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Doctor, W. Farr, M. Fishbach, J. Gair, J. Garcia-Bellido, D. Holz, O. Lahay,
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Synergy between GW experiments and galaxy surveys allows
cosmology, other than counterpart discovery and GW astrophysics.

dntroduction . Resu]ts | Ways forward

h f . Current GW detectors
€ game of tension Current galaxy surveys

Cosmology with
next generation GW

Motivation
Dark Energy Survey Impact on cosmology detectors & galaxy
(DES,KiDS/HSC) |[dentify limits/systematics ___surveys

Standard sirens

sssss b Large Synoptic Survey Telescope




. Dark Energy Survey (DES)

. First/last light: 12-12-12 / 01-08-19

. Main goal: multi-probe cosmology
DECam currently premier instrument for GW
optical follow up in the Southern hemisphere

DECam
3 sq deg FOV, 570 Mpix optical CCD camera
CTIO Blanco 4-m telescope (Chile)

DES programs

Wide: 5000 sq deg grizY

SNe: 30 sqg deg SNe survey _
Neutrinos: followup of Icecube events
GW: followup of LIGO/Virgo events \

DECam follow-up contifities

Public data

Nttps://des.ncsa.illinois.edu/home . R
DR1 (Y3) - 400M objects (r~24) 50° 120° 90° 60° 30° 0° —30° —60° —00°
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Motivation for GW cosmology



s the Universe boring”?

| CoF ey +0.05 (DES+Plank+JLA+BAO,
70% of the mass-energy of the Universe ~ w = — 1.00Z 0 "Soc 10 1708.01530)

IS an unknown substance, Dark Energy

(DE). Universe well described by flat
ACDM ‘

 DE equation of state parameter w: P = wp
4 | | BN DES-SN3YR

« Cosmological constant A : energy RA - CMB
density constant in time, w=-1. N

e Current results consistent with w=-1

e Dynamical DE (CPL): w(z2) = wy + w,(1 — a)

» No evidence for dynamical DE MO R M0 0

DES 2019 1811.02375



4.4 sigma discrepancy between
early and late time Universe
measurements

Systematics or new physics?

Need for an independent
measurement. If from late
Universe: ideally independent of
distance ladder.
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Hubble constant tension
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. Standard sirens

e Similar to SN cosmology:

Schutz 1986

Holz & Hughes 2005
MaclLeod & Hogan 2008
Nissanke+2010

Del Pozzo 2012



. Standard sirens

e Similar to SN cosmology:

GW
experiment

-

O

Schutz 1986

Holz & Hughes 2005
MaclLeod & Hogan 2008
Nissanke+2010

Del Pozzo 2012



_ Standard sirens

e Similar to SN cosmology:

GW
experiment

-

O

Z

Lo

EM experiment -
host galaxy redshift

Schutz 1986

Holz & Hughes 2005
Macleod & Hogan 2008
Nissanke+2010

Del Pozzo 2012



. Standard sirens

e Similar to SN cosmology:
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. Standard sirens

e Similar to SN cosmology:

i (1% >r ¢ &
) — <
GW L 0 H()E(Z/)
exzeriment /\
‘51 Local Universe: z 20 1
Hyd; ~ cz E@) =1/Q,(1+27 +Q,

Schutz 1986

o EM experiment - Holz & Hughes 2005
L/host galaxy redshift MacLeod & Hogan 2008
Nissanke+2010
Del Pozzo 2012



. Standard sirens

e Similar to SN cosmology:

ey = (1% >r ¢ &
L) = &
GW ; 0 HOE(Z/)
experiment /\

‘51 Local Universe: z 20 1

Hyd; ~ cz E@) =1/Q,(1+27 +Q,

Schutz 1986
Holz & Hughes 2005

*Other methods use GW only
(Assumptions on NS MF, EQS, tidal

distorsions...) MacLeod & Hogan 2008
Nissanke+2010
Del Pozzo 2012

Markovic 1993, Taylor & Gair 2012...



