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Abstract: <p>Galaxy mergers are a standard aspect of galaxy formation and evolution, and most (likely all) large galaxies contain superr
black holes. As part of the merging process, the supermassive black holes should in-spiral together and eventually merge, generating a ba
of gravitational radiation in the nanohertz to microhertz regime. Processes in the early Universe such as relic gravitational waves and cosmic
may also generate gravitational radiation in the same frequency band. An array of precisely timed pulsars spread across the sky car
galactic-scale gravitational wave detector in the nanohertz band. | describe the current efforts to develop and extend the pulsar timing array
together with recent limits which have emerged from North American and international efforts to constrain astrophysical phenomena at the f
supermassive black hole mergers.</p>
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Outline

The gravitational-wave spectrum

Pulsar Timing Arrays

The gravitational-wave background

Do supermassive black holes merge?
Primordial gravitational wave backgrounds

Future directions
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Gravitational VWaves

Masses with varying quadrupole moments will emit GWs.

Image credit: The SXS (Simulating eXtreme Spacetimes) Project
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Discovered Sep 14 2015
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The spectrum of gravitational wave astronomy
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b

Animation from John Rowe Animation/Australia Telescope National Facility, CSIRO
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Animation from John Rowe Animation/Australia Telescope National Facility, CSIRO

PN Caltech |
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*

Pulsar Timing Arra

Animation from John Rowe Animation/Australia Telescope National Facility, CSIRO

e Caltech EE
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pulsars

Pulsars are rotating neutron stars. They are compact, rapidly
rotating, high magnetic field remnants of supernova explosions.

Vela
11 Hz

Crab
30 Hz

B1937+21
642 Hz

{e) MKramar
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Gravitational Waves, Pulsar Timing, and the

Deep Space Network
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Millisecond Pulsars
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2300 known pulsars, 230 MSPs
Maybe 30,000 detectable!

courtesy Maura McLaughlin
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M|II|second Pulsars
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Millisecond Pulsars
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image: David Champion

Pulsar Timing Array

Galactic GW detector composed of pulsar array!
Each pulsar thousands of light years away. ... s
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residuals / df} (power distribution x response)
J s?

Hellings and Downs, isotropy (1983)
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Stochastic Background
from SMBHBs

Assuming circular SMBH binaries driven by GW
emission only, can define a characteristic strain:
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We know a lot about A, can learn more  cajtech [l
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Stochastic Background
from SMBHBs

Assuming circular SMBH binaries driven by GW
emission only, can define a characteristic strain:

1 :
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number of mergers remnants
per comoving volume
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J ? LTy
he=a (L O (f) = 372 1

Phinney (2001); Sesana (2012)

We know a lot about A, can learn more  cajtech I
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Surge in the field in last |10 years,
here are the latest results!

THE ASTROPHYSICAL JOURNAL, 821:13 (23pp), 2016 April 10 doi: 10,3847 /0004-637X /821/1/13

© 2016, The American Astronomical Society. All rights reserved.
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| “Last Parsec Problem”

Strain/10-14

Final Parsec Problem?

@

~107 years

BURST!
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Shape of the spectrum
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Time to detectlon’?
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Cosmic (super)Strings

e | 0O
2MISS creatmg
background 1076 Hz
-10° Hz, depending on
size of loops created

e Create a baokground
WhICh could be detected
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NANOGrav 9-yr Results

Planck limit

e Both the amplitude and
spectral slope
information of the GWB -9
limits were used to
construct the limits. 9

e Nambu-Goto (field
theory strings) with p=1

EPTA 2015 limit

NANOGrav 2015 limit

log,,Gpic

e 4x belter than limitby |
Planck + Atacama Gu < 3.3x1078
Cosmology Telescope +
SouthPoleTelescope T e S e S S

logyoct (loop birth scale, (=at)

In S| units, linear density of string is 10720 I<g/m..
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Primordial Background

¢ Primordial radiation can manifest as a contribution to
the present day GW energy densﬂy Qgw(f)

® GWB Spectrum related to the primordi:
spectral in tensor to scalar ratio “r’

e non-standard evolution of the Universe during inflation
or non-standard power in GW modes when exiting
horizon can produce spectra

¢ non-inflationary theories such as ekpyrosis (e.g.
Boyle, Steinhardt, Turok 2004) + string-gas
(Brandenberger + Vafa 1989) also predict blue spectra

| . f X291l 16
Qgw (f) =(QSMEY —— 5 == n
%§ aw () =\ (_/mm) l‘-’ ( J ) | ”]

e.g. Turner, White, Lindsey (1993); Smith, Kamionkowski, Cooray (2008) Caltech

Pirsa: 16110018 Page 31/57



1 I I T | I Ll I I I T T Ll l I I I I 1 T

107 F

10" I Indirect

1077

107

ng(f)

lO-II !
10713
1015 |

102° 10" 10" 10®% 10* 10° 10* 10°

fix r=0.11 frequency (Hz)

24

Pirsa: 16110018 Page 32/57



1 I I T | I Ll I I I T T Ll l I I I I 1 T

107 F

10" I Indirect

1077

107

ng(f)

lO-II !
10713
1015 |

102° 10" 10" 10®% 10* 10° 10* 10°

fix r=0.11 frequency (Hz)

24

Pirsa: 16110018 Page 33/57



Primordial background:
Better together
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Primordial background:
Better together
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Primordial background:
Better together

g asky, CMFM, Smith, Thrane, Giblin, Caldwell + (2016)

o5 Caltech é

Pirsa: 16110018 Page 36/57



Primordial background:
Better together
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Primordial background:
Better together
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Primordial background:
Better together
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Introducing Anisotropy

* residuals X dS) (power distribution x response)
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Introducing Anisotropy

* residuals X dS) (power distribution x response)
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Introducing Anisotropy

Ll

* residuals X dS) (power distribution x response)
J §4
* Nearby and/or loud sources may introduce anisotropy

* CMB anisotropy on very small scales, GWB anisotropy large-scale (?)

Isotrapic background

Dipole nnisotropy Quadrupole anisotropy

fawn (1)
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