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Soundness of dark energy properties

How robust are the dark energy
properties we infer from
cosmological data?

(against a possible systematic affecting interpretation of Supernovae data)

Caveat: to fit cosmological data one always assumes a (dark energy) model
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Based on arXiv:2005.02062
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Cosmic acceleration
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The standard model of cosmology: ΛCDM

Credits: Kowalski et al., ApJ 686 (2008) 749 Credits: NASA
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How to establish cosmic acceleration and test dark energy?

Always a good idea in cosmology: measure distances

Luminosity distance:
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Standard candles and standard rulers

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

Fluxes:

dL =

√
L

4πf

L=intrinsic luminosity

Angles:

dA =
x

θ

x=intrinsic physical size
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Standard candles and standard rulers

Credits: NASA/JPL-Caltech/R. Hurt (SSC)
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Type Ia Supernovae as standard candles

SNeIa: white dwarf accretes matter from a companion star, exceeds the
Chandrasekhar mass limit (≈ 1.4M�), collapses, and explodes

=⇒ mass of exploding star highly
predictable

=⇒ (peak) luminosity ≈ 4× 109L�
highly predictable

=⇒ SNeIa are excellent standard
candles?

Credits: phys.org

9 / 40



Type Ia Supernovae as standard candles

We observe distance moduli µ:

µ = mB −MB = 5 log10

(
dL

10pc

)
mB : observed (apparent) SNeIa
magnitude
MB : absolute (intrinsic) SNeIa
magnitude

For a true class of standard candles,
MB would be the same across the
whole class (get back to this later)

Schematic representation:
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Not only SNeIa: evidence for cosmic acceleration is sound

Evidence for cosmic acceleration does not only come from SNeIa

Huterer & Shafer, Rept. Prog. Phys. 81 (2018) 016901
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Cosmic Microwave Background

Credits: Planck collaboration
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Cosmic Microwave Background

Credits: Planck collaboration

13 / 40



Baryon Acoustic Oscillations

Credits: BOSS collaboration
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CMB and BAO as standard rulers

Credits: BOSS collaboration
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Back to Type Ia Supernovae as standard candles...

We observe distance moduli µ:

µ = mB −MB = 5 log10

(
dL

10pc

)
mB : observed (apparent) SNeIa magnitude
MB : absolute (intrinsic) SNeIa magnitude

For a true class of standard candles, MB would be the same across the
whole class
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Type Ia Supernovae as standard(izable) candles

Can be standardized through stretch and color corrections. Mnemonic:
“broader is brighter, bluer is brighter” Phillips, ApJ 413 (1993) L105; Riess et al., ApJ 473 (1996) 88

Credits: John Lucey’s website, Durham University
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Type Ia Supernovae as standard(izable) candles

Practical modelling of the observed distance moduli:

µobs = mB − (MB − αX1 + βC )

X1: time stretch (related to broadness of light-curve)
C : colour at maximum brightness (intensity difference in two bands)
α and β: nuisance parameters (amplitude of stretch and color corrections)
MB also becomes a nuisance parameter
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Type Ia Supernovae as standard(izable) candles

What assumption is going into this modelling?

µobs = mB − (MB − αX1 + βC )

Intrinsic SNeIa luminosities do not evolve with redshift

or more explicitly

Two different SNeIa in different hosts, with the same C , X1, and
environmental properties, should on average have the same intrinsic
luminosity, independently of their redshift

19 / 40



Do SNeIa intrinsic luminosities evolve with redshift?

Looks like it might be the case...

Kang et al., ApJ 889 (2020) 8 20 / 40



Do SNeIa intrinsic luminosities evolve with redshift?

Lots of media attention...

Credits: phys.org

Credits: Wikipedia
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Do SNeIa intrinsic luminosities evolve with redshift?

Response from Adam Riess’ group...

Rose et al., arXiv:2002.12382
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Do SNeIa intrinsic luminosities evolve with redshift?

Let’s recap:

Certainly some amount of redshift evolution/environmental
dependence is undeniably present... (astrophysics is complicated!)

...but not in the size claimed by Kang et al., which would undermine
evidence for cosmic acceleration!

So the real question is: granted that cosmic acceleration exists, are
the properties we infer about dark energy/modified gravity robust to
possible redshift-dependent intrinsic SNeIa luminosities?

