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radio continuum (408 MHz)

mid-infrared

near infrared.
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Image Modified: BSO, Suntory Hall



Image Modified: BSO, Suntory Hall



Image Modified: BSO, Suntory Hall



Olena Shmahalo for NANOGrav
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Sun-like Star

Massive Star ~ Reg
(more than 8 to 10 times the mass of our Sun) S u pe rg | ant
Protostars
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Neutron Star Supernova
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White Dwarf Black Hole )

NASA and the Night Sky Network



Neutron Stars
M~12M_, R~ 12 km
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Pulsars as Precise Clocks: J1909-3744

On July 13, 2012 at 00:00:00 UTC:
P =2.947108025429647 + 0.00000000000002 ms

Data: NANOGrav



Pulsars as Precise Clocks: J1909-3744

On July 13, 2012 at 00:00:00 UTC:
P =2.947108025429647 + 0.00000000000002 ms

The last digit changes by 1 every 713 seconds

Data: NANOGrav



Pulsars as Precise Clocks: J1909-3744

On July 13, 2012 at 00:00:00 UTC:
P =2.947108025429647 + 0.00000000000002 ms

The last, digit changes by 1 every 713 seconds

This digit changes by 1 every 226 years

Data: NANOGrav



Pulsars as Precise Clocks: J1909-3744

NORTH AMERICAN NANOHERTZ OBSERVATORY

LaSt y ear I gave a seminar oo GRAVITATIf[;'IrIALWAVES
at Colgate starting on Siiioncefins

Gravitational-Wave Background

Sep 5, 2023 at 15:30:00 UTC. -

TTTTTTTTTT

Between that time and the start of this seminar,
Sep 11, 2024 at 23:30 UTC, the pulsar has

completed over 10,915650,076 rotations (0.65
over!)

It’s also completed almost 243 orbits around its
companion white dwarf (0.19 to go!) Do NSO



More fun with J1909-3744

Smallest eccentricity of any known binary in the
Universe:
e = 0.000000109 = 0.000000008

(in 2016 it was measured to be smaller formally,
e = 0.000000092 +/- 0.000000013)

Orbit has radius=(5.7014+0.0004)-10°m (0.82 R_ )

But, we know the difference between the
semi-major and semi-minor axis is 3.4 + 0.5 pm!

Data: NANOGrav



The Tiny Effects of GWs

L ~ cT ~ 10 lightyears (= 3 pc = 10" m)
h ~ 101 —10* (for our sources)
AL ~ hLL ~ 10-1000 m = At = AL/c ~ hT ~30-3000 ns

Neutron star

Mass
~1.5 times the Sun

sEaEd  0.001-0.1R_,

\ Diameter

~12 miles

Heavy liquid interior
Mostly neutrons,
with other particles

http://astro.hopkinsschools.org/course_documents/stars/smallest/neutron_structure.jpg
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Residual (us)

Residual (us)

PSR J1713+0747 Individual TOAs
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PSR J1713+0747 Individual TOAs

Residual (us)
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Residuals and GW Signatures

idual TOAs

Rcvr_800_GUPPI
Recvr_800_GASP
S-wide_ASP

chastic background (binary ensemble)

”\/

Continuous wave (single binary)

Correlation

Burst (merger event)

0 20 10 60 80 100 120 140 160 180
Degrees of Separation on the Sky

I ~
NANOGrav Courtesy: D. Nice, J. Cordes, J. Hazboun

Timing data span (10 years) —




The Pulsar Timing Array

Animation by NSF/Onyx Lee



Multimessenger Science
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15-Year Data Set GWB Analysis
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15-Year Data Set GWB Analysis
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Agazie et al 2023



Astrophysics: Supermassive Black Hole
Binaries
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New Physics: Running of the Spectral Index
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Mapping the Low-Frequency
Gravitational Wave Universe

fi=2.0nHz f>=4.0 nHz

rt‘--.l....l.-‘.-l-
B, 15h il + gh
‘?l‘ " *

5.4 5.6 5.8 6.0 6.2 6.4 6.6 2.4 2.6 2.8 3.0 3.2 3.4
= le— = le-7
((:I)I‘Vllll |P{Q) _Pmanopm’e?l )“I [5]"_”25] (q)z \.’J{|P{Q} _annopm’e?| JUI [5]"_”25]
f3=5£)HHZ f1=7£)ﬂHZ

...|.*.‘=|!E*...|..‘.|..':.|.. ...l.*,.?:l'..l..*.l..‘:.l.. ..!UEI

0 DL *Epie 1 S OL & oF O et Rl inl 12 » oo h
¥ * & #}* *

_30° N LRI S 30°

*

- PP -30°30°

| : : = : |
1.2 1:3 1.4 1.5 6.5 7.0 75 8.0
' - . - le=7 Iy , - le—8
D P(Q) — Pmuno ale ul [SF_”ESI o P(Q) — Pmono ole u [Sr_”ls-l
( 3V IP(Q) prl) f5=9.9nHz( 4\/| prl)
"

5.50 5.75 6.00 6.25 6.50 6.75
/ = le—8
((DS\/ |P{Q} _Pmnnnpnr9| )ur [Sr_IQS]

Agazie et al 2023



s o ——

1eS

t

il
L

Future Fac

Lo
3
S~
4]
@)
&)
S
o O
S
D
<
N
a
b £
Q
=
=)
a:
| 2
o
Z
=)
<
F
Z
2
)
B




Aurore Simonnet / NANOGrav
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The Datasets

O-XYear: Arzoumanian et al. 2015

5-Year: Demorest et al. 2013
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Strain [1/sqrt(Hz)]

The Next Generation

LIGO — aLLIGO

NANOGrav = “aNANOGrav”

ced Virgo N

Einsteir GW"\

Telescope ——
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‘White DISS noise
Excess Noise

Red spin noise (f'-’)
GW SBG

Excess Noise :
Improved ISM corrections

DISS:
Longer integrations
Larger BW

Low DM MSPs

Jitter:
Longer integrations
Faster MSPs

\ Spin/Torque Noise :
Matched Filtering : Better Spin—stable MSPs
Larger telescope
Smaller T, /v BW

Longer integrations
. |

107" 1077
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L: Hild et al 2012
R: Courtesy J. Cordes
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