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Caltech/R. Hurt (IPAC)

DES, DESI GWV Standard sirens Origin of GW binary black
GWYV sources « Current measurements

Hubble tension * Prospects

holes
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N 2 3OOM gaIaX|es over 5000 sq deg ,A

DES programs
Wide: 5000 sq deg grizY DECam follow-up continues
Supernovae: 30 sq deg survey /‘ beyond DES
Neutrinos: followup of Icecube events

Gravitational Waves - GW: followup
of LIGO/Virgo events

DECam

Premier instrument for GW optical follow up in 9"
the Southern hemisphere >
3 sq deg FOV, 570 Mpix optical CCD camera
CTIO Blanco 4-m telescope (Chile)
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Public data
https://des.ncsa.illinois.edu/home .
DR2 (Y6) - 600+M objects (r~24.4) +Y3 Gold NEW! N, S N AR

Right Ascension



5000-fiber spectrograph on Kitt
Peak Mayall 4m Telescope (AZ)
~8 deg? FoV

Stage-IV DE experiment

Sky area: 14,000 sq. deg.

>30M galaxy redshifts

DESI imaging - DESI| Legacy
Survey: photometry to define
targets (grz+WISE)

DESI started taking data early
2020, now taking Year 1 data
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5000-fiber spectrograph on Kitt
Peak Mayall 4m Telescope (AZ)

e ~8 deg? FoV

e Stage-IV DE experiment

e Sky area: 14,000 sq. deg.
 >30M galaxy redshifts

* DESI imaging - DESI Legacy
Survey: photometry to define
targets (grz+WISE)

Dark Energy Spectroscopic Instrument (DES\C reateg I
argest 3D Map of the Cosmos

DESI has already mapped out more galaxies than all previous 3D surveys combined — and it's just getting
started
News Release Adam Becker (510) 424-2436 + January 13, 2022




Sources

wave period

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

>

<

age of
universe

log(frequency) -16  -14

Detectors

—>
Cosmic microwave

background
polarization

Binary Supermassive Black
_ Holes in galactic nuclei

>

Compact Binaries in our
Galaxy & beyond

<
<

Compact objects

captured by Rotating NS,
Supermassive Black Supernovae
Holes —_—
G——
years hours sec ms

Space Terrestrial

Interferometers interferometers

2G: LIGO/Virgo/KAGRA
3G (2030s): Einstein Telescope (ET;
EU), Cosmic Explorer (CE; US)

Gravitational wave Transient Catalog
(GWTC-3):
LIGO/Virgo/KAGRA O[-02-O3

Masses in the Stellar Graveyard

|

BNS: binary neutron star
BBH: binary black hole
NSBH: Neutron star-black hole
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Hubble constant te

+  Hubble constant Hp tells us about the
rate of expansion of the Universe

- >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.

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 = 0.53
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 +1.5

Aiola et al. (2020), ACT: 67.9+1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.3670%3

No CMB, with BBN

Colas et al. (2020), BOSS DR12+BBN: 68.7 £ 1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 +1.1
lvanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 +0.97

Cepheids — SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 2.7

Riess et al. (2019), R19: 74.0x 1.4
Camarena, Marra (2019): 75.4+1.7

Burns et al. (2018):

Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017): 73.2
Riess et al. (2016), R16: 73.2
Cardona, Kunz, Pettorino (2016): 73.8
Freedman et al. (2012): 74.3

TRGB - SNI

Soltis, Casertano, Riess (2020): 72.1 +2
Freedman et al. (2020): 69.6 £ 1.

