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-DESI
-Hubble tension

Multi-messenger follow-up DESIRT

-Gravitational Wave (GVv)  With DESI
Dark Standard sirens
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5000-fiber optical-NIR
spectrograph on Kitt Peak Mayall
4m Telescope (AZ)

~8 deg? FoV

Stage-IV BAO/RSD DE experiment

>30M galaxy redshifts (lots of
potential GW host galaxies)

Sky area: 14,000 sq. deg.

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

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

e ~8 deg? FoV

e Stage-IV BAO/RSD DE experiment

 >30M galaxy redshifts (lots of

potential GW host galaxies)
Qlevi araa 14 NNN e Aan

Dark Energy Spectroscopic Instrument o
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
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Hubble constant tel

*  Ho 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): 73.2 +

Follin, Knox (2017): 73.3

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
Freedman et al. (2020): 69.6

*

+

0 HrRwouw

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

Yuan et al. (2019): 72.4 =

Jang, Lee (2017): 71.2+£2.5

2.0
1.9
19
1.9
2.0

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: 72.513;
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
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Schutz 1986
Holz & Hughes-2005
—Macleod & Hogan 2008

\
—— Nissanke+2010

S — 1.;Del Pozzo 2012

GW
experiment
L d() = (1 + >r -
= ST T HeE @)

< 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
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Dark standard sirens
Antonella Palmese | ICHEP 2022 | 8



Dark S|rens
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DES & LVC 2019, ApJL (AP corresp.) arxiv:1901.01540
DESI |mag|ng dark siren coverage AP+DES' 2020’ APJL ar><|v2006 | 496 |
g AP+202la arxivi2 | [ 1.06445
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—— 5200129m
GW170814

5 ; 5 | : C——— GW190412
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., : : ; GW190814

GW170608
—— S200311bg
GW170818

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

~90 GWV events from LIGO/Virgo, | with confident counterpart association

Only consider well-localized events + high completeness galaxy catalog (DESI imaging)
Photometric redshifts (Zhou+20) validation

Selection based on comoving volume, selection effects corrected for using binary
black hole simulations
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https://arxiv.org/abs/1901.01540
https://arxiv.org/abs/2006.14961
https://arxiv.org/abs/2111.06445
https://arxiv.org/abs/1901.01540
https://arxiv.org/abs/2006.14961
https://arxiv.org/abs/2111.06445

AP+DES, 2020, ApJL arxiv:2006.1496 |
AP+2021a arxivi2 | [ [.06445

(0.015(0) = === Dark Sirens

-- GWI170817

— 0.0125 —-| = Bright+Dark Sirens
o Y

=y R21

2 0.0100 — Planck
o)}
T 0.0075 o
= A
== 0.0050 - i !
Y 1 !

0.0025

0.0000 - — ———

20 40 60 80 100 120 140

Hy (km s~! Mpc™)
Bright (w/ peculiar velocity treatment) + dark standard sirens:

Hy= 7277110 km s™' Mpc™!

Dark sirens provide ~30% improvement to GWI70817 Hp 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
~200 nearby detection at design sensitivity needed to reach ~2% from dark siren alone

Antonella Palmese | ICHEP 2022 |10



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/1901.01540
https://arxiv.org/abs/2006.14961
https://arxiv.org/abs/2111.06445
https://arxiv.org/abs/1901.01540
https://arxiv.org/abs/2006.14961
https://arxiv.org/abs/2111.06445

Multi-messenger follow-up
with DESI
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AP+2019, arxiv:1903.04730

DESI can play an important role in GW follow-up =~ 0%l ., Vatches
Quick classification of candidates #7107 T ear | ohearvation
(a2 main bottleneck) 7
Potential host galaxies spectroscopic
redshifts for follow-up and cosmology

Dec [deg]

Archival GW 190412 follow=-up successfully

34 1 GW foIIow ~up pomtlngs
performed - DESI Multi-messenger ~

33

secondary target program (PI:AP) 222 221 220 219 2;:[(15;]7. 2i6 .A2115 2i4 .213
Disruptive mode - possibly few per year B |
0.0000 0.0602 0.0(')O4 0.0006 0.0008 0.0010
dp/dQ [deg~?]
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ceCube folloy

