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Now:  Advanced LIGO/ VIRGO network is making lots of detections.
2026-2028:  A+ presents clear, funded plans to improve performance (now to ~2028)
2026 to ~2040: Maximize science from the current facilities

- LIGO India and KAGRA will be running (2 more 2G facilities)
- potential for low-temperature operation of LIGO - Voyager

2034: LISA launch scheduled
2035-2040: working to bring 2 new next generation detectors in new facilities online
 - Einstein Telescope (ET) in Europe, Cosmic Explorer (CE) in the US.

Brian thinks - DOE involvement with 3G detectors might be a good move
1. DOE has experience & management structures in place to deal with large facilities 

and large on-going scientific staffing for those facilities.
2. 3G detectors need lots of very good engineering to enable the GW science
3. in general - GWs present exciting new astronomy, astrophysics, and cosmology.
4. in particular - GWs are an excellent window into extreme energy-density physics.

But
1. The cultures are different.  SLAC should not try to run LIGO. 
2. How can we keep the golden goose, but scale it to bigger teams, bigger facilities and 

~continuous detections?

Opinions by Brian Lantz, Science by the LSC, ET-consortium, and LISA team  
Discussion for the SLACmass group, Feb 27. 2020. LIGO-G2000297
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12 KAGRA Collaboration, LIGO Scientific Collaboration, and Virgo Collaboration
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Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with achieved sensitivities in O1, O2 and
O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant uncertainty
in the start and end times of the planned observing runs, especially for those further in the future, and
these could move forward or backwards relative to what is shown above. Uncertainty in start or finish
dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is expected
to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We indicate
a range of potential sensitivities for aLIGO during O4 depending on which upgrades and improvements
are made after O3. The most significant driver of the aLIGO range in O4 is from the implementation of
frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5

2025+ : With the addition of an upgraded aLIGO interferometer in India we will
have a five-detector network: three aLIGO detectors with a design sensitivity of
330 Mpc, AdV at 150 – 260 Mpc and KAGRA at 130+ Mpc.

This timeline is summarized in Fig. 2.9 Detailed planning for the post-O3 period
is in progress and may result in significant changes to both target sensitivities and
uncertainty in the start and end times of the planned observing runs, especially for those
further in the future. As the network grows to include more detectors, sky localization
will improve (Klimenko et al. 2011; Veitch et al. 2012; Nissanke et al. 2013; Rodriguez
et al. 2014; Pankow et al. 2018), as will the fraction of observational time with multiple
instruments on-sky. The observational implications of these scenarios are discussed in
Section 5.

3 Searches and localization of gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al. 2018f). Here we focus on signals from CBCs, including BNS, NSBH and BBH
systems and generic unmodeled transient signals.

9GEO 600 will continue observing with frequent commissioning breaks during this period.

Timeline from: Prospects for observing and localizing gravitational-wave 
transients with Advanced LIGO, Advanced Virgo and KAGRA

https://doi.org/10.1007/s41114-018-0012-9
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aLIGO design

Lots of technical things More power, squeezing

There’s a factor of 2-3 in noise - comes from lots of work, leads to lots of discoveries
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These detectors are now Observatories.



LSC

G2000297 6

BBH BNS NSBH Terrestrial
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Performance Evolution to A+

8

101 102 103

Freq (Hz)

10-24

10-23

10-22

10-21

10-20

10-19

St
ra

in
 n

oi
se

 (h
/

H
z)

LIGO Sensitivity

cr
ea

te
d 

by
 p

lo
t_

sp
ec

tra
_a

nd
_G

W
15

09
14

 o
n 

07
-O

ct
-2

01
9

O1 - LLO @ GW150914
O2 - LLO, Aug `17
O3 - LLO, Jun `19
aLIGO design
LIGO A+

more power & squeezing

new coatings

‘frequency dependent’ squeezing



LSC

G2000297

Range

9

10 KAGRA Collaboration, LIGO Scientific Collaboration, and Virgo Collaboration

Table 2 Achieved and projected detector sensitivities for a 1.4M�+1.4M� BNS system, a 30M�+30M�
BBH system, a 1.4M�+10M� NSBH system, and for an unmodeled burst signal. The quoted ranges
correspond to the orientation-averaged spacetime volumes surveyed per unit detector time. For the burst
ranges, we assume an emitted energy in GWs at 140 Hz of EGW = 10�2 M�c2 and of EGW = 10�9 M�c2.
The later is consistent with the order of magnitude of the energy expected from core-collapse of massive
stars (see footnote 4). Both CBC and burst ranges are obtained using a single-detector SNR threshold of 8.
The O1 and O2 numbers are representative of the best ranges for the LIGO detectors: Hanford in O1 and
Livingston in O2. The O3 numbers for aLIGO and AdV reflect recent average performance of each of the
three detectors. Range intervals are quoted for future observing runs due to uncertainty about the sequence
and impact of upgrades.

O1 O2 O3 O4 O5

BNS Range (Mpc) aLIGO 80 100 110 – 130 160 – 190 330
AdV - 30 50 90 – 120 150 – 260
KAGRA - - 8 – 25 25 – 130 130+

BBH Range (Mpc) aLIGO 740 910 990 – 1200 1400 – 1600 2500
AdV - 270 500 860 – 1100 1300 – 2100
KAGRA - - 80 – 260 260 – 1200 1200+

NSBH Range (Mpc) aLIGO 140 180 190 – 240 300 – 330 590
AdV - 50 90 170 – 220 270 – 480
KAGRA - - 15 – 45 45 – 290 290+

Burst Range (Mpc) aLIGO 50 60 80 – 90 110 – 120 210
[EGW = 10�2 M�c2 ] AdV - 25 35 65 – 80 100 – 155

KAGRA - - 5 – 25 25 – 95 95+

Burst Range (kpc) aLIGO 15 20 25 – 30 35 – 40 70
[EGW = 10�9 M�c2 ] AdV - 10 10 20 – 25 35 – 50

KAGRA - - 0 – 10 10 – 30 30+

squeezing and, crucially, new test masses with improved coating thermal noise. Facil-
ities modifications to incorporate the filter cavity required for frequency-dependent
squeezing will begin after O3. The full A+ configuration, adding improved test masses
and balanced homodyne readout, is expected to be in place for O5. The AdV+ upgrade
will occur in two phases. Phase 1 installation will begin after O3 and will involve
adding signal recycling, frequency-dependent squeezing, higher input laser power (to
50 W from 20 W currently) and cancellation of Newtonian noise. Phase 2 will be
implemented between O4 and O5 and will include input laser power increase to 200
W, 100 kg test masses and better optical coatings. Discussion of upgrades to increase
the sensitivity of KAGRA in advance of O5 have begun, but the detailed plan and
expected sensitivity are still being formulated.

