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Motivating the joint analysis of datasets
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 Probes of different “sectors”:
-jBackground evolution: all standard rulers/candles

1Perturbations: probes of structure growth
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ABSTRACT

The combination and ofess-oorrelation of he upooming Ewelid data with cosmic microwave background (CMB) mesurements B a source of great expectition
aince it will provide the larges lever am of epochs, ranging from recombinstion to stracture formation across the entine past light cone. In this work, we present
fosecasts for the joint analysis of Ewelid and CMB data on the cosmalogical parameters of the standard cosmological model and some of its extensions. This work
expands and complements the recently published forecast based on Euelid-specific probes, namely galaxy clstering, weak lensing, and their cross-come lation. With
aome asumptions on the specifications of current and future CMB experiments, the predicted constraints are obtained from both a standard Fisher formalism and a
poaterioe-fitting approach based on actual CMB data, Companed toa Ereld-only analysis, the addition of CMB data leads to a substantial impact on constraints for
all cosmological parameters of e standard A-colddark-mater model, with improvements reaching up 10 a factor of ten. For the parameters of exended models,
which include a redshifi-dependent dark energy equation of stale, nos-zero curvature, and a phenomenslogical modification of gravity, improvements can be of
the onder of two to three, reaching higher than ten in some cases. The resulis highlight the crucial importance for cosmological constraints of te combination and
crnaa-Comme kation of Eire el probes with CMB daw.
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Objectives:

* Forecast the cosmological potential of the
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e Basis for the future of forecasts in Euclid

and the development of the cosmological
pipeline

LG UL R LR S O 3 1 Tl 3 Ty

ABSTRACT

The combination and ofess-oorrelation of the upooming Ewelid data with cosmic microwave background (CMB) mesufement B a souros of great expecbtion
aince it will provide the larges lever am of epochs, ranging from recombinstion to stracture formation across the entine past light cone. In this work, we present
fosecasts for the joint analysis of Ewelid and CMB data on the cosmaological parameters of the standard cosmological mode] and some of its extensions. This work
expands and complements the recently published forecast based on Euelid-specific probes, namely galaxy clstering, weak lensing, and their cross-come lation. With
aome asumptions on the specifications of current and future CMB experiments, the predicted constraints are obtained from both a standard Fisher formalism and a
poaterioe-fitting approach based on actual CMB data, Companed toa Ereld-only analysis, the addition of CMB data leads to a substantial impact on constraints for
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ABSTRACT

Aims. The Ewclid space telescope will measure the shapes and redshifts of galaxies to reconstruct the expansion history of the Universe and the
growth of cosmic structures. The estimation of the expected performance of the experiment, in terms of predicted constmints on cosmological
parameters, has so far relied on various individual methodologies and mumerical implementations, which were developed for different observa-
tional probes and for the combination thereof. In this paper we present validated forecasts, which combine both theoretical and observational
ingredients for different cosmological probes. This work 1s presented to provide the community with reliable numerical eodes and methods for
Enclid cosmological forecasts.

Methods. We describe in detail the methods adopted for Fisher matrix forecasts, which were applied to galaxy clustening, weak lensing, and the
combination thereof. We estimated the required accuracy for Enclid forecasts and outline a methodology for their development. We then compare
and improve different numerical implement ations, reaching uncertainties on the errors of cosmological parameters that are less than the required
precision in all cases. Furthermore, we provide details on the validated implementations, some of which are made publicly available, in different
programming languages, wogether with a reference training-set of input and output matrces for a set of specific models. These can be used by the
reader to validate their own implementations if requined.

Results. We present new cosmological forecasts for Euweclid. We find that results depend on the specific cosmological model and remaining free-
dom in each setting, for example flat or non-flat spatial cosmologies, or different cuts at non-linear scales. The numerical implementations are
now reliable for these settings, We present the results for an optimistic and a pessimistic choice for these types of settings, We demonstrate that
the impact of cross-correlations is particulary relevant for models beyond a cosmaological constant and may allow us w increase the dark energy
figure of merit by at least a factor of three,

Key words. cosmology: observations — cosmological parameters — cosmology: theory




Recipe for Euclid x CMB forecasts

Fisher formalism/matrix
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Recipe for Euclid x CMB forecasts

* Main ingredient : likelihood

L(M|O)




* Main ingredient : likelihood
ﬁ(i\{-f 0)

1) Which model(s) ?

