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THE GRAVITATIONAL WAVE SPECTRUM 2

quantum fluctuations in the very early Universe A Th '[ t |
e gravitational wave
binary supermassive
Sle]cktholes “In' phase transitions Spectrum SpanS over 18
alactic nuclel in the early universe -
2 ' orders of magnitude,
black holes, ing bi ST
s orscaptured by - ?eeﬁ?r'é,‘ﬁs'i’%(’l%?{]d which is largely
supermassive noles
’ ingalactic nuclel | n istant galaxies unexplored & we had our
binary stars in A first direct detection on
the galaxy | and mountains
beyond September 14, 2015!
.. AGE OF THE ' '
Wave Period  (NIVERSE YEARS HOURS SECONDS ~ MSEC '(&-\; ravitational
Are excellent probes
* ‘ ‘ # because they are not
: " N g . . . . ) | , absorbed or scattered by
requency (Hz 10 10° 10° 10° 10° 10° 10 10° 1 10
matter and energy
0 - - - - - Come from the central
O INFLATION isi LISA BIG GEO, LIGO, : :
o PROBE fiming of (ESA/NASA, BANG OBS  VIRGO, TAMA engine of astrophysical
L (NASA) millisecond 2010) (NASA) (2002 -) -
5 pulsars objects
o polarization (1982 -) laser tracking of laser
map of cosmic drag-free proof interfero- A Are Only Weakly beamed
microwave mass in spacecraft meters .
background orbiting the sun ?T Eati;th meaning detectors act as
also par

Image credit : LIGO detectors) omi cr o P honeso



THE GRAVITATIONAL WAVE SPECTRUM 2

SOURCES

Wave Period

Frequency (Hz)

DETECTORS

Image credit

quantum fluctuations in the very early Universe

Advanced ground -

AGE OF THE
UNIVERSE

-]

10-16

10" 1072 1070

INFLATION
PROBE
(NASA)

polarization
map of cosmic

microwave

background

: LIGO

binary supermassive pased detectors

black holes in
galactic nuclei

108

precision
timing of
millisecond
pulsars
(1982 -)

phase transitions
in the early universe

black holes, compact
stars captured by n
supermassive holes S
in galactic nuclei i

binary stars in
the galaxy | and
beyond

HOURS

10 104 102 1
LISA BIG
(ESA/NASA, BANG OBY
2010) (NASA)

laser tracking of

drag-free proof
mass in spacecraft

orbiting the sun

ountains

MSEC

102

GEOQ, LIGO,
VIRGO, TAMA
(2002 -)

laser
interfero-
meters
on Earth
(also bar
detectors)

Gr avi

A The gravitational wave

spectrum spans over 18
orders of magnitude,
which is largely
unexplored 9 we had our
first direct detection on
September 14, 2015!
tati onal

A Are excellent probes

because they are not
absorbed or scattered by
matter and energy
Come from the central
engine of astrophysical
objects

A Are only weakly beamed

meaning detectors act as
omi crophonesao
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= H1 observed fred, inverted)

0.35 0.40

" GW signal from
, //

A

" | 7 “ q \
e L. | b7 w 4
efrWA.Sirrloqnet, B. P/ Abbott et al ., Phys. Rev. Lett. 116

/!



(shifted, inverted)

The Waveform of the merger:
the collected history of the
stretching and squeezing of
space by gravitational

waves

, WA /Srimoqnet B. P, Abbott etal. Phys Rev Lett 11

L 1!/, /'



The chirp :
rising frequency of the
gravitational waves
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The waveform of the merger:
the collected history of the
stretching and squeezing of Wb/ |
space by gravitational ‘GW sign
// '

e - e = [ AR,
e credit -: NSF/"| efe/a ) yé:r’WA./Sdrr}oqnet, B. P/ Abbott et al ., Phys. Rev. Lett. 116,06
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The waveform of the merger:
the collected history of the
stretching and squeezing of
space by gravitational