The original aLIGO design called for three identical 4-km interferometers, two at
Hanford and one at Livingston. In 2011, the LIGO Lab and the IndIGO5 consortium
in India proposed installing one of the aLIGO Hanford detectors at a new observatory
in India (LIGO-India; Iyer et al. 2011). In early 2015, the LIGO Laboratory placed
this interferometer in long-term storage for use in India. The Government of India
granted in-principle approval to LIGO-India in February 2016. This detector will be

5www.gw-indigo.org

https://doi.org/10.1007/s41114-018-0012-9
Prospects for observing and localizing gravitational-wave transients with Advanced LIGO, Advanced Virgo and KAGRA

https://link.springer.com/article/10.1007/s41114-018-0012-9
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Motivation and Rationale for  
Future GW Detectors

●  Current GW detectors can ‘see’ limited 
distances with limited SNRs and rates

»  Advanced LIGO binary neutron star maximum 
(‘horizon’) distance: ~ 380 Mpc

»  Advanced LIGO binary black hole maximum 
distance: 3.6 Gpc

»  O(100) detections per year, however:
–  Rare coincident GW-gamma ray events
–  Rare post-merger binary neutron star ringdowns
–  Very limited range (10 kpc) to supernovae events

●  Future GW detectors could see: 
»  High redshift detections 

–  Remnants of Population III stars merging at z � 10
»  Large number of detections:

–  O(100,000) detections per year, some rare and 
exotic events, population studies

»  High-fidelity (precision waveform) detections:
–  Events with SNR >1000 for precision tests of 

relativity and neutron star physics 2

The Big Bang
(Beginning of Time)

‘No Black Hole Left Behind’

Current Detector
Range

Future Detector
Range

slide courtesy of D. Reitze
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• Current LISA project plan is 3 spacecraft separated by 2.5 million km.  [1] 
• LISA selected by ESA as “L3” (3rd Large) mission, expected launch date of 2034 [2]
• LISA Pathfinder very successful demonstration of acceleration noise in orbit [3]

[1] Amaro-Seoane et. al. 2017, see https://arxiv.org/abs/1702.00786
[2]: https://www.aei.mpg.de/2068798/lisaselection
[3]: Amaro et. al. PRL, 2018, see https://link.aps.org/doi/10.1103/PhysRevLett.120.061101
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UFSGFSPNFUFS TJHOBM NPOJUPST UIF EJČFSFOUJBM MBTFS GSF�
RVFODZ OPJTF CFUXFFO UIF UXP MPDBM MBTFS TZTUFNT� "MM
JOUFSGFSPNFUFS TJHOBMT BSF DPNCJOFE PO HSPVOE UP EF�
UFSNJOF UIF EJČFSFOUJBM EJTUBODF DIBOHFT CFUXFFO UXP
QBJST PG XJEFMZ TFQBSBUFE UFTU NBTTFT� 4DJFODF .PEF
XPVME GFBUVSF OFBS�DPOUJOVPVT PQFSBUJPO PG UIF TZTUFN
BU UIF EFTJHO TFOTJUJWJUZ� ćF TZTUFN EFTJHO TIPVME CF
TVDI UIBU
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 FYUFSOBM QFSUVSCBUJPOT UP
UIF TZTUFN BSFNJOJNJTFE BOE JO QBSUJDVMBS UIF CBTFMJOF
EFTJHO EPFT OPU SFRVJSF TUBUJPO LFFQJOH PS PSCJU DPS�
SFDUJPO NBOPFVWSFT� *O MJOF XJUI UIF TDJFODF SFRVJSF�
NFOUT PO EBUB MBUFODZ
 DPNNVOJDBUJPOT XPVME PDDVS
PODF QFS EBZ GPS B EVSBUJPO PG BQQSPYJNBUFMZ � IPVST�
ćFSF BSF UXP QSJODJQBM FWFOUT XIJDI XJMM DBVTF TPNF
EJTSVQUJPO UP UIF TDJFODF NPEF PG PQFSBUJPOT� UIFTF
BSF SF�QPJOUJOH PG UIF BOUFOOBT BOE SF�DPOĕHVSBUJPO
PG UIF MBTFS MPDLJOH UP NBJOUBJO UIF CFBU OPUFT XJUIJO
UIF QIBTFNFUFS CBOEXJEUI
 UIFTF BSF DPWFSFE JO NPSF
EFUBJM JO 4FDUJPOT ��� BOE ��� SFTQFDUJWFMZ� *O BEEJUJPO
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Depiction of the LISA orbit, from [3]

at ð1.74 " 0.05Þ fm s−2=
ffiffiffiffiffiffi
Hz

p
above 2 mHz and ð6 " 1Þ × 10 fm s−2=

ffiffiffiffiffiffi
Hz

p
at 20 μHz, and discusses the

physical sources for the measured noise. This performance provides an experimental benchmark
demonstrating the ability to realize the low-frequency science potential of the LISA mission, recently
selected by the European Space Agency.

