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/}// New Telescope — New Astronomy

gammaray  X-ray  ultraviolet visible infrared  microwave radio

Mc* =E &=

G 811G 7 AR i
uw T8, = A > Wave Equation
W W WA A A YA N
Gravitational Wave\ljerlod\s/\//
Milli d Minutes Years Billions
SUSSEES to Hours to Decades of Years
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Average Star White Dwarf Neutron Star

<A

Increasing mass density causes increasing curvature

For objects moving around extreme curvature, from a
far-away observer’s perspective:

- Time slows down

- Distances between things decrease

UW Bothell 2018-10-24

/}, Mass tells space-time how to curve...

Black Hole




/}/ ... in 4 dimensions ...

The shortest

distance
between two
pointsgets © & & oo &
shorter near
heavy mass
2 e - 0
3 re i
© o é
©
Independent
clocks near heavy
© mass slows down
[

UW Bothell 2018-10-24 4



415/ g;, ... and space-time curvature tells mass
how to move

Traveling fast past curvature Objects travel along the
- path “bends” to follow shortest path through
e .
Trav A assive dbjects,
the fight<$peee rappe ved
9

Traveling tgo slow
= path “falls” into source = Collision!

UW Bothell 2018-10-24 5



4{% Colliding Black Holes!

Tim Dietrich / AEl / BAM Collaboration
https://youtu.be/YnCccVDpmrw

: R
Time %
1-D Amplitude )
> Time

Predicted Gravitational Waveform

UW Bothell 2018-10-24 6



\4;9} A Gravitational Wave Telescope

VNIV IT AW WATARTA VAT A o\
A Gravitational Wave Perlocv\/
VWWVyvvVvVvyVv VvV V Vv \/ \/

in Years Billions
to Hours of Years

wiww, einstein-online, nfo

Gravitational wave Observatory

UW Bothell 2018-10-24



@g How Do Interferometers Work?

=% e = > . g < . < i ~ -

UW Bothell 2018-10-24
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&)y How does LIGO really work?

=

=]

—

1 ]

Pl \ K -

¥ 1 .
- iy A

g I S 1

)

. ==

More on this later... -1

S
UW Bothell 2018-10-24 \§



T
NGo = R | _Future

) il v i | i s
T Ha nfor P - | — > : e D ECtOI"S:

LIGO Indi

With a network, you gain directional sensitivity!

UW Bothell 2018-10-24 10



/}% What LIGO “Hears”

512 T | | l

256 il
128 - z
64 |- .

32} i
LIGO Hanford

512 | | | 1

256 [ .

Frequency (Hz)

128 -
64 | -

2+t -
LIGO Livingston

| | | 1
0.5 0.6 0.7 0.8 0.9 1.0

Time (sec)
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\

Six Black Hole Collisions now detected and published!
(and retro-active deep search is still on-going)

=
)
(V]
Q
-
o+
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o
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()]
(q0)
=
=
»n 10
Q
()]
(7]
M
=
@
O
I
"4
o
L0
o

There’s a whole talk about this ?
Binary Neutron Star...

N

.

1 1 Solar Mass = 333,000'Earth Masses = 2e30 kg!

UW Bothell 2018-10-24 LIGO-VIRGO | Frank Elavsky | Northwestern 12



/// How Diverse Have They Been?

GW150914 \/\M/\/\/\ML Heaviest!

LVT151012 ——————~~~Anravwing At the limit of sensitivity!

GW151226 Lightest!

GW170104 Far away!

170608 Comparable to

| X-ray BBH!

GW170814 /\/\/\/\/\/\/W\W First Triple-Coincidence with VIRGO!
GW170817 — : —

The coolest thing astronomy has seen since SNe1987a =

0.01 0.1 1 10 100

time observable (seconds)

UW Bothell 2018-10-24 LIGO/University of Oregon/Ben Farr 13



/// What LIGO “Hears”

LIGO Mirrors are 40 kg 88 |bs

Of GIaSS —~ 10 | LIGO Hanlford Data | Predictedl | 1
8 0.5
Detectors have a % 0.0
frequency-dependent & :?:3 A
background noise, moving the , , , H =
arms about 2 =
1 x 10'1° meters = Q
1 /10,000 the width of a proton g E
(Vo)
Characterized in “Strain”
strain = displacement /length “;
units: meters / meter =
1x 10 meters / 4000 meters

