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What is the shape of the Universe?

What is the shape of the Universe?

What is the sign of the spatial
curvature parameter S ?

@ It is true that Planck CMB temperature and polarization data
appears to prefer a spatially closed Universe (Qx < 0)

@ However, to learn more we must combine Planck data with external
datasets to break the geometrical degeneracy in a reliable way...

@ ...and doing so teaches us that the Universe is very likely spatially flat
to the |Qk| ~ O(1072) level



|
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What is the shape of the Universe?




What is the strape local geometry of the observable
Universe?

GEOMETRY OF THE UNIVERSE

CLOSED

Credits: NASA/GSFC



The curvature parameter

87G(pm+py+pv) Nk
H? = 0] A
3 + 3 R§a2

H2 = HB\[Qma® + Qa4 + Qu(a) + Qp + Qa2
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Q "
) H3 RS

Qx and k come (confusingly) with opposite signs:
—1 spatially open Universe Qg >0
k=< +1 spatially closed Universe Qx <0
0 spatially flat Universe Qx =0
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-
The importance of spatial curvature

Late Universe: sign and value of Qg
plays a key role in determining the
future evolution of the Universe

3 T Early Universe: many inflation

models predict (constructed to give)
Qx ~0

SCP 2003

Measurement of |Qx| > O(1074)
would be a problem for many
inflationary models

Generally easier to accommodate
Roeolinpass Eveatually — open rather than closed Universe
%, from inflation

Credits: Supernova Cosmology Project collaboration s
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N
The Planck satellite

Credits: Planck collaboration and ESA
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CMB power spectrum
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Planck 2018 temperature power spectrum
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The geometrical degeneracy

How far away is this person (hopefully more than 2m)? d
How tall is this person? h
Only data: angle subtended by this person 6 ~ h/d

You can’t disentangle distance and height from this data alone:
geometrical degeneracy!
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Breaking the geometrical degeneracy

Answer: roughly 7m away and roughly 3m tall
13/52



The geometrical degeneracy

Key angular scale:

oo d7
0 _ rs(st) _ szS H(z’)
> Da(zs)  [7= Hd(%l,/,)

Geometrical degeneracy notably affects Qx, Ho, and Q,, (equivalently Qa)

Is the Universe:

e young (high Hp) with a large amount of vacuum energy and negative
spatial curvature?

@ spatially flat?
@ old (low Hp) with little vacuum energy and positive spatial curvature?
° ...
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The geometrical degeneracy

]

Credits: Planck public chains 15 /52




How to break the geometrical degeneracy?

Need to pin down post-recombination expansion rate: Qp,, Ho, H(z),...

Da(2) / e / T
z) = ~
A o H(Z) 0 Ho/Qm(1+2')3 4+ Qx(1+2)2+ (1 — Qm — Qk)

Examples:
e BAO (Dy/rs, Da/rs, Hrs — help stabilizing Q,, and Hp)
CMB lensing (helps stabilizing Q)
Uncalibrated SNela (Pantheon, help stabilizing Q,)
Local Cepheid- or TRGB-calibrated SNela measurements of Hy

++ (cluster counts, weak lensing, X-ray gas mass fraction,...)

This talk: full-shape (FS) galaxy power spectrum

This talk: cosmic chronometers (CC)
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N
Planck 2018 results

Planck TTTEEE+IowE: Qk = —0.044f8:8i§ — apparent detection of
Qx # 0 at the O(1072 — 1071) level?

g Diatasel
~ Planck
Parameters \
- x | 004475012
< ] Hy [km/s/Mpe] 54367350
. ] g 0.485 0058
0.00 ' ' ' ' ' ‘ ‘ ‘
¢ —0.08 \ /

03 04 05 06 0.7 18 56 64 -0.08 0.00
Qn Ho Qi
Credits: Planck public chains
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N
Planck 2018 results

Rather implausible (to say the least) values of Hy and Q,, within
ACDM+Q 7-parameter model (KACDM)

R Dataset
T Flanck
Parameters T
Nk —0.04410 018
Hp [km/s/Mpe] 5436132
{ 0.485 68
Hp in strong tension with whatever
local measurement you can think Q. also in strong tension with
about (Cepheid- and TRGB- late-time measurements (cosmic
calibrated SNela, megamasers, shear, cluster counts,...)

