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WHAIT WAS PROMISED:
INSTRUMENTS + SCIENCE

« LIGO “definition”: Abramovici
et al, Science 256, 325-333.

3 srshue 26052016

LIGQO’s first detector system might see grav-
itational waves, and the advanced detectors
discussed above are highly likely to see
them. Success will probably come between
the first-detector level and the advanced
level, that is, a few years after LIGO goes
into operation.

" The uncertainty in the waves’ strength

arises solely from the uncertain distance to
the nearest such sources. The observed
statistics of binary neutron stars in our own
galaxy, extrapolated to include distant gal-
axies, give a best estimate (32, 33) of 200
Mpc (650 million light years) for the dis-
tance to which LIGO must look to see three
neutron star inspirals per year.
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INSTRUMENTS + SCIENCE

« LIGO “definition”: Abramovici
et al, Science 256, 325-333.
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ooal. alks by Willke, Lundgren.

e icdnmention GEO600,
where allGO technologies
were proved 2005-2010.

G @dlelvered on time and
within budget! And has
operated better than the
target spec!
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DELIVERING THE FIRST SCIENCE

» The experimental effort was matched by intense data
analysis development within the LSC. Talks by Brown,

Capano, Mandel, Bulik showed many of the results of this
work.
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DELIVERING THE FIRST SCIENCE

» The experimental effort was matched by intense data
analysis development within the LSC. Talks by Brown,

Capano, Mandel, Bulik showed many of the results of this
work.

*  What we proved: that LIGO and its data analysis work,

GR describes strong-field gravity well, that BHs exist, that
BH-BH binaries exist and in large numbers.
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RCOMMUNITY ACHIEVEMENSS

 [his could not have been done without crucial

contribu
Talks by

tions from scientists outside the LSC and Virgol!
Blanchet, Hannan, Nagar, Buonanno showed this

clearly: pN theory and numerical relativity are
indispensible.
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contributions from scientists outside the LSC and Virgo!

Talks by
clearly: p

Blanchet, Hannan, Nagar, Buonanno showed this
N theory and numerical relativity are

indispensible.

 (Contributors outside the LSC were not authors but

happily s

ome were recognised by being included in the

award of the Breakthrough Prize: Blanchet, Damour,

Kidder, P

retorius, Scheel, Teukolsky, and Vogt (former

Bl& G director).

B F Schutz

Albert Einstein Institute/Cardiff University

CARDIFF
2605.2016 Meeting the Challenge of Gravitational Wave Astrophysics D

CARDY{



BELD [ RIS 15 JUST [ HE STARS

| 5».\“' g 1 ’ i Fivoreitts WASHINGTON STATE @ CALIFORNIA STATE UNIVERSITY
@ Andrews @ Uniy ersity 3 UNIVERSITY FULLERTON M\

TRINITY ' N THE UNIVERSITY GF
UNIVERSITY "I('| h"“ A1ONTCLAIR STATE M L l]l\&r\l[\ ALABAMA IN HUNTSVILLE
"L )f( NE l\i'( WV 2 Australian

(h@< National
Fre =y University

WHITMAN m RS T o) SLOTAND T ri f * .
COLLEGE AMERICAN O v &
s NIVERSITY a 9 *3 UWS X TEXAS TECHH N7 Tainghua University ﬁ g3t

L, Mas Masck [estitute v OF — . 5" 2a N Y '
ﬁ foe Cayrtatuesa) Phesaes THLT YD # ¢ : re , -{3 '.' |"' "’:L‘ii' \
ALBERT EINSTEIN INSTITUTE ! b= ) || 1) 1 410 7 S fy
UNIVERSTY % CITA?CAT <3 = ' ‘ s ."“:‘ %":}I X : o GOBRA D BIACH 1L CRNTIN
ﬁ WESTERN R degn Stodt | }: UNIVERSITY OF
S/ AUSTRALIA . ® CAMBRIDGE
THE UNIVERSITY O SOU THERN &2 CoLUMBIA UN

- THE UNIVERSITY UNivERsiTY .
l‘--—“ L H ltAb O 'fld" llNlWl'(l" \;_" — @ EFSIA“‘““LA“
: MISSISSIPPL 3§ UNIVERSITYO! h,
l'!' ¢

-__\ . »
~ O 3
‘ A_ )( ).-\ mdlh. UNIVERSITY

CalteCh — BIRMINGHAM 7%
Universitat ‘
s lan Mies Palasvs ',-5-: UNIVERSITY OF

B ; \ |';' ' WASHlNGTON ' stUNu. 6 0 0

N g UNMILWAUKEE ;5 ,‘,:‘*‘,: ‘“-:‘;
Northwestern i) "iol;’w
A MONASH UNIVERSITY of I B Korean
Univers ity UF ’FLORI—DA- Ge%.gcﬁ ' %’& Sravilational Wave gwu?