Reid, Pesce, Riess (2019), SHOES: 71.1+1
Freedman et al. (2019): 69.8+1

Yuan et al. (2019): 72.4 £ 2.0

Jang, Lee (2017): 71.2+£2.5
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Masers
Pesce et al. (2020): 73.9+3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +£2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5

Lensing related, mass model — dependent
Yang, Birrer, Hu (2020): Hp = 73.6573 %2
Millon et al. (2020), TDCOSMO: 74.2 +1.6
Qi et al. (2020): 73.6!i§
Liao et al. (2020): 72.8%1%
Liao et al. (2019): 72.2+ 2.1
Shajib et al. (2019), STRIDES: 74.2:3;2)
Wong et al. (2019), HOLICOW 2019: 73.3:”
Birrer et al. (2018), HOLICOW 2018: 72.5*%
Bonvin et al. (2016), HOLICOW 2016: 71.9'%3

Optimistic average

Di Valentino (2021): 72.94 +0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 1.1

High Precision Measures of Hyp
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Schutz 1986
Holz & Hughes-2005
, MacLeod & Hogan 2008

— ‘Nissanke+2010

S — 1.;Del Pozzo 2012

GW
experiment
< dZ/
d;(z) = (1 +
L = @=+a) o HE ()

< EM experiment - host

L/ galaxy redshift
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GW170817
DECam observation
(0.5-1.5 days post merger)

—= | \VC Skymag

Bright standard sirens Dark standard sirens / statistical method
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GW 170817 - First GW from a BNS merger and first GW EM counterpart

GW170817
DECam observation
(0.5-1.5 days post merger)

ntos+DECam

s yr DN 4 7/
L CA 1 S\ |

Bright standard sirens
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neutron star merge s

Ejecta-ISM Shock  Ejecta from kilonova - UV/
o optical/infrared

Jet—ISM Shock (Afterglow)
Optical (hours—days) ,
Radio (weeks—years) o

Kilonova
Optical (t ~ 1 day) =

< Merger Ejecta
/" Tidal Tail & Disk Wind

Kilonova: isotropic thermal
transient powered by the
radioactive decay of rapid
neutron capture elements
(Lattimer & Schramm 1974)
synthetized in the merger ejecta
Most “promising”’ counterpart

v~0.1-03¢

Metzger & Berger 2012

14
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See: Herner+2020

GW 90
skymap ’?
e o o . T TNy 20
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GW event LIGO/NVirgo/KAGRA send
GWV alert

RA (degrees)

Define strategy, observe

15
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Electromagnetic folloy

See: Herner+2020
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GW event LIGO/Virgo/KAGRA send 40
GW alert

Define strategy, observe

!

N, search W™ template W™, difference

Find new astronomical

transients
16
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Electromagnetic folloy

See: Herner+2020
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GW event LIGO/Virgo/KAGRA send 40
GW alert

Define strategy, observe

* l
*
*
o N, search @™ template -

= - Bk

Polst—proceslslﬂg Find new astronomical
(galaxy catalogs) transients

Often hundreds of candidates! 17
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Electromagnetic fo

See: Herner+2020
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GW event LIGO/NVirgo/KAGRA send
GW alert

RA (degrees)
Define strategy, observe

* l
*
*

:f;'.,’:.,.:,”« ¥ -l Jath s s kgl ozt ol o search template
Public transient reports -

~, difference
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Spectroscopic follow-up ~ Often hundreds of candidates! 18



GW170817 - First GW from a BNS merger and first GW EM counterpart

DECam discovery:
Soares-Santos et al.

2017,ApJL 848, L16

All follow-up:
Abbott et al 2017/
ApJL 848 L12




¢ Environment of astronomical transients (i.e. host galaxy) informs us
about their progenitors and origin

AP-+DES 2017, ApjL 849, L34
20



¢ Environment of astronomical transients (i.e. host galaxy) informs us
about their progenitors and origin
e Absence of recent star formation in GW 170817 host

AP-+DES 2017, ApjL 849, L34
21



N N 9
N , "
N \ \\
N AN . \ :
N
T
NN
. N
\, .
® \ N >
| N
-~
. o
. - ~
-
S
\\ ~

¢ Environment of astronomical transients (i.e. host galaxy) informs us

about their progenitors and origin
e Absence of recent star formation in GWI170817 host

e Kilonova lies on a shell

AP-+DES 2017, ApjL 849, L34

22



Environment of astronomical transients (i.e. host galaxy) informs us
about their progenitors and origin

