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Dynamics and evolution of the universe at
largest scales
(~10+ Mpc; 30+ million light-years)

General Relativity: e
Relate space-time <> matter/energy content

Basic 1dea:

Measure history of expansion and
history of structure growth

— constrain key cosmological parameters




“Standard Model” of cosmology
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Dark Energy
Accelerated Expansion

Development of
Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years



Measuring density fluctuations

e Galaxy positions:
trace dark matter
(DM) halos

(“Galaxy clustering”)

e Galaxy shapes:
Images warped by
intervening DM
(“Weak lensing”,
“Cosmic shear”)
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Adapted from A. Stonebraker; American Physical Society




Weak Lensing Surveys: Now and Future

) Rubin Observatory’s Roman Space
Euclid (Europe) LSST (USA) Telescope (USA)

KiDS (Europe) DES (USA) Subaru HSC (Japan)
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Dark Energy Survey (DES)

4-meter optical telescope in Chile
1/8 of sky between 2013 - 2019
>300 million galaxies

~400 scientists
~30 institutions
7 countries
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Probes of Structure Growth and Cosmic Evolution
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Cosmic shear
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663X2pt99

Uses 2-pt correlation functions

Cosmic Shear
Galaxy Clustering
Galaxy-Galaxy

Lensing

Gain further information
by binning in redshift

(“DNF” algorithm:
J. De Vicente, E. Sanchez &
I. Sevilla-Noarbe, 2016)

Galaky-
Galaxy, lensing,




Galaxy Catalogs

e Galaxies drawn from “Gold” sample with

photometric processing and corrections
(I. Sevilla-Noarbe et al. 2020)

e ~10M “lens” galaxies:

- MagLim (Porredon et al. 2021)
- RedMagic (Rozo, Rykoff et al., 2016)

e ~100M shapes from “source” galaxies
(Gatti & Sheldon, et al. 2021)

Distribution of galaxies in redshift bins
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- Galaxy Clusterlng Rodriguez-Monroy, Weaverdyck, et al., arXiv:2105.13540
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Results: ACDM

e Most powerful 3x2pt constraints from
a single galaxy survey

e 2x improvement in S/N over Year 1

e LSS competitive with CMB constraints
— but tension in S,?

Amplitude of density
fluctuations (S,)

DES Collab. 2105.13549
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Dark Energy Results (wCDM)

e No evidence for w # -1
(ACDM, cosmological constant)

e Highly complementary to other probes!

e Tension remains (pushed into €2, )
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LSST: Order of magnitude larger

e LSST, DESI, Roman, SPHEREX...
Large areas, number densities
— small statistical error

e Existing tensions — definitive detections

e Need exquisite control of systematics to
claim new physics

Galaxy

Number Densuty

[arcmin-2]

Survey Area
[sq. deg]

5,000

LSST Year 1

LSST

25

3.0 35
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(some) LSS systematics

\
Galaxy bias
Small-scales (baryons, non-linearities...) Add
> Nuisance
parameters

Intrinsic alignment of galaxies

Photometric redshift estimation errors

Angular systematics

o  Modify map, leverage spatial info

baseline

(a) b2, bs
(b) 1 halo term

(c) AGN feedback
(d) non-Limber+RSD
(e) b(z) evolution

(f) 1A(z) evolution

(g) IA power spectrum -

(i) biased AZsource

(j) biased shear calib.

o o ——————————

o o ——————————

0.8 0.9

Ss
20

Krause et al. (DES) 1706.09359




MagLim 0.95<z<1.05
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e Astrophysical (stellar contamination, dust, ...) 0.0 i
e Observing conditions (seeing, sky brightness, ...)
e [nstrumental (flux calibration, source detection, ...)
e Result: density maps biased
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How to mitigate spatial systematics? Sanchez st al. 211.16593

e Use systematic templates that trace potential

contamination
o Mask extremes

o  Estimate and correct for contamination via weights

o  Also simulation-based approaches L1l Bin2
e.g. Balrog (Everett+ 2021), Obiwan (Kong+ 2021) TR
! T;—.—-W‘a'g'ii“*”:i

e Many estimators

ngal/ <ngal>
—
=)

14
o

O  Can formulate methods as regression 230 232 234

(Weaverdyck & Huterer 2007.14499) Depth
m Identify different implicit assumptions

m Regression well-studied: 5ObS ~ 5true + f SysS (t)

enables refinements, improvements

Template map 22




Compare Methods on Simulations

Assess Map, Power Spectrum ﬁdelity

Methods used:
Compare

Clean >°

_______________________________________________

e Mode (De)Projection
(e.g. HSC, SDSS QSOs)
e Template Subtraction
(e.g. BOSS LRGs)
e Multiple Linear Regression

\

4 \

[ 1

(e.e. KiDS LRGs, CFHTLenS) : . - |
1

e Iterative Systematics \ i
|

Decontamination (DES lenses) : - °i

: i

o “ENet” | |

« - New : |

e “Forward Selection \ Templates /

————————————————————————————————————————————————

Weaverdyck & Huterer 2007.14499)
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Clear differences in methods!

e DES-Y1 method (or “ISD”)
and ENet methods perform
best

— Most robust to removing true
LSS fluctuations

e Different assumptions
(i.e. theory systematics)

Weaverdyck & Huterer 2007.14499

DES-like simulations
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Performance of Different Methods

e EN shows comparable performance

with ISD method across metrics

1 day — 5 sec
e Different “theory systematics”

e So who cares?