0.35

The chirp :
rising frequency of the
gravitational waves

Unique information about the
source is encoded in the
amplitude/phase evolution:
masses, spins




, \ k.

he merger includes a neutron star,
pSSIble EM counterparts include

A Short gamma -ray burst

~ A Kilonova emissions: multi -wavelength
afterglow emissions in X -ray, UV ray,
pptical, near mfrared and radio
Radio blast wave emissions
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GORE-C OLLAPSE SRR B TR
SUPERNOVAE . ;,; L

A The explosion occurred about 160,000 years ago

A Light is just reaching the earth now (in 1987) , e 3 0 .

NA'SA ESA; R Kirshrter (Harvard -Smithsontan Center for Astrophysics agd Gordoh and Betty Mooré Foundation), and M- Mutchler and R. Avil& (ST
s . ' . : a ® ¥ .

Image credit. : A, ] .
e PN - e . £ Y a . . .. .

-
N
.
¢
’
.
-
.
.
.
-
..
..
.
.
. »
. ’
.
.
.



COR E—COLLAPSE R BB ThaaE
SUPERNOVAE .,; Sl 0. . R

s % . . b 4 , . . Ry : . . .
v .’ . : o 0 v . * (o . : . YL - .
i 5’ s . ¥ty .' g > ol . g s 4 P i .- .' o  r e -~
: e . . . . o . . ° ‘e -
s ¢ i ¥ . : .
. 5 : 5 . 5 : CR " A . .

A
L
L 2

B oy < * SC|ent|f|c motlvatlon forjomt observatlons U L N
5 S A Unknown explosmn mechanlsm T T e

i .'- A .Confirm observed mass gapin_ = * . .| .
b ok L supernova remnants

. L .
. . L
. ®.

lmage'cre'dit.:NA'SA, ESA‘, RKir’s‘hner(Harvard -Smithsontan Center for Astrophysics a@d Gordoh and B_etty.l\/loor-é Foundation),'and‘M-.-M‘uJ:chIer and'R.AviIa'(ST' W RS i
s e e A% T : SRR AT et T N I R IS AR . R :



GW0O S F ROM-COIQARAESE SUPERNOVAE

The key to the resultant gravitational waves is the initial rotation rate () of the iron core!



GW0O S F ROM-COIQARAESE SUPERNOVAE

Progenitor Non -rotating or slowly rotating stars Rapidly rotating star with strong magnetic
m x 1P rad/s fields
~99% of the progenitors -- these are the m X “radls, 6 101G
main players! ~1% (hypothetical link to magnetars  and
collapsars )
Main origin of gravitational Turbulent convection and SASI (Standing  Rotating bounce and non -axisymmetric
wave emission Accretion Shock Instability) instabilities
Gravitational wave Three generic phases Rotating bounce (< 20 ms post -bounce) and
signatures prompt convection, neutrino  -driven non -axisymmetric instabilities (< ? ms)
convection & SASI, and explosion
Detection prospects A Requires 3™ generation detectors to A Bounce GW signal : requires design
see every galactic event with high sensitivity of Advanced LIGO
SNR A GW6 s f r eawisymnoetric instabilities
A Close by events (2~3 kpc) are Oquapseiri odi ci signa enbahces h e
detectable with Advanced LIGO chances of detection
A If detected, critical information about A Detection of circular polarization
the supernova engine (convection important probe of core rotation

vs. SASI dominant) can be obtained

See reviews in : Janka (2017), Mezzacappa etal. (2015), Burrows (2013), Kotake etal. (2012)



GW0OS FROM-COIRESE S
I N

Progenitor Non -rotating or slowly rotating stars

m x 1 rad/s
~99% of the progenitors -- these are the
main players!
: : | ——C15-2D
Main origin of gravitational Turbulent convection and SASI  (Standing | ——C15-3D rh,

wave emission Accretion Shock Instability)