DOI: 10.1103/PhysRevLett.120.061101

Introduction.—LISA Pathfinder (LPF) [1] is a European
Space Agency (ESA) mission dedicated to the experimental
demonstration of the free fall of test masses (TMs) as
required by LISA [2], the space-based gravitational-wave
(GW) observatory just approved by ESA. Such TMs are the
reference bodies at the ends of each LISA interferometer
arm and need to be free from spurious acceleration, g,
relative to their local inertial frame; any stray acceleration
competes directly with the tidal deformations caused by
GWs. LPF has two LISA TMs at the ends of a short
interferometer arm, insensitive to GWs because of the
reduced length but sensitive to the differential acceleration,
Δg, of the TMs arising from parasitic forces.
LPF was launched on December 3, 2015 and was in

science operation from March 1, 2016. Operations ended
on June 30, 2017, and the satellite was finally passivated on
July 18, 2017. On June 7, 2016, we published [3] the first
results on the free fall performance of the LPF test masses.
These results showed that the amplitude spectral density
(ASD) ofΔgwas found to be (see Fig. 1 of Ref. [3]) limited
by Brownian noise at S1=2Δg ¼ ð5.2 " 0.1Þ fm s−2=

ffiffiffiffiffiffi
Hz

p
, for

frequencies 1 mHz ≲ f ≲ 30 mHz; rising above the
Brownian noise floor for frequencies f ≲ 1 mHz,

increasing to ≲12 fm s−2=
ffiffiffiffiffiffi
Hz

p
at f ¼ 0.1 mHz; and lim-

ited, for f ≳ 30 mHz, by the interferometer readout noise
of S1=2x ¼ ð34.8 " 0.3Þ fm=

ffiffiffiffiffiffi
Hz

p
, which translates into an

effective Δg ASD of S1=2x ð2πfÞ2.
The previously published data referred to the longest

uninterrupted stretch of data, of about one week duration,
we had measured up to the time of publication. Since that
time, several improvements have allowed a significantly
better performance, presented in Fig. 1. First, the residual
gas pressure has decreased by roughly a factor of 10 since
the beginning of operations, as the gravitational reference
sensor (GRS) surrounding the TM has been continuously
vented to space [3] with a slowly decreasing outgassing
rate. Second, a more accurate calculation of the electrostatic
actuation force has eliminated a systematic source of low-
frequency force noise. Third, another inertial force from the
LPF spacecraft rotation has been identified and corrected in
theΔg time series. This last effect will be highly suppressed
in LISA by the improved rotational spacecraft control.
Finally, we have removed, by empirical fitting, a number of
well-identified, sporadic (less than one per day) quasi-
impulse force events or “glitches” from the data, allowing
uninterrupted data series of up to ∼18 days duration. This

FIG. 1. ASD of parasitic differential acceleration of LPF test masses as a function of the frequency. Data refer to an ∼13 day long run
taken at a temperature of 11 °C. The red, noisy line is the ASD estimated with the standard periodogram technique averaging over 10,
50% overlapping periodograms each 2 × 105 s long. The data points with error bars are uncorrelated, averaged estimates calculated as
explained in the text. For comparison, the blue noisy line is the ASD published in Ref. [3]. Data are compared with LPF requirements [1]
and with LISA requirements taken from Ref. [2]. Fulfilling requirements implies that the noise must be below the corresponding shaded
area at all frequencies. LISA requirements below 0.1 mHz must be considered just as goals [2].

PHYSICAL REVIEW LETTERS 120, 061101 (2018)

061101-2

ASD of parasitic differential acceleration of  
LISA Pathfinder test masses [from 3].

https://arxiv.org/abs/1702.00786
https://www.aei.mpg.de/2068798/lisaselection
https://link.aps.org/doi/10.1103/PhysRevLett.120.061101
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� *OUSPEVDUJPO

ćF HSPVOECSFBLJOH EJTDPWFSZ PG (SBWJUBUJPOBM 8BWFT
	(8T
 CZ HSPVOE�CBTFE MBTFS JOUFSGFSPNFUSJD EFUFD�
UPST JO ���� JT DIBOHJOH BTUSPOPNZ <�> CZ PQFOJOH
UIF IJHI�GSFRVFODZ HSBWJUBUJPOBM XBWF XJOEPX UP PC�
TFSWF MPX NBTT TPVSDFT BU MPX SFETIJę� ćF 4FOJPS
4VSWFZ $PNNJUUFF 	44$
 <�> TFMFDUFE UIF -� TDJFODF
UIFNF
 ćF (SBWJUBUJPOBM 6OJWFSTF <�>
 UP PQFO UIF ���
UP ���N)[ (SBWJUBUJPOBM 8BWF XJOEPX UP UIF 6OJ�
WFSTF� ćJT MPX�GSFRVFODZ XJOEPX JT SJDI JO B WBSJFUZ
PG TPVSDFT UIBU XJMM MFU VT TVSWFZ UIF 6OJWFSTF JO B OFX
BOE VOJRVF XBZ
 ZJFMEJOH OFX JOTJHIUT JO B CSPBE SBOHF
PG UIFNFT JO BTUSPQIZTJDT BOE DPTNPMPHZ BOE FOBCMJOH
VT JO QBSUJDVMBS UP TIFE MJHIU PO UXP LFZ RVFTUJPOT� 	�

)PX
 XIFO BOE XIFSF EP UIF ĕSTU NBTTJWF CMBDL IPMFT
GPSN
 HSPX BOE BTTFNCMF
 BOE XIBU JT UIF DPOOFDUJPO
XJUI HBMBYZ GPSNBUJPO 	�
 8IBU JT UIF OBUVSF PG HSBW�
JUZ OFBS UIF IPSJ[POT PG CMBDL IPMFT BOE PO DPTNPMPHJ�
DBM TDBMFT 
8F QSPQPTF UIF -*4" NJTTJPO JO PSEFS UP SFTQPOE UP
UIJT TDJFODF UIFNF JO UIF CSPBEFTU XBZ QPTTJCMF XJUIJO
UIF DPOTUSBJOFE CVEHFU BOE HJWFO TDIFEVMF� -*4" FO�
BCMFT UIF EFUFDUJPO PG (8T GSPN NBTTJWF CMBDL IPMF
DPBMFTDFODFT XJUIJO B WBTU DPTNJD WPMVNF FODPNQBTT�
JOH BMM BHFT
 GSPN DPTNJD EBXO UP UIF QSFTFOU
 BDSPTT
UIF FQPDIT PG UIF FBSMJFTU RVBTBST BOE PG UIF SJTF PG
HBMBYZ TUSVDUVSF� ćF NFSHFS�SJOHEPXO TJHOBM PG UIFTF
MPVE TPVSDFT FOBCMFT UFTUT PG &JOTUFJO�T (FOFSBM ćFPSZ
PG 3FMBUJWJUZ 	(3
 JO UIF EZOBNJDBM TFDUPS BOE TUSPOH�
ĕFME SFHJNF XJUI VOQSFDFEFOUFE QSFDJTJPO� -*4" XJMM
NBQ UIF TUSVDUVSF PG TQBDFUJNF BSPVOE UIF NBTTJWF
CMBDL IPMFT UIBU QPQVMBUF UIF DFOUSFT PG HBMBYJFT VTJOH
TUFMMBS DPNQBDU PCKFDUT BT UFTU QBSUJDMF�MJLF QSPCFT� ćF
TBNF TJHOBMT XJMM BMTP BMMPX VT UP QSPCF UIF QPQVMBUJPO
PG UIFTF NBTTJWF CMBDL IPMFT BT XFMM BT BOZ DPNQBDU PC�
KFDUT JO UIFJS WJDJOJUZ� " TUPDIBTUJD (8 CBDLHSPVOE PS
FYPUJD TPVSDFT NBZ QSPCF OFX QIZTJDT JO UIF FBSMZ 6OJ�
WFSTF� "EEFE UP UIJT MJTU PG TPVSDFT BSF UIF OFXMZ EJTDPW�
FSFE -*(0�7JSHP IFBWZ TUFMMBS�PSJHJO CMBDL IPMF NFSH�
FST
 XIJDIXJMM FNJU(8T JO UIF -*4"CBOE GSPN TFWFSBM
ZFBST VQ UP B XFFL QSJPS UP UIFJS NFSHFS
 FOBCMJOH DPPS�
EJOBUFE PCTFSWBUJPOT XJUI HSPVOE�CBTFE JOUFSGFSPNF�
UFST BOE FMFDUSPNBHOFUJD UFMFTDPQFT� ćF WBTU NBKPSJUZ
PG TJHOBMT XJMM DPNF GSPN DPNQBDU HBMBDUJD CJOBSZ TZT�
UFNT
 XIJDI BMMPX VT UP NBQ UIFJS EJTUSJCVUJPO JO UIF
.JMLZ 8BZ BOE JMMVNJOBUF TUFMMBS BOE CJOBSZ FWPMVUJPO�
-*4" CVJMET PO UIF TVDDFTT PG -*4" 1BUIĕOEFS
	-1'
 <�>
 UXFOUZ ZFBST PG UFDIOPMPHZ EFWFMPQNFOU

BOE UIF (SBWJUBUJPOBM 0CTFSWBUPSZ "EWJTPSZ 5FBN
	(0"5
 SFDPNNFOEBUJPOT� -*4" XJMM VTF UISFF BSNT

BOE UISFF JEFOUJDBM TQBDFDSBę 	4�$
 JO B USJBOHVMBS GPS�
NBUJPO JO B IFMJPDFOUSJD PSCJU USBJMJOH UIF &BSUI CZ
BCPVU ��○� ćF FYQFDUFE TFOTJUJWJUZ BOE TPNF QPUFO�
UJBM TJHOBMT BSF TIPXO JO 'JHVSF ��

'JHVSF �� &YBNQMFT PG (8 TPVSDFT JO UIF GSF�
RVFODZ SBOHF PG -*4"
 DPNQBSFE XJUI JUT TFOTJ�
UJWJUZ GPS B ��BSNDPOĕHVSBUJPO� ćFEBUB BSF QMPU�
UFE JO UFSNT PG EJNFOTJPOMFTT ADIBSBDUFSJTUJD TUSBJO
BNQMJUVEF� <�>� ćF USBDLT PG UISFF FRVBMNBTT CMBDL
IPMF CJOBSJFT
 MPDBUFE BU z = 3 XJUI UPUBM JOUSJO�
TJD NBTTFT 107
 106 BOE 105M⊙
 BSF TIPXO� ćF
TPVSDF GSFRVFODZ 	BOE 4/3
 JODSFBTFT XJUI UJNF

BOE UIF SFNBJOJOH UJNF CFGPSF UIF QMVOHF JT JOEJ�
DBUFE PO UIF USBDLT� ćF � TJNVMUBOFPVTMZ FWPMW�
JOH IBSNPOJDT PG BO &YUSFNF .BTT 3BUJP *OTQJSBM
TPVSDF BU z = 1.2 BSF BMTP TIPXO
 BT BSF UIF USBDLT PG
B OVNCFS PG TUFMMBS PSJHJO CMBDL IPMF CJOBSJFT PG UIF
UZQF EJTDPWFSFE CZ -*(0� 4FWFSBM UIPVTBOE HBMBD�
UJD CJOBSJFT XJMM CF SFTPMWFE BęFS B ZFBS PG PCTFS�
WBUJPO� 4PNF CJOBSZ TZTUFNT BSF BMSFBEZ LOPXO

BOE XJMM TFSWF BT WFSJĕDBUJPO TJHOBMT� .JMMJPOT PG
PUIFS CJOBSJFT SFTVMU JO B ADPOGVTJPO TJHOBM�
 XJUI B
EFUFDUFE BNQMJUVEF UIBU JT NPEVMBUFE CZ UIF NP�
UJPO PG UIF DPOTUFMMBUJPO PWFS UIF ZFBS� UIF BWFSBHF
MFWFM JT SFQSFTFOUFE BT UIF HSFZ TIBEFE BSFB�

