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The Lives of Stars!
Hertzsprung - 

Russell 
Diagram

Color → 
Temperature

Mass + Temp 
+ Size → 
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These ones 
produce some 
cool stuff...

All stars shine by burning Hydrogen 
into heavier elements via fusion



  Billions of Years                                   
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  Billions of Years                                   
… but all stars eventually die.

The Sun will become a white dwarf

White
Dwarf ...unfortunately, the 

Earth will kind of be 
in the way when it 

happens...





Inside a very 
massive star:

Massive stars fuse 
Hydrogen into many 
heavier elements:
(H → He → C → O 

→ Si → Fe) 

But, they can only 
do this while the 
fuel supply lasts…



The most massive stars....

...collapse into black holes



Cygnus X-1



Inside a massive 
(but not too 
massive) star:

The core collapses 
into a Neutron Star









Orion

Betelgeuse



Crab
Nebula
SN1054AD

Pulsar rotates
30 times 

per second!

Anasazi Indian cave pictogram,
Chaco Canyon, NM



The Crab is visible at all energies!

Red = Radio
Green = Optical
Blue = X-ray





Pulsars!

G11.2-0.3

G292.0+1.8

G21.5-0.9



The
Discovery
of Pulsars

PhD student Jocelyn Bell and
Prof. Antony Hewish

Initially “Little Green Men”
Hewish won Nobel Prize in 1974



Surface temp ~106 K

Magnetic field (Gauss):
  Millisecond: 108-109

  “Normal”:  1011-1013

  Magnetar:  1014-1015

Detailed emission 
mechanisms unknown

Spin rates up to 716 Hz

“Luminosity” up to 
10,000x the Sun's!

Surface gravity 
~1011 times Earth's 

Central densities
several times nuclear 

Neutron Stars
1.2 - 2 Solar masses

10 - 12 km radii



Surface temp ~106 K

Magnetic field (Gauss):
  Millisecond: 108-109

  “Normal”:  1011-1013

  Magnetar:  1014-1015

Detailed emission 
mechanisms unknown

Spin rates up to 716 Hz

“Luminosity” up to 
10,000x the Sun's!

Surface gravity 
~1011 times Earth's 

Central densities
several times nuclear 

Neutron Stars
1.2 - 2 Solar masses

10 - 12 km radii

These are exotic objects



P-Pdot 
Diagram

Pulsar Astronomer's
Hertzsprung-Russell
Diagram

HR Diagram:
Temp (color) vs 
Luminosity

P-Pdot Diagram
Period vs 
Spindown rate
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Pulsar 
Flavors Young

Old

High B

Low B

Young PSRs        
(high B, fast spin, 
very energetic)
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(Note:  B = Magnetic Field Strength) → 
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Pulsars move down and right across the 
diagram as they lose energy (assuming 
that the magnetic field doesn't change...)



Pulsar 
Flavors

Normal PSRs 
(average B,       
slow spin)

Young

Old

High B

Low B

Young PSRs        
(high B, fast spin, 
very energetic)
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Eventually they slow down so much that 
there is not enough spin to generate the 
electric fields which produce emission.

Their lifetimes are 10-100 Myrs.



But not all 
supernovae 

produce 
pulsars…



Cassiopeia A

Radio X-ray

Optical



What is that thing in the center?  Compact Central Object



Magnetar!

Strange 12-sec 
X-ray pulsar…

SNR Kes 73



What's a 
Magnetar?

Neutron stars with 
extremely strong 
magnetic fields:

1014-15 Gauss

(~1000x stronger 
than normal PSRs)

Powered by decay  
of magnetic field, 

not rotation!
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Giant X-ray Flares:
  Magnetar SGR 1900+14



Pulsar 
Flavors

Normal PSRs 
(average B,       
slow spin)

Millisecond PSRs 
(low B, very fast, 
very old, very stable 
spin, best for basic 
physics tests)

Young

Old

High B

Low B

Young PSRs        
(high B, fast spin, 
very energetic)
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1982:

1.558 ms pulsar (640 Hz)!