10° 4

Power Spectrum Error (Ax2,)

Weaverdyck & Huterer 2007.14499
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T
L

DES-like simulations Methods
T Uncleaned _ —+— Uncleaned
—4— Tpl Sub (add)

TS (add) —+— Mod Proj (add)
Mod Proj

—+— Elastic Net

—+— Forw Select

10 4 —+— DES-Y1
——— Ax2=1
100 4
Underfitting Overfitting =— \
1 8 20 10 80 200
Number of Systematic Templates Used
450 As good as fiducial DES
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2
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ISD (DES Y1 and Y3)

e “Iterative Systematics Decontamination”

e Series of 1D, binned regressions on each template,

iteratively reweight galaxies

® Pros vs other methods:

- Covariance from mocks
- Significance threshold to control overfitting

e (Cons vs OLS methods:
- Only detect marginal relationships

- CPU and time intensive (~1 day)

(Rodriquez-Monroy, Weaverdyck+. 2105.13540,
Elvin-Poole+ 2018, Ross+ 2011)

1.3{ —— No weights
¢ Weights: airmass-i, FWHM-r

300 3.25 350 3.75 4.00 425 4.50 4.75 5.00
FWHM r [pixels|

MagLim

25 = No weights
—— ISD-PC<50 weights

=== 1SD-STD34 weights
2.4

2.3

22 —
4

21

2.0

Galaxy Bias

19

1.8

1924 026 028 030 032 034 036 038

Matter Density
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Elastic Net Weighting

e Regression extension: form of regularization (Zou & Hastie 2005)
e Incorporate template selection,

e Operate in full-D space (weak sensitivity to template basis)

& = argmin,, (||50bS — T04||2 + Ail]ed]1 + >\2||04||§)
J

/ | Y _— e
Contamination amplitudes OLS penalty Sparsity prior  Regularization
(LASSO) (Ridge)
In terms of Gaussian Laplace Gaussian
Maximum Posterior Estimate, Likelihood prior on prior on
equivalent to: coefficients coefficients

In practice, select {1,4,} through cross-validation
(trained on subsets of the data)

27




Elastic Net Weighting

Use all templates

(OLS)
High variance

Average
mean
squared
error on test

1.100 A

1.099 -

1.098 -

1.097 ~

1.096 -

1.095 +

A/(A1+Az)

—— 0.1

+— 0.5

—— 0.9

Prior shape

1074 1073 1072 107t

Prior strength

thl - 0
(no cleaning)
High bias

Let data
determine
effective number
of templates

Optimal hyperparameters
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Problems in DES Y3 Key Project Analysis

Original fiducial lens sample (“Redmagic™):
3x2pt inconsistent under LCDM

Many post-unblinding tests
Prime suspect: unfixed galaxy clustering systematic
Problem: ~O(1 day) for new weights

X redMaGiC without weights == 3x2pt best fit fiducial ¢ redMaGiC with weights
- ri, L1 2,2 3,3 44 5,5
5 HI
14 —.M\II‘ ,/Nﬁ‘ _ _
0_ LI L LR § LN O K BB E | '_ LI UL A8 ) | LERNE B T AL | L) LELEFLELE A | LA T U S R0 | 4 LRI 5 A | L. LA R | L LI T RS BLE ) | LI N O3 50 B LA | T
10 100 10 100 10 100 10 100 10 100
0 [arcmin] 0 [arcmin] 0 [arcmin] 6 [arcmin] 0 [arcmin]

(Rodriguez-Monroy, NW et al. 2105.13540)
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Rapid, complementary weights estimation

e Able to assess impact of mask, templates,
contamination models
— Demonstrate robustness of weights

e C(ritical for identifying problematic cut in
selection
— Motivate change in lens sample

e Marginalize over differences in
decontamination models

Rodriguez-Monroy, NW et al. 2105.13540

redMaGiC, z-bin 1

2pcf with various
weights choices

—*— no weights ~#® NN-weights
®- ISD-STD34  ----- 3x2pt best fit

- ISD-STD107  [— y4(6) +£.(6) best fit _ |

&
-9 ISD-PC107 —8— ISD-PC<50
—&- ENET-PC<50

1

10!
6[arcmin]

Prediction from
GGL + cosmic

shear




DES: Pixels to Cosmology (3x2pt)

1

s

90

Galaxy

Fig: Alex Amon

Lens clustering =
) ) sample clustering £ ! \\
Point Spread Function ‘2x2 =
Modelling Shape catalogue \ . cosmology
- 1 g
“TTLL - al -gal
) Shear measurement e ::‘igaxy
Wide Flald Iamg & null tests 2-point function .
measurements }—‘
1 Cosmic shear
y - cosmology
. - PipiD, M) = S(Dip. AP
18
e T !’ Blending & 1 Analysis choices
o - 4 —.* - i
g:;" Field simulations | calibration J S0 snd modelling
ometry \
l Mitigate experimenter
bias
a
S preiey
S— Mock analysis
Survey selection
Redshift ia e
T —
._]_ ——  alibration Redshift distributions -
—— WL+LSS —— Redshifts —— Shapes —— Clustering —— Simulations —— Theory —— Results