"O PCTFSWBUPSZ UIBU DBO EFMJWFS UIJT TDJFODF JT EF�
TDSJCFE CZ B TFOTJUJWJUZ DVSWF XIJDI
 CFMPX �N)[
 XJMM
CF MJNJUFE CZ BDDFMFSBUJPO OPJTF BU UIF MFWFM EFNPO�
TUSBUFE CZ -1'� *OUFSGFSPNFUSZ OPJTF EPNJOBUFT BCPWF
�N)[
 XJUI SPVHIMZ FRVBM BMMPDBUJPOT GPS QIPUPO TIPU
OPJTF BOE UFDIOJDBM OPJTF TPVSDFT� 4VDI B TFOTJUJWJUZ
DBO CF BDIJFWFE XJUI B ���NJMMJPO LN BSN�MFOHUI DPO�
TUFMMBUJPO XJUI �� DN UFMFTDPQFT BOE �8 MBTFS TZTUFNT�
ćJT JT DPOTJTUFOU XJUI UIF (0"5 SFDPNNFOEBUJPOT
BOE
 CBTFE PO UFDIOJDBM SFBEJOFTT BMPOF
 B MBVODINJHIU
CF GFBTJCMF BSPVOE ����� 8F QSPQPTF BNJTTJPO MJGFUJNF
PG � ZFBST FYUFOEBCMF UP �� ZFBST GPS -*4"�

1BHF � -*4" o �� */530%6$5*0/

XJUI B NFBO JOUFS�4�$ TFQBSBUJPO EJTUBODF PG ��� NJM�
MJPO LN� " SFGFSFODF PSCJU IBT CFFO QSPEVDFE
 PQUJ�
NJTFE UPNJOJNJTF UIF LFZ WBSJBCMF QBSBNFUFST PG JOUFS�
4�$ CSFBUIJOH BOHMFT 	ĘVDUVBUJPOT PG WFSUFY BOHMFT
 BOE
UIF SBOHF SBUF PG UIF 4�$
 BT CPUI PG UIFTF ESJWF UIF DPN�
QMFYJUZ PG UIF QBZMPBE EFTJHO
 XIJMF BU UIF TBNF UJNF FO�
TVSJOH UIF SBOHF UP UIF DPOTUFMMBUJPO JT TVďDJFOUMZ DMPTF
GPS DPNNVOJDBUJPO QVSQPTFT�

Earth

Sun
1 AU (150 million km)

19 – 23°
60°

2.5 million km

1 AU
Sun

'JHVSF �� %FQJDUJPO PG UIF -*4" 0SCJU�

ćF PSCJUBM DPOĕHVSBUJPO JT EFQJDUFE JO 'JHVSF �� ćFTF
PSCJUT XJMM MFBE UP CSFBUIJOH BOHMFT PG ±� EFH BOE
%PQQMFS TIJęT CFUXFFO UIF 4�$ PG XJUIJO ±�.)[�
ćF MBVODI BOE USBOTGFS BSF PQUJNJ[FE GPS B EFEJDBUFE
"SJBOF ��� MBVODI
 BOE DBSSZ UIF GPMMPXJOH CBTJD GFB�
UVSFT�
t UPUBM USBOTGFS UJNF PG BCPVU ��� EBZT�
t EJSFDU FTDBQF MBVODI XJUI V∞ = 260N�T�
t UISFF TFUT PGNBOPFVWSFT GPS ĕOBM USBOTGFS PSCJU JOKFD�

UJPO QFSGPSNFE CZ UIF QSPQVMTJPO BOE 4�$ DPNQPTJUF
NPEVMFT� 4FF 4FDUJPO ����� GPS EFUBJMT�

��� -BVODIFS

ćF SFDPNNFOEFE PQUJPO GPS -*4" JT UP VTF POF PG
UIF "SJBOF � GBNJMZ PG MBVODI WFIJDMFT
 XJUI B EFE�
JDBUFE "SJBOF ��� MBVODI CFJOH UIF QSFGFSSFE PQUJPO�
8JUI B MBVODI DBQBDJUZ EJSFDUMZ JOUP BO FTDBQF USBKFD�
UPSZ PG �
��� LH
 UIF "SJBOF ��� JT WFSZ XFMM TVJUFE UP
UIF -*4" MBVODI SFRVJSFNFOUT BOE UIF SFGFSFODF PSCJU
EFTDSJCFE JO 4FDUJPO ��� JT CBTFE PO UIF DBQBCJMJUJFT PG
UIJT MBVODIFS� ćF DBQBDJUZ PG "SJBOF ��� JT MJNJUFE
 BOE
JU JT FYUSFNFMZ MJLFMZ UIBU BOZ NJTTJPO TJ[FE UP ĕU XJUIJO
JU XPVME CF TJHOJĕDBOUMZ DPNQSPNJTFE JO UFSNT PG DB�
QBCJMJUZ� 4JNJMBSMZ
 JU JT MJLFMZ UIBU UIF DPOTUSBJOUT BOE
DPNQMFYJUZ PG B MBVODI UP (FPTUBUJPOBSZ 5SBOTGFS 0S�
CJU
 DPNCJOFE XJUI UIF OFFE UP ĕOE B TVJUBCMF QBSUOFS