Absence of recent star formation in GW 170817 host

Kilonova lies on a shell

Shells form from infalling material from a galaxy merger

alaxies

23


http://hubblesite.org/video/558/news/4-galaxies
http://hubblesite.org/video/558/news/4-galaxies

¢ Environment of astronomical transients (i.e. host galaxy) informs us
about their progenitors and origin
e Absence of recent star formation in GW 170817 host

e Kilonova lies on a shell
e Shells form from infalling material from a galaxy merger

The binary may have been the result of enhanced dynamical interactions due
to a galaxy merger ~300 Myr before, rather than a star formation event

alaxies

24


http://hubblesite.org/video/558/news/4-galaxies
http://hubblesite.org/video/558/news/4-galaxies
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LVC, IM2H, DES+ 2017

-0.4
i : —— p(Ho | GW170817) - ;W”k??ﬂ
: : zﬁ";ksl:g 8:22815
0.04 - | | ° - 120
I I T
: : Only showing
T 1 1 . .
8003 1 ! ! thos'e in major L 130
I ! ] tension! . >
IE 1 1 3 &
< : | “ ~
EFC: 0.02 — 140
= . I
1 1
| |
0.01 i i - 150
i i — 160
0.00 - : . . ! . . : . : , C 188
50 60 70 80 90 100 110 120 130 140 50 60 70 80 90 100 110 120
Ho (kms—tMpc™1) Ho (kms=1 Mpc-1)
* NGC 4993 (z~0.01) - Limitations:
H, = 70*12 km s7! Mpc~! % Peculiar velocity (Nicolau+20, Howlett+20)
% Inclination angle is correlated with D
* ldeal to solve the Hubble constant - Can break degeneracy by constraining 1 from
tension: EM
|. Self-calibrating: Independent of distance

 Improve precision by factor 2-3

ladder (Guidorzi+17,Hotokezaka+ | 8)

2. Cosmological model independent
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Preparing for next LIGO/Virgo/KAGRA observing run with more optical surveys,
e.g. DESI:
* Quick classification of candidates (a main bottleneck)
* Potential host galaxies spectroscopic redshifts for further follow-
up analyses and cosmology

40 .
. - = 50% CI o Matches
394 s —— 90%Cl  +’’: DESI FOV
. Year | observations
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— GW sky map
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34 1 GW follow-up pointings:
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33 T — T T T . T T T 4
222 221 220 219 218 217 216 215 214 213

RA [deg]

GW 190412 follow-up - DESI Secondary Target
Program: Multi-messenger observations (Pl: AP)
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~2% measurement w/ ~50 events, enough to understand H, tension
(Chen+2018, Feeney+2019)

D, = 200 Mpc
2023 2028
| |
101 1 GW+EM
o GW+EM+KN 6
> e S Riess 19
y
© 100 4. N Planck

I | | I | |
0 50 100 150 200 250 300
N

Adapted from AP+2019, arxiv: 1903.04730 -,
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* Factor >10 more BBH events

Will miss some EM counterparts
to BNS and NSBH

N

—=V.C Skyméds




\
N\

- BCC galaxy simulations (DeRose et al.
2019,Wechsler et al. 2021)

«  Simulated GW events in uniform
comoving volume on a galaxy at z with

Ho=70 km/s/Mpc

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

posterior

- Peaks are broadened and
blended if d or z uncertainty increases. 50 55 60 65 70 75 80 8 90

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



LIG /Vlrgo
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45 - GWI70814

150° 120° 90° 60° 30° 0° —30° —60° —90°
First measurement of the nght Ascension
Hubble constant using a
BBH
DES & LVC 2019,ApJL