N. Weaverdyck
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Simplified picture

Scale cuts, galaxy weights, etc

E.g. intrinsic alignments, galaxy bias

4

Nulling terms

_/

~—~

N. Weaverdyck

4

Every change to
analysis:
~0O(3) days on
computing cluster
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Input shift
FastISMoRE Q,

Approach: FastiISMoRE fcine ——
. . 0.20 —— |
Fast Importance Sampling for MQOdel Robustness Evaluation .
® Directly probe response of posterior to change in likelihood (DV or 0.40 _—.-:
model) / From fiducial chain ho
0.60 ——i— .
E(dcont ’0) / 0. —
P(O|d x P(6|d
(Oldcont) (0] dbase) L (dbase|0) re 0.80 —.—-
0.90 ——
® 1000x speedup — vastly expand range of testable systematics 1.00 S
1.1o —0—
e [Eliminates sampler variance 120 —
1.30 —=
® Used to validate: DES Y3 Covariance, and LCDM 3x2pt, and LAy =& —-—
extended analysis choices to systematics o _ Loo —
N. Weaverdyck NW & Otavio Alves et al., in prep; -
' DES Colab, 2207.05766 T




DES Y3: Testing Extended Models

e Validate inference architecture:

— Simulate contaminated data vectors,
— Verify inference unbiased

e Testing models beyond wCDM

o wOwa, 2 , modified gravity, sterile neutrinos, etc.
o 700+ chains!

(Cosmo model) x (astro model) x (data combo)..

baseline 1 &
(@) bz, bs 1 —%
(b) 1 halo term 1 o
(c) AGN feedback 1 e
(d) non-Limber+RSD 1 @
(e) b(z) evolution 1 e

(f) 1A(z) evolution {1 +—e—

(g) IA power spectrum | H@®—i

(h) biased AZjens 1 +—e—
(i) biased Azsource . —e—
(j) biased shear calib. - —e—
0:8 0f9
Sg
Krause et al. (DES) 1706.09359 34




DES Y3: Testing Extended Models

Sum of neutrino masses under extended models

Phenomenological Modified Gravity parameters

Mo
o

BAO+RSD+SN
DES 3x2pt
= Planck

DES 3x2pt
B 550 RSD+SN

Il All data

Planck+BAO+RSD+SN
+DES Y3 3x2pt

—— ACDM
"\ wCDM
- — wo-Waq
Qp
Neg
—— Xo-po
- Binned og(2)

0.0

0.1 0.2 0.3 0.4

> - m, [eV]
DES Collab. (2207.05766)
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Conclusions

e “Golden era” of Observational Cosmology

o Increasingly systematics limited

e DES is state-of-the-art survey with leading
constraints on cosmological parameters

o  Novel systematics treatments crucial
o Y6 Legacy Science analysis even better!
— Talk to D. Sanchez Cid, J. Mena, S. Avila, ...

e Spatial systematics remain key systematic

e Systematics or new physics?
Accelerated, integrated systematics testing crucial for
harnessing precision of Stage IV surveys NWeaverdyck@lbl.gov 37




Bonus Slides




Can assess robustness of Model Comparison stats

Grey: expected scatter
around baseline

DES Colab, 2207.05766

8 Wo-Wq Neg Neg-Meg Oy, o-to Binned o3(z)
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DES 3x2pt All data

X / Synthetic data:

Which probes

N. Weaverdyck

used

DES 3x2pt All data

® Baseline

DES 3x2pt All data

Euclid emulator

DES 3x2pt All data

Bayesian “Suspiciousness”

¥ NL bias, baryons

DES 3x2pt All data

®

30 mag. offset

DES 3x2pt All data
+SR
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S¢ Tension

Si= g [B_J03

« 0g : Amplitude of linear power spectrum on the
scale of 8 Mpc/h

- Q_ : Energy dense of matter (incl. dark matter)

Most large scale structure probes prefer

smaller Sgcompared to CMB, if we assume
ACDM.