®* While LIGO/Virgo are off, we follow up lceCube
high energy neutrinos in a similar fashion

® Main sources of lceCube high-E neutrinos still
unclear

e Core-collapse (CC) Supernovae (SNe),
Tidal Disruption Events potential sources

Dec [deq]

* Followed up IC210922A in ~24 h

®* No transient detections: AP+2021| https://
gcn.gsfc.nasa.gov/gcn3/30923.gcn3

e Non-disruptive mode

Antonella Palmese | ICHEP 2022 |13


https://gcn.gsfc.nasa.gov/gcn3/30923.gcn3
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https://gcn.gsfc.nasa.gov/gcn3/30923.gcn3
https://gcn.gsfc.nasa.gov/gcn3/30923.gcn3

DESIRT
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SIRT: DECam observations of Intermediate

“PI:AP & Wang

s

Redshi ft TI" n |

e Dark Energy Camera (DECam) grz+g observations AP-+2022,TNS

e Filling a gap between deep fields (e.g. DESSN) and shallower
large surveys (e.g. ZTF)

e Getting transients and hosts spectra for ‘“free” + spare
fibers by observing DESI fields - precursor of Rubin
LSST+DESI/DESI-II

® ~100 sq deg. every ~3-4 nights (21 A, 22A,22B)

® g,z ~23.6,23.6,22.8 5sigma depth

e Public alerts:
o TNS: Bot sent 355 public alerts in 2021 A

© Broker alerts from 2022: https://decat-webap.Ibl.gov/ | RA
e Data public immediately

arned  BaiiE-

NV A e /(Av A

RA Antonella Palmese | ICHEP 2022 |15 RA
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https://decat-webap.lbl.gov/
https://decat-webap.lbl.gov/
https://ui.adsabs.harvard.edu/abs/2022TNSAN.107....1P/abstract
https://ui.adsabs.harvard.edu/abs/2022TNSAN.107....1P/abstract

% Synergies between GW experiments and spectroscopic sky
surveys
v Counterparts discovery (also true for lceCube neutrinos): preparing for
follow-up during LIGO/Virgo/KAGRA O4 run (2023)
v Standard sirens - Hop (+dark energy)
% ~50 events w/ counterparts needed to reach 2% precision
% Origin of binaries - host galaxies
» Even without counterparts
w Dark sirens can provide significant improvement on a combined standard
siren Hop constraint
w LVK Design sensitivity + DESI-like catalog: ~2-5% (stat.) with ~200 well-
localized events
% Stay tuned for new DESI results
% Come speak to me about DESIRT if interested!

Contact: palmese@berkeley.edu - DES, DESI, LISA 3* palmese
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tSI

Automatic daily Machine Learning transient classification pipeline searching
all DESI spectra for supernovae and kilonovae in host galaxy emission
- Thousands of candidates identified from few months of SV+Year|, O(100) confirmed by
Imaging

- DESI spectra of SN la and CC SN serendipitously discovered

DESI Legacy Survey (DR8)
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PecullarVeIocmes W|th
grawtatlonal waves

Image credit: Planck 2015 -arxiv:1504.03339 - Central Galaxy Catalog PV field



Kaiser-1987
~_ Strauss & Willick 1995

~—~Gordon et al. 2007

S—

— —

Galaxies’ Peculiar Velocities: motions on top of cosmological expansion
Follow inhomogeneous clustering of structures and the laws of gravity

PV field probes large scale structure and its growth, and gravity

One possibility is to use galaxies with distance measurement (e.g. FP, SNe [a)
Use GW BNS from 3G GW detectors - forecast

We use PV power spectrum, overdensities power spectrum, and their cross-
correlation

Power Spectra depend on:
Growth index

/ Depends on gravity
1

fD = Q] exp (/ Q&dlna)

7 ;