" | LIGO Livingston Data
|

| | |
0.30 0.35 0.40 0.45
UW Bothell 2018-10-24 Time (sec) 14

strain = 2.5e-23 m/m




KRJ} LIGO Improvement Over Time

LIGO lemgston
1018 & S e
; Initial LIGO

—_
o
4
(o)
T
|

—

OI
N
(]
|

ro
—

Strain Sensitivity [(m/m) / rtHZz]
S =
N

—

O|
[\®)
w

24 | i i R R S A i i R |
10
10° 10° 10°
UW Bothell 2018-10-24 Frequency [Hz] 15



(ﬁm@ Network Performance During
'GW170814

1078

—

o
4
©

—t

OI
N
o

IVIRGO

IJ.I

—t

OI
N
\V)

Strain Sensitivity [(m/m) / rtHZz]
o

|
LIﬁGO L1 ! /Lo
LIGO H1

-

o
I\)
w

24 | ; ; R N S i i TR S S
10
10" 10° 103

UW Bothell 2018-10-24 Frequency [HZ] 16



A

Sensitivity as a Function of

/}/ Source Distance

L1 inspiral sensitive distance

10° -

At

Black Hole Binarx (30-30 M§un2
o e i ba ' e s e el

—_
-
Ll

=Y

-M B e et L | w WA preng

I Black Hole Binary (10-10 M,,,,)

ety R A T e - e Ao’ VT A A AT it BRes 2nmaanod Wm
. Neutron Star — Black Hole Binary (1.4-10 M.,
8100""'\ b o et o et o e WA A TN S L i e e A B bt
3 ' Binary Neutron Stars (1.4-1.4 My,,)
g R o i Ao e o —y - e M
% Supernovae
2

3.26

0.03

0.32

mke}im
0 2 4 § 8 10 12 14 16 18 20 22 24

Time [hours] from 2017-08-14 00:00:00 UTC (1186704018)
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&) The Binary Neutron Star Range
during 02

B LIGO-Hanford B LIGO-Livingston

N
a,
=,
(b 1 1 H 1
a0 - - * s = - N |
% " | | i : Lt E E o
e g g g July 7 2017 EQ in
2 N S S I N
2 0| l‘ | T Montana
| : i : ! : ! ”
20 {17 UMM -
3 T I SN S
0 il 3 12 16 20 24 28 32 36

Weeks from Start of O2

UW Bothell 2018-10-24 18



%yent Timeline of Observation / Detectiof§

Goal Binary 1 billion light years = 1 Gig light year =1 Gly

Neutron Star

Detectable Range ~7() |\/|pc ~90 Mpc ~120 Mpc

o1 ke It 02 Make it Better! 03
Better!

2015 | 2016 I 2017 I PAONRS I 2019
Estimated -
Black Hole Collision Rate = 12-213 Gpc 3 yr!

UW Bothell 2018-10-24 19




1 0-23

= Quantum Vacuum
- Coating Brownian
- = Excess Gas
- Control Forces
— Stray Electric Fields
Sum of Expected Noises
—Total Measured (100 Mpc)

Strain (m/m) / rtHz

xl.\“A

-24 . . A -
10! 10° 10°
Frequency (Hz) 20

10
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- _ o
(0. T
(] s

/%/ The Real LIGO Layout W

The upgrades between 02 and O3,
a quick photo journey

(1) (2)

Test Masses
Arm Cavities

Signal Recycling
)

6) (ECP

UW Bothell 2018-10-24 21
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(4 8

r

w{g ce All End Reaction Masse

Y , ”'
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(ﬁfﬂ (3) Replace the Laser

New
70 W amplifier

Original 200 W Amplifier

UW Bothell 2018-10-24 24



Keep lightinside cavities
where it belongs!

25
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I\/I|t|gate thermal noise
Improve control noise

26



AxAp 2 h/4n

AE At > h/4m

<

~AA A 2i/2

Improved phase resolution >> . pa— .
Better high-frequency performance i
[Laser ol OPO S Vg

UW Bothell 2018-10-24 O 27



Getting There!

N

OCT 20 2018

— W ~\HNH‘ 1"9"\’1‘”‘%\% " Increase--—
muai Squeezed nght—

Strain (m/m) / rtHz

= 14072017 12:00:00 ]_02 103 BW=0.187493
Frequency (Hz)

L1 is showing signs of ~115-120 Mpc
UW Bothell 2018-10-24 this past weekend... 25



Getting There...
0CT 23 2018

2 After EQ

HEWIR N i
WL fis
| W ﬂm T \Mm;w AN At

| illlll‘

102 103
Frequency (Hz)

Y4 H"\ﬂ : Il“l‘“.g

H1 just starting to dig into dirty laundry
pile at ¥60 Mpc. *Tons* of work ahead.