NBLF B TIBSFE "SJBOF ��� MBVODI VOBUUSBDUJWF�

��� $PODFQU PG 0QFSBUJPOT

&BDI 4�$ JT FRVJQQFE XJUI JUT PXO QSPQVMTJPO NPEVMF
UP SFBDI UIF EFTJSFE PSCJU� %VSJOH UIJT DSVJTF QIBTF

DIFDLPVU BOE UFTUJOH PG TPNF FRVJQNFOU DPVME BMSFBEZ
CFHJO� 0ODF UIF 4�$ IBWF CFFO JOTFSUFE JOUP UIFJS DPS�
SFDU PSCJUT BOE UIF QSPQVMTJPO NPEVMFT KFUUJTPOFE
 UIF
UISFF 4�$ NVTU CF QSFQBSFE UP GPSN B TJOHMF XPSL�
JOH PCTFSWBUPSZ CFGPSF TDJFODF PQFSBUJPOT DBO CF FT�
UBCMJTIFE� ćJT JODMVEFT UIF SFMFBTF PG UIF UFTU NBTTFT
BOE FOHBHJOH UIF %SBH�'SFF "UUJUVEF $POUSPM 4ZTUFN
	%'"$4
� ćJT QSPDFTT
 DPOTUFMMBUJPO BDRVJTJUJPO BOE
DBMJCSBUJPO
 JT EFTDSJCFE JO 4FDUJPO ������ 'PMMPXJOH
BDRVJTJUJPO BOE DBMJCSBUJPO
 -*4" XPVME FOUFS UIF QSJ�
NBSZ TDJFODF NPEF� "U UIJT UJNF
 BMM UFTU NBTTFT JOTJEF
UIF UISFF 4�$ XJMM CF JO GSFF GBMM BMPOH UIF MJOFT PG TJHIU
CFUXFFO UIF 4�$� $BQBDJUJWF TFOTPST TVSSPVOEJOH FBDI
UFTU NBTT XJMM NPOJUPS UIFJS QPTJUJPO BOE PSJFOUBUJPO
XJUI SFTQFDU UP UIF 4�$� %'"$4 XJMM VTF NJDSP�/FXUPO
UISVTUFST UP TUFFS UIF 4�$ UP GPMMPX UIF UFTUNBTTFT BMPOH
UIF UISFF USBOTMBUJPOBM EFHSFFT�PG�GSFFEPN
 VTJOH JO�
UFSGFSPNFUSJD SFBEPVU XIFSF BWBJMBCMF
 BOE DBQBDJUJWF
TFOTJOH GPS UIF SFNBJOJOH EFHSFFT�PG�GSFFEPN� &MFD�
USPTUBUJD BDUVBUPST BSF VTFE UP BQQMZ UIF SFRVJSFE GPSDFT
BOE UPSRVFT JO BMM PUIFS EFHSFFT PG GSFFEPN UP UIF UFTU
NBTTFT� -BTFS JOUFSGFSPNFUSZ JT VTFE UP NPOJUPS UIF
EJTUBODF DIBOHFT CFUXFFO UIF UFTU NBTTFT BOE UIF PQ�
UJDBM CFODI 	0#
 JOTJEF FBDI 4�$� ćFTF UFDIOPMPHJFT
IBWF CFFO EFNPOTUSBUFE CZ UIF -*4" 1BUIĕOEFS NJT�
TJPO�
ćF MPOH�CBTFMJOF MBTFS JOUFSGFSPNFUFS PS TDJFODF JO�
UFSGFSPNFUFS JT VTFE UP NFBTVSF DIBOHFT JO UIF EJT�
UBODF CFUXFFO UIF PQUJDBM CFODIFT XIJMF B UIJSE JO�
UFSGFSPNFUFS TJHOBM NPOJUPST UIF EJČFSFOUJBM MBTFS GSF�
RVFODZ OPJTF CFUXFFO UIF UXP MPDBM MBTFS TZTUFNT� "MM
JOUFSGFSPNFUFS TJHOBMT BSF DPNCJOFE PO HSPVOE UP EF�
UFSNJOF UIF EJČFSFOUJBM EJTUBODF DIBOHFT CFUXFFO UXP
QBJST PG XJEFMZ TFQBSBUFE UFTU NBTTFT� 4DJFODF .PEF
XPVME GFBUVSF OFBS�DPOUJOVPVT PQFSBUJPO PG UIF TZTUFN
BU UIF EFTJHO TFOTJUJWJUZ� ćF TZTUFN EFTJHO TIPVME CF
TVDI UIBU
 JO TDJFODF NPEF
 FYUFSOBM QFSUVSCBUJPOT UP
UIF TZTUFN BSFNJOJNJTFE BOE JO QBSUJDVMBS UIF CBTFMJOF
EFTJHO EPFT OPU SFRVJSF TUBUJPO LFFQJOH PS PSCJU DPS�
SFDUJPO NBOPFVWSFT� *O MJOF XJUI UIF TDJFODF SFRVJSF�
NFOUT PO EBUB MBUFODZ
 DPNNVOJDBUJPOT XPVME PDDVS
PODF QFS EBZ GPS B EVSBUJPO PG BQQSPYJNBUFMZ � IPVST�
ćFSF BSF UXP QSJODJQBM FWFOUT XIJDI XJMM DBVTF TPNF
EJTSVQUJPO UP UIF TDJFODF NPEF PG PQFSBUJPOT� UIFTF
BSF SF�QPJOUJOH PG UIF BOUFOOBT BOE SF�DPOĕHVSBUJPO
PG UIF MBTFS MPDLJOH UP NBJOUBJO UIF CFBU OPUFT XJUIJO
UIF QIBTFNFUFS CBOEXJEUI
 UIFTF BSF DPWFSFE JO NPSF
EFUBJM JO 4FDUJPOT ��� BOE ��� SFTQFDUJWFMZ� *O BEEJUJPO
UP UIF NBJO TDJFODF NPEF
 B TQFDJBM QSPUFDUFE QFSJPE

-*4" o �� .*44*0/ 130'*-& 1BHF ��

Depiction of the LISA orbit, from [3]

LISA Status
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Overview of Future  
Gravitational Wave Detector Concepts

1.  LIGO Voyager – the ultimate 
upgrade of the existing LIGO 
Observatories
»  Designed to reach the strain sensitivity 

limit imposed by the LIGO facilities – 
seismic/Newtonian noise below 25 Hz, 
residual gas noise at higher 
frequencies

