Gravitational Waves:S
Ripples in Space- Tz\m'f’ il
from Colliding Black; I
and Neutron Stars\

Brlan Lantz, Nov. 201\7 i&,

for the LSC, Virgo, & 5 ,{_
~2500 astronomers\ 4“ Ty




AL 1GO
LIGO Scientific Collaboration

1 1 WASHINGTON S’]_‘A:J_’E CALIFORNIA STATE UNIVERSITY
TRINITY @ Andrews 8 University 3 UNIVERSITY FULLERTON AZINA

THE UNIVERSITY OF
UNIVERSITY “ oy " 4 n MONTCLAIR STATE B ALABAMA IN HUNTSVILLE
A Ryips 1nd1go E;F NICLAIR o1 bl University

& ¢ A7 Australian
\\_D;/> !“ STATE UNIVERSITY = Q]FGIaSgO . Bﬁ-lt:/%?g!tv
WHITMAN sl = WEST5f SCOTLAND % Vs’ e rf f }- .,f? S e
CoOLLEGE AMERICAN =9 s i, @ o 1 )

UNIVERb]TY TEXAS TECH Tmgnn-s®  Tsinghua Unwerswy

..........
UNIVERSITY.

Max Planck Institute s NIVERSITY OF
for Gravitational Physics TRATHCLYDE

ALBERT EINSTEIN INSTITUTE

/
@ /
/ ,v’

GODDARD SPACE FLIGHT CENTER

e del Sannio ClTA | |CAT 8§ UNIVERSITY OF

 ® <% CAMBRIDGE
P W

—_— MONASH UnlverS|ty l l
4 iR sl € o IN THE CITY OF NEW YORK
L2 OF ADELAIDE
m UNIVERSITY [EE]}) Austraua Si=

MISSISSIPPL w %’Q UNIVERSITYOF
: THEPZ:I IVERST:;; OF ‘
UNIVERSITY oFf MELBOURNE

¥ WESTERN
$ AUSTRALIA

.. THE UNIVERSITY OF

& CHICAGQ v
. Caltech

Universitat

de les Illes Balears

Urnver51ta

PAH degli Studi

gy BIRMINGHAM

1 WASHINGTON

UNIVERSITYof WISCONSIN

UVWMILWAUKEE
e

&SF UN 6 0 0

JT":}Z:J%‘:E CARDIFF
m E&:T:;f 33 B UNIVERSITY
' \ DED hﬂx AERDY
| MONASH @ UF ‘ UNIVERSITY of G U \ &
University FLORIDA I eorgia nsiie
L su University ) @ﬁTechm@H@@y

of Southampton

=] CHARLES STURT
\&/

LOUISIANA STATE UNIVERSITY ; U N [ "a" E R S I T YI
1 Leibniz @ PennState é(g Science & Technology Facilities Council
R Elﬂ | DLE ' Universitat 3 ‘;| \ B e
3 JEHH,!H o et HAnfosar W% Rutherford Appleton Laboratory




AL 1GO
LIGO Scientific Collaboration

1 1 WASHINGTON S’]_‘A:J_’E CALIFORNIA STATE UNIVERSITY
TRINITY @ Andrews 8 University 3 UNIVERSITY FULLERTON AZINA

THE UNIVERSITY OF
UNIVERSITY “ oy " 4 n MONTCLAIR STATE B ALABAMA IN HUNTSVILLE
A Ryips 1nd1go E;F NICLAIR o1 bl University

& ¢ A7 Australian
\\_D;/> !“ STATE UNIVERSITY = Q]FGIaSgO . Bﬁ-lt:/%?g!tv
WHITMAN sl = WEST5f SCOTLAND % Vs’ e rf f }- .,f? S e
CoOLLEGE AMERICAN =9 s i, @ o 1 )

UNIVERb]TY TEXAS TECH Tmgnn-s®  Tsinghua Unwerswy

..........
UNIVERSITY.