UW Bothell 2018-10-24 29



/}// What’s Next -- even further! @

w01 wm O2 sm O3 mm 04 mm 05
60-80 60-100 120+ 175 3Zasl?net
M, Mpc be
LGO § .. i
Upgra? -
25.30 §5-120 LPBrades agg’g:;c
Virgo T i° .
825  25-140
TBD

KAGRA i e
PRELIMINARY 2w
LIGO-India B

| | | | | I | | I | | |

2015 16 17 ‘18 19 ‘20 21 ‘22 ‘23 24 ‘25 ‘26
UW Bothell 2018-10-24 30




IIA_I_II
undlng awarded and landed Oct 2018

* Fancy squeezing
. GraV|tat|onaI Wave Readout System Upgrade

N

[EN
1

N

N

1023

Strain (m/m) / rtHz

- ——O1 typical: NSNS 74 Mpc, BHBH 581 Mpc
1 O- 24 | : | ——aLIGO full power: NSNS 191 Mpc, BHBH 1366 Mpc

‘| =—A+: NSNS 354 Mpc, BHBH 2240 Mpc

2 . 3 A
UW Bothell 2018-10-24 10 10 Frequency (HZ) 31



~ What’s Next?

DA\ \\ A

VIRGO becom

ch\a Nges

;fiond 03 -/ ”A_I_n

We re already Iooklng at / building hardwaf’;'»;/j‘/ifi:’ /&

24



4{%7/ Thank You!
Masses

in the Stellar Graveyard

in Solar Masses

LI -ViréBlackHoles O o
O o o Y o O
o © o o N®
o

80

40

o
O o O

¢ o
10 - Q9 o O
X-ray Binary
o OO (%) o o (%) o © Black Holes
5 © o o © L
The latest LIGO/VIRGO Family Portrait!
o )
Known Neutron Stars "
2 . et [ Lt Cess
1 . : :

e .
LIGO-Virgo Neutron Stars

UW Bothell 2018-10-24 LIGO-VIRGO | Frank Elavsky | Northwestern 33



N
9

UW Bothell 2018-10-24

Bonus Material




Why is LIGO/VIRGO Important?

w,v.\\\\\\
R

Observinga brand new population of Binary Black Holes
* We are able to pin-pointlocations on the sky

* We were able to directly measure the mass, and therefore can
confirm mechanism of electromagnetic observations

* We havean independentdistance measure to source
 Canturnanun-impressive gamma burstinto an off-axis kilonova

* Experimental evidence of what makes a large fraction of precious/
rare-earth metals found in the universe

A brand new way to look at the bright and dark universe

Image Credit: Aurore Simonnet
UW Bothell 2018-10-24 35
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&) GW170814: Triple Coincidence!

Rapid Response
LIGO Only: 1160 deg?

——

Rapid Response
LIGO and VIGO: 90 deg?

Finalized Location
LIGO and VIGO: 60 deg?

The Moon and Sun
(from Earth)

-1.0

PRL 119.14 (2017): 141101
UW Bothell 2018-10-24 36
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4{% Oh — One More Thing...

W\W GW150914
I

LVT151012

GW151226

AN O

WVVWWW% GW170104
WWWVWVW# GW170814

0 slec. | 1 slec. | 2 slec.
time observable by LIGO-Virgo

UW Bothell 2018-10-24 37



'
(=Xeyy, ol ’
Cv@fl Y

. GW170817 I

Frequency (Hz)
[HY
o
S

-30 -20

Time Until Collision (sec)-
Primary: 1.36—1.60 solar masses D =403, Mpc

Secondary: 1.17-1.36 solar masses =0.13 billionlightyears
= 4.1 quadrillian light sec

This is a really close, binary *neutron star* collision!

UW Bothell 2018-10-24 38




£.JJGW170817 and Gamma Ray Bursts 2

D, Gamma rays, 50 to 300 keV GRB 170817A
@ o 1500
b [ =
Fermi :
0
g 1,000
2
c
3
i end
Gravutatlonal-wave straln GWI1 7081 7
| e 4 'Nw \‘" “f Y ﬂﬁn Ao
; W
g 300 \l 'w ey .b 1,;’ ‘f
2 ™ d"‘} c'f .\ 12
e “ *‘{sari ¥ P -
@ - B - ‘ "
= .Okt " : { - o H
g 100 > P g b =
';.‘ .‘. .“v --‘
’ e e -
-6 -4 =2 0 2 4
Time from merger (seconds)
Gamma rays, 100 keV and higher GRB 170817A
T 120,000
o]
2
§ 115,000
€
3
3
110,000
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? GREAT