HOLiCOW strong lensing,...)
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Where does this come from?

Partly (but not entirely) from the lensing/Aje,s anomaly

W Flencils
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Credits: Di Valentino et al., Nat. Astron. 4 (2019) 196 Qy

Is the Low CMB Quadrupole a Signature of Spatial Curvature?
G. Efstathiou (University of Cambridge)

Thie Temmperailine anisotropy POWET SpECIrUM measured wiif the Wilkinsan Micrawaye Anisoeropy Probe (WMAP] al high mutipsies is in spectaculis agreemant wit an infiaticnary Lombea-

dominated cold dark maiter cosmobogy. Howeser, the law order mullipales {especially the quacrupole) have lower ampltudes than expecied fram this cosmoledy. noicating a need for new

physics. Here we speculate ot the low P tal sture. W show that pasiively cunsed modets are consistent with the WIAP data ond that the
a Fiher dal speczim frunzates on scakes comparabés io fha cunamee scale

Efstathiou, MNRAS 343 (2003) L95
19/52



N
Is this a fluke?

Significance of anomalies appears to decrease with more data (=access to
higher sky fraction - using 12.5HMC1 CamSpec likelihood)...

A Detailed Description of the CamSpec Likelihood Pipeline and a Reanalysis of the Planck High Frequency
Maps

George Efstathiou, Steven Gration

This pagor presonis 2 dut=ted descnption of the CamSpes lkaliicod which has been wsod to analyse Planck tamporature and polarzation maps of the cosmic microwsnve: heckground smee the
first Pianck dass refesss, We e crenled o number of Belnoors using o ange o Gaiacllc sky masks and difesnt mehods of erpecsiune foreground cleaning, Cur mos: poverl ikeshood

uses B0 pi af the sky in ard polasi . Out fesudts show that the six-paramenes LCDM casmology provides an excellent 1o the Planck deta. These is no evidence for
statistically significant iresmal tensions in the Pianck TT. TE and EE spactra computed for diferent frequancy Wa presan e for hwe Fanck semp
Power SpEctre 10 Tavous a lensing ampiude A_L=1 and positive spatiol cureature ars caused by statistical SUcntons in the lempsranine powes speeta Usmq our statistically mos1 powerhd
Iieelitood, we tind hat the A_L parameter difers fiarm ity 51 0o mare than the 2.2 sigma level. We find no evidence for shiftz In AT LTpOle TARGE. 1N

Fosct, v shaws that the combined TTTEEE likefibacd over the resticted multipole rmnge 2-800 givas cosmalogical paramaters for the base LCDM cosmalogy that ars very close to those derived
froen B ful Pusipole range 22500, Wi present rEed consiraings on @ Tiw edensons of e base LODM coemoiogy, Tacussing on The sum of neairing masees, number of rlaivans species
BN e lensor-seatal rano. The resuks presented Dere show Wal e Planck data ane remedkely congistent Detween detector-sels, fleguences and sky area. We fid no evidence in au)
analysis that cosmological parametars determined from the CamSpec Wkalihood are affacted to any signficant degree by systematic serors in the Planc datn (abridged)

Efstathiou & Gratton, arXiv:1910.00483

..as one would expect if this were a fluke!