Courtesy Bob Rood

21x faster than Crab!
~half an octave above “Concert A”! 

(6 pulses)



Millisecond Pulsars: via “Recycling”

Supernova produces 
a neutron star

Red Giant transfers
matter to neutron star

Millisecond Pulsar
emerges with a white

dwarf companion

Picture credits:  Bill Saxton, NRAO/AUI/NSF
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They really are the Stellar Undead!



Pulsars are Precise Clocks

PSR J0437-4715
At 7:30 EDT April 17 2014: 

    P =  5.7574519479244 ms
+/- 0.0000000000001ms
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Pulsars are Precise Clocks

PSR J0437-4715
At 7:30 EDT April 17 2014: 

    P =  5.7574519479244 ms
+/- 0.0000000000001ms

The last digit changes by 1 every half hour!

This extreme precision is what allows us to
use pulsars as tools to do unique physics!

This digit changes by 1 every 500 years!



Pulsar Timing:
Unambiguously account for every 

rotation of a pulsar over years

Observation 1

Pulses

Model
(prediction)Measurement

(TOAs: Times of Arrival)
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Obs 2

Pulsar Timing:
Unambiguously account for every 

rotation of a pulsar over years

Observation 1

Pulses

Obs 3

Model
(prediction)Measurement

(TOAs: Times of Arrival)

Measurement - Model = Timing Residuals

Predict each
pulse to
200 ns 
over 2 yrs!





Party Trick!

Orbit has a radius of about 
1.44x the Sun's radius (~1011 cm)...



 But it is so circular, and measured so precisely that 
the difference between semi-major and semi-minor 

axes is 18.59 +/- 0.01 cm!

Party Trick!

Orbit has a radius of about 
1.44x the Sun's radius (~1011 cm)...



Green Bank Telescope
(Green Bank, WV)

Arecibo Telescope
(Puerto Rico)

The US has 
the best pulsar 
telescopes in 

the world!



The Binary Pulsar:  B1913+16
 First binary pulsar discovered at Arecibo Observatory by 

Hulse and Taylor in 1974

NS-NS Binary
Ppsr = 59.03 ms

Porb = 7.752 hrs

a sin(i)/c = 2.342 lt-s

e = 0.6171

ω = 4.2 deg/yr

Mc = 1.3874(7) M⊙

Mp = 1.4411(7) M⊙



The Binary Pulsar:  B1913+16
Three Relativistic Observables: ω, γ, Porb

From Weisberg &
Taylor, 2003

Indirect detection of Gravitational Radiation

In 1993, Russell Hulse and 
Joseph Taylor were awarded 
the Nobel Prize for their work
on PSR B1913+16!



The Double Pulsar: J0737-3039
 Faster spin, more compact orbit, 

edge on system, 6 relativistic 
observables, 2 pulsars!



 Overall, much better than Hulse-
Taylor binary PSR.



 Currently GR tests to ~0.01%!

Measured vs
Predicted 
Relativistic

Shapiro Delay

Kramer et al., 2006, 
Science, 314, 97



Gravitational Wave Detection with a Pulsar
Timing Array
● Looking for nHz freq 
gravitational waves 
from super massive 
black hole binaries 

● Need really good MSPs
● Significance scales directly 

with the number of MSPs 
being timed.

● Must time the pulsars for   
5-10 years at a precision of 
~100 nanosec!

● North American 
(NANOGrav), European 
(EPTA), and Australian 
(PPTA) efforts



Shapiro Delay

NRAO / Bill Saxton

Irwin Shapiro 1964
Shapiro et al. 1968, 1971



Full Shapiro Delay Signal

No General Relativity

Full Relativistic Solution







Geometric Light-travel Delays



What about the future?
• We only know of about 2000 out of 30,000+ 

pulsars in the Galaxy!

• Many of them will be “Holy Grails”
• Sub-MSP, PSR-Black Hole systems, MSP-MSP binary

• Several new huge telescopes... eventually 
Square Kilometer Array

MeerKAT

FAST



The stellar undead are amazing.

(and I work on this stuff everyday!)
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