GW+EM standard siren methods

‘-,‘_.'. s ". ) »

Unigue host gal . "No EM counterpart: potential host galaxies

/

. BN R s T B :,~:'. \ ..;-t;‘-;i.blz. : L' G i
Bright standard sirens  Dark standard sirens / statistical method
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Current measurements



GW170817 as bright standard siren
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« NGC 4993 (z~0.01)

al +12.0 | o |
Hy =70.0"¢" km s™ Mpc
* |ldeal to solve the Hubble constant tension:

1. Self-calibrating: Independent of distance ladder

2. Cosmological model independent




GW170817 as bright standard siren

B GW170817
B Planck!?
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e Limitations:
= Peculiar velocity -
= |nclination angle is correlated with D
* Can break degeneracy by constraining 1 from EM
* Improve precision by factor 2-3 (Guidorzi+17,Hotokezaka+18)



Dark sirens N

. . Del Pozzo 2012
Standard sirens with no EM counterpart Chen, Fishbach & Holz (2018)

H, inference

Priors on _
properties of BBH Value of H| Prior on H,
host galaxies

DES galaxy — "
roperties position L
(z, IE)/I*,pz, P (D,, RA., Dec) ) W strain signal

Priors on BBH
parameters

LIGO / VIRGO

l Prior distribution ‘ Random variables

/ | Observed data | l Theoretical data
— = LVC Skymag § ! | ,



. i? F;robbsed by»;Schurtz
Dark sirens | niee
. . . Del Pozzo 2012
Standard sirens with no EM counterpart Chen, Fishbach & Holz (2018)

H, inference

Priors on _
properties of BBH Value of H| Prior on H,

host galaxies

¥ F’Xf't[')oenc) ) W strain signal

L’

Ny

Priors on BBH
parameters

LIGO / VIRGO

l Prior distribution ‘ Random variables

BurLIRS] SUTH

! Observed data l Theoretical data

e Factor ~10 more BBH events
o Will miss some EM counterparts to BNS
e Further away - can do more than Hp



Simulations

posterior

02 — o4/d=10% ‘ Hy = 70.05:
o, = 0.013 (142)3

+ Single events: posterior expected to have peaks corresponding to large scale structure along the los

- Peaks are broadened and blended if d or z uncertainty increases.

- Converge to the input value of Ho from combining enough events

DES & LVC (2019) arxiv:1901.01540


https://arxiv.org/abs/1901.01540
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Converge to the input value of Ho from combining enough events

DES & LVC (2019) arxiv:1901.01540



https://arxiv.org/abs/1901.01540

GW170814: the golden event (for DES)
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* First BBH event}.A LIGO+VJrQO 90% probab|l|ty in 60 sq deg

¥ g

* 90%+ Covered by iES GW f@lflovv Up (no Counterpart Doctor
et al. 2@19) ek |

S  DES & LVC (2019) arxiv:1901.01540



https://arxiv.org/abs/1901.01540

GW170814: the golden event (for DES)

DES galaxy distribution

— _—

Overdensity — MC

Mean

Define a complete

Underdensity

( 7 7 O/ ‘ 0.05 0.10 0.15 0.20 0.25 0.30
O = z

of total stellar mass) X

using Year 3 data . ) = 54— MC

Mean
~ 77,000 galaxies

200 400 600

0.00 005 010 015 020  0.25 ,. .
dr(Mpc)

DES & LVC (2019)


https://arxiv.org/abs/1901.01540

Results
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= DES GW170814
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DES & LVC (2019) arxiv:1901.01540



https://arxiv.org/abs/1901.01540

. GW170817 as a dark siren

|_ocalization volume is crucial!

lgnore counterpart and use
GW170817 as a dark siren

1.7x more precise than
GW170814

2x less precise than bright siren

0.030 , Equal galaxy weights ,
........ LB:>001L%
00257 Lp > 0.25L% -
Q . .
= ) === Lp>0.626L7%
= 0.020 - . S :
® W omrmre assuming counterpart