ACT DR4 (+WMAP) results consistent with A; =1 and Qk = 0, no sign
of lensing anomaly, support fluke interpretation aiola et ar, arxiv:2007.07288
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Breaking the geometrical degeneracy

Example: Planck TTTEEE+lowl4+lowE+BAO

Il Planck
Il Planck+BAO

PR . .
+—t—t—+— t t
000} ® +
—0.08 |- \ T /
PR R
0.3 04 05 0.6 07
Qm

Qe

f
—0.08 0.00
Qg
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Lots of subsequent discussion

Curvature tension: evidence for a closed universe
Will Handley

The curvalure paramater tensan hetwaen Planck 2018, cosmac micrawave backgraone larsing, and haryon acoustic oecilason data is massured using the sspicicusness siatist o he 25 10 3

o, Conclusions ragarding the spah oftha stam fram ihe af thess data should tore be viewed wath suspicion, Without CMB lensing or BAC, Planck
2018 hos @ moderate prateence for closed universes, wilh Bapesian bering odds of over 501 againat a Rt untverse. and over 200001 againat An apen uriersa,

Handley, arXiv:1908.09139

Planck evidence for a closed Universe and a possible crisis for cosmology
Eleonora D Valenting, Alessandio Melchion, Joseph Silk

The reecestt Pianck Legacy 2018 release has confirmed the ps of an enhanced

in CMEB power specira compared 1o thet predicted n the standard ACDM model. Aclosed
univarsa can provide a physical sxplanation for this sffect, with the Planck CME specra now prafeming 2 positive ciratire at more than $07% © L. Here we hurther investigata the avidence far a
chosed univarse ek showng that naturally explain lertsing amplinsde
oty 58l ing the waluss of

thad it piso removes a wall-kravn tension within the Planc
chaiid o (IPrEnt angusar scaks. W shon that since this Planck power spectr prafi a closed universe, discondances highar han
paneraly astimated erise for most of the local coamological cheervaties, incliding BAD. The assumption of 4 Tal universe could, thersfone, mask & cosmelogical crais where dsparabs sksered
roperties of Me Lniwerse sppear o be mullialy i Futne ded 10 canity whether he ab: 1 e e o
pysics, or simply are & sttistical fectusion

Di Valentino et al., Nat. Astron. 4 (2019) 196

OF 10 Fid

The evidence for a spatially flat Universe
George Efstathiow, Steven Gration

W renst e o

TEIEvAATYg FACENE Claims ik the Pranck data fvaur o closed Lniverss, We 1558 1 new and statistcally powerful Pranck Ikeliboad to

show that the Planck tamgersture and polanization specira ara consistent with a spatially Nad Liiverse, hough b fa

Their cwn da ol lead 1o B constraints on the curvature densty parameter Omega_K. Wi ined with ather dal
b Liniveise 15 1o e spatially flst

af i cosmelogy, the

coBMmic i SPECEE on

% of Beryon acoustic
Riigh precisicn, with Gmega K = 0.0004 +-0.00L8 in agreemand wilh Me 2018 resulls of the Planck leaim. I e conlest
strang suppart for medals of mAation with o targe numbar of o-foldngs and disfaveur models of incomplata infation,

Efstathiou & Gratton, MNRAS 496 (2020) L91

22/52



Lots of media attention

.5 Guanta ine Physics  Mathematcs  Bickgy  Computer Science AR Articies o a a

What Shape Is the Universe? A New Study
Suggests We've Got It All Wrong

-

Credits: Quanta Magazine

FUTURE

sPACE

Is the Universe a Giant Loop?

A mew study suggests the cosmos may be curved In upon lself like a ball—but many experts
Credits: Scientific American remain unconvineed
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Tensions with external datasets?