In some models, intrinsic SNeIa luminosities are actually expected to
be z-dependent Calabrese et al., PRD 89 (2014) 083509; Wright & Li, PRD 97 (2018) 083505
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Are the properties of dark energy sound?
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Redshift-dependent intrinsic SNeIa luminosities

Phenomenological parametrization:

µobs = mB − (MB − αX1 + βC + ∆mevo(z)) , ∆mevo(z) = εzδ

Tutusaus et al., A&A 602 (2017) A73; A&A 625 (2019) A15

Q: how sound are the dark energy properties?

gets rephrased to

Q: within a given dark energy/modified gravity model described by some
parameters, how do the inferred values of these parameters change by
including ∆mevo(z) when modelling the observed SNeIa distance moduli?

25 / 40



wCDM model

Fit for constant dark energy equation of state w 6= −1 (in ΛCDM w = −1)

Consider only CMB+SNeIa data

Näıvely we see huge shifts: dark energy properties are not sound?
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Geometrical degeneracy

CMB data alone is “not good enough” to constrain dark energy because of
the geometrical degeneracy

Credits: Daniel Eisenstein

Combining CMB with BAO data or anything which measures H0/H(z)
gives much better constraints on dark energy!
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wCDM model

Considering CMB+SNeIa+CMB lensing+BAO+cosmic chronometer data

The previous huge shifts have been reduced

What is left is . 40% broadening of uncertainties
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wCDM model

Perhaps easier to understand graphically...

−0.04 −0.02 0.00 0.02 0.04

−0.04

−0.02

0.00

0.02

0.04

Planck+Pantheon

Planck+Pantheon sys

all+Pantheon

all+Pantheon sys

56 64 72 80 88

H0

0.00

0.25

0.50

0.75

1.00

P
/

P
m

a
x

−1.75−1.50−1.25−1.00−0.75

w

0.00

0.25

0.50

0.75

1.00

P
/

P
m

a
x

29 / 40



CPL model

Allow for time-varying equation of state:

w(z) = w0 + wa
z

1 + z

Chevallier & Polarski, IJMPD 10 (2001) 213; Linder, PRL 90 (2003) 091301

Again we see a broadening of uncertainties (larger, about . 100%)

30 / 40



CPL model
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Interacting dark energy

Couple continuity equations of dark matter and dark energy:

ρ̇c + 3Hρc = Q

ρ̇x + 3H(1 + w)ρx = −Q

Common (phenomenological) choice: For example Gavela et al., JCAP 0907 (2007) 034

Q = 3Hξρx

Three possibilities:

w ≈ −1, ξ < 0: coupled vacuum (ξΛCDM)

w > −1, ξ < 0: coupled quintessence (ξqCDM)

w < −1, ξ > 0: coupled phantom (ξpCDM)

These models may help with the so-called Hubble tension, see e.g. Di Valentino, Melchiorri, Mena, SV, PRD 101 (2020) 063502
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Coupled vacuum model

Again we see a broadening of uncertainties (smaller, about . 30%)
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Coupled vacuum model
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Modified gravity

Credits: Tessa Baker 35 / 40



Modified gravity

Widely used µ-Σ-η parametrization: Bertschinger & Zukin, PRD 78 (2008) 024015

k2Ψ = −4πa2Gµ(k , a)ρδ

−k2(Ψ + Φ) = 8πa2GΣ(k , a)ρδ

η(k , a) =
Φ

Ψ

µ,Σ, η 6= 1 is generically a signature of modified gravity theories

We work with the widely-used phenomenological parametrization:

µ(k , a) = 1 + E11Ωx(a) , η(k , a) = 1 + E22Ωx(a) , Σ ≡ µ(1 + η)

2

Planck collaboration, A&A 594 (2016) A14
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(Phenomenological) modified gravity (parametrization)

No noticeable effect of SNeIa systematics
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(Phenomenological) modified gravity (parametrization)
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Apparent preference for modified gravity?

Comes from the so-called Alens anomaly and is related to the apparent
Planck preference for a closed Universe

Di Valentino, Melchiorri, Silk, PRD 93 (2016) 023513 Di Valentino, Melchiorri, Silk, Nat. Astron. 4 (2019) 196
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Conclusions

Dark energy properties are sound

(against a possible redshift-dependence of intrinsic SNeIa luminosities)

(caveat: valid for the specific models and phenomenological
parametrizations of dark energy, modified gravity, and redshift evolution of
intrinsic SNeIa luminosities we have considered)
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