50 100 150 200
Hy (km s~! Mpc™)

Fishbach+LVC (2018) arxiv:1807.05667



https://arxiv.org/abs/1807.05667

Part 11

Prospects for current GW
detectors & 3G



Prospects for current detectors

* Few % measurement in ~2022 from bright sirens: enough to solve Hp tension

1 -

- Dark sirens from BBH worse. Need more well-localized events

 NSBHs can provide competitive constraints, if rate >1/10 BNS (Vitale & Chen 2019, PRL)
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Projected Year:

PACERS 2023

NY Chen, Fishbach & Holz
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Dark sirens precision

4-5% statistical precision with DES-like data and ~100 GW170814-like events

100 event sample

Ansatz, systematics to be understood before precision cosmology is allowed:
= Impact of galaxy bias

= Photo-z systematics or spec-z greater incompleteness?

= Clustering of typical host galaxies



Impact on full cosmology

e Combining upcoming GW Hp
constraints + future CMB +
BAO significantly improves W,
constraints beyond ACDM

» Breaks geometrical Q,
degeneracies between
parameters from CMB

Zm 0.3

y 0.2

 [actor 1.6-2.8 improvement

on dynamical DE parameters
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Host galaxy of GW170817

Synergy GW-large galaxy survey extends to astrophysics of GW sources

DECam | DECam HST

S kpc

P
* Unlikely the binary formed as isolated binary in this type of galaxy
* Position of the transient lies on a shell, remnant of galaxy merger
* Galaxy merging activity may relate sGRB hosts

Suggest that galaxy mergers can boost the BNS formation/merging by boosting dynamical
interactions
Alternative: assume isolated binary + SFH — constrain time delay (Blanchard+2017)

Larger statistics of GW hosts will shed light on formation channels of GW sources
Palmese+DES (2017) arxiv:1710.06748



https://arxiv.org/abs/1710.06748

For tens of nearby bmght events small telescopes are enough .' A
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For tens of nearby bnght events small terescope,s are enough
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D ES‘ (Wide field spec surveys - Taipan, 4AMOST, SDSSV)
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Dark Energy Spectroscopic Instrument

= 5000 fibers spectrograph at Kitt Peak (AZ)
* ~/ sqQ. deg. FoV
= 5 years, first light 2019

The Bright Galaxy Survey ( )
= 14,000 sqg deg
= Magnitude limited (r=19.5) out to z~0.4 (median 0.2)
= (Great host galaxy catalog for GW science

R e L 3
0.7 million Ly-A QSO\‘ e B
+1.7 million QSOs ‘fll'_f_j,. il " *

z2=4 \,‘-‘i;.a(‘-:‘ r=4.0
z=3 - .-._‘\' Gpc/h

17 million ELGs —*=3
: r=3.0 Gpc/h

4 million LRGs

10 million BGS galaxies e 7'r=1.0 Gpc/h
z=0.2"" 'r=0.5 Gpc/h



D ES‘ (Wide field spec surveys - Taipan, 4AMOST, SDSSV)

L/
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Dark Energy Spectroscopic Instrument

= 5000 fibers spectrograph at Kitt Peak (AZ)
* ~/ sqQ.deg. FoV
= b years, first light 2019

The Bright Galaxy Survey (BGS)
= 14,000 sq deg .
= Magnitude limited (r=19.5) out to z~0.4 (median 0.2)
= (Great host galaxy catalog for GW science

Prospects for standard sirens:
* Bright sirens:
Quick counterpart classification
Galaxy redshift and peculiar velocities
|
Oy = B\/czazz + 02 + Hgo%

SHOES

* Dark sirens:
Photo-z systematics suppressed | 0 u ] i .

Palmese+2019, arxiv:1903.04730



LSST & other imaging surveys
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p—
(e
[

Number per 0.05 redshift bin

—
(]
(=]

 LSST & WFIRST ongoing activities for
potential GW follow-up 00 01 02 03 04 05 06 07 08

Scolnic+DES 2017



Prospects for 3G detectors

Direct impact on cosmological parameters beyond Hpbecause of higher D reach
D-z relation sensitive to: HO’ Qm, Qk, Wo, W,
ET + sGRB: ~1000 events. Still needs host galaxies. Improve with KNe?