Hy

100 5 pricr prior prior
= Planck — Flanck == Planck

gp 4 ™= lensing — A m— SHOES
m==  Planclklensing = Plonck+BAQ = Planck+SHES

A

il 7

50

- o= 249+ 0.07 o= 303 + 006 a=449+0.04
T T T T T T T T T T T
1% 5% 0% 5% —106% 5% 0% A% —10% 5% (143 5%

e g LT

Credits: Handley, arXiv:1908.09139

Should we believe results coming from the combination of datasets in
tension within a given model?
Can we break the geometrical degeneracy in a different way?
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Tensions with external datasets

ONEDOES NOT SIMPLY
A\

>

r“: 1 el 4
COMBINE'DATASETS IN TENSION
AND Hﬂ!’i TO GET A MEANINGFUL RESULT

Credits: The Lord of the Rings - The Fellowship of the Ring




Breaking the geometrical degeneracy with full-shape galaxy
power spectrum data

Subrwited o § Gt 2000 (711, inst rmdnesd 1d Ot 2070 iz vorsia,

Listening to the BOSS: the galaxy power spectrum take on spatial curvature and cosmic concordance

Sunny Visgnozzi, Elecnora D Valenting, Stefano Garazzo, Alessandro Melchion, Dlga Mena, Joseph Silk
L e ACD okt in 1ighet Of cuarent Olservatng Nas e Ui Sufpect of a0 imense dedale o recend monls. The 2018 Panck Cosmic Mo oweve
fourl [CMB) isetaiL e ANSODCKY fower SPECALIM MeRsUETENIS Ropees a (e vale 10 faviur a spatially Otsed Linverse Wil curvatire peramete 1 < 0. This preference
dsappears # Baryon Acoustic O combingd with Planck deta to break the geomelrical degenerscy, although the reliabilty of this combination has been

questioned due 1o the Sireng lensan prasent Bebaeen the Two dalaaets when Sasuming  cunved Lniverss, Hore, we appeoach (s issue from yed anoihes poind of view using massurements of
v PLib-shipa (FS) gakiy powes spectrum, P (k). fom $ie Saryon Osciliation Spectroscopic Survey DRIZ CMASS somple, By combining Flanck dota with FS measurements, we ek fie
peomsirical degaramcy and tnd 0y = 00023 + (L0028, Trs ClleI-’Ill" the Univesse 1 ba spatially a1 10 sub-percen pracision, in axcelient agreement with resulls steained using BAO
measisements. However as with BAO, the over BII Incrense in the beqt-fit x SIEESIS & Simiar leved of enson between Planck and Pll’f] under Bie assumpsion of 8 cunved Universe, Wiile e
debate on spatial and iy § FEMAING OPEn, GLF FesUls provid new perspectves on the issue. highlightng te cruclal roke of FS

n i v of i casmol

COMERIRE. T 0RGEs, 1 gre sy (eaners showkl s 10 Me ke poCon Pale 12, THs i an agosts ROe DIl i Siyed (i | we Nve 1 e o IGETRETa00n of our (eslis, s wheshes v FNie B Uimerss s
e o ek - plese panicipate i s poll i s N URS (its aremances)| v references adved

Subecis Ph.CO}: Ganeral Relvity s Quatum Cosmobogy (g1}

Cieas 2210 [astre ph £5]
{0 o 2010 CRZI0VE (Atro-ph.CO] fon this wermioe]

Submission history

bew il

BHDE UTC [734 KB
M W&ﬂ 14 Ot 2020 15:01°14 UTC (734 KB}

SV et al., arXiv:2010.02230
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How can FS break the geometrical degeneracy?

PEAK AND SLOPE

— Reference w;
—  Low wy
— High Wih

k [Mpe™)

@ Position of BAO wiggles in k space — Dy — Hp

@ keq turnaround in P(k) — shape parameter I = Q,h

@ Baryonic step/suppression — Q,h? (hard to measure)

@ The CMB already gives us Q,h*> — disentangle Q,, and Hyp

27 /52



FS data

Monopole of pre-reconstructed BOSS DR12 CMASS power spectrum

measured by Gil-Marin et al. 1 (conservative kmax = 0.135 hMpc~? cutoff)

