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Based on arXiv:2010.02230
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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 4 / 30



The curvature parameter

H2 =
8πG (ρm + ργ + ρν)
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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 geometrical degeneracy

Key angular scale:

θs =
rs
DA

=

∫∞
z

dz ′

H(z ′)∫ z
0

dz ′′

H(z ′′)

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 7 / 30



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 )

Examples:

BAO (DV /rs , DA/rs , Hrs → help stabilizing Ωm and H0)

CMB lensing (helps stabilizing Ωm)

Uncalibrated SNeIa (Pantheon, help stabilizing Ωm)

Local Cepheid- or TRGB-calibrated SNeIa measurements of H0

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

++
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Planck 2018 results

Planck TTTEEE+lowE: 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,...)
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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

Examples: Planck TTTEEE+lowl+lowE

+BAO
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+CMB lensing
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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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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?
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How can FS break the geometrical degeneracy?

Plot made keeping Ωm and zeq fixed by adjusting H0

Position of BAO wiggles in k space → DV → H0

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

Baryonic step/suppression → Ωbh
2 (hard to measure)
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FS data

Monopole of 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

17 / 30



Combining Planck and FS data

Planck+FS : ΩK = 0.0023± 0.0028→ consistent with ΩK = 0 @< 1σ
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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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Tensions between Planck and FS?

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

We use a deviance information criterion (DIC)-based tension metric:
Used in KiDS and CFHTLenS, see e.g. Hildebrandt et al., MNRAS 465 (2017) 1454; Joudaki et al.

I(D1 ,D2) = exp

[
−DIC(D1 ∪ D2)−DIC(D1)−DIC(D2)

2

]
If datasets concordant then log I > 0, else log I < 0 if discordant

With D1 =Planck, D2=FS → log I ≈ −2.5
strong tension on a Jeffreys-like scale → see this by eye (and from χ2s)
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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
Q: can we believe these results/dataset combinations?
(I’ll be agnostic and not answer this one)
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Conclusions

Used FS galaxy power spectrum to break the geometrical degeneracy
Planck+FS gives ΩK = 0.0023± 0.0028 (good news for inflation)...
...but Planck and FS are in tension within ΛCDM+ΩK !
Where to from here: check stability against extended parameter
space, use better tension measures (e.g. suspiciousness), push to
higher kmax with better theoretical modelling (e.g. EFTofLSS),...
Read more in arXiv:2010.02230!
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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

SV et al., PRD 96 (2017) 123503 27 / 30



Cosmic chronometers to break the geometrical degeneracy
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Cosmic chronometers to break the geometrical degeneracy
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Cosmic chronometers to break the geometrical degeneracy
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