(AP corresp.)
arxiv:1901.01540

LIGO/Virgo O3:run in 2019-2020

50+ alerts, no convincing counterparts

GW190814 (Morgan+20, arxiv:2006.07385,
Tucker+21)
S190510g (Garcia+20, arxiv:2007.00050)

Focus on 2 best localized events
GW190814 (LVC 2020
arxiv:2006.1261 |) particularly
Interesting:
» Lightest BH or heaviest NS ever
discovered in a binary
* Best localized dark siren
* Improved d/localization from
higher order modes
+ |18 sq deg
» 241 £ 26 Mpc

AP+DES, 2020, ApJL arxiv:2006.1496 |



https://arxiv.org/abs/2006.14961
https://arxiv.org/abs/2006.14961
https://arxiv.org/abs/1901.01540
https://arxiv.org/abs/1901.01540

/Virgo

e MRS
DESI imaging

—— 5200129m
GW170814
T GW190412
$191204r
" —— GW190814
GW170608
—— 5200311bg
GW170818

* Dark Energy Spectroscopic Instrument (DESI) imaging

Well-localized events + high completeness galaxy catalog (DES+DESI imaging
redshifts)

* Blinded analyses

AP+2021a arxivi2 | | 1.06445

32


https://arxiv.org/abs/2111.06445
https://arxiv.org/abs/2111.06445

100 7 — Iy =20 km s ! Mpc !
e Hyp =40 km s ! Mpc !
Hy =60 km s~ Mpe—1!
—~
/8 0.75 7 —— Hy =80 km s~ Mpc~?!
m Ho =100 km s~ Mpe™!
~ —— Hy =120 kin s7 Mpe™?!
2050 -
~
=
—
=
P — .2. =
1 1 (D % 0 5
0.0 0.2 0.4 0.6 =
Zph 0.00 | | | |

0.0 0.1 0.2 0.3

&
AP+2021a arxivi2 | | 1.06445

Systematics related to photometric redshifts: bias correction, full redshift PDF

GW Selection effects
Assumptions on BH mass functions (in particular LIGO,Virgo, KAGRA 202

arxiv:2111.03604)
Next: expectations from different BBH formation scenarios, marginalization over

BH mass functions

33


https://arxiv.org/abs/2111.06445
https://arxiv.org/abs/2111.06445
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.03604
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Standard sirens w/ L G 0 Virgo O3 events

—~ 0.0125 - = Bright+Dark Sirens

0.015(0) — === Dark Sirens
———= GWI170817 /
R21

Ipc

4 0'0100 Planck

L's

0.0075

m

=% 0.0050

0.0025

0.0000
20 40 60 30 100 120 140

Hy (km s™! Mpc™?)

* Bright (w/ peculiar velocity treatment) + dark standard sirens:

Hy = 7277112 km s™' Mpc™!

* Dark sirens provide ~30% improvement to GW|70817 precision
* Other work: LIGO,Virgo, KAGRA 2021 arxiv:2111.03604, in particular GW=only

complementary method (Farr+2019)
« Consistent with both early and late-time Universe Ho measurements

AP+2021a arxivi2 | | 1.06445



https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.03604
https://arxiv.org/abs/2111.06445
https://arxiv.org/abs/2111.06445

- DES galaxies + BBH mergers from

LIGO/Virgo/KAGRA at design

sensitivity

» ~200 nearby detections

- Down to 2% statistical
precision w/ “golden” events

» Similar for Rubin LSST (>2024)

- DESI: 2% H, measurement w/ 5

year LIGO/Virgo/KAGRA (Diaz &

Mukherjee 2021)

* Probe origin of BBH with cross-

correlation of GW and galaxies

0.30

0.25 — A

0.20 | Combined constraint
20.15 -

0.10 =

0.05 -

0.00

20 40 60 80 100 120 140
Hy(km/s/Mpc)