Growth rate Linear growth factor

Linder 2005
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Growth of structur

e e o~

0.60 — A 100 HLV + TAIPAN/DESI
ET BNS
0.55 - ¥ ET BNS + TAIPAN/DESI
] TAIPAN/DESI RSD
. 0.50 0 _ ¥ SN
L 045 - L ik { SN + TAIPAN/DESI
3  ® : ® ET+PSCz (W18)
0.40 = ‘+ 0 WiggleZ
035 — 6dFGRS
¢ SDSS-II MGS
0.30 - SDSS-LRG
T T ! T 1 VIPERS
0.0 0.2 0.4 0.6 0.8 BOSS
z eBOSS+CMASS

e Fixy=0.55
e 3% precision on fog with 3G + galaxy survey (10
yr ET, 5 yr 3 detectors)
Antonella Paimese | ICHEP 208F & Kim 2021, PRD, arxiv:2005.04325



http://arxiv.org/abs/2005.04325v1
http://arxiv.org/abs/2005.04325v1

SN

Growth of structur

e e o~

0.60 — A 100 HLV + TAIPAN/DESI
ET BNS
0.55 ¥ ET BNS + TAIPAN/DESI
] TAIPAN/DESI RSD
. 0.50 0 _ ¥ SN
L 045 - A { SN + TAIPAN/DESI
3  ® : ® ET+PSCz (W18)
0.40 = ‘+ 0 WiggleZ
035 — 6dFGRS
¢ SDSS-II MGS
0.30 - SDSS-LRG
T T ! T 1 VIPERS
0.0 0.2 0.4 0.6 0.8 BOSS
z eBOSS+CMASS

e Varying growth index o, ~ 0.02 — 0.03

Antonella Palmese | ICHEP 20@2% Klm 202 | , PRD, arxw200504325
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% Synergies between GW experiments and spectroscopic sky

surveys
% Counterparts discovery (also true for lceCube neutrinos): preparing
for follow-up during LIGO/Virgo/KAGRA 04 run (2023)

w Standard sirens - Hop (+dark energy)

% Peculiar velocities - fog, ¥
% Origin of binaries - host galaxies
w Even without counterparts
v Dark sirens can provide significant improvement on a combined standard
siren Hp constraint
w LVK Design sensitivity + DESI-like catalog: ~2-5% (stat.) with ~200 well-
localized events
% Come speak to me about DESIRT if interested!

Contact: palmese@berkeley.edu - DES, DESI, LISA 3* palmese
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Prosg ects for \L

sen5|t|V|t

Inject BBH mergers on DES
galaxiestlocalize for HLV at

0.30

design sensitivity 025 7 A
(LALSUitG"‘BAYESTAR) 0.20 - Combined constraint
+ ~200 detections up to 900 015 - 5

Mpc 010 -
- 5% statistical precision with a

DES-like catalog - AR
* Down to 2% w/ “golden” 20 40 60 80 100 120 140

events (interesting to shed light Hoy(km /s/Mpe)

on Hubble tension)

0.05 -
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Bright Standard sn»* s with B IESI

e DESI can help with quick classification, host galaxy redshifts and peculiar velocities
® ~2% measurement in ~5 years: enough to solve Ho tension - Chen, Fishbach & Holz

2018
8
- D, =50 Mpc
T D, =100 Mpc
6 - o D, = 200 Mpe

0 20 40 60 80 100

AP+DESI time-domain 2019, arxiv: 1903.04730
Antonella Palmese | ICHEP 2022 |25



Now we are ready to combine all of our GW and EM in-
formation by convolving Eq. (2) with the photo-z distribution
p(2) to give us the likelihood p(dgw, dem|Hp). A simple appli-
cation of Bayes’ theorem then gives us the Bayesian posterior

on H, 0>
f p(daowldL(z, Hy))p(z)dz
p(Hpldcw, dem) « . (6)
| p(2)dz
" Hogoue = 10 — —
0.14 I —
Odaw = 20%
0.12 4
z window = [0.1,0.15]
/B 0.10 4
E 0.08 4
& 0.06 A
0.04 A
0.02 4
0.00 ‘P I
40 50 60 70 80 9 100

Hylkm/s/Mpc]
https://ui.adsabs.harvard.edu/abs/2021arXiv211200241T/abstract
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® |letyvary
¢ From GW+hosts only
o |f galaxy overdensities from survey are added: 5, ~ 0.02 — 0.03

AP & Kim 2021, PRD, arxiv:2005.04325
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