Same as chosen by IST:F

- Standard, 6-parameter ACDM
- Neutrinos : minimal non-zero Zmu
- w0/wa parametrisation and/or curvature

- MG model: "gamma”



Recipe for Euclid x CMB forecasts

Final models (cf. IST)

- ANCDM flat
- ACDM non-flat
w,, w_ flat
w,, w_ non-flat
w,, W_, gamma flat
W, W_, gamma non-flat

Table 1. Parameter values of our fiducial cosmological model, both in the baseline ACDM case and in the considered extensions. Values are
chosen to be identical to the ones in EC19. As mentioned in the text, it should be noted that for non-flat cosmological models, §2pg o is also varied
in conjunction with Qk .

Baseline Extensions
Qpo Qmo h g 0% T > my [eV] Qpeo Wy W, ¥
(wb.{)) (wm,ﬂ)
0.05 0.32 0.67 0.96 0.816 0.058 0.06 068 —1 0 0.55

(0.022445) (0.143648)




Recipe for Euclid x CMB forecasts

* Main ingredient : likelihood
L(M|O)
/

2) Which observables ?

Ce

e Fuclid:
- Photometric Galaxy Clustering

- Weak Lensing
- Spectroscopic Galaxy Clustering*



Recipe for Euclid x CMB forecasts

Table 2. Specifications for the Euclid photometric survey.

Parameter Fuclid
Survey area in the sky Agsurvey 15000 df:g2
Sky fraction foky 0.36
Galaxy number density Ty 30 arcmin 2
Total intrinsic ellipticity dispersion o, 0.30
Minimum (measured) redshift Zmin 0.001
Maximum (measured) redshift Zmax 0.9 (pessimistic), 2.5 (optimistic)
Number of redshift bins N. 5 (pessimistic), 10 (optimistic)
Minimum multipole (WL and GC) £y 10
Maximum multipole for WL f max 1500 (pessimistic), S000 (optimistic)
Maximum multipole for GC  max 750 (pessimistic), 3000 (optimistic)
1.0
L4y —— galaxies
I b .
0.5 :'I ‘\ —— CMB lensing
I’ %
I Y

— I A

s 4 \

= 0.61 | \

= 1 \

K] I \

g ! \
504 \
| (] v
\\
AY
0.2 \
00 T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0|
Redshift




Recipe for Euclid x CMB forecasts

* Main ingredient : likelihood
L(M|O)
/

2) Which observables ?

Ce

e CMB:

- Temperature (T) } contains secondary
- Polarization (E & B) anisotropies

- CMB lensing (P)



Recipe for Euclid x CMB forecasts

Parameter Planck Simons Observatory CMB+Stage 4
+ Planck low-¢ + Planck low-£

Sky fraction foky 0.7 0.4 0.4
Beam FWHM OrwaM 7 arcmin 2 arcmin 1 arcmin
Temperature noise AT = (wpp)™"? 23 pK.arcmin 3 pK.arcmin 1 pK.arcmin
Polarization noise AE = (wg E)’I/ 2 42 pK.arcmin 3v2 K .arcmin V2 pkK.arcmin
TT multipole range (77, mins (17 masx] (2, 1500) 12, 3000] 12,3000}
TE multipole range  [(7g min, (7B max] 2, 1500] [2, 3000] (2,3000]
EE multipole range [ 55 min, Cxpmas] (21500 [2,5000] [2,5000]
o¢ multipole range [y mins Lop max) |8, 400] (2, 3000] (2, 3000
T'¢ multipole range  [{7¢ min, {T¢ max]  [8,400] [2, 3000] (2, 3000]

00+ 1)CEE jon e +1)CH Jor

(L + D CY ) om

107%F
10710F
10-1E
10772
-1 ¢
1071
10715 F
10710
10717E
10—1(] L
1071
10—12 L
10719
10—14 L
10—15 L
10710

10—17 L

— Fiducial
=== Planck
—-=Simons Observatory
....... CMB-54




Observables considered

Case n°0

_ X X XX X X X
D
-
_ XX XX XX XX
D
0w
(Gal.Cus) ;o
B
(weak Lens) .

+ Gal. Clus.
Spec.

Euclid only (=IST:F)



Observables considered

Case n°1

X X X X XX XX  + Gal. Clus.
. _pp pd pl  SpeC
(el Clus) e
(Weak Lens.) /

All “matter” probes and
their cross-correlations



Observables considered

Case n°2

B -
_------
.
_------
. xx
_------
- (CMBlens) 7 |2 ] e
0o 4 d
- (Gal. Clus) 7|
- D
(Weak Lens.) 4

All CMB x Euclid probes &
correlations

+ Gal. Clus.
Spec.