Slide from H. Miyatake

€ 7

* CMB Planck TT,TE.EE+lowE
* CMB Planck TT.TE,EE+lowE +lensing ?'
* CMB ACT+WMAP b—&'—c

Weak Lensing (Cosmic Shear)

0759
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078
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Weak Lensing + Galaxy Clustering
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Galaxy Clustering 051
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AP(k)/P(k)
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DES Y3

® Two lens samples:
redMaGiC and MagLim

® Apply both ISD and ENET weight methods

® (Good agreement

e Analytically marginalize over:

o  Difference in method predictions
o  Over-correction bias

e Rapid assessment of mask, template,
method choices
(~2 min vs 1 day)

Rodriquez-Monroy, NW+. 2105.13540
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DES Y3

2090+
Two lens samples: RedMaGiC, Maglim 2
Strong excess clustering in RedMaGiC gosr
e 00
=
Fiducial sample changed to MagLim, &
(though cosmology results consistent 53 0.80
for 3x2pt) o
95}
0.75}
Parameterize via Xlens
tens = P50 Poio) L
Consistent with, without Xlens 0.65F
but much better goodness-of-fit
0.60 t

Orthogonal to LCDM cosmo
parameters (but not wCDM)

DES Collab, 2105.13549

ACDM

— Fid. 3x2pt

= = RedMaGiC 3x2pt

» = s RedMaGiC 3x2pt, Free X
== = RedMaGiC &,

w = RedMaGiC v, + w

0.20

0.25 0.30 0.35 0.40 0.45
O, (Density of matter)
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Rodriquez-Monroy, NW et al. 2105.13540

redMaGiC, z-bin 1

DES Y3

e Data inconsistency robust to wide
variation of weights methodology,

systematic templates

Later: can mitigate by loosening

RedMaGiC y? selection criterion

(Pandey+ 2105.13545)
o Likely problem with sky background

estimation

—»— no weights ®- NN-weights
®-- ISD-STD34 ----- 3x2pt best fit
ISD-STD107 — v:(6) +&.(6) best fit \

0.6
o
- ISD-PC107 —$— ISD-PC<50

—&- ENET-PC<50
!
102 \

0.4
10
O6[arcmin]
GGL + CS prediction

—— Maglim o
L )

===+ Redmagic

Maglim

I
PR
N 1
1 1
1 [}
1 [

Redmagic

P

1.2

s
10 L1

Credit: S. Pandey
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Useful Things to Know

Identified strong basis-dependence of

fiducial weights method
o  Also for BOSS weights, which used similar
approach

Can induce X,, <1iff ys(t)
(i.e. weights) correlates with LSS
(NW+, in prep)

Correlation gf Templates with LSS

0010
0.005
0.000 1
-0.005
& -0.010
Y -0.015
-0.020
-0.025

oeff (spearman rank)

¥ 3
& ¢ kappa blné.

|l|hﬁ*|ﬂh Hh}’ﬁl “T“h'hh P, i lmlil}"w'}l }flql
o HETEE T H
§

%
&
&

<
7

Correlation

| - | 2
Templates NE_&

“Fixed” RedMaGiC sample

— ISD-w o
===+ with skyoffset
—— W/o sky-offset

Different

e . \| weights

i '\l methods
Include ¢ i |
a ' ' :
templates ! !
. 1 1 ]
with LSS ¢ ! :
; . |
' \ l
! \ !
] \ :
! \ \
l’ J'_

0.6 0.7 “0% 0.9 1.0 1.1 1.2

X Credit S. Pandey




Going Forward

Rezaie+ 2307.01753

¢ Multlple ways to get Xlens ;é 1 DR9 DESI Footprint (different methods)
clustering high, GGL low, or both

e Motivate and test mask, templates, contamination
model (rapid weights estimator useful)

No yeight
Noplinear Thifee Maps
[ Test for LSS in Welghts N¢nlinear [Foflr Mapg

Nonlineay Nind Maps

o Avoid highly-correlated data-derived templates I

—50 0 50 100 150
fno + Mitigation Systematics

e (Quantify and report 2pt overcorrection
Especially critical for f_ analyses!
e Report measure of uncertainty on weights

(e.g. alternative reasonable sets)
o  Particularly important for beyond-2pt stats




LSST + SO

LSST + SO 6x2pt
LSST + SO 6x2
pt
LSSTY1 + SOY
< LSSTY6 - v
& BTN < g0 LSSTY1 +SOY1
LSSTY6 + SOY5
N
2
&
S
/\\'?o
&
/\S)

A&

AN N

v BN a2

N Q-" \' .9' 133“ A
Q& N




[LSST + SO

Posterior 1D o of cosmological parameters

LSST Y1 +SO Y1 o, for Fiducial wy —w,CDM o, for MG
Qp o3 ng wo W Qp h sg " wp Ho 2o Mo +4Zo
6X2pt 0.019 | 0.018 | 0.036 | 0.21 | 0.65 | 0.0040 | 0.054 | 0.0059 | 0.069 0.40 | 0.080 0.23
LSST-only 3x2pt 0.020 | 0.020 | 0.039 | 0.22 | 0.76 | 0.0040 | 0.059 | 0.0076 | 0.098 0.43 | 0.079 0.41
6x2pt “lens=source” | 0.019 | 0.017 | 0.035 | 0.19 | 0.61 | 0.0038 | 0.054 | 0.0054 | 0.056 - - -
LSST Y6 + SO Y5 Q. gy ng wo Wq Qy h 58 wp Ho 20 Mo + 4%
6X2pt 0.014 | 0.012 | 0.029 | 0.14 | 0.40 | 0.0037 | 0.043 | 0.0040 | 0.036 0.32 | 0.064 0.16
LSST-only 3x2pt 0.015 | 0.014 | 0.033 | 0.15 | 0.50 | 0.0038 | 0.050 | 0.0044 | 0.062 0.35 | 0.070 0.31
6x2pt “lens=source” | 0.013 | 0.011 | 0.024 | 0.12 | 0.36 | 0.0037 | 0.039 | 0.0036 | 0.031 - - -

*Define sg = 05(Q,,/0.3)%3%, w, = w(1/(1 +2,)) at z, = 0.5.

