A Cohesive Deep Drilling Field Strategy for LSST Cosmology

Ph.Gris, H.Awan, M. Becker, H.Lin, E. Gawiser, S.Jha
and the LSST DESC Collaboration

to be submitted to ApJS (Rubin LSST Survey Strategy Optimization) (arxiv)

(SST-Fr 2024/06/11 \ \‘
\§


https://arxiv.org/abs/2405.10781

A cohesive Deep Drilling Field Strategy for LSST Cosmology \\\\k\\ a
— DESC
//// N aaaaaaaaaaaaaaaaaaaaaaaaaaaaa

=» Goal: propose a set of cohesive Deep Drilling strategies fulfilling reqs from:
€ cosmology measurements (photo-z, Weak Lensing, type Ia supernovae)
€ the Survey Cadence Optimization Committee (SCOC) phase 2 guidelines
(jan 2023)



A cohesive Deep Drilling Field Strategy for LSST Cosmology NN

e Outline
O Deep Drilling Fields (DDF) and LSST observing strategy
o Design requirements
m SCOC phase 2 recommendations
B Requirements from cosmological measurements
Metrics to assess observing strategies
Designing a cohesive DDF strategy
Assessment of the proposed DESC cohesive DDF strategies

o O O O

Conclusion



LSST Observing Strategy

2 types of surveys:
® Main survey: Wide-Fast-Deep (WFD)

® Mini-surveys:
©  Deep-Drilling Fields (DD)
O  South celestial pole

0  Galactic Plane

Main survey: ~ 85% of N
DD : ~5-10% of N

visits

visits
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— EDESC
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Observing Strategy status (LSST) ?%///1\\2

® Survey Cadence Optimization Committee (SCOC)
©  Final recommendations to Rubin Observatory’s Director of Operations in fall 2024 (yes, this year!)
o  OS revised every year
o  DESC liaisons: R. Mandelbaum, S. Jha, S. Smart
0  Phase 2 recommendations: https://pstn-055.1sst.io (jan 2023)

® Main projects for this year:
o N ips for rolling cadence (WFD)

Stri

o0 cadence for Deep Drilling Fields (DDF)

O early science plan


https://pstn-055.lsst.io

SCOC phase 2 recommendations for DDFs — %DESC

® 5-7% of survey time to be spent on DDFs
o > 5% should be well justified (WFD petrf.)
e 5 DDFs observed for ten years

draft_connected_v2.99_10yrs night > 913.125000 and night < 1278.375000: Year2.5Count

e COSMOS prioritized with additional survey time * o

©  10-year DDF depth in three years (beginning
of the survey)
0  Same cadence as other fields the remaining
time
e Euclid Deep Field South (EDFS) as 5th field
O  ~ twice as large as the other DDFs

EUCLID

O  observed at half-depth over its full area ¥ear2.5Count (M)D)

Critical parameters tbd: cadence of observation, filter allocation

DDFs are critical for DESC: PZ, WL (calibration), SNe Ia (cosmology)
i
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Requirements/metrics from calibration - photo-z (PZ) — 4
/ / Dark Energy Science Collaboration
7

® PZ estimated from SED of distant galaxies (6 bands)
® type/redshift degeneracy -> uncertainty in PZ calibration
e To break degeneracies
©  Wide-field, multi-band measurements with accurate redshift galaxies
O  Multi-band deep-fields: precise photometry (flux), reduction of sample variance, shot noise and
selection effects
® Requirement
© coadded DDFs overlap with deep spectroscopic redshift surveys (VVDS, C3R2, COSM0OS2020)
©  LSST: 5-0 depth (m,)

coadded __ N, 0.8mt band | Y1 | Y10
mi e = 1.25logio 2=y 1077 w | 267278
g 270 | 284

r 26:2 | 278

1 25.8 | 27.6

VA 206 | 272

y 247 | Z8b
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Requirements/metrics from calibration - photo-z (PZ)