Origin of GW binary black
holes



' Mses In the Stellar Graveyard

200 LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern




Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars

? o

1§I % * U Ifﬂ}il il } 3ﬂ}ﬁ2
1 III%QII

ol I Rk I Ry
__Binary Black Hole (BBH) mergers ° f

« Mass Gap: Pulsational Pair-Instability+Pair-instability SN prevent the formation of BH above
~50 Solar mass
« Mixture of formation channels is strongly preferred (Zevin+2021)
2 « Explore possibilities beyond stellar evolution:
o BBH as central black holes of dwarf galaxies
o BBH as stellar black holes close to central black holes of galaxies

N
o
o

Solar MHasses
o
o

an
o

20

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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BBHs from ultra-c Wa fgalaxies

Consellce Bhatawdekar AP & Hartley
2020,Ap), arxiv:1907.0536 |

* The massive stellar black holes detected by LIGO/Virgo could be the
central black holes of ultra-dwarf galaxies (105-106 Msun)
. New observational window into the formation of Supermassive BH
Dwarfgalaxnes
M, ~85 M, M, ~ 66 M
M, ~5x10°M M, ~4x10° M,
Galaxy merger
M, ~ 106 M, Dynamical friction
GW ingpiral
M, ~ 140 M
M, ~10° M,

AP & Conselice, 2021, PRL, arXiv:2009.10688



https://arxiv.org/abs/2009.10688
https://arxiv.org/abs/2009.10688

How low can you

Known relation between mass of

central black hole and galaxy stellar

Mass

Mgy (M)

o]
1010 Barly ° o
Late %o
o Early o%o
O Late o Lo o
* oo o8
5 o uf P o
10 o 0%00 o
oo 0O
o & qs?!?:b"o
o v v Dan
106 v © o
v,
10 6
108 10° 1010 10!t 1012
M* (MO)
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Known relation between mass of

central black hole and galaxy stellar Greene+2020, ARA&A
e
Mass 1010 ggrly o Og
Farl R °
O EFhar
Extend to lower mass: o Late o 0 50 S782
00 )
108 °?’C§€ Fa °
oo O Q
/-G\) )/ 39 ﬂfbuo
= o v » i
6 o
§ 10 '.'o ”
10* o
200 -
-—= GW190521 m,
-- GW190521 gy
10° 107 10' 10" 10%2

M, (Mo)

| E.g. GWI190521 (Abbott+2020 arxiv:2009.01075,
2009.01190) components mass in the mass gap

41
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BBHs from ultra-dwarfgalaxics

AP & Conselice, 2021,

Is the merger rate of dwarf galaxies ever PRL, arXiv:2009.10688
high enough to explain the observed GW19052°
100 ¢ T T E
merger rate of black holes? : } | §
10 | I I 3
? ; | | T :
: . . & I I GW190571-like .
Yes, with time delay (time between © 'y | || Dlagkholemergers
3 | NN i
galaxy to BH merger) ~4-5 Gyr oSO A /BC;K'V :
2 01k N& mergers .
S S A :
Z s :
¥
. e L , 001 /] | E
Dynamical friction could explain / | :
. o
time scale 0.001 — : ! : )

redshift (z)
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https://arxiv.org/abs/2009.10688
https://arxiv.org/abs/2009.10688

\

BBH S I‘0m ¥ Itl"a- S Wa \s alax| =

AP & Conselice, 2021,
Is the merger rate of dwarf galaxies ever PRL, arXiv:2009.10688

high enough to explain the observed GW190521
].OO - | I LI | | Ill I I I
- |

merger rate of black holes?

