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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 ΩK?
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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 ΩK?

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

However, to get a reliable constraint we must combine Planck with
external data to break the geometrical degeneracy in a reliable way...

...and doing so teaches us that the Universe is very likely spatially flat
to the |ΩK | ∼ O(10−2) level
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Based on arXiv:2010.02230 and arXiv:2011.11645 (to appear in ApJ)
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What is the shape of the Universe?
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What is the shape local geometry of the observable
Universe?

Credits: NASA/GSFC
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The curvature parameter

H2 =
8πG (ρm + ργ + ρν)
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ΩK ≡ − k
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ΩK and k come (confusingly) with opposite signs:

k =


−1 spatially open Universe ΩK > 0

+1 spatially closed Universe ΩK < 0

0 spatially flat Universe ΩK = 0
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The importance of spatial curvature

Late Universe: sign and value of ΩK

plays a key role in determining the
future evolution of the Universe

Credits: Supernova Cosmology Project collaboration

Early Universe: many inflation
models predict (constructed to give)
ΩK ∼ 0

Measurement of |ΩK | & O(10−4)
would be a problem for many
inflationary models

Generally easier to accommodate
open rather than closed Universe
from inflation
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The Planck satellite

Credits: Planck collaboration and ESA
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CMB power spectrum

Credits: Scott & Smoot, arXiv:astro-ph/0406567 for the 2004 Review of Particle Physics of the Particle Data Group 10 / 60



Planck 2018 temperature power spectrum

Credits: Planck collaboration, A& A 641 (2020) A6 11 / 60



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 θ ≈ 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 / 60



The geometrical degeneracy

Key angular scale:

θs =
rs(zLS)

DA(zLS)
=

∫∞
zLS

dz ′

H(z ′)∫ zLS

0
dz ′′

H(z ′′)

H(z ′′) ≈ H0

√
Ωm(1 + z ′)3 + ΩK (1 + z ′)2 + (1− Ωm − ΩK )

Heuristically : underdetermined system
θs(H0 ,Ωm ,ΩK ) ≈ 0.0104

Ωmh
2 ≈ 0.15

Need something here!
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The geometrical degeneracy

Geometrical degeneracy notably affects ΩK , H0, and Ωm (equivalently ΩΛ)

Is the Universe:

young (high H0) with a large amount of vacuum energy and negative
spatial curvature?

spatially flat?

old (low H0) with little vacuum energy and positive spatial curvature?

...
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The geometrical degeneracy

Credits: Planck public chains 16 / 60



How to break the geometrical degeneracy?

Need to pin down post-recombination expansion rate: Ωm, H0, H(z),...

DA(z) =

∫ z

0

dz ′

H(z ′)
'
∫ z

0

dz ′

H0

√
Ωm(1 + z ′)3 + ΩK (1 + z ′)2 + (1− Ωm − ΩK )

y

θs =
rs(zLS)

DA(zLS)
=

∫∞
zLS

dz ′

H(z ′)∫ zLS

0
dz ′′

H(z ′′)

−→


θs(H0 ,Ωm ,ΩK ) ≈ 0.0104

Ωmh
2 ≈ 0.15

Di (zi ,H0,Ωm ,ΩK ) = xi

So a good way to break the geometrical degeneracy is to measure
distances in the late-time Universe
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How to measure distances

In practice “infer distances” = “measure fluxes or angles”

Angles:

dA =
x

θ

x=intrinsic physical size

Fluxes:

dL =

√
L

4πf

L=intrinsic luminosity
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Standard candles and standard rulers

Credits: NASA/JPL-Caltech/R. Hurt (SSC)
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Infer distances or break the geometrical degeneracy

Examples of observations we can use:

BAO (help stabilizing Ωm and H0) → more shortly as an example!

CMB lensing (helps stabilizing Ωm)

SNeIa (help stabilizing Ωm)

Local Cepheid- or TRGB-calibrated SNeIa measurements of H0

++ (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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Baryon Acoustic Oscillations

Galaxy correlation function:

Credits: BOSS collaboration
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Baryon Acoustic Oscillations

Credits: BOSS collaboration
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CMB and BAO

CMB and BAO “see” the same ruler

Credits: BOSS collaboration
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CMB and BAO
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Planck 2018 results

Planck: ΩK = −0.044+0.018
−0.015 → apparent detection of ΩK 6= 0 at the

O(10−2 − 10−1) level?
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Planck 2018 results

Rather implausible (to say the least) values of H0 and Ωm within
ΛCDM+ΩK 7-parameter model (KΛCDM)

H0 in strong tension with whatever
local measurement you can think
about (Cepheid- and TRGB-
calibrated SNeIa, megamasers,
H0LiCOW strong lensing,...)

Ωm also in strong tension with
late-time measurements (cosmic
shear, cluster counts,...)

26 / 60



Where does this come from?

Partly (but not entirely) from the lensing/Alens anomaly

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

Efstathiou, MNRAS 343 (2003) L95
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Is this a fluke?

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

Efstathiou & Gratton, arXiv:1910.00483

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

ACT DR4 (+WMAP) results consistent with AL = 1 and ΩK = 0, no sign
of lensing anomaly, support fluke interpretation Aiola et al., arXiv:2007.07288
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Breaking the geometrical degeneracy

Example: Planck+BAO
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Lots of subsequent discussion

Handley, arXiv:1908.09139

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

Efstathiou & Gratton, MNRAS 496 (2020) L91
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Lots of media attention

Credits: Quanta Magazine

Credits: La Repubblica
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Tensions with external datasets?