Max Planck Institute s NIVERSITY OF
for Gravitational Physics TRATHCLYDE

ALBERT EINSTEIN INSTITUTE

/
@ /
/ ,v’

GODDARD SPACE FLIGHT CENTER

e del Sannio ClTA | |CAT 8§ UNIVERSITY OF

 ® <% CAMBRIDGE
P W

—_— MONASH UnlverS|ty l l
4 iR sl € o IN THE CITY OF NEW YORK
L2 OF ADELAIDE
m UNIVERSITY [EE]}) Austraua Si=

MISSISSIPPL w %’Q UNIVERSITYOF
: THEPZ:I IVERST:;; OF ‘
UNIVERSITY oFf MELBOURNE

¥ WESTERN
$ AUSTRALIA

.. THE UNIVERSITY OF

& CHICAGQ v
. Caltech

Universitat

de les Illes Balears

Urnver51ta

PAH degli Studi

gy BIRMINGHAM

1 WASHINGTON

UNIVERSITYof WISCONSIN

UVWMILWAUKEE
e

&SF UN 6 0 0

JT":}Z:J%‘:E CARDIFF
m E&:T:;f 33 B UNIVERSITY
' \ DED hﬂx AERDY
| MONASH @ UF ‘ UNIVERSITY of G U \ &
University FLORIDA I eorgia nsiie
L su University ) @ﬁTechm@H@@y

of Southampton

=] CHARLES STURT
\&/

LOUISIANA STATE UNIVERSITY ; U N [ "a" E R S I T YI
1 Leibniz @ PennState é(g Science & Technology Facilities Council
R Elﬂ | DLE ' Universitat 3 ‘;| \ B e
3 JEHH,!H o et HAnfosar W% Rutherford Appleton Laboratory




. |_| G D National Science Foundation + International partners L SC
LIGO Scientific Collaboration

. o WASH INGTON S[A I'E CALIFORNIA STATE UNIVERSITY
@ AHdTGWS & UIllVGI'Slty [UNIVERSITY FULLERTON m
TJEJJE\LEITJ 2 - o AUTHE UNIVERSITY OF
I AL m 1nd1go z % MONTCLAIR STATE B University

) UNIVERSITY & of Glasgow ﬁgﬁ’gﬁg?n
| n 2
i jd) & UNIVERSITY OF THE I_Iﬁ % -r-t ',f f ‘,é UnlverS|tv
WHITMAN meome WEST of SCOTLAND _: % P_, a }, =
COLLEGE AMERICAN , -ﬂ; )
L_J_NI_V_EBbEY st > TEXAS TECH T Tsinghua Unwerswy
: : UNIVERSITY.
Max Planck Institute G o NIVERSITY OF
ﬁ for Gravitational Physics TRATHCLYDE
ALBERT EINSTEIN INSTITUTE

THE UNIVERSITY OF

¥ WESTERN
$ AUSTRALIA

Urnver51ta

‘deiSanmio.  CITA|ICAT S8 UNIVERSITY OF
@J‘ Theoreteai ahapnyeics  38raphyae horiue @ ‘;‘ 5 C AMBRIDGE
= MONASH UnlverS|ty
4 LS F ADELAIDE e IN THE CITY OF NEW YORK

mEUNIVERSITY o == AUSTRALIA \4‘:" Z
M1SSISSIPP1 wwre e UNIVERSITYOF S |
' . BB BIRMINGHAM =% “

% ® " THE UNIVERSITY OF

' UNIVERSITY oFf MELBOURNE

WASHINGTON

GODDARD SPACE FLIGHT CENTER

PAH

.. THE UNIVERSITY OF

CHICAGO HeMs
: Caltech

Universitat

de les Illes Balears

ex ”;P 6 00
UNIVERSITYof WISCONSIN ILE h
1= r.I"
UVWMILWAUKEE gt W CARDIFF
— m E&:T:;f 33—4 UNIVERSITY
- =]

7

/? MONASH @ UF‘UNIVERSITY of
FLORIDA Georglaﬂmgﬁuﬁuﬂ{ﬁ@
Umversﬂy Dniversity @ﬁTGCh[m@H@@y gmmmmﬁ UWave gwwp

of Southampton CHARLES STURT

LOUISIANA STATE UNIVERSITY “ Q U NIVEMRSITY
i ﬁvElﬂ { Lelbnls |:° ' PennState / Science & Technology Facilit i
b i ! Uni itat 7] gy Facilities Council
ngq!ﬂw  fannover /‘*' ‘ W@ Rutherford Appleton Laboratory