Gravitational wave Three generic phases .
sighatures prompt convection , neutrino -driven : A WA

convection & SASI , and explosion

Requires 3" generation detectors to
see every galactic event with high
SNR

A Close by events (2~3 kpc) are
detectable with Advanced LIGO

A If detected, critical information about

Detection prospects o
0
L4

L 4
Yanafas

the supernova engine (convection 40 - il glggg rh
vs. SASI dominant) can be obtained el ] T g
0 100 200 300 400

See reviews in : Janka (2017), Mezzacappa etal. (2015), Burrows (2013), Kotake et al. (2012),

Yakunin et al. (2017), arXiv: 1701.07325v1 time from bounce (ms)



GW0O S F ROM-COIQARAESE SUPERNOVAE

_ Neutrino mechanism MHD mechanism

Progenitor Non -rotating or slowly rotating stars Rapidly rotating star with strong magnetic

m x 1 rad/s fields
~99% of the progenitors -- these are the m X “radls, 6 101G
main players! ~1% (hypothetical link to magnetars  and

collapsars )

Main origin of gravita

wave emission There are 11 long GRB i1 core -collapse supernovae associations

The neutrino mechanism I s | nednérgeticisupaernovae i t
Gravitational wave
signatures prompt convection, neutrino  -driven non -axisymmetric instabilities (< ? ms
convection & SASI, and explosion
Detection prospects A Requires 3™ generation detectors to A Bounce GW signal : requires design
see every galactic event with high sensitivity of Advanced LIGO
SNR A GW6 s f r eawisymnoetric instabilities
A Close by events (2~3 kpc) are Oquapseiri odi ci signa enbahces h e
detectable with Advanced LIGO chances of detection
A If detected, critical information about A Detection of circular polarization
the supernova engine (convection important probe of core rotation

vs. SASI dominant) can be obtained

See reviews in : Janka (2017), Mezzacappa etal. (2015), Burrows (2013), Kotake et al. (2012)



GWO0OS FROM-COIQRESE SUPERNOVAE

Rapidly rotating star with strong magnetic
fields

m X “radls, 6 101G
~1% (hypothetical link to magnetars  and
collapsars )

Rotating bounce and non -axisymmetric
instabilities

Rotating bounce (< 20 ms post -bounce) and
non -axisymmetric instabilities (< ? ms)

A Bounce GW signal : requires design
sensitivity of Advanced LIGO

A GW6 s f r eawisymnoetric instabilities
Oquapseiri odi ci signa enbahces h e
chances of detection

A Detection of circular polarization
important probe of core rotation

See reviews in : Janka (2017), Mezzacappa etal. (2015), Burrows (2013), Kotake et al. (2012), Kuroda, Takiwaki, and Kotake PRD 89 044011 (2014)
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FE AR A We would see the gravitational wave signal first

A Then a massive burst of neutrinos within a few

LIS  scconds

A Then a shock wave breaking out of the star,
releasing a bright UV flash (a few hours later)

: A The supernova becomes visible at optical
wavelengths as it expands

" Scl) .

0
-, T



Jet collides with 10

LONG GAMMA -RAY BURSTS FOR
ROTATING PROGENITORS.......... -l

low-energy gamma rays
(internal shock wave) gamma rays

Slower X-rays

N\ /
Faster shell \jJ o4
Low-energy shell &

gamma rays

\*\\‘[\\J/ Visible light

AN
{*’( ‘“‘ Radio

- ' ) " "

Black hole
engine

We will see the burst up to 5 minutes
after the gravitational wave signal if we .
are lucky because they are beamed! emission

Promipot

Afterglow

Imagecredit : NASAO6s Goddard Space Flight Center



'MAGNETAR STARQUAKES

Image credit : NASA
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'MAGNETAR STARQUAKES