Feng+ 2108.00658




Galaxy Bias inferred via DES x CMB

GGL suspect
— (dgkcmMB) Galaxy-galaxy lensing Galaxy clustering
1.0 15 20 25 1.0 15 20 25 1.0 15 20 25 1.0 15 20 25 1.0 15 20 25 2.5
by ba bs ba bs
RedMaglc — (bgkcC Galaxy-galaxy lensin .
(G ricue) ke denen Ajsterlng
& | suspect
T i: \I T T . T T T T T T T ;.I T
1.0 15 20 25 1.0 15 20 25 1.0 15 20 25 1.5 2.0 25
by b, by bs
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Approach: FastiISMoRE

0, < 0.1 o,

Baseline

do

Baseline
0.1
0.20

0.30

0.80

0.90
1.00

1.1o

1.20

1.30

140

1.50

(Ay?)] 2

Qm—o— 3538;21 0.000000
:.*_— 3043.98  0.146210
i 1594.19 0.567269
:3: 671.069 1269202
::: 267107 5 oE1743
B = R,
_—.': 328284 5118496
_—*.:- 11.0418 7033067
—_‘-_—‘ 3.3402 9.278596
:8: 3.61854  11.849136
— 2.25633 | 14,780350
_—’_'— 150651 18117934
_—’-_— 119948 21.859074
—-_—,_ 1.08699  25.938871
— _._ 1.08699 ~ 30.486870
—5 _._ 10312 35583148
)MCMC' I;astniMSMoRE

Quality
stats
indicate
when IS
fails




Ensure negligible impact (<0.30 shift) of:

6‘“0630%
: : e . a0
Unmodeled systematics (synthetic data vectors): e*‘e“(}d\“a“o
e Nonlinear bias + baryons (OWLS, high AGN feedback) of ea“’“c“ 00(“35,‘ \
e Nonlinear P(Kk) prescription: Halofit — Euclid Emulator 3 ¢o° e? Q‘O:G\\a\“s‘
e 30 Magnification offset A9

Alternative inference models (tested on synthetic and blinded real data):
e Intrinsic alignment: NLA (2 params) — TATT (5 params)
e Vary Xlens parameter ( Xj, = b’ 4 /b6
e Change n(z) nuisance parameterization
(shift/stretch — Hyperrank [Cordero et al., 2109.09636])

N. Weaverdyck
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Model Comparison

2 _ P(dIMy)
Zx  P(dMx)

e Bayes factor R

e Suspiciousness (Handley and Lemos 1902.04029)
removes much of prior dependence, can compute p-value

InS=InR—-1InI —
Inl = DX —Do.

Contains prior information

e Also Ay, DIC, AIC

Do systematics map to a preference for extended models?
N. Weaverdyck
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Systematic Impact on Model Comparison Statistics

-
We fﬁs"_me In S%g
. J
IS In S35 IS In $%,
( \/ )
\,\mat“‘“'e“\'e In SA LCDM Model (0) Extended Model (X)
nere? X0 Systematic Data (A) Systematic Data (A)
. v
Change in Suspiciousness model AlnSxo =1n S)/}O —1In S)l?o

comparison stat if systematic in data: x 0
=InS4pz —1nS,p

N. Weaverdyck NW & Otavio Alves et al., in prep 53




Suspiciousness: Robust to Systematics

Grey: expected scatter

around baseline DES Colab, 2207.05766

© ;
@ Wo-W, Nog Ng-Meg Qi Yo-po Binned og(2)
o I 1.5 3 1
C>U I 1.0 : . 11 5
Y= i 1.0 1 | = . I
i & - 11 I T
) 0 P . * * 1 : 0.5 82 ¥ 1 .I ®
o | & |87 i I ST 352 S 358 ot%s Xp
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DES 3x2pt All data DES 3x2pt All data DES 3x2pt All data DES 3x2pt All data DES 3x2pt All data DES 3x2pt All data
+SR
X / Synthetic data: ® Baseline - Euclid emulator ¥ NL bias, baryons & 30 mag. offset