® PZ estimated from SED of distant galaxies (6 bands)
® type/redshift degeneracy -> uncertainty in PZ calibration
e To break degeneracies
©  Wide-field, multi-band measurements with accurate redshift galaxies
O  Multi-band deep-fields: precise photometry (flux), reduction of sample variance, shot noise and
selection effects
® Requirement
© coadded DDFs overlap with deep spectroscopic redshift surveys (VVDS, C3R2, COSM0OS2020)
©  LSST: 5-0 depth (m,)

mcoadded — 1.25l0 J\ﬁ; 100.8mé band Y1 Y10
5 910 2ih e 267278
g | 270281

Requirements (per band) 11‘ 3?(3 3;2
PZ re Z 206 | 202

Amy = mg(’“dded —mg " >0 y | 247|265
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Requirements/metrics from calibration - weak lensing (WL)

e Two primary uses of DDFs:
O calibration of weak lensing shape estimators: DDF overlapping with high-resolution space-based
imaging
O calibration of weak lensing shear estimators: reducing the loss of precision in the statistical shear
measurement from 20% to 5% using the DEEP-FIELD METACALIBRATION technique (pixel
noise reduction)

® Requirements (per band)

NDDF ——— DDF visits
r=—
WED
N, ——— WEFD visits
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Requirements/metrics from calibration - weak lensing (WL)

e Two primary uses of DDFs:
O calibration of weak lensing shape estimators: DDF overlapping with high-resolution space-based
imaging
O calibration of weak lensing shear estimators: reducing the loss of precision in the statistical shear
measurement from 20% to 5% using the DEEP-FIELD METACALIBRATION technique (pixel
noise reduction)

® Requirements (per band)

NDDF ——— DDF visits
r > 16 r 2

= — TOWFD
N, ——— WFD visits
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Requirements/metrics from calibration - weak lensing (WL)

e Two primary uses of DDFs:
O calibration of weak lensing shape estimators: DDF overlapping with high-resolution space-based
imaging
O  calibration of weak lensing shear estimators: reducing the loss of precision in the statistical shear
measurement from 20% to 5% using the DEEP-FIELD METACALIBRATION technique (pixel
noise reduction)

® Requirements (per band)

NDDF ——— DDF visits
r=—
WED
N, ——— WEFD visits

11
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Requirements/metrics from calibration - weak lensing (WL)

e Two primary uses of DDFs:
O calibration of weak lensing shape estimators: DDF overlapping with high-resolution space-based
imaging
O  calibration of weak lensing shear estimators: reducing the loss of precision in the statistical shear
measurement from 20% to 5% using the DEEP-FIELD METACALIBRATION technique (pixel

noise reduction)

® Requirements (per band)

WL requirements
band Nyisit
season 1 | season 2-10

u 48 432
g 2 648
P 184 1656
1 184 1656
Z 152 1368
y 160 1440

12
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Requirements/metrics from calibration - weak lensing (WL)

e Two primary uses of DDFs:
O calibration of weak lensing shape estimators: DDF overlapping with high-resolution space-based
imaging
O  calibration of weak lensing shear estimators: reducing the loss of precision in the statistical shear
measurement from 20% to 5% using the DEEP-FIELD METACALIBRATION technique (pixel

noise reduction)

WL requirements
. band Nvisit
Metric for WL reqs. season 1 | season 2-10
u 48 432
0S g 2 648
WL — Ny 1 1 184 1656
NWLreg — i 184 1656
Z 152 1368
y 160 1440

13



Distance modulus

Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia)
® SNe Iacollected by LSST —————) cosmological measurements: Hubble Diagram (HD) \\\

AM LSST WED

T

LSST DD

Redshift

22 (1102) 895 “shydomsy ‘vonsy 7v 12 9[n0Rg ‘W
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\)avk Energy Science Collaboration
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Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia)

SNe Ia collected by LSST ——)>

—TT

T T T
| LSST WFD

LSST DD

-02
-04

00

Redshift

2z ($107) 895 “shydonsy ‘uonsy v 12 Soig ‘W

cosmological measurements : Hubble Diagram (HD) x\\k\ / =

—InL = (p — pan (2, U, w)) "' C(pr — pen (2, Qi w))
Q.,, w : cosmological parameters
u : distance modulus
C : Covariance matrix
C= f(Up,CTmt,Usyst)
Oy : |4 error
oint © intrinsic SNe Ia dispersion
Osyst - Systematics

