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Preview: Cosmology Analyses, ca. 2025

Cosmology Parameters

95% Systematics Parameters
- known unknowns
- unknown unknowns




Photometric Dark Energy Surveys
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Cosmic Structure Formation

gravity drives cosmic structure formation, dark energy slows it down
growth of structure constraints complementary to expansion rate
~linear (large) scales: perturbation theory

non-linear evolution: numerical simulations

» reliably predict dark matter distribution, for wCDM cosmologies (+ individual MG models)

P s
- N -t

. Springel+, 2006




Cosmic Structure Formation

gravity drives cosmic structure formation, dark energy slows it down
growth of structure constraints complementary to expansion rate
~linear (large) scales: perturbation theory

non-linear evolution: numerical simulations

» reliably predict dark matter distribution, for wCDM cosmologies (+ individual MG models)




Connecting Theory and Observations
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Summary Statistics from the Galaxy
Distribution

= : ~ PR g
.J.‘ . by - P v (,.,,. _.‘_,.
At e L ~A T ey - ol

—— two-point correlations
O clusters (over densities)

voids (under densities)

X Springel+, 2006

A three-point correlations,...



Tracer: Galaxy Clustering

requires ~3D distances (redshift),

relation between galaxy density

.7 and dark matter density

el

&1 (galaxy bias)
&5 % o |
i, % ,-\,ﬁ~ Fourier transform
AR T g, S
) I e Mmatter power spectrum
F ks 'Z” ;Q" — z=1]
£ ¥ 4 o ’ —_— 2z=3
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excess probability of galaxy pairs
(over random distr.)
as function of separation
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Tracer: Galaxy Clusters

& W

B ~_'1;'
\ r“‘k
O X

clusters (over densities)

requires relation between observed mass

proxy (e.g. galaxy counts) and halo mass
"mass-observable relation” (MOR)

logg(dn [h* /Mpc® /dlogiyM]
10 ; ' -

image: DES

halo mass
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Tracer:Weak Gravitational
Lensing of Galaxies

light deflected by tidal field of i or ré asting anvuses tesseo av s auncihrg o i iz
large-scale structure R e B e X
v . !:.‘; .\ . 2 ‘ ,,‘&.“0 - \‘....’
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Tracer:Weak Gravitational
Lensing of the CMB

light deflected by tidal field of

large-scale structure

» remapping of (primary)
CMB anisotropies

CMB lensing affected by
different systematics than
galaxy shear estimates

independent technique & o
consistency check - credit: ESA



The Power of Combining Probes

» best constraints obtained by

SNe luminosity
distance measurement

combining cosmological probes

Union2.1 SN la
Compilation
with SN
Systematics

» independent probes: multiply likelihoods

Combination

» combining structure growth tracers

CMB angular diameter
distance measurement
. and perturbations

(from same survey) requires more

>
=
7))
C|
O
o
>(
(@)
Lv
O .
-
LLI
xl
| -
O
0O

] BAO angular

' — diameter distanc@
<<

complicated analyses

b\ measurement

» large-scale structure tracers probe same
underlying density field, are correlated

-— I\/Iat"-ter Density |

, correlated systematic effects

— requires fully-integrated joint analysis



Joint Analysis Ingredients

Likelihood Function flodel Data Vector . .

§ consistent modeling of all observables

ber» coUns. P0|sson
t 2PCF: ~ Gaussian (?)

b & improvements needed for |
| stage IV surveys | ;

SC|ence Case

T . - ) -

{ parameters of interest
| which science?

{including all cosmology + nuisance parameters §

large data vector ‘
which probes + scales?

. T - S R Yl LS _ _

p(ﬂ'\)ocp(ﬂ') L|d|d(mw,n),C) pn)d"n

Cosmology Priors Systematlcs Parameters

systematic effects \
outnumber cosmology '

P ' TIEISTIIAET | VGI J date . X ! ;. parameterize + prioritize !
I External Data | @ e 8 %

¢ Simulations m




“Precision” Cosmology

our situation today

“precision Bl SURVEYS



“Precision” Cosmology

the future,
if were complacent

 precision  B|G SURVEYS



“Precision” Cosmology

Low accuracy Low accuracy
Low precision High precision

High accuracy High accuracy
Low precision High precision

> .
VU
\]
S
=
VU
V
c

where I want to be with LSST-Y10




Combined Probes Systematics

»  “Precision cosmology”’: excellent statistics - systematics limited

(and person-power limited!)