Cannot constrain all parameters competitively with current DE experiments by itself
(Sathyaprakash+09, Zhao+11)

Combination with experiments that constrain some parameters (e.g. Planck) will lead to
DE constraints competitive with DE experiments (in particular Taylor & Gair 2012, no EM)

8:: ;; g:v‘:::,: | [ — (line 1): BAO+CMB 10}
(line 3): GW+CMB 1 06|

(line 2): CMB+GW+BAO
te 3): CMB+GW+SNia
D): GW+SNIa+BAO

—— (line 3): GW+CMB .
1 05

line 1

line3

line 2

43 42 411 40 09 08 07 410 105 100 095 -0.90 Zhao+1 1
w W. w




Conclusions

« Current GW detectors +current/near future galaxy surveys have
the potential to help understanding:
~ * FHptension |
» |LCDM extensions (indirectly)
 3G: Dark Energy

e Improved localization volume will be crucial for cosmology with
3G, potentially allowing mterestmg dark siren cosmology
constraints

® More uniformly sampled, complete, galaxy catalogs for dark
siren cosmology & follow-up

® Forecasts for 3G + galaxy surveys
® Impact on target selection + GW follow-up for 2030s DE
experiments (DESI2, LSST spectroscopy...)
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‘msed by *
M et h O d Schutz in 1986 |

Eﬁ S _

e Bayes' theorem:

p(Hyldcw, dem) < p(deow, dem|Ho) p(Hp)

e Source position assumption: it lives in galaxies i
 Marginalize over all galaxies

(Hp) r*(z)
p(Hyldgw, dem) Z( H(())) Z Wi f dz; p(dowldi(zi, Hy), Qi) p(demlz;) H)
_—
¢ L IGOAIFgo DES
Selection effects Skymap ohoto-zs

Del Pozzo 2012
Chen, Fishbach & Holz (2018)



~ BLISS+DELVE r o

While we wait for LSST...

DECam g-band sky coverage as of January 2019
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DECam i-band sky coverage as of January 2019

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
total exposure [log (exptime/sec)]

= |[mportant for:
- Template images

DECam r-band sky coverage as of January 2019

2.0 2.5 3.0 3.5 4.0 4.5 5.0
total exposure [log (exptime/sec)]

DECam z-band sky coverage as of January 2019

| e, | o/ —_— JANE

2.0 25 3.0 35 4.0 4.5 5.0 5.5
total exposure [log (exptime/sec)]

- Complete galaxy catalogs
» + Pan-STARRS in the North



GW170817 host galaxy - SED analysis

o Spectral (6dF) and photometric (DECam+VHS)
SED fit
. M*=(3.8 + 0.20)x1010 Mo, Age~11 Gyr
. Weak ionized gas emission lines by AGN
. Pixel SED fit, also allowing late SF bursts
. No evidence for recent star formation
Surprising for isolated binary scenario

Stellar mass map
from pixel SED fit

5500 6000
Wavelength [A]


https://arxiv.org/abs/1710.06748

_ EXxpected rate In early type galaxies

 Assuming BNSs are formed as isolated binaries
_ ’
Rnsm(t) = aRns (1) g
' =t — AtNSM s

Rys(?) = fdM*(D(M*)\P(t*)@NS(M*)

Vangioni et al. 2016

 Assume SMF + cosmic SFR density:

early +2 —1 —~3, all
Ry¢y, =235, yr Gpc™;, Rigy,

~ 270 yr'Gpc™’

: . Observing a merger of
Expected observable events or SNS in LIGO O1+02 isolated binary
Early type galaxies: 0.04 , ,
All galaxies: ~0.5 in this type of galaxy

unlikely


https://arxiv.org/abs/1710.06748