CMASS (7,4=0.5T)
105 M‘OI'\DDD‘E "—"—I‘ ]
i, Quadrupole —s—
= TJ.'* L H‘}—l’zﬁkh".
2 Tt s P
= 10 ! T ey o, ST
= l ",
:_?’ | "‘L_‘__’_‘. -
o ’\M
'l..‘
el ey
g 12 |.'.F ; | . :
£ Hile] }1 Lo L 1ld g1, 1 Hhidided
gl e B - (- t t el dok B L d b
= 04l | ! HE'-H‘a'i- 111'?' G e B
£ o2 :
Sl 1
0,01 01 02

Gil-Marin et al., MNRAS 460 (2016) 4188

'Note: 1) not the same P(k) quoted in “consensus” BOSS results (but gives
consistent results); 2) not the same P(k) used by recent EFTofLSS analyses

k [hMpc]
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Combining Planck and FS data

Planck+FS: Qx = 0.0023 + 0.0028 — consistent with Qx = 0 @< 1o

I Planck
B Planck+FS

T2+
64 |
o
= 56
48
t
0.00 - & 7
3
=
—0.08 |-
SV et al., arXiv:2010.02230 03 04 05 06 07 48 56 64 T2 ~0.08 0.00

Q Ho Qx 29/52



|
Compare FS and BAO

@ Consistent results across the two — good sanity check!
@ Sensible values for Hy and Q,, (also a good sanity check)
© Much smaller Ax? (additional €, parameter not preferred)

I Planck
B Planck+FS
B Planck+BAO
-\--\-\-\--\"'-\-\._\_ Dratasct :
P | Planck Planek-+ BAO Planck+ F§
Parameters TEmL
72».\ 1 1 7% —0.04475 0% 0.000% £0.0019  0.0023 + 0.0028
64l _ Hy [k fs/Mpe| 530138 G788 == (.06 68,6011
= | Oy 04851208 0300007  0.304 0010
Ayl | -109 —0.6 —10
48
0.0+ & + rd
SV et al., arXiv:2010.02230
0.08 -
\i‘..& U‘.-l (l‘.") (l.‘(i ()‘T 4‘8 T:Ii [;4 7‘2 —(l‘.ﬂ& 0.00
o Hy Qi

30/

52



Tensions between Planck and FS?

We all see a 3cish tension by eye...

M Planck
BN Planck+FS
72
\
64
= 56
48
0.00 F N -
&
SV et al., arXiv:2010.02230 0.08
03 04 05 06 0.7 48 56 64 T2 ~0.08 0.00

Qun Hy Qx
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Tensions between Planck and FS?

We use a deviance information criterion (DIC)-based tension metric:

Used by KiDS and CFHTLenS, see e.g. Hildebrandt et al., MNRAS 465 (2017) 1454; Joudaki et al.

DIC(D; U D) — DIC(D;) — DIC(D
I(Dy, Do) = exp | - (D1 U D) ! (D1) (D2)
If datasets concordant then logZ > 0, else logZ < 0 if discordant

With Dy =Planck, Dy=FS — logZ ~ —2.5

strong tension on a Jeffreys-like scale — see this by eye (and from x?s)

1““-&, Diataset
T Planck+BAQ  Planck+ FS
Model T
ACDM +6.1 +22.10)
KACDM +16.8 +31.9
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An impasse?

We want to break the geometrical degeneracy with external datasets
(“ext") to stabilize Planck constraints on Q...

@ ...but always run into tensions when doing so within KACDM...

...including when using FS to break the geometrical degeneracy!

Planck+ext always points towards Qx = 0, including “ext”=FS

Another problem: most of these external datasets (e.g. BAO and FS)
carry some amount of model-dependence in the form of fiducial
cosmological assumptions during data reduction process
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How to exit this impasse?