2.  Einstein Telescope (ET) – a new 
underground GW observatory 
located in Europe

»  Triangular configuration, 10 km arm 
lengths

3.  Cosmic Explorer (CE) – a new 
above ground facility in the US

»  L-shaped configuration, 40 km arm 
lengths   

1

Europe: Einstein Telescope 

US: Cosmic Explorer  

LIGO Voyager 

slide courtesy of D. Reitze

Future LIGO-style  
Detector Concepts
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LIGO Voyager
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LIGO Voyager (USA)
●  A (quasi)cryogenically silicon 

test mass detector 
»  An upgrade of one or both of the existing 

US LIGO Observatories

●  New lasers (2 µm), crystalline 
silicon optics, MCT 
photodetectors, cryogenic 
suspensions

»  And modifications to the existing 
seismic isolation systems

●  Target binary neutron star 
range: 1100 Mpc

»  Up to z ~ 5 for binary black holes

●  Earliest operation in early 
2030s

7

LIGO Hanford Observatory 
LIGO Livingston  
Observatory 

slide courtesy of D. Reitze
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Cosmic Explorer
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Cosmic Explorer (USA)
●  A new 40 km L-shaped facility on the Earth’s surface
●  Effectively ‘10 x LIGO’

»  Sensitivity improvement from increased arm length
»  Will ‘see’ the entire high frequency gravitational-wave universe

●  Two phase approach to building Cosmic Explorer
»  Models successful two-stage approach of the current LIGO detectors

●  Phase 1 (2030s): room-temperature glass detector 
»  Low risk: uses existing Advanced LIGO technology

●  Phase 2 (2040s): (quasi)cryogenic silicon detector

8
Image: Robert Hurt, IPAC

slide courtesy of D. Reitze
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Einstein Telescope

16slide courtesy of D. Reitze

Einstein Telescope (Europe)
●  A new 10 km long triangular underground detector   

»  Can resolve GW polarizations! 
»  Will ‘see’ the entire high frequency gravitational-wave universe

●  6 interferometers (3 high frequency, 3 low frequency)
»  Low frequency: silicon test masses @ 10K 
»  High frequency: room temperature fused silica test masses

●  Likely to be sited either in Sardinia or on 
Netherlands/Belgium/German border

9
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3G detectors
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A 40 km facility with all new technology 

March, 2018 M. Evans, LVC Sonoma 12 
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How much could we see?
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BBH and BNS from the entire Universe! 

Feb, 2018 M. Evans, PPPL 10 

Credit: Evan Hall 
BNS BBH 

First Stars Formed 

PBH? 

Reach of 3G Detectors
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New GW Observatories:  
 An Abundance of Science

19

New GW Observatories: An Abundance of 
Science

4 

The 3G Gravitational Wave  
Ground-based Network 

The Next-Generation Global Gravitational-Wave  
Observatory New Astrophysics with the Farthest,  
Oldest, and Most Violent Events in the Universe  
GWIC 3G Subcommittee White Paper 

Science Case: 

slide courtesy of D. Reitze
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resources listed by the  
 Gravitational Wave International Committee (GWIC)
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3G Subcommittee Reports (July 2019)
• The Next-Generation Global Gravitational-Wave Observatory: New Astrophysics with the Farthest, Oldest, and Most 

Violent Events in the Universe
• 3G R&D: Research and Development for the Next Generation of Ground-based Gravitational-wave Detectors
• Community Engagement: Scientific Constituencies Relevant to a Future 3G Detector Network Array
• Gravitational-Wave Data Analysis Computing Challenges in the 3G Era
• GWIC Governance Subcommitee Recommendations to Full 3G Committee

European Particle Physics Strategy Update 2018-2020 White Papers
• Gravitational Waves in the European Strategy for Particle Physics

US Astro2020 Decadal Survey Science White Papers
• Deeper, Wider, Sharper: Next-Generation Ground-Based Gravitational-Wave Observations of Binary Black Holes
• The Yet-Unobserved GW Universe
• Cosmology and the Early Universe
• Extreme Gravity and Fundamental Physics
• Multimessenger Universe with Gravitational Waves from Binaries
• Gravitational Wave Astronomy with LIGO and Similar Detectors in the Next Decade
• Gravitational-Wave Astronomy in the 2020s and Beyond: A View Across the Gravitational Wave Spectrum
• The US Program in Ground-Cased Gravitational-Wave Science: Contribution from the LIGO Laboratory

US Astro2020 Decadal Survey Activity/Project White Paper
• Cosmic Explorer: The U.S. Contribution to Gravitational-Wave Astronomy beyond LIGO

Report of the Dawn IV Workshop, held in Amsterdam, Netherlands, August 30-31, 2018
• Global strategies for gravitational wave astronomy

https://gwic.ligo.org/3Gsubcomm/documents/science-case.pdf
https://gwic.ligo.org/3Gsubcomm/documents/science-case.pdf
https://gwic.ligo.org/3Gsubcomm/documents/GWIC_3G_R_D_Subcommittee_report_July_2019.pdf
https://gwic.ligo.org/3Gsubcomm/documents/Community_Outreach_Component-July_2019.pdf
https://gwic.ligo.org/3Gsubcomm/documents/Gravitational-Wave_Data_Analysis_Computing_Challenges_in_the_3G_Era-July2019.pdf
https://gwic.ligo.org/3Gsubcomm/documents/3G_Observatory_Governance_Models.pdf
https://indico.cern.ch/event/765096/contributions/3295673/attachments/1785200/2906171/GW3G-ET.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/96-ea36277e5958fd8285246a7df7f06575_VickyKalogera.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/64-41ce3fde3cdd2ef77ddf8e0b2b063584_VassilikiKalogera.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/184-644822c825ddae8d0fe03a0fc8c211bd_SathyaprakashB.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/64-69eca0b2eee1395346360f1c34ea5397_SathyaprakashBangalore.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/54-27f71c00b8b2e041a686ea47407768c5_SathyaprakashBS.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/64-7f6f9f01aafd853aaffa8b214b653fa6_ShoemakerDavid.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/238-b3ffa5bd7364aedab79001e2cf2746e2_ShoemakerDavidH.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/4458621/132-aa5ddaa3731446b9e007386ae54958e0_LIGOScienceWhitePaper.pdf
https://arxiv.org/abs/1907.04833
https://dcc.ligo.org/LIGO-P1900028/public/main
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GRAVITATIONAL WAVES IN THE
EUROPEAN STRATEGY FOR PARTICLE PHYSICS

ET Steering Committee
http://www.et-gw.eu/

with the key contribution of the
"Gravitational Wave International Committee

3G subcommittee"
https://gwic.ligo.org/3Gsubcomm/

Contact Person: Dr. Michele Punturo
email: michele.punturo@pg.infn.it

Abstract

This document briefly describes some of the scientific and technological
synergies that are possible between the nascent field of Gravitational
Waves (GWs) and High Energy Particle Physics (HEPP). It is submitted by
the ET steering committee under the supervision of GWIC-3G (a team
of the Gravitational Wave International Committee (GWIC)) as contri-
bution to the European Strategy for Particle Physics and in view of the
submission of the Einstein telescope (ET) observatory project to the ESFRI
Roadmap.