Unliversity
LSU | J of southampton 5§ CHARLES STURT
. St : \é/ UNTVERSITY
” “l‘ ';(""\ e

Lci'bniz. _ o\’ PennState . & Scdemce B Trckaology Feclitisx Caundl
“HV-RIDDLE s W Rutherford Appleton Laboratory

NASTICAL URIVERSITY Hannover

Ustvassimy oF Nixseson
Mi ||x ‘l RNE

UNIVER T Y WINCONMIN

CARDIFF
3 F Schutz 26052016 | o |
Albert Einstein Institute/Cardiff University [ERERGmA Meeting the Challenge of Gravitational Wave Astrophysics



POt 5 MU

3 crscue 26052016

Albert Einstein Institute/Cardiff University Meeting the Challenge of Gravitational Wave Astrophysics



POt 5 MU

«  We may be seeing BBHSs once a week or more frequently soon.
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«  We may be seeing BBHSs once a week or more frequently soon.

« Astrophysics: population statistics, where and when they arise
(Tauris, Berczik).
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«  We may be seeing BBHSs once a week or more frequently soon.

« Astrophysics: population statistics, where and when they arise
(Tauris, Berczik).

+ Start to do cosmography, independently measure local Ho to <1%
once we have >100 BBH coalescences — end of decade!
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POt 5 MU

«  We may be seeing BBHSs once a week or more frequently soon.

« Astrophysics: population statistics, where and when they arise
(Tauris, Berczik).

+ Start to do cosmography, independently measure local Ho to <1%
once we have >100 BBH coalescences — end of decade!

«  Opportunity for better testing of GR, studies of ringdown,
beyond-doubt demonstration that these really are BHs, alternative
theories (van den Broeck, Damour). But recall the caveat of
Barausse - merger/ringdown deviations will show up very late.
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*  Bring Virgo online!l - good positions, luminosity distances.
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Bring Virgo online! - good positions, luminosity distances.
Get KAGRA and LIGO-India into the network 2020+
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CHALLENGES FOR BBH
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*  Bring Virgo online!l - good positions, luminosity distances.
»  Get KAGRA and LIGO-India into the network 2020+

+  Far better positions, distances, duty cycle, discrimination against
olitches, and higher event rates.
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CHALLENGES FOR BBH
ASTRONOMY

*  Bring Virgo online!l - good positions, luminosity distances.
»  Get KAGRA and LIGO-India into the network 2020+

+  Far better positions, distances, duty cycle, discrimination against
olitches, and higher event rates.
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*  Bring Virgo online!l - good positions, luminosity distances.
»  Get KAGRA and LIGO-India into the network 2020+

+  Far better positions, distances, duty cycle, discrimination against
olitches, and higher event rates.

*  We need more extreme numerical relativity simulations to
calibrate templates (Buonanno).
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CHALLENGES FOR BBH
ASTRONOMY

*  Bring Virgo online!l - good positions, luminosity distances.
»  Get KAGRA and LIGO-India into the network 2020+

+  Far better positions, distances, duty cycle, discrimination against
olitches, and higher event rates.

*  We need more extreme numerical relativity simulations to
calibrate templates (Buonanno).

*  We will be pushing on the boundaries of calibration (not
discussed at this meeting). Ho to better than |7% needs
calibration at that level — this I1s hard
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»  Finally deliver the science promised in 199!
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FIRST NS-NS MERGERS!

»  Finally deliver the science promised in 199!

*  Exciting follow-up observations over the whole EM spectrum from
gamma-rays down to the radio (Nissanke, Kienlin, Piran).
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FIRST NS-NS MERGERS!

»  Finally deliver the science promised in 199!

*  Exciting follow-up observations over the whole EM spectrum from
gamma-rays down to the radio (Nissanke, Kienlin, Piran).

»  "Backgrounds” (chance coincidences) in partner observations, especially
new transient astronomy (LSST, SKA,...), very hard to estimate.
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FIRST NS-NS MERGERS!

»  Finally deliver the science promised in 199!

*  Exciting follow-up observations over the whole EM spectrum from
gamma-rays down to the radio (Nissanke, Kienlin, Piran).

»  "Backgrounds” (chance coincidences) in partner observations, especially
new transient astronomy (LSST, SKA,...), very hard to estimate.

* Inspiral waveforms will tell us about the NS population, stellar evolution,
stronger tests of pN.
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FIRST NS-NS MERGERS!

»  Finally deliver the science promised in 199!

*  Exciting follow-up observations over the whole EM spectrum from
gamma-rays down to the radio (Nissanke, Kienlin, Piran).

»  "Backgrounds” (chance coincidences) in partner observations, especially
new transient astronomy (LSST, SKA,...), very hard to estimate.