v

» Easy to come up with large list of systematics + nuisance
parameters

galaxies: LF, bias (e.g., 5 HOD parameters + b per z-bin,type)

v

cluster mass-observable relation: mean relation + scatter parameters

v

shear calibration, photo-z uncertainties, intrinsic alignments,...

v

v

2 (poll among DES working groups) ~ 500-1000 parameters [2013 estimate]

»  Self-calibration + marginalization?

costly (computationally, constraining power)

v



The Trouble with Systematics

a systematics free survey....
bias free parameter estimates with statistical uncertainty

N




The Trouble with Systematics

ignored systematic effect in analysis:

parameter bias
A\
]
N

) 2
) 2
) 2
) 2
) 2
) 3
S
) 3
) 3
) 3
sg




The Trouble with Systematics

marginalize systematic effect, correct parameterization
remove parameter bias, increase uncertainty




The Trouble with Systematics

marginalize systematic effect, correct parameterization
remove parameter bias, increase uncertainty

—

nuisance parameters

improve priors on




The World is not Perfect

marginalize systematic effect, imperfect parameterization
residual parameter bias, increased uncertainty

imperfect |A mitigation examples for Rubin: EK, Eifler & Blazek ’16



Real World Example:

KKl!IDS DES HSC I;ancy _(?.IRoman
CFHTLS DLS o é % . DarkEnergy Hyper pace Telescope
COSMOS Survey Survey  Suprime . Vera Rubin
Cam Euclid
Observatory
Observed
galaxy
density Yo s L : i '
11 65 17 11 10 26 30 S0 30
DES Y3
Survey
Area
[sqr deg] 100M galaxies Billions of galaxies
154 2 20 1500 5000 1400 15000 2200 18000

—
sivey 09 ‘09 ‘12’19 19 20 | 23 o5 93

Completion

Year End Date ~ Start Date



DES-Y3 WL x LSS Analysis

100M source galaxies
split in 4 redshift bins

10M lens galaxies
split in 6 redshift bins

galaxies x galaxies: s x loneig- . lensing x lensing:
angular clustering galaxies x lensing. cosmic shear
galaxy-galaxy lensing

S A
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sample clustering
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cosmology

— Point Spread Function
Modelling 5

Shape catalogue | —

32

Galaxy-galexy

Shear measurement .
’ lensing

—t & null tests
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casmology

Wide Ficld Images

2-point function
measuremants
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cosmology

v
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Deep Field
Photometry
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- E ﬁ
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Survey selection

. —>1 Covanance
Redshif .

. . » | Redshift distnbutions
calibratior

credit: A. Amon




DES-Y3 Systematics Modeling + Mitigation

baseline systematics marginalization

» linear bias of lens galaxies, per lens z-bin

» magnification bias of lens galaxies, per lens z-bin

» intrinsic alignments, tidal alignment + tidal torquing, power-law z-evolution
lens galaxy photo-zs, per lens z-bin

source galaxy photo-zs, per source z-bin

vV VvV Vv

multiplicative shear calibration, per source z-bin

-> this list is known to be incomplete
how much will known, unaccounted-for systematics bias Y3!?

-> remove contaminated data points (i.e., throw out large fraction of S/N)

-> choice of parameterizations # universal truth

are these parameterizations sufficiently flexible forY3?

EK+2021



DES Y3 Results:
LCDM Multi-Probe Constraints

-‘g 0.875} — Fia a2 || » marginalized 4

I ' cosmology parameters,

i lens and source sample

£ 0.825 | clustering nuisance

§ o parameters

\: - » consistent cosmology

constraints from weak

0.750 lensing and clustering in

configuration space

0.700

(.20 (.).‘_)-'-) 0.30 0.35 0.40 0.45
DES Collaboration 21 ,, (Density of matter)




DES Y3 < External Data

Each of these data sets is consistent
with the other two.

.
o :
%”'”2'—’ _ ;',d,,,:kgﬁB We can combine DES and the other
E 0.900 Ext. Low-: complementary
o0 = All Low-z and test consistency with Planck
5 0.875 CMB.
2
O 0.850
= We find consistent results at 0.90 or
0.800
0.775 | » Future: observe more
galaxies, combine more
0-750 probes, and achieve
0.795 better systematics
0.250 0.275 0.300 0.325 0.350 0.375 0.400 0.425 0.450 control!