15



Distance modulus

Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia) I

® SNe Ia collected by LSST ——)
46 T B S
A“ LSST WED
& 2r I
g‘“’r
 £e

LSST DD
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00
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00

2z ($107) 895 “shydonsy ‘uonsy v 12 Soig ‘W

Redshift

cosmological measurements : Hubble Diagram (HD)
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—InL = (it — peen (2, L, w)) T C (e — peen (2, L, w))

Q.,, w : cosmological parameters

\\”

1 : distance modulus Optimal cosmological constraints

C : Covariance matrix
C= f(Uua Ointy Usyst)

0y : p error

Minimizing uncertainties

oint © intrinsic SNe Ia dispersion

Osyst - Systematics

16
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Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia) I

SNe Ia collected by LSST ——)>

| LSST WFD
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cosmological measurements : Hubble Diagram (HD) D
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—InL = (it — peen (2, L, w)) T C (e — peen (2, L, w))

Q.,, w : cosmological parameters

\\”

1 : distance modulus Optimal cosmological constraints

C : Covariance matrix
C= f(Uua Ointy Usyst)

0y : p error

Minimizing uncertainties

0y < Oipg ~ 0.12

oint © intrinsic SNe Ia dispersion

o : systematics . .
syst Yy O'Syst (Ma,].mqulst blaS)

o

17



Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia) \
® SNe Ia collected by LSST ————) cosmological measurements : Hubble Diagram (HD) \\>§\ / =
//?/ “ ;ﬁkE Se Collaborati
///// \\ar nergy Science Collaboration
—InL = (pp — pran (2, @, W) C (10 — pen (2, Ly, w))

Q.,, w : cosmological parameters
p : distance modulus Optimal cosmological constraints

T

4

| LSST WFD

& nf
a0f
C : Covariance matrix
C= f(o-,ua Ointy Usyst)

0y : p error

¥ 3l e e . ..
St Minimizing uncertainties

LSST DD

Distance modulus
)
2

7z (1107) 895 “sAydonsy ‘uonsy 7v 12 spnoleg ‘W

oint © intrinsic SNe Ia dispersion Ou <o int ™ 0.12
3 e bl g T T 0 syst (Malmquist bias)
LS o MRS HUM RS 0.
00 ‘ ; . "
2 . :
Redshift SNe Ia light curve
+ parameters l
Observing Strategy Constraints
SN Requi
e N___/band/night (LC SNR) cduirements
® cadence of obsetvation (LC sampling+SNR) _ ~~ ,  Observe a large sample of
® season length/number of seasons (N, ) well-measured SNe 1a
e number of fields (N ) up to high redshift completeness
® time budget 18
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Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia) \
® SNe Ia collected by LSST ————) cosmological measurements : Hubble Diagram (HD) \\>§\ / =

(%}
—

//// |
///// \\Dark Energy Science Collaboration

46' LSS T G B LR TR LA T TS B B N
A“:- LSST WED z —InL = (p — poen (2, Qn, ) C(p — pan (2, U, w))
L , =
. — g Q. , w : cosmological parameters
| I 3 1 : distance modulus Optimal cosmological constraints
40 Y
{ st i C : Covariance matrix
T g C = f(0p, Tints Tsyst) Minimizing uncertainties
36 LSST DD 5
F z Oy @ b error
3 2
I % oint © intrinsic SNe Ia dispersion Ou S Oint ™ 0.12
T T T e F Osyst © Systematics . .
383 VMO 1o T D e I R o syst (Malmquist bias)
00 (R4l el 4 @
URH e MR ALUTRR 2 o
00 ‘ T " E
2 > -
Redshift SNe Ia light curve