Code development & comparison effort :

e 4 teams involved (FR, IT, ES)
* Coordinator (& participant) : S.I.
e Collaboration with IST (validation)

* Tools : Slack & GitHub repo

Results compiled in Euclid publication
(lead author/coordinator : S.I.)



The results

- 2 “sclentific cases”
-+ 6 cosmological models/scenarios

- 10 cosmological parameters
+ 8/13 nuisance parameters

- 2 sets of Euclid specifications

- 3 scenarios for CMB experiments

(+ forecasts based on real data via posterior fitting)



The results: case n°0 to n°1

Euclid (GCp, WL, GCs) only

\/

Euclid (GCp, WL, GCs) x CMB phi

Improvement factors = o /| O

before after



The results: case n°0 to n°1

Pessimistic Euclid + Planck, flat LCDM -¥e

non-flat LCDM -
flat wow,CDM K]

non-flat wow,CDM K]
flat wow,yCDM —aue ISR NN W 1.0 1.0 . 1.0
non-flat wow,vCDM KNS ; ) 012 13 11
Pessimistic Euclid + SO, flat LCDM gt

non-flat LCDM eS¢
flat wow,CDM JEHI

non-flat wow,CDM BNy
flat wow,vCDM K]

non-flat wgw,vCDM SKi)

Pessimistic Euclid + S4, flat LCDM -t

non-flat LCDM o S22 55 B o R 0 § 1.0

flat wow,CDM —J5F-20 R B A 11 1. 1.3
non-flat wow,CDM SRR RoR I B I B N0 1.1 . 1.2
HETRTTDRI@DI\VIR 10 11 1.1 1.1 1.0 1.0 1. 5 1.2

non-flat wqw,yCDM —J5Es R R 0 B ) 1.0 1.2 1. 0 1.0

' < > o e
Q;oﬁ’q@? QN 6o OO r&@q&@? AN W N W 00 00 W W W }'\p &

Improvement factors = o /| O

before after



The results: case n°0 to n°1 (cont.)

Optimistic Euclid + Planck, flat LCDM -JEEUaeS : 0 1.0 : : : 0 L : 0 10 1. : .0 1.0 10
non-flat LCDM —JSoJ N0 I 00 T W0 B X0 : 0 1.0 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

flat wow,CDM KN . .0 1.0 . . . . ) . . . 0 1.0 1. . .0 1.0 1.0

non-flat wow,CDM KRN . .0 1.0 . . . ) . . . .0 1.0 1. . .0 1.0 1.0

flat wow,yCDM KRS . .0 1.0 . 1.0.1.0 . . ) . . . 0 10 1. . .0 1.0 1.0

non-flat wyw,yCDM SN ) 0 1.0 0 1.0 1.1 1.1 1. ) ) ) ) ) 0 1.0 1. . 0 1.0 1.0

Optimistic Euclid + SO, flat LCDM -JRE0RS SRS NVRRS R0 () 0 1.0 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
non-flat LCDM -JREORS 5 S B0 I 05 B ) . 0 10 10 10 10 10 10 10 1.1 11 1.0 1.0 1.0

flat wow,CDM KN .0 1.0 1.0 0 1.0 ) . . . . . 1 11 1. . .0 1.0 1.0

non-flat wow,CDM NS 0 1.0 1.0 012 . . ; . . . 0 1.0 1. ) 0 1.0 1.0

flat wow,vyCDM NS 1 11 1.0 . 1.0.1.1 . . : . . . 2 12 1. . .0 1.0 1.0

non-flat wow,yCDM {SEESE 1 1.0 12 0 12 15 12 1. : : : : : .0 1.0 1. ) .0 1.0 1.0

Optimistic Euclid + S4, flat LCDM -JE¥ORSS .0 1.0 1.2 : : . : : : d 11 1.1 1. .0 1.0 1.0
non-flat LCDM RN RIS Lo | . 0 11 11 11 11 11 11 11 12 12 10 1.0 1.0

flat wow,CDM JEKINEE 1 11 10 1.0 1. . . . . . . 4 15 15 1. 0 1.0 1.0

non-flat wow,CDM KRN 0 11 1.0 1.0 ) ) . ) ) ) 1 11 11 1.1 1.0 1.0 1.0

flat wow,yCDM {EEESE 3 12 1.1 1.0 1.1 14 1. . . . . 1.0 1.0 1.0

non-flat wow,yCDM JEISEESE RS SRS RR 1.0 1.4 58 13 1. . : . . . 1 11 11 11 1.0 1.0 1.0