Need a “golden dataset” which:

@ helps to break the geometrical degeneracy once combined with Planck
CMB temperature and polarization data

@ is not in strong tension with Planck data when working within a
non-flat Universe

@ is as model-independent as possible
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Cosmic chronometers to the rescue

(0

ISubrmited on 23 fov 3020{

Eppur & piatto? The cosmic chronometer take on spatial curvature and cosmic concordance

Sunny Vagnozzi, Abraham Loeb, Michele Moresco
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datamet which can bresk the geomesical degenerscy whie nol incurmng in these termions. I fis work we amgue thet cosmc chronometss cc‘.s. measurements af te expanson e 7| z)
feoen Ihe relative ages of masshe ealy-pe passively evoiving alaxies, are e dalasel we aie gher. CC conme wilh rtage af belng viruely free of cosmelogical
ogel assumnlions. Combining Panck 2018 CVE emperstine gnd palaization dala with e kst compilation of OO messutements, we break e geamennical depeneracy ani ind

g = —.0054 £ D055, consisten wih & sparielly At Unive i i it the c0ns After diseis resulis n Bghit of the akdess abjects in the Univeiee
e A (el SNl AQAINEt AgSINST TINIMA] PATATEMT spece setensons ail O systamatics, findng (hem 10 be staak against both, We fed m0 substanssl ansion between Planck and CC

o within o non-Nat Univesss, making the vk, DU resLIts Theratore alkow us B0 a3t Wit confidence that the Universe s indeed spaialy flat to he & 1077 ) tevel
& finging wihich imght possibly selfe Bie ongaiig spanal curvalie debale, and lends e o suppor o the alieady very sucoesshil INaonery peradiin
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Cosmic chronometers

Age-redshift relation:
dt 1

dz~  (1+2)H(2)
Take two ensembles of passively evolving galaxies that formed at the same
time and are separated by a small redshift interval Az around z.:

1 Az
H ___* B~z
(ztr) 1+ zq At

THE ASTROPHYSICAL JOURNAL

Constraining Cosmological Parameters Based on Relative 1383 Total davmlaads
Galaxy Ages

Raul imenez’ and Abraham Loab?
© 2002 The American Astronomical So

y. Al rights reserved. Printed in US.A.

il tournal, Volums 573,

T

R Article POF =| View articie

Jiménez & Loeb, ApJ 573 (2002) 37

36 /52



Cosmic chronometers

Use massive, early-time, passively-evolving galaxies (evolving on a much
longer timescale than their age differences)

Redshift
0.0 0.2 0.5 1 2 3 9
T T T L
25 Fermation phase —
self-regulated E
E 2 log M, /My ~ 12.0
=
2
« 1.5
=
T 1
=
=]
0.5

8
Lookback Time (Gyr)

Thomas, Maraston et al., MNRAS 404 (2010) 1775
37/52



Advantages with respect to distance measurements

Luminosity/angular diameter distance:

Z dZ 1 Z dZ
) s o [ e
Distances suffer from integral sensitivity to expansion history and
parameters such as the dark energy equation of state

CMB acoustic scale:

oo d7
0. — ri(zLs) szS H(Z)

~ Da(zis) I %

About half of the contribution to Da(zrs) comes from H(z) at 0 < z < 2
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Cosmic chronometer measurements

Sweeping a lot of dust under the carpet, we'll assume these measurements

are trUStWOrthy See lots of works in the last 10 years, especially by Michele Moresco

¢ ¢ CCdata

%.0 0.5 1.0 1.5 2.0
Compiled across the last 20 years in: Jiménez et al., ApJ 593 (2003) 622; Simon et al., PRD 71 (2005) 123001; Stern et al.,

JCAP 1002 (2010) 008; Moresco et al., JCAP 1207 (2012) 053; Zhang et al., Res. Astron. Astrophy. 14 (2014) 1221; Moresco,

MNRAS 450 (2015) L16; Moresco et al., JCAP 1605 (2016) 014; Ratsimbazafy et al., MNRAS 467 (2017) 3239
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-
Combining Planck and CC data

Planck+CC: Qx = —0.0054 4 0.0055 — consistent with Qx =0 0< 1o

B Planck (KACDM)
B Planck+CC (KACDM)

03 04 05 06 0.7 48 56 64 72 —0.08 0.00
Qm Hy Q

SV et al., arXiv:2011.11645 (to appear in ApJ)
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Tensions between Planck and CC?

logZ ~ —0.43 — no strong tension — we may trust the Planck-+CC
dataset combination even within a non-flat Universe!