+ parameters l

Observing Strategy Constraints Redshift
SN Requi t
N__ /band/night (LC SNR) cauirements e  Spectro
cadence of obsetrvation (LC sampling+SNR) .~ Observe a large sample of e  Photo-z
season length/number of seasons (N, ) well-measured SNe 1a
number of fields (N, ) up to high redshift completeness

time budget




Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia) \&\\
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> measuring (w,, w ) -> large SNe Ia sample at high z (necessary condition) -> DDF!
> requirement: SNe Ia sample with high redshift completeness (faint SNe Ia)

o0 large number of visit per observing night

o  high cadence of observation (1 night)

O  optimized filter allocation

Zeomplete Nyisit /obs. night budget
total a/r/i/z/y per season
0.80 149 | 2/9/62/56/20 1.3%
0.75 108 2,9 '44/38/15 0.9%
0.70 | 81 | 2/9/33/31/6 0.7%




Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia)

)

€  Supernovae Metric of Merit (SMoM): metric to assess OS for SN cosmology 7/ | e\
o Global metric : WFD+DDF (better than N_ and z used up to now) "

complete

O  SMoM definition: based on the DETF FoM (see this article)

SMoM =m/A
A = 1AX 00, 0w, /1 — p?
Ax? = 6.17 (95.4%C. L.)

p = cov(wo, wa)/(Tw, 0w, )
w = wy +w, 17— (CPL)

wy and w, : from a Hubble Diagram(HD)

—Inl = ZNS/\/ (i~ :U'th

JH +o'mt

A

Oint ~ 0.12 (SN intrinsic dispersion)
oy, : full survey simulation of SN LC
N(2) distribution : full survey simulation of SN LC

pi : theory + smearing(o,. , Oint)

+  spectroscopic scenario for host galaxy redshift.

21


https://arxiv.org/pdf/astro-ph/0609591.pdf

Requirements/metrics from cosmology - Type Ia Supernovae (SNe Ia)

N

€  Supernovae Metric of Merit (SMoM): metric to assess OS for SN cosmology 7/ | e\
o Global metric : WFD+DDF (better than N_ and z used up to now) "

complete

O  SMoM definition: based on the DETF FoM (see this article)

SMoM =m/A
A = 1AX 00, 0w, /1 — p?
Ax? = 6.17 (95.4%C. L.)

p = cov(wo, wa)/(Tw, 0w, )
w = wy +w, 17— (CPL)

wy and w, : from a Hubble Diagram(HD)

lnL ZNSN .u'z :u‘th

JH +o'mt

A

Oint ~ 0.12 (SN intrinsic dispersion)
oy, : full survey simulation of SN LC
N(2) distribution : full survey simulation of SN LC

pi : theory + smearing(o,. , Oint)

+  spectroscopic scenario for host galaxy redshift.

Precise cosmology with SNe Ia = highest SMoM
22
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Designing a cohesive DESC DDF strategy

Requirements: PZ, WL, SNe Ia + SCOC phase 2
SNe Ia
e High budget per season (1.3% for zcomplete~0.8)
e DDF budget for universal cadence: 1.3*50=65% !!!!
To maximize the number of SNe Ia at higher-z: 2 types of fields
O  ultra-deep fields
n zcomplete~0.7-0.8
m  high cadence of observation/>100 visits/obs. night
m limited number of seasons (deep fields otherwise)
o deep fields
B Z et 0.5-0.6

m  Cadence ~ 3-4 nights/< 40 visits/obs. Night

m 10 seasons

A

—=\

E—— (]
— Zh=
///// \\DarkEnergy Science Collaboration

Deep Rolling survey

23



Designing a DESC cohesive DDF strategy - free parameters \\\ /
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7\

7

7
Ny : Number of fields/season \

N; : number of seasons of observation/field

N, : number of visits /season/field

budget™ : DD budget

NESST . Total number of LSST visits

~ budget® x NEST - NP2 x NP4 (NP2 X NUP P 4 NP NP N 2P

DD N = NP xNg”
onset NYP Jobs. night = NU? x sI'P | cad”P
budgetPP = 5 — 7% (SCOC phase 2)
F NESST ~ 2.1 million (from simulations)
ree parameters D o o .
- number of UD fields N¢7 + N7 =5 (5 Deep Drilling Fields — SCOC phase 2)
- number of UD season NPP =10 (SCOC phase 2)
- number of UD visits/obs. Night NP 4 NUPPP — 10 (SCOC phase 2)