1 r{ A v
afget ¥ T TS '&:39‘5)9 A T A N R NS

Improvement factors = o /| O

before after



The results: case n°0 to n°2

Euclid (GCp, WL, GCs) only

\/

Euclid (GCp, WL, GCs) x CMB T, E, phi



The results: case n°0 to n°2

Pessimistic Euclid 4+ Planck, flat LCDM - 4.6 4

non-flat LCDM 4 1.6 : 6 1.8 1.0
flat wow,CDM 4 4.0 8 4 1.4
non-flat wyw,CDM 4 3.9 6 1.8 1.8 A 4.3 / / /
flat wow,vCDM 4 4.8 : 4 1.4
non-flat wow,yCDM -4 4.8 FE: : 4 1.4

Pessimistic Euclid + SO, flat LCDM 7.7 4

non-flat LCDM - 6.0 : 3.9 : 3
flat wow,CDM {5.4 ; /
non-flat wow,CDM 4 6.0 9 W 4 4 1.6
flat wow,vCDM 46.9 3 6 1.4 ;
non-flat wow,yCDM { 7.4 / =41 / 4 5

Pessimistic Euclid + S4, flat LCDM + 9.1 B& 4

non-flat LCDM - 6.9 & 3
flat wow,CDM 4 5.3 6 1.9
non-flat wow,CDM 4 6.7 6 3
flat wow,yCDM 4 7.4 3 9 /

non-flat wow,yCDM 4 8.2 = 6.0 6 ]

) A Q % N Agh (%) A b Q
Q;O..QQ) ‘@.Q QN g ) @O‘QQQ@.Q AR\ IR\ LR\ AR\ B\ B R =B\ & AN }_\?" l{\\?’ Qp\?'

Improvement factors = o /O

before after



The results: case n°0 to n°2 (cont.)

Optimistic Euclid + Planck, flat LCDM
non-flat LCDM
flat wow,CDM 6

non-flat wow,CDM
flat wow,yCDM a
non-flat wqw,yCDM
Optimistic Euclid + SO, flat LCDM 53
non-flat LCDM 4 4.0 1
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Focus: Pessimistic Euclid + SO
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The results: case n°0 to n°2 (cont.)

Optimistic Euclid + Planck, flat LCDM 0 1.0 1.0
non-flat LCDM 3.9 4 16 1.6
flat wow,CDM 6 0 16 1.4 0
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Areas of improvement

- Galaxy dn/dz + photo-z uncertainties

- Galaxy bias scale dependence (esp. on non-
linear scales)

- Correlations of all probes with GCs
- BAO reconstruction as additional probe
- Magnification bias and GR effects in GCp

- Non-Gaussian terms in covariances (e.g. SSC)



Future perspectives

- Forecasting of extended models (incl. MG)
(in collaboration with other SWGs, mostly TWG)

- More realistic forecasts (e.g. non-Gaussian
covariance, masks, systematics, etc. + MCMC)

- Implement CMB in Euclid likelihood pipeline
(in collaboration with IST:L)

- Additional Euclid x CMB probes
(SZ, CIB, superstructures)



The end

Thank you for
your attention !



The end ?

Extra slides
Posterior fit



Fitting the posterior
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Fitted Planck + Euclid

Pessimistic Euclid + Planck, flat ACDM 1.6

non-flat ACDM 1.5
flat wow,CDM

Optimistic Euclid + Planck, flat ACDM
non-flat ACDM
flat wow,CDM
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Fitting the posterior

Posterior from MCMC

1.0
0.8 1
0.6 -

o
0.4 -

027 j
0.0 1

2.0 —1.5



Fitting the posterior

posterior from MCMC Gaussilan fit, with Smoolthly varying
mean and covariance
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Fitting the posterior

posterior from MCMC Gaussian fit, with Smoolthly varying
mean and covariance
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Either : MCMC with CMB fit + LSS Fisher




Fitting the posterior

posterior from MCMC Gaussian fit, with smoolthly varying
mean and covariance
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Either : MCMC with CMB fit + LSS Fisher

Or : Gauss. approx of CMB fit + LSS Fisher

Typical next-gen
LSS
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= wOwa-CDM test case

Euclid-like Fisher
+ Gauss approx. from fitted Planck

VS

Euclid-like Fisher
7 + full Planck likelihood
R via MCMC (much longer)
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wOwa-CDM test case

Euclid-like Fisher
+ Gauss approx. from fitted Planck

VS

Euclid-like Fisher

+ full Planck likelihood

via MCMC (much longer

Euclid-like Fisher only

Full Planck likelihood only
(LCDM case)
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