* Inspiral waveforms will tell us about the NS population, stellar evolution,
stronger tests of pN.

«  Comparison of waveforms with NS-NS simulations is where the real
physics will be examined: EoS, magnetic fields, neutrino transport, other
physics! (Shibata, Kiuchi) | wonder 1f simulations see w-modes
(analogues of BH QNMs) — for stiff EoS and 3 solar masses, they can
have [ ~ 5 kHz. They will be weak and compete against hydro modes.
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WHEN WILL WE SEE PULSARS!

«  CW search is the hardest, but eventually we should see
GWs from known pulsars or, even more excitingly,
discover new ones.
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WHEN WILL WE SEE PULSARS!

«  CW search is the hardest, but eventually we should see
GWs from known pulsars or, even more excitingly,
discover new ones.

»+  Because h ~ d?Q/dt?, fast pulsars are “better” — but
recycled millisecond pulsars are probably “smoother.
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WHEN WILL WE SEE PULSARS!

B/ sedrch IS the hardest, but eventually we shollisiic==
GWs from known pulsars or, even more excitingly,
discover new ones.

»+  Because h ~ d?Q/dt?, fast pulsars are “better” — but
recycled millisecond pulsars are probably “smoother.

»  (Challenges: improve search efficiency, maintain computing
ieSllfeesior tnese searches.
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WHEN WILL WE SEE PULSARS!

&\ search is

the hardest, but eventually we should see

GWs from known pulsars or, even more excitingly,
discover new ones.

»+  Because h ~ d?Q/dt?, fast pulsars are “better” — but
recycled millisecond pulsars are probably “smoother.

EGndlenses: Im
fes@llrces for

brove search efficiency, maintain computing
ness ceplranes

e ol s NS p
configuration,

ol S 26,0520

NysIcs: crust properties, B-field
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STOCHASTIC SIGNAL

»  Good prospects for a stochastic background from BBHS
now. (Mandel)
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STOCHASTIC SIGNAL

»  Good prospects for a stochastic background from BBHSs
now. (Mandel)

- But itis likely also to cover up the primordial background!
The only “window" above nHz frequencies might be
above |00 Hz — difficult to explore, very low h. New
experimental thinking needed!
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o AND 3G De | ECTCHSS

 Thereis much more of the
universe to explore than alLIGO
and 1ts enhancements will reach!

(Bulik: metallicity and mergers
out to very high z.)
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o AND 3G De | ECTCHSS

 Thereis much more of the
universe to explore than alLIGO
and 1ts enhancements will reach!

(Bulik: metallicity and mergers
out to very high z.)

NG (s hot too soon to get E1
ooing! [t took 25 years from the

i eper to the nirst LIGO
announcement!
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PIND INTO SPACE

* LISA Pathfinder will announce Its first results on / June. Press conferences in
Spain and here in Hannover. (Rumor: expect spectacular performancel)
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* LISA Pathfinder will announce Its first results on / June. Press conferences in
Spain and here in Hannover. (Rumor: expect spectacular performancel)

*  ESA's GOAT committee strongly supported going forward to LISA using LPF
technology ASAR
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PIND INTO SPACE

* LISA Pathfinder will announce Its first results on / June. Press conferences in
Spain and here in Hannover. (Rumor: expect spectacular performancel)

*  ESA's GOAT committee strongly supported going forward to LISA using LPF
technology ASAR

* LPF performance and GW 1509 |4 have created a serious effort inside ESA to
bring the Iaunch of LISA forward, and to return to 3 -arm LIS , perhaps with 2

Gm armle
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BENERGY - SPACE & GROUINES

*  Sesana (arXivl602.06951)
showed that GW 509 4 has
amazing implications for the
mHz GW band. (Barausse's
talk.)
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BENERGY - SPACE & GROUINES

Sesana (arXivl 602.06951)
showed that GW 509 4 has
amazing implications for the
mHz GW band. (Barausse's
talk.)

Thousands of BH-BH systems
resolvable by LISA.
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BENERGY - SPACE & GROUINES

Sesana (arXivl 602.06951)
showed that GW 509 4 has
amazing implications for the
mHz GW band. (Barausse's
talk.)

Thousands of BH-BH systems
resolvable by LISA.

Hundreds of them will go on
to coalescence in the LIGO

band, leaving the LISA band
just weeks before coalescence.
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BENERGY - SPACE & GROUINES

Sesana (arXiv1602.0695 1)
showed that GW 509 4 has
amazing implications for the
mHz GW band. (Barausse's
talk.)

Thousands of BH-BH systems
resolvable by LISA.

Hundreds of them will go on
ieRcaaicscence (nithe LIGO
pand, leaving the LISA band
just weeks before coalescence.

|ISA will exquisitely predict
just where and when to look!
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BENERGY - SPACE & GROUINES
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LISA: THEORY CHALLENGE
REMAINS!
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LISA: THEORY CHALLENGE
REMAINS!