105—

|
]
]
]
- ] .
: : : & | 1 owigos2i-ike
Yes, with time delay (time between C 'F | || blackholemergers -
g | NN ;
galaxy to BH merger) ~4-5 Gyr 2 L /BJKW :
B 0.1 // mergers -
3 | /- | // ]
& NS :
7
0.01 é_ //| | E
Dynamical friction could explain : / |
1 | /I III | lll 1 | | I | 1 1 | I 1 1 | |
time scale 01T ! 2 3 4

redshift (z)

This formation scenario is plausible, more BBH detections, potentially
very well localized and/or with EM counterparts, simulations, could
confirm or rule out this scenario in the future. 43


https://arxiv.org/abs/2009.10688
https://arxiv.org/abs/2009.10688

|deal environment for formation of massive stellar black holes through repeated mergers of
smaller BH in AGN disks
Could give rise to EM counterpart (McKernan+12, Bartos+17)

Ford+2019 arxiv:1903.09529

44



|deal environment for formation of massive stellar black holes through repeated mergers of
smaller BH in AGN disks
Could give rise to EM counterpart (McKernan+12, Bartos+17)
AGN flare in coincidence with GW 190521 (ZTF Graham+2020 arXiv:2006.14122)

GW19052 |
« e -, 18.8- l
° : ® o
' ! ©19.0-
Nsbh.pre 192 1 ‘ e :
|
18.6 - ! +
- 18.8 - .. () +
19.0 e ¢ ‘ ® I
o v by
= | ¢, o? @ ° o ® I
602 , ". ........ F { 3'.““”% .......... #1 v
° 0.0 - ¢ I
[ ]
58200 58300 58400 58500 58600 58700 58800 58900
MJD
Ford+2019 arxiv:1903.09529 Graham+2020
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flares!?

- Case of GW190521: 7400 Type | AGNs in
90% Volume result in 70% probability of

AP+2021b,
chance coincidence (large localization ApJL arXiv:2103.16069
volume) _

» Bayesian Formalism to establish confident o E
association g — o
ﬁ p Fraction of BBH in AGN % 10° 1 \
Lioc [ [ [ApGS™ | 80N, 28N po(QCN, 2°M) + Rp (AN, 23N) | e Z 10 {
=1 l | 1 4 \\\\ ~ =~
“Signal” AGN “Background” AGNs 0.9 0.4 0.6 0.8 1.0

A

- Catalog of AGNs+follow-up+GWs: . o
Fraction of BBH inducing AGN flare

confident association possible end of
~2023 if A>0.1
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AG
- .

® Promising hybrid bright/dark standard
siren

® Use same formalism to establish
confident association and constrain

cosmology
® LIGO/Virgo/KAGRA O4 Simulation,

10 “top 5%’ BBH
® Planning for follow-up with DECam in

2023, Rubin LSST from following
observing run

=
\ .
]

Ho [km/s/Mpc]

AP+2021b,
Ap] arXiv:2103.16069

A =0.69+31

{o [km/s/Mpc] = 74.65+3%21

Q \2) O H
© A 9 AN

Ho [km/s/Mpc]
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Cosmology with AGN flares

S

< ~v

A =0.69+912
1 ] ]

® Promising hybrid bright/dark standard

siren

] ]
L1 Ho [km/s/Mpc) = 70.86+123
] ] )

® Use same formalism to establish

Ho [km/s/Mpc)

confident association and constrain

Qu = 0.32/31}
] 1

cosmology
® LIGO/Virgo/KAGRA O4 Simulation,

10 “top 5%’ BBH
® Planning for follow-up with DECamin "~

2023, Rubin LSST from following
observing run

With C. Bom, in prep.
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% Synergies between GW experiments and both photometric/
spectroscopic sky surveys

w Counterparts discovery (ongoing preparation w/ DECam and DESI for O4 -
March 2023)

w Standard sirens - Hp (+dark energy)

% Peculiar velocities - fog, ¥

w Origin of binaries - host galaxies, AGNs

w Even without counterparts

% O3 dark sirens have an interesting impact on a combined standard siren Ho
constraint

% LVK Design sensitivity + DES-like catalog: ~2-5% (stat.) with ~200 events

w Cross-correlations of BBH+DESI galaxies/ AGN/dwarf galaxy catalogs to probe
nature of massive stellar BH

Contact: palmese@berkeley.edu - DES, DESI, LISA 5% palmese
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