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?

32 / 60



Tensions with external datasets

Credits: The Lord of the Rings - The Fellowship of the Ring 33 / 60



Breaking the geometrical degeneracy in an inconsistent way
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Breaking the geometrical degeneracy with full-shape galaxy
power spectrum data

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

Position of BAO wiggles in k space → DV → H0

keq turnaround in P(k)→ shape parameter Γ ≡ Ωmh

The CMB already gives us Ωmh
2 → disentangle Ωm and H0
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FS data

Monopole of pre-reconstructed BOSS DR12 CMASS power spectrum
measured by Gil-Maŕın et al. 1 (conservative kmax = 0.135 hMpc−1 cutoff)

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

1Note: 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
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Combining Planck and FS data

Planck+FS : ΩK = 0.0023± 0.0028→ consistent with ΩK = 0 @< 1σ
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SV et al., arXiv:2010.02230
38 / 60



Compare FS and BAO

1 Consistent results across the two → good sanity check!
2 Sensible values for H0 and Ωm (also a good sanity check)
3 Much smaller ∆χ2 (additional Ωk parameter not preferred)
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An impasse?

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

...but always run into tensions when doing so within KΛCDM...

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

Planck+ext always points towards ΩK = 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

SV et al., arXiv:2011.11645 (to appear in ApJ)
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Cosmic chronometers

Age-redshift relation:

dt

dz
= − 1

(1 + z)H(z)

Take two ensembles of passively evolving galaxies that formed at the same
time and are separated by a small redshift interval ∆z around zeff :

H(zeff) = − 1

1 + zeff

∆z

∆t

Jiménez & Loeb, ApJ 573 (2002) 37
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Cosmic chronometers

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

Thomas, Maraston et al., MNRAS 404 (2010) 1775
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Advantages with respect to distance measurements

Luminosity/angular diameter distance:

DL = (1 + z)

∫ z

0

dz ′

H(z ′)
DA =

1

1 + z

∫ z

0

dz ′

H(z ′)

Distances suffer from integral sensitivity to expansion history and
parameters such as the dark energy equation of state

CMB acoustic scale:

θs =
rs(zLS)

DA(zLS)
=

∫∞
zLS

dz ′

H(z ′)∫ zLS

0
dz ′′

H(z ′′)

About half of the contribution to DA(zLS) 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
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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 : ΩK = −0.0054± 0.0055→ consistent with ΩK = 0 @< 1σ
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Compare Planck+CC to Planck+BAO/FS

By eye much less tension, yet results still go towards ΩK = 0
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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 4

is not in strong tension with Planck data when working within a
non-flat Universe 4

is as model-independent as possible 4

What we learn: Universe is spatially flat to the O(10−2) level

which begs a question for theorists:

Is there a fundamental symmetry which would require ΩK = 0?
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Conclusions

Curvature parameter ΩK is a key quantity in cosmology

Planck CMB temperature and polarization data prefers ΩK < 0...

but for a reliable result need to break geometrical degeneracy!

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

...example: Planck+full-shape galaxy power spectrum data
→ ΩK = 0.0023± 0.0028 at the cost of a ∼ 3σ tension

Cosmic chronometer data can break the geometrical degeneracy
without incurring in strong tensions → ΩK = −0.0054± 0.0055

Universe is spatially flat to the O(10−2) level
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Backup slides
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FS theoretical modelling

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

Pth
g (k, zeff) =

D2
A,fid(zeff)

D2
A(zeff)

H(zeff)

Hfid(zeff)

(
1 +

2

3
β +

1

5
β2

)
exp

[
−
(
k̂σFoG

)2
]

× b2(k̂)Pm,HF(k̂ , zeff) + Ps

where:

k̂ = k

[
D2

A(zeff)

D2
A,fid(zeff)

Hfid(zeff)

H(zeff)

] 1
3

β(k̂, zeff) =
f (k̂ , zeff)

b0
=

1

b0

d ln
√
Pm(k̂ , zeff)

da

f (k̂, zeff) ≈ Ωm(zeff)0.545 =
H2

0

H2(zeff)
Ωm,0(1 + zeff)3

b(k̂) = b1 + b2k̂
2

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:

Pconv
g (ki ) =

∑
ij

WijP
th
g (kj)−

∑
j W0jP

th
g (kj)

Pw (0)
Pw (ki ) ,

Psys
g (k) = Pconv

g (k) + S
[
Pmeas
g (k)− Pnosys

g (k)
]

lnLFS = −∆TC−1∆

2
, ∆ ≡ Pmeas

g − Psys
g

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

SV et al., PRD 96 (2017) 123503
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Tensions between Planck and FS?

We all see a 3σish tension by eye...
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Tensions between Planck and CC?

log I ≈ −0.43→ no strong tension → we may trust the Planck+CC
dataset combination even within a non-flat Universe!

0.5 1.0 1.5
z

100

200

300
H

(z
)

[k
m

s−
1

M
p

c−
1
]

Planck (KΛCDM)
Planck+CC (KΛCDM)
CC data

0.0 0.5 1.0 1.5 2.0
z

−100

−50

0

50

∆
H

(z
)

Planck residuals

SV et al., arXiv:2011.11645 (to appear in ApJ)

56 / 60



CC-only constraints
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Are these results stable against an enlarged parameter
space?

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

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