: Virgo didn’t see

GW170817

7

\

N
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oo AN
o
(SSEmaEENIN
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., :o'nnnwnk..,«K

AALEZEA LD

J

40
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Most Sensitive
to GW waves directly over head,
or directly beneath

Like a single microphone,
only one detector, can’t
tell much about from
where a gravitational Cannot detect waves

along the plane of
the detector

wave has come

UW Bothell 2018-10-24 41



/}/ GW170817: thereaf)n_the.sky.? m

The incredibly small region on & . .- 1-@&““" '
)
the sky . ,ﬁ,g“ . ° '~ VIRGO
LIGO Only: 190 deg? — R e .
. ’*}0‘9 R ) ey S A .,
Rapid LIGO & VIRGO: 31 deg? : ‘0&* ¥ e e L
' s | b4 ’
vig® ‘ .
Final LIGO & VIRGO: 28 deg? . " . 4]
— . o B e . CORVUS
- .. P
o b & . o .. o
. . A s |
~30 galaxies oo - g
. ¥ ® 1] -20)¢
are within : T
LIGO/Virgo /. BSPEY ' /A RiE
( Y
error bo /
I B G
Seashell Galaxy S B Secesssasess T . L
(M83) i 1 -30¢
e .CENTAUR L{S
Nature 551. 2017): nature24291 . , C b~
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459@ GW170817: Where on the sky? @

NGC4993 +

UW Bothell 2018-10-24 43



KZJ Found It! And They Saw it Evc?lve!

' Aug. 18
-

‘ oL I
.
. -
. L Swift Ultraviolet
» . A‘
i NGC4993
Hubble Optical * .

Images courtesy of NASA / ESA | %ndra e
UW Bothell 2018-10-24 . - 44



4@@ Who saw GW170817?

gammaray  X-ray  ultraviolet visible infrared  microwave radio

UW Bothell 2018-10-24 45



Gamma rays, 50 to 300 keV GRB 170817A

D =407, Mpc P
=0.13 billionlightyears i 1o
= 0.76 sextillion miles U .
= 1.2 septillion meters
Gravitational-wave strain GWI1 7081 7
tight — tow = At = 2 sec g ol Ay
&
£ g o
v=D/t : v y . : :
c = speed of light T e e

oY AN
oW =c— = 5e-16
C D
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) So What Is It?

A On-axis Weak sGRB B Slightly Off-Axis Classical sGRB
Weak Afterglow A Afterglow NOt a Y/
> (X-ray/Radio) . § (X-ray/Radio)

Not a supernova,

Weak y-rays b ut d KI LO NOVA:

Macronova
SGRB% ; % (UVOIR)

Weak

%SGRB %

Macronova
(UVOIR)

n. /'ki:lss:naovva/ A collision of
neutron stars, which emit a jet of
gamma rays, that explode into the
surrounding stellar media

C Cocoon with Choked Jet D On-axis Cocoon with Off-Axis Jet
A Afterglow A pfterglow 3 Dy Explcing -
§ (X-ray/Radio) =.; (X-ray/Radio) e S5 fusion B stars stars "

B4€ Cosmic Merging Exploding % (6:‘ i '\1106

ray neutron white

Mg fission stars dwarfs Al Si Ar
12 o e 18
i/ Mn F Ni Z K
Weak y-rays (2)0a Sz1c 22| 23 %r 25n 2ee C27O 28| (2:9u 3(? (§|1a Csaze ser
Macronova St Y :Zr.:Nb::Mo Tc ‘Ru Rh :Pd Ag :Cd ~In :Sn Xe

UVO|R g sagy 40010041 42 43 44 45 46 47 48 49 50" 54

Ba Hf :Ta :W- Re Os Ir Pt Au Hg Tl :Pb Bi Rn

56 72 73 74 75 76 o 78 79 80" ==g¥™=. 8D 86

Ra

g ﬂLa Ce :Pr iNd-Pm Sm Eu Gd Tb Dy Ho Lu

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ac Th Pa U Np Pu

Wikipedia: Cmglee
89 90 o1 92 93 94

Data: Jennifer Johnson (OSU)

Credit:Jennifer Johnson/SDSS
Kasliwal, M. M., et al. Science (2017): eaap9455 They produce most of the heavy / precious

I
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Not a ,
ght Not a supernova,

1a but a KILONOVA:

&Y  cmg

XRefy / Radio
(g plus
cays/vears)

/\V,O tical, Infrared
adiation
plus hours/days)

ision!

rcsm this arftgzing event
)
Kasliwal, M. M., et al. Science (2017): eaap9455 Yi, Tuan et. al MNRAS 476.1 (2018): 683-689
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