Which probes
used

N. Weaverdyck 54




—e— DES 3x2pt

—4— 3x2pt+BAO+RSD+SN+ Planck

Model Comparisons

i ; 3 = & [ 5 |ueomw oo
E' 5 ’.0 P 71 _t +L:_- lt._ [wo-wa] vs. [ACDM]
i" 1. 1 -4 +* __:L __IR__ :I&_ [wo-wq] vs. [wCDM]
'; N 'i, __ﬂ _:l.—_'— _i_,-_'- b _i._ [Q%] vs. [ACDM]
* s * Ny 3 *4 |(Ves] vs. [aCDM]
E * ’i + -+ _',_ i_._ -+ ; [Nett-Mes, ANeg > 0.047] vs. [ACDM, fix m,]
+ : - + _‘L _:_’_ - - [Neft-mesr, men < 10 V] vs. [ACDM, fix m,|
§" ?:‘ 00 _._" _'?"'_ i—'—, ‘ _'::-_ [Zo-p0] vs. [ACDM]
| | o o « * ® + o g }"_—’_ -+ Lo [Binned og(2)] vs. [ACDM]
NI N : e < ==y . [Bifaned cgls), byp] ve. [ACDRE, By
¢ ’ “ ' il . X |AcDM] s [ACDM, fix m,)]
4| ¢ f’ 4 - —’_:_1;_ —f_;_ '_g'_ [ACDM, lin. P(k)+cuts] vs. [ACDM, fix m,]
X i ° . =3 3 [TATT IA model] vs. [ACDM]
b ' . i+ [ [XLens] vs. [ACDM]
‘! ’ ! + - —— -+ | [4c] 8. [AGDM]
‘i i ~ ., —— i - i + i [AL, fix m,] vs. [ACDM, fix m,]
» . 1® o i I © |l v [Av, fix my]
50 00 50 100 -230023 00l 01 1000l 01 1..0-10-5 0 5 -10 0 10 -10 0 10
InR InS p(S,Ak)  p(S,dsmp)  Ax%/Ak AAIC ADIC

Model Comparison Statistics 55
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DES Y3

® Two lens samples:
redMaGiC and MagLim

® Apply both ISD and ENET weight methods

® (Good agreement

e Analytically marginalize over:

o  Difference in method predictions
o  Over-correction bias

e Rapid assessment of mask, template,
method choices
(~2 min vs 1 day)

Rodriquez-Monroy, NW+. 2105.13540
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S Imulation Pi pel ine Assess Map, Power Spectrum ﬁdelity

Compare

Clean >°

' NW & Huterer 2007.14499

-----------------------------------------------

e DES-YG6 like
® 5 z-bins

® Results not strongly
sensitive to survey specs

\

( .

Templates: \ . -E
e Gaussian realizations i - ‘i
Corx (0+1)7 pef0,1,2)

\ Templates /

e Static (Dust, scanning

Strategy’ etc) Note: Methods applicable to any contaminated signal with templates. Here
galaxy clustering, with signal = galaxy overdensity.
Generically: Oppe =S Ogps Ao
57



Mode (De)Projection

Map

Ks_: 7S MP for Pseudo-Cl \

obs

- [ﬂ@;o (I+ 5tt*)_1] Oobs

= [T —t(tT) "Y1 6y
[T -

5 = Oy — L

estimatg< /

-

\

MP estimate of contamination coefficient a
Is MLE, assuming:

6 ~N(0, o*I)

le. &= argmin,||dops — To||?

Template map N

[ 5obs ~ 5true —|—th}

Multiple systematic templates:

t — T (Npix X thl)

/szB—Fe

A

s

y=X(XTX)"1XTy+¢
Sobs = T[TTT) T 60ps + 6

.

Actually care about residuals and

(

XTX)~1x1y

OLS to prb

Y
a

their clustering

e

from X

/8




Multiplicative Correction

1 + 5obs — (]- + 5true)(]- + fsys)’y
5obs ~ 5true T fsys g s 6true.fsys

e Additive estimates (MP, EN, OLS...) leave residual
scatter in map
o  Contaminant to small-scale power

e Fix via multiplicative correction
5obs — f SyS

[ 1+ foys |

Next — compare methods on simulation

5 =

Overdensity Residuals (5 — 07y

Each point = map pixel

Uncleaned
Additive Treatment
*  Multiplicative Treatment

iBELEEE Contaminant Relation

000 025 050 075 100 125 150

Seeing
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Model spatial systematics

® Spatially dependent screen (f, ys)
modulates galaxy density

e Result: density maps biased!
(and 2-pt functions, 3-pt, ...)

True galaxy map

Individual
Systematics

Net

l systematic

Observed galaxy map
(systematics exaggerated) ©9




“Theory” uncertainty in weights methodology

e Additive vs multiplicative treatment 1+ obs = (1 4 Gtrue) (1 + foys)Y
o  Most systematics multiplicative
(exception: stellar contamination) ) sha A 5true -+ fsys + 5true fsys

o Additive correction methods neglect
multiplicative term (e.g. Mode Deprojection)

T . . 0.15
o BUT! Multiplicative correction “for free” 3 X Each point = map pixel
£ o]
|
= 0051
Compare methods on | " E
mOCkS 5 o @ ..g 0.00 4= = ==
o’ O
L 10 o0 7 |
= R > —0.05
Power & . & ¢ Uncleaned
Spectrum 1 os; Aode Projection (ot corTection $ —0.10{ *  Additive Treatment o',
% st i o C e . Te,
Error (N 0.) &5 . ) QE e Multiplicative Treatment +
~ ook T . —r_ A —0157 weun Contaminant Relation
/
Proposed Method (EN + mult. correction) 0.00 0.25 0.50 0.75 1.00 1.25 1.50
0 50 100 150 200 250 300