International Network
_LIGO Hanford . 600"

o

o = K

[— el
e
g CANADA
““1»" > — SRR
"’ 53
“O\Co'l“ e
S
e = ™ 5 s
) PO - e e 1 P
i - x
e UNITED STATES &

S

—, -
MOt Cunas Sdes N Ll -
“L : UcAra
-"‘--".-:':-'. e Wy o ey (Wampda” WENYA
Casow™ B DEMOCRATIC s —
van o e ’
L g REPUSL ?
~—— ! OF THI CONCO e et S 5 >
-3 ~ = e e .-.". p— . v A :
e et i - et 7 NOW CUINEA
TANL P cund
a Vo e haady p
\ B = .
e -t L
4 Gemtete Lol N —
ANCGOLA x e " s i N, :
o aim = = S & e
= . = [ —
- by P e
{ t=ry :
e ndeavesaut : = -
R T : s
Narma 3 P — -
= P e e T
—
~.~"".-‘ BOTIN AN =
= =
r —— -
elora ——
- 4 AUSTRALIA
£ N MATAO
WOUTH s 5
AFRICA
o7 - -
-— At [
s = -~ P
T Catns, ey
" —.—
THTAN D4 U
s by
——— g e
—
o
—
——te o ‘
e oI : :
it -
-
———n
. ] -
e mge e e —
o s a
SITR -
T .-
R
\\:
\\
~
&
. Antarctica

- N - ———— e " =

map from http://www.nationsonline.org/maps/political_world_map3000.jpg



http://www.nationsonline.org/maps/political_world_map3000.jpg

Creenland
DOrAALE

Jev—
MONCOLIA

ALGERIA

-
. - e
_.;--‘ Lo £ ond ATECAN BIPBC SUDAN SOMALIA eas —
— sy (P - o
. Ounas e . T
: ——
e v e Y. — 'l' o
concm' ) DEMOCRATIC —
AN e
— N REPUBLC g
OF THE CONGO b e ! anend e et .
o ——ce Ponagiond TS e - NEW CUINEA
*—-: ) oo n —
TANZANIA Fontes - - — ~
’ g s o~ - L
- e e——— bgn .
< B - A— .
ANCOLA b ll—.l Eaed 1-—' ————
- — e
"‘“.. - . o ——
. — s e
— — Lot
e avaut 418 > s
D, . -
o § o APPSO L -
*~~—l BOTIN AN = L -
— et
e mand
P s i AUSTRALIA
e i
D MATAND
SOUTH s
APRICA o7 =
—
Vet =
-
22 2 Ty - =
-
prbe
by
Cem—
g st —
———— Sy ;
v‘-' s L
- - R
—— i e o
™
—_— o
Sty - =
e i &
— -
s s
ety 0
—
B
~ewe

- -~ Antarctica

s @ - ————" —— -

map from http://www.nationsonline.org/maps/political_world_map3000.jpg



http://www.nationsonline.org/maps/political_world_map3000.jpg

/LI

O Hanfora

e
N

Strain (10%7) Strain (10%7)

Strain (102")

1.0
0.5
0.0
-0.5
-1.0

1.0
0.5

-0.5
-1.0

1.0
0.5
0.0
-0.5
-1.0

i
| A
all |
= I )
Aalk
Sy ¥ )
T iAl | I
AAL
L] | ALY
) '\ . |
i

| i |
_L|GO Hanford Data Predicted

I | |
| LIGO Livingston Data Predicted

0 India

bject approved

———

_LIGO Hanford Data (shifted)

| LIGO Livingston Data

| B YL N . v G

| | |
0.30 0.35 0.40
Time (sec)

1
0.45

Porg/maps/political world map3000.jpg


http://www.nationsonline.org/maps/political_world_map3000.jpg

Sept. 14,2015

GEO 600

R

_LI_GQHanfor

F

Antarctica

s 20 ——— —— -

map from http://www.nationsonline.org/maps/political_world_map3000.jpg



http://www.nationsonline.org/maps/political_world_map3000.jpg

Aug 14,2017

~“GEO 600 .