300

—  Planck (KACDM)
—  Planck+CC (KACDM)

T $ % CCdata

2200

=

TJZ

= 100

T

50 + + +

S 0=l 11 —s Ir T ¢ I
T fMﬁi i it ”} *
T

—1085 0.5 1.0 15 2.0

z

SV et al., arXiv:2011.11645 (to appear in ApJ)
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Compare Planck+CC to Planck+BAO/FS

By eye much less tension, yet results still go towards Qx =0

0.00 |

Qx

~0.08 |-

W Planck
B Planck+FS

B Planck+BAO

03 04 05 06 0.7
Qp

SV et al., arXiv:2010.02230

18

56

Hy
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Are cosmic chronometers our “golden dataset”?

Golden dataset characteristics:

@ helps to break the geometrical degeneracy once combined with Planck
CMB temperature and polarization data

@ is not in strong tension with Planck data when working within a
non-flat Universe

@ is as model-independent as possible
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Are these results stable against an enlarged parameter
space?

Yes (at least when varying w or M,)!
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How much are these results affected by CC systematics?

Very little (5 10%)' See Moresco et al., ApJ 898 (2020) 82 for systematics study
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Conclusions

Curvature parameter Q is a key quantity in cosmology

@ Planck CMB temperature and polarization data prefers Qx < 0...

but for a reliable result need to break geometrical degeneracy!

Attempts to break the geometrical degeneracy incur in tensions...

o ...example: Planck+full-shape galaxy power spectrum data
— QK = 0.0023 £ 0.0028 at the cost of a ~ 3o tension

Cosmic chronometer data can break the geometrical degeneracy
without incurring in strong tensions — Qx = —0.0054 + 0.0055

Universe is spatially flat to the ©O(102) level
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-
FS theoretical modelling

Alcock-Paczynski effect, RSD, Fingers-of-God, galaxy bias, shot noise:

h _ D3 fa(Zet) H(zefr) 2 1, R 2
Feilkozn) = paCe) Fhalen) (”33+ 55)“"’ [‘ (k"m”

X b2(/2)Pm,HF(I’;7zeﬁ‘)+Ps
where:
1
o= & Di(zerr) Haa(zert) |
Df\,ﬁd(zeff) H(zes)
. f(k, z 1 dIny/Pr(k, zeg)
ﬂ(kazeff) = % = Fd—e
0 0 E
~ H?
~ 0.545 __ 0 3
f(kaZeﬁ') ~ Qm(Zeff) = H2(Zeﬂr)Qm7o(1 —+ zeﬁ')
b(k) = by + bok?

See also modelling for Euclid P(k) forecasts in Sprenger et al., JCAP 1902 (2019) 047
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FS observational modelling

Corrections for observational effects (window function) and systematics:

X WP (k) p

conv _ th . £j PO g A\ )
P (k) = Z W; PR (k P0) (ki)
P;ys(k) — Pgonv( ) + 5 I:P;neas(k) _ Pgosys(k)}
T -1
InLrs = _# , A= pmeas _ pus

Follows Ross et al., MNRAS 428 (2013) 1116; Beutler et al., MNRAS 424 (2014) 564
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Comparison to emulators

Comparison to Coyote emulator
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CC-only constraints
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-
CC systematics

@ Residual subdominant young population (i.e. tracer not unbiased)
@ Star formation history uncertainties (not simple stellar populations)
@ Stellar metallicity uncertainty (needed to calibrate relative ages)

@ Stellar population synthesis model (many possible SPS models)

First three points already included in current uncertainty budgets, we took
SPS uncertainty into account with redshift-dependent systematic budget
following Moresco et al., ApJ 898 (2020) 82
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