Qu (Density of matter)



Beyond 3x2pt:
DES-Y | Cluster Counts x 2PCFs

To, EK+ 2021a,b: cluster cosmology constraints from abundances
and large-scale two-point statistics

» joint likelihood analysis
3x2pt: validated on DES-like

Method: Krause&Eifler et al. (2017)
Simulation: MacCrann&DeRose et al. (2018)

mock catalogs (Buzzard,

Results: DES Collaboration (2018) DGROSG+2020)
Ax2pt+N: ]

Method: To&Krause et al. (2020a) ’ M O R Ca | I b rated fro m

Simulation: To&kKrause et al. (2020a) |a rg e-sca | e C| uste I’i N 9

Results: This work

account for selection bias

This work v/ cosmology constraints

consistent with other
DES probes



Beyond 3x2pt:
DES-Y | Cluster Counts x 2PCFs

this analysis unlocks constraining power from number counts
substantial gain, iff accurate MOR calibration

DES Y1 3x2pt
ox2pt+N

. Rubin/LSST join;ﬁ probes forecast
’ EK & Eifler °17

== lensing,
palaxies
== ¢c.ustcer counte
— lensing — galaxes

S| =——all correlations




3x2pt Systematics Mitigation
Opportunity Space...

i Standard
B No nuisance parameters

B No scale cuts

modeling thése scales requires
new systematics parameterizations

-

- —

potential gain if current systematics modglel
‘ constrained from external data




DESY1 WL Correlation functions

DES-Y1 baseline: small
scale correlation function
measurements excluded
because of baryonic
effects
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Baryonic Effects in WL Analyses

— VB2

wmm Horizon-AGN
Illustris
TNGIOD

BAHAMAS (T7.8)
BAHAMAS (T7.6)
BAHAMAS (T8.0)

Py e
“a

cOWLS-ACN (T8.0)
cOWLS-AGN (T8.5)
cOWLS-AGN (T8.7}

w0 10!
k [Mpc~'h]




Baryonic Effects in WL Analyses
Cosmology Constraints

» DES-Y1 baseline
(conservative scale
cuts)

» DES-Y1 including all
scales, baryonic effects
modeled using PCA
with non-informative
prior

» DES-Y1 including all
scales, baryonic effects
modeled using PCA
with informative prior




Baryonic Effects in WL Analyses
Feedback Constraints

VB2 -0.05)
DMO 10.00]
Eagle [0.42]
TNG100 (0.54)
Horizon- AGN 0.67]
BAHAMAS (T7.6) [1.22
BAHAMAS (T7.8) [2.02]
cOWLS-AGN (T8.0) [2.79]
BAHAMAS (T8.0) [3.23]
Illustris [4.25]
cOWLS-AGN (T8.5) [1.30]
cOWLS-AGN (T8.7) [5.84]

DES x Planck(KE | lowk)+ BAO
Qp = 1.427743

cOWLS-AGN scenario with
minAGN heating T = 10587 K

Huang+ 2020



The Future (is starting soon)

Nancy G. Roman
Space Telescope

. Vera Rubin
Euclid
Observatory
Observed
galaxy
density - -+ :
30 50 30
Survey
Area
[sqr deg] Billions of galaxies
15000 2200 18000
L ﬁ
Survey 23 25 23
Completio

Year ~ Start Date



Rubin Observatory!




Rubin Observatory LSST-Dark Energy
Science Requirements Document

1809.01669, incl. links to data products &
Fisher Matrices

' Stage 111
e firstjoint forecast by science collaboration SN Y10

. . 3x2pt Y10
since LSST Science Book (2009) LSST all+Stage I1I

® based on much more mature survey & analysis
assumptions, understanding of systematics

® joint forecasts including cross-correlations
(statistical & systematical)

e consider two classes of systematics

o self-calibrated, e.g. galaxy bias, intrinsic

alignments, cluster mass-observable
relation

o externally calibrated, e.g. photo-zs, shear
calibration, photometric calibration



Euclid Cosmological Probes Forecasts

Model: wq, w;, - flat - optimistic
B GG + WL + GCph

1910.09273

e joint Fisher forecasts from spectroscopic
clustering, photometric clustering, weak
lensing (+cross correlations)

e extensive validation of forecasting codes

e detailed assumptions about astrophysical
and observational systematics

Model: wq, w, - non-flat - optimistic
mm GG GCs + WL GCs + WL + GCpp, + XC

e forecasts for several extended WL GC,+WL+GCy
cosmological models




Survey Optimization |

Number density
of galaxies

* Good




Survey Optimization |

Number density

of galaxies * *
Not so bad Really Good

Pre’r’r Good

Area

Statistical error bars only (simplified):
* Area is more important than depth
* Even more true since non-gaussian Covariances became fashionable