Greenland
SOramats
—
RUSSIA
-'; ey funtd eecaa
- | S p—
Ja— p——
—
P A—
KAZAKHITAN g M- -
o MONCOLIA ~te
S &5 S oot o e e L
—
— e
——
]
- pon -
) CHINA &
oval .
g fov. s
e P e e W i, 3 .
' Bt et - o o— - . o
ALGERIA mny /MR, L s R 3 <
p R & - z — 3 .
LCYrY SAUDI  wmein - oyt e
PP — . - Y, T = -
— ¢ " g e — et 7m0 E
ARABLA a0 e g .
e —-— i
! — Cmaan B el T BURMA
e e, INDIA
! ot P=
R [V -
-~ - YoneN Syt . a]
SUDAN -, sl o —
-a i - =
— -~ T # nacnce
| a - : Leae
SOUTH EC
LTHOMA o
¢
SUDAN - =
o AOMALLA s ——
LD e e
St "'1"‘ .th -
P “= DEMOCRATIC —
e ae i
L TR . o O~ REPUBLC ﬂ__‘-
et = PR . OF THI r:\Ln e ——— s vt L :
- - e o R - NOW GUINEA
e P — TANZANIA e S 4
2% — wvonin == o ”m
> amn e e
BRAZIL S - -t ,
et — Cvasms vt e e
ANCOLA S Nomcncs e o o — .
Nt - 5 —~— — e — e
e —_— o - el [ —— Y —
- - r—— 3 . -t el
—— — A
—— o 2 S e (- T8
= ’ - 3 = = s
PARACUAY PR __~"-A- BCTIN AN — H—
- o ]
Ao e, - P e
. .
— 7 ewera $ Q- AUSTRALIA
ey e one AN —e
- SOUTH s
APRICA
- Ay B by
— —
L. - — ' n -
'-. o, —— ot Ca— b
: 4 |
- TITA 34 Ut !
2
-—-5 - f—
— —-
——
ot s - —
- arw e . v -.Ir.
— e —1
.
. —
e v S— F~
o mrge e b -
e e — ——
i
T .-
e
" ~
~— ~
- -~ Antarctica o
T— N - ———— e " .

map from http://www.nationsonline.org/maps/political_world_map3000.jpg



http://www.nationsonline.org/maps/political_world_map3000.jpg

o

j
Wy

Aug. 17,2017

i)



two black holes merging

VER SR oyt Led
e >

http://mediaassets.caltech.edu/gwave



two black holes merging

VER SR oyt Led
e >

http://mediaassets.caltech.edu/gwave



advar}cedligo

What is a Gravitational VWave!

Implies immediate
action at a distance

Sir Isaac Newton

Earth By NASA/ApoIIo 17 crew taken by elther Harrlson Schmltt or Ron Evans

‘{3' - http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
' apple by Abhult Tembhekar from Mumbal Ind|a 7

E e A SN . S NS, TSR L. . ¥ O o

By Sir Godfrey Kneller
- //www.newton.cam.ac.uk/ar rtrait.html

o I



http://www.newton.cam.ac.uk/art/portrait.html
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What is a Gravitational VWave

Predicted by Einstein in 1916 as part of GR.

“Spacetime tells matter how to move,
matter tells spacetime how to curve”

- J. A. Wheeler
There are traveling wave solutions, the
waves propagate at the speed of light

TUR .

i

-, } NI ) 3 v 3
\ ; Ly AR TR R v AARREEE CA T <
I t E IN¢ t i TR
Albert Einstein R -
‘\;\;- “‘ = W""‘ — —-
|

Photograph by Orren Jack Turner,
Library of Congress digital ID cph.3b46036. G1602450 10
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What is a Gravitational VWave

EINSTEIN STMPLLFIED iy
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The LIGO concept  “