DECEMBER 2018

3G collaboration in Europe is actively 
pursuing collaborations with high 
energy physics.
(probably necessary to secure ESFRI 
support)
“the European Strategy Forum on 
Research Infrastructures is a strategic 
instrument to develop the scientific 
integration of Europe…”

https://indico.cern.ch/event/765096/contributions/3295673/attachments/1785200/2906171/GW3G-ET.pdf

ET &  
Particle physics 

https://indico.cern.ch/event/765096/contributions/3295673/attachments/1785200/2906171/GW3G-ET.pdf
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GRAVITATIONAL WAVES IN THE
EUROPEAN STRATEGY FOR PARTICLE PHYSICS

ET Steering Committee
http://www.et-gw.eu/

with the key contribution of the
"Gravitational Wave International Committee

3G subcommittee"
https://gwic.ligo.org/3Gsubcomm/

Contact Person: Dr. Michele Punturo
email: michele.punturo@pg.infn.it

Abstract

This document briefly describes some of the scientific and technological
synergies that are possible between the nascent field of Gravitational
Waves (GWs) and High Energy Particle Physics (HEPP). It is submitted by
the ET steering committee under the supervision of GWIC-3G (a team
of the Gravitational Wave International Committee (GWIC)) as contri-
bution to the European Strategy for Particle Physics and in view of the
submission of the Einstein telescope (ET) observatory project to the ESFRI
Roadmap.
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scientific communities. With the HEP Software Foundation (HSF) the HEP community has provided a vehicle
to discuss the long-term software investment as well as the location for a software tool clearing house. It is not
necessarily specific to HEP and could also be strengthened by involving other scientific communities.

? Networks to support the infrastructure and the use of appropriate technologies to handle data management both
within the lake and externally.

GW communities are interested in the CERN "openlab" concept, which is a vehicle for collaboration with industry,
independent from any expectations of procurement. This provides a mechanism for financing and staffing projects
of common interest between CERN and various industry partners. In recent years, this concept has spread to other
research institutions. This is another way of potential technology transfer into the 3G-GW community, allowing
new computer technologies to be explored in collaboration with companies and access to their expertise. The GW
community is strongly interested in finding cooperation and synergies with CERN in some or all of these areas.
The associated technologies are very interesting and could contribute to the development of a broad set of tools
useful for a broad scientific base.

Governance
The current GW detectors, GEO in Germany, LIGO in US, Virgo in Italy and KAGRA in Japan are born as
independent scientific collaborations, but the specific nature of GW research privileges collaboration rather than
competition between all these infrastructures. For this reason a process of convergence developed in the last
decade resulting in a stringent agreement between the LIGO Scientific Collaboration (LSC, including the GEO
collaboration) and the Virgo collaboration; essentially we have a collaboration of collaborations: LVC – the LIGO
Virgo Collaboration. When KAGRA will be operative (end of 2019) it will make a similar trilateral agreement
with the LIGO and the Virgo collaborations. Future infrastructures such as ET and CE, which are still starting
independently from each other due to different framework conditions and time constraints in Europe and the USA,
will tend to very strong integration. Hence, ET and CE would profit enormously from the large experience of the
HEPP community on what concerns the governance schemes of large research infrastructures. The relationship
between CERN and ET first, and then CE, could be of different nature and from a different level: it can start from
the minimal support given by CERN and HEPP community on management of world-class infrastructures and on
technology transfer, to get to cover different forms of integration, involving some CERN infrastructures in the
realisation and management of ET.

Recommendations
• We recommend that the existing and potential synergies between high-energy particle physics and the

gravitational wave community in regard to science and common technologies be analysed, promoted and
developed, and exploited for the mutual benefit of both communities.

• The gravitational wave community encourages a strong participation of Europe’s leading particle physics
institutions in future gravitational wave observatories, in particular in the fields of engineering and
computer science.

• We recommend to jointly develop governance schemes for the installation and operation of a global
network of third-generation gravitational wave detectors.

ET &  
Particle physics 

3G collaboration in Europe is actively 
pursuing collaborations with high 
energy physics.
(probably necessary to secure ESFRI 
support)
“the European Strategy Forum on 
Research Infrastructures is a strategic 
instrument to develop the scientific 
integration of Europe…”
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The ground based detectors are now Observatories,
     and we are on track for continued progress over the next decade.

LISA is also on track to significantly enhance the science reach of GW detectors.  
     (and so is the International Pulsar Timing Array)

We have clear methods to extend the reach to cosmological distance,  
     but this will require scientific R&D, engineering, and money to get there. 

for discussion
Brian thinks - DOE involvement with 3G detectors might be a good move

1. DOE has experience & management structures in place to deal with large facilities 
and large on-going scientific staffing for those facilities.

2. 3G detectors need lots of very good engineering to enable the GW science
3. in general - GWs present exciting new astronomy, astrophysics, and cosmology.
4. in particular - GWs are an excellent window into extreme energy-density physics.

But
1. The cultures are different.  SLAC should not try to run LIGO. 
2. How can we keep the golden goose, but scale it to bigger teams, bigger facilities and 

~continuous detections?