Multipole ¢ NW & Huterer 2007.14499 Systematic Template




“Theory” uncertainty in weights methodology

What model for fS ys? DES-like mocks

Which systematics templates?

o  Defines contamination degrees of freedom
E.g. linear, quadratic, or ML-built models (NN,
RFs etc)

10° 4 L —

—

(=
T
L

Uncleaned _ —+— Uncleaned

TS (add)

Power Spectrum Error (Ax2,)

—+— Tpl Sub (add)
—+— Mod Proj (add)
Mod Proj
—+— Elastic Net
—+— Forw Select

101 4 + DES-Y1
. —-—- Ax’=1
o E.g. with BOSS data,
10° 4
Use ~10 (Ross+ 2012) or ;
~2000? (Leistedt & Peiris 2015) S ———
1 8 20 40 80 200 Assess
Number of Systematic Templates Used overfitting of
o More templates — more statistical nulling of LSS methooll(s on
mocks

modes — galaxy power suppressed

m Can “harden” methods to overcorrection,

different scaling with NV, AXZ, =

350

>, X

zbins €=£in

(G - Op(a)

2 I
U 8s
Ci*(2)




Importance of Multiplicative Correction

1.5-
@)
L 0]
VaammN
@
A
Power y
Spectrum | 05-
Error - )
1§
0.0 4=~
—-0.5

; Q\‘&"& . |
Gl
.\;\O\\' i
ot
e
A
’ rection
Mod: Projection (mult. correc )v
i jode
— o= Pl — e et | |

Proposed Method (EN -+ mult. correction)

Quality summary statistic:
< ~ 2
50 (Cg(a) - Cp(2))

AXQC[:Z Z 2

(02 ss
zbins £={pin Cz° (=)

50 100 150 200 250 300
Multipole ¢

Significant improvement
from multiplicative
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MP Assumptions on Noise

e True clustering signal = regression “noise”

Diagonalize and optimally
weight in harmonic space

~ td
20+ 1)C, " /Cpe

Only optimal if clustering signal Q= o o B
1) Gaussian Ak +1)Gs /0
2) Diagonal
3) Flat
Can estimate o in pixel space or harmonic space & = [TTT] ™ T 6ops
Pixel Space Harmonic Space
(dobS)ém = (dobS)Zm/\/C_;S'
Regression Noise (additive) & (R;) Orm (t)pm = (t:)em//C5®,
Gaussian Approx. (~lognormal) Yes
Diagonal No Yes
Flat Yes No 64




Minor compared to methodological differences.

Axa

10° 4

107! -

Impact of pixel covariance
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Mode Projection Treatment

No method particularly susceptible
to Gaussian assumption
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Let’s leverage DESI

e [ ook at 400k lenses with DESI

spectra
e (But selection effects)

_h.
~+} ZMC biap

PhotoZ bias

Photometric Redshift

N spectra

1 538

Y6 Maglim

Red: All galaxies photoz
Gray: Matched gals photoz

| Colored: Matched gals specz

= DESI smooth
~— DES_match smooth
- DES all smooth

Selection effect
/

\ \ Problems




Photometric Redshifts

e Photo-z’s: major systematic of weak lensing surveys
e LSST is big, limited by control of systematics

e Spectra from DESI and DESI-II foundational for LSST
science

e Photo-z estimation: learn z ~ f (photometry) from
existing spectroscopy

o Two types: p(z) per galaxy, and N(z) for full
sample

©  N(z) main target for 3x2pt, though p(z) important
for narrow redshift bins
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Problem of Representativity

Key challenge: spec samples not representative
of target photometric samples!

e Different selections, spec failure rates,
sample variance etc (e.g. Hartley+ 2021,
Newman & Gruen 2022)

e Hard to quantify

e Myriad photo-z codes with different
approaches, all with own secret sauce

s - !
A ,\Catastrophic outliers

0.2

00 ik —-~* ‘rl - ; = | : |
0.2 0.4 0.6 0.8 1.0
Photometric Redshift
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Choices important!

e E.g. impact of different choices when

combining/comparing different methods

Mean of n(z)
SOMPZ 4 —a— —— —a —a— _— R
SOMPZ+WZ 4 —a— —a— —— —a— —a —
DNF 1 (] ° ° ° ® ]
DNF+WZ { -e {—e— {—e— 1—e— {—e— {—e—
SOMPZ+WZ (broad b prior) { | —— {7 —— | {T —— —— —
SOMPZ+WZ (no tails) { &~ &= = o e~ o —f— ==
DNF+WZ (no tails) 1 -~ —e— —— —— E —_— R ——
0.30 035 0.425 0.450 0.475 0.62 0.64 0.76 0.78 0.88 0.90 096 098 1.00
z z z z z z
Width
SOMPZ{ ——@—— —— — —— — ——
SOMPZ+WZ{  —@— 1 —o— E 3 - —— —m—
DNF 4 ° ‘o ® ° ° °
DNF+WZ{ —— 1 —— —o— —o— —— —o—
soMpz+wz(bmadbprio,—)-m“mmm“—o.: .............. + ................. -.- ..................... + + ................. +
SOMPZ+W?Z (no tails) { —&— 11— =] = 1—E— =
DNF+W?Z (no tails) { —&— —o= | =e= 1-e- 1—e— 1-e-
0.07 0.08 0.08 0.10 0.05 0.06 0.07 0.06 0.08 0.07 0.08 008 0.10

z

Width of n(z)