~
~~~~~. 0
~ i

Time =0 T = 1 Period

4km arm cavity

4km arm cavity

input light

D W

output light, containing

gravitational wave signal
G1602450 13
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The LIGO concept  “

Gravitational waves are hard to
measure because space doesn’t like to
stretch.

Our signal strain (h) = 102/,
dL = 4*10'8 meters

(that’s why it’s taken so long,
Einstein 1916,Weiss 1973)

4km arm cavity

4km arm cavity

input light

D W

output light, containing

gravitational wave signal
G1602450 15
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The LIGO concept  “

Gravitational waves are hard to
measure because space doesn’t like to
stretch.

Our signal strain (h) = 102/,

dL = 4*]0-'8 meters 3 Th|ngs we do:

(that’s why it’s taken so long,

Einstein 1916, Weiss 1973) ) Really long arms.

4km arm cavity

4km arm cavity

input light

D W

output light, containing

gravitational wave signal
G1602450 16




LSC . advancedligo
-Layout of the interferometér™ ™

Goal 2: Measure distance —_
change of arms very accurately
4 km i
T Input i
Mode :
Cleaner !
J
o3 ™
PRM PR2 T |-
Laser H>—{dp, %@125 Wﬁ/ﬂ % CP\w IT™ ETM
52 KW BS | 750 kW |
PR3 SR2 T=1.4% ERM
'SAM = SR3
PD
; N -> @ »» GW readout

Output
Mode
Cleaner

5 |7









Fabry-Perot arms weveneedioe

ERM
Goal 2: Measure distance —_
change of arms very accurately
4 km i
T Input :
Mode :
Cleaner !
{
o w about 300 bounces
Lasor oo w@wsw%v PR2
M
PR3 SR2
'SAM SR3
PD
,_—>© »» GW readout

Output
Mode
Cleaner

iy g 19



LSC advancedligo
LSC ) Power :

ERM
Goal 2: Measure distance —
change of arms very accurately
4 km i
T Input :
Mode :
Cleaner !
{
. IT™
PRM PR2 T -
d’m Wmswﬂ/ﬂ CP\W IT™ ETM
5 2 KW %BS | 750 kW |
PR3 SR2 T=1.4% ERM

20
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Power recycling

ERM

ETM

Goal 2: Measure distance
change of arms very accurately

|
4 km !

|

|

i Input :
Mode |

|

|

Cleaner

800 WV in PRC now=— ‘

15 W
5.2 kW

PR3

100 kW now
in each arm

Laser —>—{$n

ETM

ERM

~ (750 kW final)
5.2 kW in PRC

Power Recycling Cavity ...
increases stored light to improve
quantum noise limit

PR > (@) »» GW readout
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-Layout of the mterferomet Y

Goal 3: Keep the —_
mirrors from moving §
4 km i
T Input :
Mode :
Cleaner !

|
\/
ITM
T=3% ]
PRM PR2 -
Laser >—Pnm FrHRW CP\W IT™
— BS
5.2 kW
PR3 SR2 T=1.4%

pp» GW readout

22
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mhe LIGO vacuum equipment,

drawing courtesy of Oddvar Spjeld 12450 23
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Overall Isolation of Test Masses

_ T 3xi02 m/+/Hz at 10 Hz
BSCQ '!'7/ \ ",
HEP!I R 4

" Large Optic
(business end of SUS)&&

G1602450



LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter
20 cm thick

Suspended as a
4 stage pendulum

G1602450 25



LIGO Mirrors:
Synthetic fused silica,
40 kg mass

34 cm diameter
20 cm thick

Suspended as a
4 stage pendulum

Best coatings available

Motion at 10 Hz set by
thermal driven vibration

silicate bonding creates a monolithic final stage
G1602450 26
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Optical
Table

optics table - stage 2
stage |
support - stage 0 —

G1602450 29
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optics table - stage 2

stage |
support - stage 0 —

G1602450 30



LSC advancedligo
LSC) Now we are ready... g

ERM
|) Long Arms o
2) Precise length measurement !
3) Quiet Mirrors §
4 km i
T Input i
Mode |
Cleaner !
{
o IT™
PRM PR2 T |-
Laser H>—{bm WD—EQE’ L M/ﬂ % CP\W IT™ ETM
52 W BS | 750 kW |
PR3 SR2 T=1.4% ERM
'SAM = SR3
PD
V ~ - —>© »» GW readout

Output
Mode
Cleaner

iy g 31
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LSC ) Best fit with Heneedis
Numerical Relativity

| |
Initial Masses: nepial METOST Sown
29 (+4/-4) & 36 (+5/-4) M | O ¢e
Final Mass: j
62 (+4/'4) Msun o il ﬂ ]
- \/\./\/\/\/h k-
o
= 0.0 | /\/v»'
£
C-0.5 | :
5 V | |
DiStance -1.0 —Numerical relativity ]
-Reconstrlucted (templat?) | |
420 (+160/-180) MPc A | | | .
T . £ 0.6 F 44 =
(I ,3 Bl”lon Ilght yearS) 2 0.5 || — Black hole separation -4 3 S
["] === Black hole relative velocity 12 B
© 04 F =
w 41 ©
= 0.3 | | | L 10 5)’)’

0.30 0.35 0.40 0.45

Time (s)
http://dx.doi.org/10.1103/PhysRevLett. | 16.06 1102 G1602450 37
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Best fit with e
Numerical Relativity

Initial Masses: nepi METOer own