A

Possible electromagnetic counterparts .
A Soft gamma repeaters s

A Anomalous X -ray pulsars .
A Radio/X -ray pulsar glitches

Image credit : NASA



MAGNETAR STARQUAKES

Ok

\

Scientific motivation for joint

observations : P

A Unknown GW signal A Neutron sta
asteroseismology A Possible
constraints on the equation of state

Image credit : NASA
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OTHER SOURCES

OF GW TRANSIENTS

A Intersecting cosmic strings

Simulation of a cosmic string network

Image credit : Allen & Shellard (1990)



H1-DCS_CALIB_STRAIN_C02_OMICRON: Q=5.519

High frequency cutoff = 250Hz

Frequency [Hz]

1126259361.5 1126259361.8 1126259362 1126259362.2 1_126259362.15
Loudest: GPS=1126259362.002, {=02.990 Hz, snr=13.209 Time [s]

H1-DCS_CALIB_STRAIN_C02_OMICRON: Q=5.519

—_
o
w

High frequency cutoff = 50Hz

Frequency [Hz]

1126259361.5 1126259361.8 1126259362 1126259362.2 11 26259362.15

S I m u I a.tl O n Of a COS m I C St” n g n etWO rk Loudest: GPS=1126250362.002, =77.610 Hz, snr=12.151 Time [s]

Cosmic string cusp injections

Image credit : Allen & Shellard (1990 ), LIGO DCC G1602392



H1:DCS-CALIB_STRAIN_C02: Q=4.663

—_
Q
]

True rain-drop glitch
\

Frequency [Hz]

T I . . A
1136289866.5 1136289866.8 1136289867 1136289867.2 1‘1 36289867.15
Loudest: GPS=1136289866.822, 1=172.268 Hz, SNR=40.932 Time [s]

H1:DCS-CALIB_STRAIN_C02: Q=4.663

—_
o
w

\
True tomte glitch

Frequency [Hz]

Coooo o S, WS s |
11364571425 1136457142.8 1136457143 1136457143.2 1.136457143-15
Loudest: GPS=1136457143.176, 1=61.939 Hz, SNR=7.172 Time [s]

Image credit : Allen & Shellard (1990 ), LIGO DCC G1602392
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Cosmic string cusp injections
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OTHER SOURCES

OF GW TRANSIENTS

A Intersecting cosmic strings
Yet known GW sources

Simulation of a cosmic string network

Image credit : Allen & Shellard (1990)
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4 km

Image credit : LIGO Laboratory



Image credit : Science Magazine
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MODELED (CBC) SEARCHES:

MATCHED FILTERING

10°}

o0, Original

Extension

Mass of lighter component [solar masses]

Image credit : LIGO/Caltech, Tito Dal Canton, Sennett,

Interﬁediate-maés
- binary black holes
(3W150914‘~ ' |

\
i L
by
&7

\"*: Neutron:star:

K hole

binaries

Mass of heavier component [solar masses]

Velocity (

[ | [
Merger Ring-

‘o6
|

Inspiral

'| — Numerical relativity

I Reconstructed (template)
I I ] |

| | = Black hole separation
=== Black hole relative velocity

0.30 0.35 0.40
Time (s)

Phys. Rev. Lett. 116, 061102 (2016), Phys. Rev. Lett. 116, 241103 (2016)

O NWHhRA

Separation (Rs)



MODELED (CBC) SEARCHES:

MATCHED FILTERING

10°}

Lo

-

Mass of lighter component [solar masses]

b
&7’

“‘*: Neutron:star:

K hole

binaries

e * s Original A 7 £
e+ e+ Extension ; , . -
‘ Intermediate-mass~”~
f . binary,black,belés
- GW150914 - - . o LT '
: 3 "~~', ptah

Mass of heavier component [solar masses]
Phys. Rev. Lett. 116, 061102 (2016), Phys. Rev. Lett. 116, 241103 (2016)

Image credit : LIGO/Caltech, Tito Dal Canton, Sennett,
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