 Theoretical studies of waveforms for LISA are not
advanced enough to allow ESA to detect EMRIs.
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LISA: THEORY CHALLENGE
REMAINS!

Theoretical studies of waveforms for LISA are not
advanced enough to allow ESA to detect EMRIs.

VWe do not have sufficiently effective templates yet.
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LISA: THEORY CHALLENGE
REMAINS!

 Theoretical studies of waveforms for LISA are not
advanced enough to allow ESA to detect EMRIs.

B - @0 not have sufticiently effective templatest/ e

» (Can we do this with gravitational self-force calculations
(& B andicxiensions of EOB: EOBSE (IDame i
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LISA: THEORY CHALLENGE
REMAINS!

* [heoretical studies of waveforms for LISA are not
advanced enough to allow ESA to detect EMRIs.

B © do not have sutticiently effective templatestes

» (Can we do this with gravitational self-force calculations
(& B andicxiensions of EOB: EOBSE (IDame i

*  We have only about |0 years — not much time!!
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> LIGO Hanford
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o 256 Large black hole: S

— teve Drasco
L shown to scale

128 [ 3,000,000 solar masses Cal Poly, San Luis Obispo
) : : sdrasco@calpoly.edu
90% maximal spin

64 - Small black hole:
shown enlarged
32 270 solar masses
LIGO Livingston negligible spin
| | T:age duration:
0.5 0.6 0.7 0.1 =

Time (sec)
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LIGO Hanford

Steve Drasco
Cal Poly, San Luis Obispo
sdrasco@calpoly.edu

Frequency (Hz)

Large black hole:

We have |0 years to deal

Bkl /' th this added complexity!
. . Time (sec) ”
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SERENDIPITOUS DISCOVERY

Every newly opened
astronomical
window has found
unexpected results,
but not always with
the first instruments.
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SERENDIPITOUS DISCOVERY

*  When will GW astronomy start discovering the unexpected !
Cosmic strings (Damour), things even more exotic!

Every newly opened
astronomical
window has found
unexpected results,
but not always with
the first instruments.
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SEREND\P\TOUS DISCOVERY

When will GW astronomy start discovering the unexpected !
Cosmic strings (Damour), things even more exotic!

« allGO-aVIRGO will need to filter to find NS-NS events. Strongest
SigiEEinievents SINR ~ [00.

Every newly opened
astronomical
window has found
unexpected results,
but not always with
the first instruments.
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SEREND\P\TOUS DISCOVERY

When will GW astronomy start discovering the unexpected !
Cosmic strings (Damour), things even more exotic!

« allGO-aVIRGO will need to filter to find NS-NS events. Strongest
gD events SINR ~ 00,

« LISA can reach SNR ~ [00 even for MBH-MBH events at z = |0,
and 1ts maximum |-year SNR will be ~ [000. No filter needed.

Every newly opened
astronomical
window has found
unexpected results,
but not always with
the first instruments.

3 srschue 26052016 |SANT
4 Albert Einstein Institute/Cardiff University

Meeting the Challenge of Gravitational Wave Astrophysics

CARDY{



SEREND\P\TOUS DISCOVERY

When will GW astronomy start discovering the unexpected !
Cosmic strings (Damour), things even more exotic!

« allGO-aVIRGO will need to filter to find NS-NS events. Strongest
gD events SINR ~ 00,

SR can reach SNR ~ |00 even for MBH-MBIH eventsid i ==
and 1ts maximum |-year SNR will be ~ [000. No filter needed.

* ET will have many events with SNR > [000.

Every newly opened
astronomical
window has found
unexpected results,
but not always with
the first instruments.
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SERENDIPITOUS DISCOVERY

*  When will GW astronomy start discovering the unexpected !
Cosmic strings (Damour), things even more exotic!

« allGO-aVIRGO will need to filter to find NS-NS events. Strongest
SigiEEinievents SINR ~ [00.

 LISA can reach SNR ~ |00 even for MBH-MBH events at z = 10,

and 1ts maximum |-year SNR will

« ET will have many events with SN

pbe ~ |000. No filter needed.

G 101010

Window |Opened 1st Surprise Year
Optical 1609 (Galileo) Jupiter’s moons 1610
Cosmic Rays 1912 Muon 1930s
Radio 1930s Giant Radio Galaxies 1950s
CMB 1964
Pulsars 1967
X-ray 1948 Sco X-1 1962
X-ray binaries Uhuru (1969)
v-ray 1961 (Explorer 11) GRBs Late 1960s++ (Vela)
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WE SHALL CONTINUE TO
LISTEN TO OUR UNIVERSE!
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