29 (+41-4) &36 (+5-)Mun | @ & EXT
Final Mass: j
62 (+4/'4) Msun o Hor ﬂ ]
. T 0.5 A A .
Energy radiated 2 ool
3 (+0.5/-0.5) Mgun 2 505 J\ T
DiStance -1.0 _;gumeritcal rteljt(i;/ity e V ]
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Neutron star & San Francisco composed of dense neutrons
Supernova remnant hot topic in astronomy
~|.4 solar masses pulsars, Hulse-Taylor
kilonovas...




* LIGO software finds trigger in
LHO data - 5:41:04 am Pacific

, 100

time, August 17. .

* LIGO realizes that Fermi GBM -
has triggered on event |.7  —
seconds after GW merger. =
Q

* Thus, BNS mergers cause 5 100

short gamma-ray bursts. E 50

* Finally solving a mystery 500
uncovered by Vela-4 in 1967.
(as predicted by many).

* Forcing a best match to Virgo
(~in the blind spot, so SNR is 50
only 2!)
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LSC ) GW + GRB + Kilonova

/ Fermi/
0° 's GBM
16h 1

IPN Fermi /
INTEGRAL

There is matter, and we can watch it

h

8h
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The sound of the Gravitational VWave

GW150914

LVT151012 AAMAAAAMAWWIE

GW151226

GW170104

GW170814 J\/\/\A/V\/\/\W

GW170817

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
time observable (seconds)

LIGO/Virgo/University of Oregon/Ben Farr



The sound of the Gravitational VWave

GW150914

LVT151012 AAMAAAAMAWWIE

GW151226

GW170104

GW170814 J\/\/\A/V\/\/\W

GW170817

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
time observable (seconds)

LIGO/Virgo/University of Oregon/Ben Farr



We suspect that ~1/2 of all heavy elements are created in kilonovas.
Energetic explosion in a neutron rich environment -> nuclei in ejecta

GW170817: The Merger of Two Neutron Stars

®

Matter Density Gravitational Waves Ge‘};%iﬂ[&



We suspect that ~1/2 of all heavy elements are created in kilonovas.
Energetic explosion in a neutron rich environment -> nuclei in ejecta

GW170817: The Merger of Two Neutron Stars
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Matter Density Gravitational Waves Ge‘};%iﬂ[&



advancedligo

Amazing measurement set
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LIGO, Virgo
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Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR

HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

IR

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-V
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Radio
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Many things learned  *“™

*These events do happen!
*These events happen (330 - 4500) times / GPc3 Yr!
*They follow an evolution similar to kilonova predictions

*They constrain the ‘stiffness’ or Equation of State of
neutron stars

*You can get an estimate for the Hubble constant
*Many papers out now, many more expected

* Triumph of Multi-messenger astronomy
distance, (HO/ angle), jet size, adiabatic glow vs. jet beam

G1702071 5l
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Many questions remain,

eHow common are kilonovas!?

*Can they accurately predict the abundance of heavy
elements?

*This event was ~1000x less bright than other gamma-ray
bursts with known distance - observer effect!?

*VWhat’s going on with the jets!?
*Did it merge into a big neutron star or a small black hole?

*Did it collapse to a BH later?
Is that why the x-rays were late to the party!?

*VWhat'’s the equation of state!

eCan we learn more about the Hubble constant?

G1702071 52



and we will be looking.
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*| |GO is down for ~ | year making upgrades, preparing for O3.

02
end

20

e LLO

Prep ‘

Corner volume: scattered light .
Commissioning
baffles, new SRM, etc beriod wihigher
Squeezed light power &
upgrade squeezed light

GV repair, chevron baffles

ETM & ERM replacement

Commissioning

IO I I |3 I I |6 I I

Prep

months

LHO

Corner volume: new ITMX, scattered Squeezed light 2
light baffles, new SRM, etc upgrade g
£
£
0W ERM & ETM replacement §
amp |

Cryo-pump decommissioning, chevron baffles

P. Fritschel report to NSF  Gi702071 53
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¢ NANOGrav

The spectrum of gravitational wave astronomy
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¢ " NANOGrav

The spectrum of gravitational wave astronomy

All three experiments measure
e changes in light travel times

-5 Pulsar Timin :