Systematic impact of
different photo-z choices

DES Y3, 2x2pt

DNF+WZ
SOMPZ+WZ

B DNF+WZ no tails
B SOMPZ+WZ no tails

Posterior probability

0.7 0.8
Clustering of Matter (S,)

Giannini+, (DES Collaboration) 2022 69




Implications for DESI/DESI-II

1. Direct calibration of N(z) via targeted follow-up: circumvent most
photo-z systematics

a. Can we identify regions in color-mag space where reasonable?
1.  Don’t need to calibrate all possible galaxy samples
i1.  Inform LSST color selections

b.  Opportunity: hybrid selection — sample cleaning for free!

2. Training: important to get spectra for full range of color-mag space
relevant for WL studies.

a. Is this possible? (See also Biprateep and Jeff’s talk)
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Characterize galaxies in mag-color space using SOM

e Self-Organizing Map (SOM): 2D
non-linear projection of full
color-mag space

o  Learned from data

e (alaxies grouped into cells,
neighboring cells similar

e Axes arbitrary (but fixed)

»...»ﬂ

https://en.wikipedia.org/wiki/Self-organizing_map
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Match to DESI objects, populate with spec info (N=400k)

e Summarize spectroscopic characteristics for each cell

z_spec [median]

30

40
25
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20
- 0.6
'1.5 20 b ;-
% 04
10
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05 0.2
| |
0.0 \'\((\\ 0 0.0
Q(@ 0 10 20 30 40
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Estimate time to obtain good redshift with DESI

e Compute estimated observing time for each spec gal

Characteristic observing time for (Mes(jl:ar?]nlag*z(? Z%I’I‘I\\;IizD))
standardized delta chi*2: '

teff40_pred_med2mad_mlisub_max
, 1215\ [ Ax’char — el = = 45
T(szchar, ’Lcha.r) = TSNR2_LRG X ( 60 ) ( sz ) el . 0
40 '1
35
10° A : 1 Cell Median 30 [
[ Cell med+2mad - 25
Cumulative ., | , : : 20 K
fraCtlon Of ~99% below 30 / . . .
galaxies u % , Minutes t@ good redshift
(&) .
. _, 1072 (delta_chi2 = 40)
requiring o~ .
more time ) 0 i
1077 5 ' ' ' e 0 10 20 30 40
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DirCal proof of concept proposal

5254
e Initially proposed for ongoing DES Y6 legacy

0°

Dec. [deg]

analysis
-15°

e 6 pointings, spread across overlap
e  No dark time, but single pointing in XMM for

12 mins bright time 75°

Clustering redshift constraints
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Results Promising!

Single pointing, ~99% success, reveals features missed by photo-z’s

Bin 0. N=1211, PTE=0.084 Bin 1. N=1388,| PTE=4.4e-18
175 - <zbias> = -0.0069 | <zbias> = 0.0275 |
All DES: <ZMC> = 0.296 200 I I All DES: <ZMC> = 0.461
150 - [ XMM: <ZMC> = 0.288 | 1 XMM: <ZMC> = 0.457
1 XMM: <ZSPEC> = 0.295 1 3 XMM: <ZSPEC> = 0.430
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S Gray: full footprint \
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254
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Looking toward LSST

e Sample with LSST Y1 depth

All DR10 objects in COSMOS with

19 <i<24.1 (N~610k)
e GRIZ
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Can use DESI to identify problematic galaxy types in lens sample

<|zspec - zmc|>
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0.05
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What are these bad objects?

Contamination in the
lenses!

Fraction stars

log10(Nspec)

30

Fraction galaxies
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Current Work

e (Co-leading DES Y6 LSS systematics
mitigation with improved methods

e C(Characterizing impacts of photo-z errors on
WL surveys

e Synergies between spectroscopic surveys
(e.g. DESI) and
imaging surveys (e.g. LSST)
o  Direct n(z) calibration
o  Sample cleaning and optimization

e How to do cosmology in the era of
climate change

2D projection of
4D photometric
color space

Regions in color space
with large contamination

Time to secure spectroscopic
redshift [min]

fraction

Feel free to reach out!
NWeaverdyck@Ibl.gov







Dark Energy Results

Most powerful 3x2pt constraints from a
single galaxy survey

e 2x improvement in S/N over Year 1
e Highly complementary to other probes!

e No evidence for deviation from w = -1
(ACDM, cosmological constant)

Amplitude of density

Dark Energy
equation of state (w)

fluctuations (S,)
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DES Collab. 2105.13549

In ACDM | ZZ;E

0.88F i
e LSS competitive with CMB constraints ossp CMB !

0.84}
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— but S8 tension!
0.82F

0.80F

e [LSST, DESI, Roman, SPHEREX...
Large areas, number densities
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— small statistical error 0.74}
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