Systematics Example: Galaxy Bias

galaxy evolution: very rich physics compared to primary CMB

» galaxy bias: relation between a galaxy population and matter distribution

LSST’s constraining power
combining WL, and galaxies using

- =+ 3x2pt Rmin=50 Mpc/h
— — 3x2pt Rmin=0.1 Mpc/h, HOD




Systematics Example: Galaxy Bias

galaxy evolution: very rich physics compared to primary CMB

» galaxy bias: relation between a galaxy population and matter distribution

LSST’s constraining power
combining WL, and galaxies using

large scales only

. -

-
-
e
7
. 4 L d
e

small +large scales 7>+
—) [

___~

- -+ 3x2pt Rmin=50 Mpc/h

transformative gain in constraining power . axont Rminco.1 Maaih. HOD
(comparable to fsy>| for large scales only)
iff small scales modeled accurately




Survey Optimization |l

Number density External data sets
of galaxies Clur mass-observable relation

Covariance Computation

Non-linear density field evolution

I A 4 @ Galaxy bias models

/ i e i wr Baryonic physics

,. o~ Wy Intrinsic alignment
Photo-z calibration

Shear calibration

> Area



Survey Optimization |l

External data sets

Number density
A Cluster mass-observable relation

of galaxies 4

Covariance Computation

Non-linear density field evolution

Galaxy bias models

Wy Baryonic physics
e Wy Infrinsic alignment
Photo-z calibration

Shear calibration

" Area



Stage-|V 3x2pt forecasts
(details matter)

Roman 3x2pt Rubin 3x2pt

Eifler+2004.05271 | 3x2 WF HLS no sys
3x2 WF HLS 42-dim-sys

EK+ 2017

—— 3x2pt no systematics - =+ 3x2pt no blending
- — 3x2pt baseline — — 3x2pt high nlens

marginalized over {linear galaxy bias, lens photo-z, source photo-z} per tomography bin



Roman Space Telescope Forecasting

Observing Strategy is not yet defined. Community input is important to define a
mission that benefits all science

No expendables that limit the survey strategy or the survey duration to 5-years
(propellant for at least 10 years of observations, no active cryogens)

& spectroscopy
wide, medium, & deep imaging spactroscopic: galaxy redshifts imaging: weak lensing shapes

T+

) . WFIRST OBSERVING TIMELINE
Supernova Survey High Latitude Survey ‘ ot o -

IFU speciroscopy 16 million Hee galaxies, z = 1-2 380 million lensed galaxies

1.4 million [Olll] galaxies, z = 2-3 40,000 massive clusters

2700 ty‘pz ?13—111;)'@;m0vae l, r’_”i—i — ¢

¢ standard ruler dark malter clustering
distances expansion rate z< 110 0.21% (WL); 0.24% (CL)

z=1-21c 0.8% z=1-21c 0.9% z>11c 0.78% (WL): 0.88% (CL)

z=2=3101.3% z=2=3102.1% 1.1% (RSD)

standard candle distances

Z2<100.20% andz>1t00.34%

history of dark energy
+

deviations from GR
w(z), AG(z), Pre /Pyrer




Roman Space Telescope Forecasting

EXERJING TINEL DN

Forecast Machinery (Eifler+2004.05271) ‘ ,

e WFIRST Exposure Time Calculator (Hirata+12):
realistic survey area + depth

e CANDELS WFIRST catalog (Hemmati+18): redshift =2} 535 3
distribution for lensing and clustering sample, galaxy S 2
clusters g

e Combine
¢ Cosmic shear
e Galaxy-Galaxy Lensing
e Galaxy Clustering (photo)
e Cluster Number Counts
e Cluster Weak Lensing
e Galaxy Clustering (Spectro)
e SN1a(Hounsell+2018)

¢ Non-Gaussian Multi-Probe Covariance

e 80+ systematic parameters

e full simulated likelihood analyses



Roman Forecasts: Reference Survey

2 ustersN+Clusterw|
2+ ClustersN4+Cluster WL+RSD4+BAO
24+ ClustersN+ClusterWL+RSD+BAO+EN 12