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The spectrum of gravitational wave astronomy
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The spectrum of gravitational wave astronomy
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new ways to see the sky

The Deep Sky

© 2000, Axel Mellinger
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new ways to see the sky

The Deep Sky




Credit: NASA/DOE/Fermi/LAT Collaboration




Nova V407 Cyg'




Nova V407 Cyg'




Credit: NASA/DOE/Fermi/LAT Collaboration



-
Nova V407 Cyg'

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)
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LIGO CHECKLIST
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LSC ) Supernovas and remnan§“*“ "

Crab Nebula, supernova in 1054,
now a spinning neutron star

I = l

Feb. ‘94 Sept ‘94 Mar. ‘95 Feb ‘96

Supernova 1987A Explosion Debris
Hubble Space Telescope « WFPC2
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PRC97-03 « ST Scl OPO -« January 14, 1997 « J. Pun (NASA/GSFC), R. Kirshner (Harvard-Smithsonian CfA) and NASA

- HST photo qoLlrtesy of ESA -
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erferometer’s Antenna Pattern™
LIGO is not an Imaging Detector

* Antenna pattern for aLIGO, for an
optimally polarized wave.

*LIGO is more like a microphone than
a telescope.

*i.e.We measure the amplitude of a
wave coming from pretty much any
direction.

*Good for first detections, but not so
good for finding the source.

From R. Adhikari, P1200121.









; ; G060xxx 66
| | — D(Hy | GW170817)
adv; | | Planck?’
I I SHoES!8
0.04 — I I
| |
| |
| |
| |
| |
(%) | |
o 0.03 - I I
= | |
n | |
- | |
| |
£ ! !
~ | |
S 0.02 -
I
S I
| |
| |
| |
| |
0.01 ! !
| |
| |
| |
| |
| |
: | | :
0.00 - ] | — | | 1 | | —
50 60 70 80 90 100 110 120 130 140

Ho (kms~tMpc™1)
Figure 1 GW170817 measurement of H, . Marginalized posterior density for H, (blue curve). Constraints at 1-
and 20 from Planck and SHoES are shown in green and orange. The maximum a posteriori value and minimal
68.3% credible interval from this PDF is H = 70.0+129:-80km s-1Mpc~1. The 68.3% (10) and 95.4% (20)
minimal credible intervals are indicated by dashed and dotted lines.

A gravitational-wave standard siren measurement of the Hubble constant

The LIGO Scientific Collaboration and The Virgo Collaboration, The 1M2H Collaboration, The Dark Energy Camera GW-EM Collaboration and
the DES Collaboration, The DLT40 Collaboration, The Las Cumbres Observatory Collaboration, The VINROUGE Collaboration & The MASTEI
Collaboration
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Detection statistic

Modeled search

> 4.90

10 490

- Background excluding GW150914
Background including GW150914 |7
GW150914 '
Search results

Number of events

...............................................................................................................

.............................................................................................................

i

8

Detection— statistic, p.
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re did that signal come from?

LVT151012

GW151226
It's hard to say...

______ H
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LSC
LSC) The End/ The Beginning...

advancedligo

How many black hole collisions can we see”

?

p—t
-
\V)

—
)
o

how many events might we observe
= —
| )

10° =

02 O3 |

‘ 10 100

how much space can we look at?
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CBC template bank ~ ““"™
_I ! ! e o ! ! .‘.\....I_
1 T hal <09895, [xo| <005 o\ | (justat the edge...)
1 5 Ixa2l <005 ]
—
= 10! -
q\| i
m ]
(D .
(O i
E -
109 -
10°

Mass 1 [M ]

FIG. 1. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m; > m,. The lines bound mass regions with
different limits on the dimensionless aligned-spin parameters )| and
X>. Each point indicates the position of a template in the bank. The
circle highlights the template that best matches GW150914. This

G1602450 71
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Modeled search
103 <20 30 40 490 > 4.90

5 Backgfound exc;luding GW150914
10 Background including GW150914 ;
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i Search results 1
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Detection statistic, p.
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GW150914 2015 <5x10°6 <2x10 2812 3612 29+4 —0.061017 4101160