- number of DF visits/season 24
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DD budget=7% - N\’;lssft-ls'_z 1 mllllon // \D rk Energy Science Collaboration
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© 20000 o
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Designing a DESC cohesive DDF strate
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DD budget=7% = Nl’;lssftz_z 1 mllllon /7// \D_IkEnergySc\encecmlaboranon
cadVPF=2.0 days, season length=180 days
350+
SNe Ia requirements * 0.01
300 — zcomg'efe‘oso ........
& 250 -
D
s
3' 200 - —&— (NfPF,NYPF) = (2,2)
o e (NYPF, NYPF) = (2,3)
g, 150/ | o, —- (NPF,N2PF) = (2,4)
= ;
1 "o,
100 P r g
;I_U ;I_U \‘A~\A‘~ G
;IN ;IN ﬁ~~$\'~2
50 S > AR
s 3 K
500 1000 15‘00 2000 2500 3000

NLF/season

WL_PZ y2_y10 requirements +0.05 mag -6



Designing a DESC cohesive DDF strategy

350+
300 m———— zcomg'efe'“oso ........
DDF_DESC_0.80_SN
"_E 250 e DDF_DESC_0°8@, co
‘0. s
) o, 5 :
‘s PRRRIRR, .| v [ PTMS R S . DDF.DESC,OSO-WZme=°75 ........
©... i :
W 200 DDF_DESC_0.75_SN 0-~.®“.0 : :
Q \A“A_ (_G
5) p S DDF_DESC_0.78.co. T, O o
S [ — ‘mEERLEeE e DS R B complete50:70
W 3
~Ael DDF_DESC _0.75_ i
S, 150 ooF_pesc_o.70_sn Ba *
= DDF_DESC_0. ﬁrcg\ i
1,ﬁ;l)DF DESC 8: wbwz i
§ i RS ©.. ie
100 ; Bemk *scocpz 12
E g R 3
) ) -, o
R R i e 2
g § e SN
50 o N BUQR
P B
. - -
500 1000 1500 2000 2500 3000
NLF/season

DD budget=7% - N.33T=2.1 million

visits

cadVPF=2.0 days, season length=180 days

= (N}IDF' N;IDF) -

~\\l
\;> “DE
/7 {JkgnergysUencecouabo,a‘.on

(2,2)

o (NYPF, NYPF) = (2,3)
- (NYPF, NUPF) = (2,4)

=>» 12 scenarios

00000

3 optimal for SN (_SN)

3 optimal for PZ+WL (_WZ)

3 compromise SN-WL+PZ (_co)
SCOC_p2

Universal WZ

Universal SN

27



Designing a DESC cohesive DDF strate
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DD budget=7% - N\’;lssftz_z 1 mllllon /7// \D_IkEnergyS(\ence(o\laboraton
cadVPF=2.0 days, season length=180 days
2l Impossible to fulfill PZ, WL, and
"y . SNe Ia reqs with a budget of 7%.
300 g s zwmglefe:‘“ ............
DDF_DESC_0.80_SN ? ]
: -> budget required: ~ 8.5%
%" 250 L. DDF_DESC_0°8¢, co :
‘O. } H
'S BPRSESE W. w [OPSRN N P ' DDF.DESC,OSO-WZme=°75 ........
Q.. i i H
3. 200 DDF_DESC.0.75.5N O : - (NYPF, NYPF) = (2,2)
s |7 B N T o S i
§> 150 DDF_DESC_0.70_SN\A~ P *DDF DESC_0.75 ! -~ (NYPF, NYDF) = (2,4)
= DDF_DESC_0. ﬁrcg\ ) i
’5'~~,,£FDDF DESC 8: AQWZ i3
| M N Y S
pad ,§ s ’ A\“m\z .. e H => 12 scenarios
R X O 1 € 3 optimal for SN (_SN)
i< i a0 : K
50 = T - Reging € 3 optimal for PZ+WL (_WZ)
5 N € 3 compromise SN-WL+PZ (_co)
500 1000 1500 2000 2500 3000 : %CQC—Pf Wz
NPF/season niversa._
€  Universal SN