ClusterN+ClusterWL \ \

B V\cok Lot
o RSD4+EAO
| \ \\

( Inxlm'n:g ] ' \ \'\ \\ ] | I ' I
-1.6 =12 =08 =04 0.0 2 =09 =06 =035 0.0

Wo "0

individual probes combined probes




JNFIT'\’ST

WFIRST

WIDE-FIELD INFRARED SURVEY TELESCOPE
DARK ENERGY * EXOPLANETS o ASTROPHYSICS

(Hypothetlcal) Roman Wide Survey:
W-band, 18000 deg”2

2004.04702, based on exposure time calculator, Hirata+ 2012

Large Syno,ot/c Survey Te/escope

5 months: Roman can cover all of
LSST’s area and obtain space quality
shape measurements for 95% of the
LSST Y10 gold sample

1year: Same as above for all sky

Interesting for many science cases
beyond DE

Disclaimer: W-band only survey is more
LSST 95% complete (i = 25.3) easily affected by systematics

N
n
—
(-

an
<
S
m
<
&0
-
=
=
::]

ldea: Combine W-band survey with
Roman multi-band photometry as in the

0.8 1.0 1.2 1.4 1.6 1.8 reference survey
Survey time [yrs]

N
=
00

“




WFlhg.T | _

' WFII'\"ST

WIDE F IELD INFRARED SURVEY TELESCOPE
K ENERGY * EXOPLANETS ¢ ASTROPHYSICS

(Hypothetlcal) Roman Wide Survey:

Large Synopt/c 5urvey Te/esco,oe

3x2pt Roman x Rubin Forecasts

2004.04702, based on exposure time calculator, Hirata+ 2012

HLS reference
B LSSTY10
Bl HLS wide

a
\4

-1.2 -1.1 -1.0 =09 -0.8 -0.7
"1})

Weak lensing and Galaxy Clustering (photo-z)
only, no clusters, spec-z, SN, CMB
Includes 56 dims of systematics modeling.:

Shear calibration, galaxy bias, photo-z, |A, baryons

FoM (Roman wide + Rubin)=

2.4 x FoM (Rubin only)
FoM (Roman wide + Rubin) =

5.5 x FoM (Roman Reference survey)

Disclaimer: The usual caveats to the FoM metric apply



Reality is different

marginalize systematic effect, imperfect parameterization
residual parameter bias, increased uncertainty




Single Probe Analysis, Pass |

now what?

Unknown Systematics? vs. New Physics?



Unknown Systematics? vs. New Physics!?

(a 2015 J091618.93+29297.3 x

» dependence on galaxy/cluster selection!? = \
CW »

» scale dependence!

» calibrate with more accurate measurements

» spectroscopic redshifts

» low-scatter cluster mass pI’OXieS (c) D2015 091620.%4795.9 / g
\ / \

» galaxy shapes from space-based imaging

» [potentially expensive]

&

\,

Subaru HST-ACS

ground vs. space-based shape measurements
Dawson+ 2016




Unknown Systematics? vs. New Physics!?

y .
»  scale dependence? 02 0a 05 0208, 14 1 o

. = LSST shear: Kg,ikgal

» dependence on galaxy/cluster selection!? LSST full: 27, g, fearie
. . Combi2: gg, gkcms, ghgal
» calibrate with more accurate measurements

Combil: KcmBrcMB, KCMBHgals Kgal Figal

LSST full & CMB S4 lensing
LSST requirement

_|_‘_‘_'_‘_‘—|_

» spectroscopic redshifts
» low-scatter cluster mass proxies
» galaxy shapes from space-based imaging

» [potentially expensive]
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» correlate with other surveys
» compare to predicted cross-correlations QO QY QY QR P

» constrain uncorrelated systematics LSST WL x CMB-54 lensing
calibrate shear calibration bias

Schaan, EK,+17




Unknown Systematics? vs. New Physics!?
CMB synergies
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Conclusions

We're entering the decade of very large galaxy surveys

»  BOSS, KiDS,DES, HSC, PFS -> DESI, Rubin, Euclid, Roman,...

» + radio surveys: impressive forecasts, complementary systematics
» (most) cosmological constraints will be systematics limited

» require accurate systematics parameterizations+priors

» different probes and analysis methods enable accurate cosmology

» identify and understand systematics effects

» Mmaximize constraining power

» Precision cosmology requires collaboration across surveys + wavelengths,
planning for analysis frameworks to combine data from all surveys!