09:50.45 (>5.10) 2 4 4 0.18 180
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09:54:43 (2.10) |
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Time (seconds)

AN

500

N

Normalized amplitude

FIG. 2. Mitigation of the glitch in LIGO-Livingston data.
Times are shown relative to August 17, 2017 12:41:04 UTC.
Top panel: A time-frequency representation [57] of the raw
LIGO-Livingston data used in the initial identification of
GW170817 [62]. The coalescence time reported by the search
is at time 0.4 s in this figure and the glitch occurs 1.1s before
this time. The time-frequency track of GW 170817 is clearly vis- 50
ible despite the presence of the glitch. Bottom panel: The raw
LIGO-Livingston strain data (orange curve) showing the glitch
in the time domain. To mitigate the glitch in the rapid re-analysis
that produced the sky-map shown in Figure 3 [63], the raw detec- 1
tor data was multiplied by an inverse Tukey window (grey curve, s
right axis) that zeroed out the data around the glitch [64]. To mit- S " Strain data
igate the glitch in the measurement of the source’s properties, a N .
model of the glitch based on a wavelet reconstruction [65] (blue lCD - Glitch model
curve) was subtracted from the data. The time-series data vi- ';
sualized in this figure have been band-passed between 30 Hz and ~—"
§
=
N

Frequency (Hz)
(\O)

I

2 kHz so that the the detector’s sensitive band is emphasized. The
gravitational-wave strain amplitude of GW170817 is of the order
of 10722 and so is not visible in the bottom panel.

\
|

|

o |
Window amplitude <

-6 ' | ' | |
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Time (seconds)

-0.25 0



advancedligo

15h

14

12h

FIG. 3. Sky location reconstructed for GW 170817 by a rapid lo-
calization algorithm from a Hanford-Livingston (190 deg?, light
blue contours) and Hanford-Livingston-Virgo (31 deg?, dark blue
contours) analysis. A higher latency Hanford-Livingston-Virgo
analysis improved the localization (28 deg®, green contours).
In the top-right inset panel, the reticle marks the position of
the apparent host galaxy NGC 4993. The bottom-right panel
shows the a posteriori luminosity distance distribution from the
three gravitational-wave localization analyses. The distance of
NGC 4993, assuming the redshift from the NASA/IPAC Ex-
tragalactic Database [91] and standard cosmological parameters
[92], 1s shown with a vertical line.

75



GO060xxx 75

advancedlian
3000 ;

3000 -

2500

2000

Less Compact Less Compact

A

= 1500 i

\
\
1
1
ol

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
A1 Al

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines).
The diagonal dashed line indicates the A; = Ao boundary. The A; and Ao parameters characterize the size of the tidally-induced
mass deformations of each star and are proportional to ko (R/m)°. Constraints are shown for the high-spin scenario, |x| < 0.89, (left
panel) and for the low-spin, |x| < 0.05, (right panel). As a comparison, we plot predictions for tidal deformability given by a set of
representative equations of state [148—152] (shaded filled regions), with labels following [153], all of which support stars of 2.01 M.
Under the assumption that both components are neutron stars, we apply the function A(m) prescribed by that equation of state to the
90% most probable region of the component mass posterior distributions shown in Figure 4. EOS that produce less compact stars, such
as MS1 and MS1b, predict A values ouside our 90% contour.
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Figure 4. GRB 170817A is a dim outlier in the distribu-
tions of Ejso and Liso, shown as a function of redshift for
all GBM-detected GRBs with measured redshifts. Redshifts
are taken from GRBOX (http://www.astro.caltech.edu/
grbox/grbox.php) and Fong et al. (2015). Short and long
duration GRBs are separated by the standard Tyo = 2s
threshold. For GRBs with spectra best modeled by a power
law, we take this value as an upper limit, marking them
with downward pointing arrows. The power law spectra lack
a constraint on the curvature, which must exist, and there-
fore, will overestimate the total value in the extrapolated
energy range. The green curve demonstrates how the (ap-
proximate) GBM detection threshold varies as a function of
redshift. All quantities are calculated in the standard
1 keV—-10 MeV energy band.



