al 2025 MNRAS 536 2 Xu et al 2023 RAA 23 075024 —> asymmetric shape



What else are new”



Long period transients

~ LPTs
é 103?
T J1832-0911
20 .

8 J1839-10
© J41935+2148
= 102 -
@ ‘ J0901-4046  OGLEAM-X J1627
§ 10250+5854 407037
. - JO630+25
2
S-U-) 1017 e .
>, : .
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10-3 10-2 10! 10° 10! 102 103 104

Spin period (s)

« LPTs: Periods > 10s, slowest is ~6 hours
 First noticed in around 2022 (N. Hurley-Walker+2022)

- Rotational-powered pulsar spins down —> electric potential no longer accelerates
enough charged particles to create electron-positron pairs —> Death lines



Hurley-Walker et al. 2023
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e Strict periodicity (P~22min) + long-term stability

e Defles what we thought was physically possible

for pulsars or magnetars

e [wisted magnetosphere — magnetically

powered, ultra-slow pulsar?



Current Open Questions

What is the exact radio emission mechanism?

Why do pulsars null or switch modes?

What determines the death line? (c.f. what are LPTs?)

How are fast radio bursts related to neutron stars? (See next class)

What can PTAs tell us about the gravitational-wave background?
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Entretiens 2026 sur les pulsars
et les etolles a neutrons

June 1-2, 2026, at the APC, Paris

—
g |

e provide a regular platform for the French pulsar
community to meet, exchange ideas, and collectively
advance the study of pulsars, neutron stars, and FRBs.

* not a traditional conference with strictly timed presenta-
tions, but rather a series of working sessions designed
to encourage discussion (advances, challenges)

e participation of doctoral students is encouraged

* Registration is free

https://indico.in2p3.fr/event/38846/overview
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Handbook of Pulsar Astronomy

Duncan Lorimer and Michael Kramer

Pulsars and Neutron stars

Emission mechanism
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Pulsar Timing and Pulsar Timing Array (PTA)

Notable pulsar results

Current questions