28
i



Example of a Deep Rolling strategy

7
//// \D rk Energy Science Collaboration

)

'—
_I

DDF_DESC_0.80 SN

19u/3g/3r= === ==re==== 4 COSMOS,XMM-LSS
. . 0 [3i/3z/ay
e Filter allocation from SNe 22001 i A
Ia reqs (UD fields) and = e 9u/1g/2r/3i/22/4y - cad = 3
from calibrationreqs @ |.....
(PZ,WL) e
30'19u/3g/3r CDF=S,ELAIS-S1
) 3i/3z/4y
e Moon: S ladns
o phase < 20%: u <-> Rl I PPN DAY AN B i s it RN AR D
y swap *
30'1§ﬁ/§;/§r EDFS-A,EDFS-B
[ 3i/3z/4y
K cad = 6
Z> 20 9ullg/2r/3|/22/4y cad 6
R R L R s g mmmmmm«q

2 3 4 5 6 7 8 9 10
Season
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DD budget vs season ‘

YDESC

2 Collaboration
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-#- DDF_Univ_SN
DDF_Univ_WZ

1 2 3 4 5 6 7 8 9 10
Season
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Metric: PZ
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Metric: WL — | . \\
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Metric: SNe Ia

200

175
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SMoM

100

75

50

Host spectro-z only

4 6 8 10
season

Collaboration

DDF_DESC_0.80 WZ
DDF_DESC_0.80 SN
DDF_DESC_0.80 co
DDF_DESC_0.75 WZ
DDF_DESC_0.75_SN
DDF_DESC_0.75_co
DDF_DESC_0.70 WZ
DDF_DESC_0.70 SN
DDF_DESC_0.70 co
DDF_SCOC_p2
DDF_Univ_SN
DDF_Univ_WZ
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N, (22 0.8)

2000 ;

1750

1500

1250

Host spectro-z only

6
season

8 10

=\

7 B

‘ollaboration

DDF_DESC_0.80 WZ
DDF_DESC_0.80 SN
DDF_DESC_0.80 co
DDF_DESC_0.75 WZ
DDF_DESC_0.75_SN
DDF_DESC_0.75_co
DDF_DESC_0.70 WZ
DDF_DESC_0.70 SN
DDF_DESC_0.70 co
DDF_SCOC_p2
DDF_Univ_SN
DDF_Univ_WZ
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Combining metric results
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Strategies not meeting PZ or WL reqs

Gc—ou
*—%0
Oo—ar

A—AZ
vy

\|
— DFSC
Observing Strategy SMoM
DDF_ Univ. WZ 156 £ 1
DDF SCOC_p2 173 + 2
DDF Univ_SN 179 £+ 2
DDF DESC 080 WZ | 187 + 3
DDF DESC 0.80 co | 190 £ 2
DDF DESC 080 SN | 191 +3
DDF DESC 0.75 WZ | 195 £ 2
DDF DESC 0.70 WZ | 196 £+ 1
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Combining metric results
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Combining metric results
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Combining metric results
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Conclusion
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Seems possible to design DDF strategies fulfilling PZ, WL calibration reqs, optimal f({// DariEZgySmce(ouamm
cosmology, and following the SCOC phase 2 recomm.
A method used to define the strategy parameters (cadence, N, filter allocation) presented in this paper
Most promising: Deep Rolling surveys

© 2 Ultra-deep fields (high cadence, large N ) - limited number of seasons (2-4)

O Deep fields (lower cadence, lower N ) for 10 seasons
A DDF budget of ~8.5% is required for all cosmological measurement reqs. to be fulfilled
Critical to observe SNe Ia leading to accurate distance measurements
Results presented in this paper were achieved with a (relatively) basic simulation. A validation with

realistic simulations using the LSST scheduler is required.
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