Arman Shafieloo

Korea Astronomy and Space Science Institute (KASI)

University of Science and Technology (UST)

Cosmic Acceleration

17-19 February 2020, IPMU, Tokyo, Japan




or maybe both?!

Arman Shafieloo
Korea Astronomy and Space Science Institute (KASI)

University of Science and Technology (UST)

Cosmic Acceleration

17-19 February 2020, IPMU, Tokyo, Japan




Standard Model of Cosmology

combination of
assumptions, but.....

Baryon density
Q Initial Conditions:
‘ Hene mass anc Form of the Primordial

radiation density:

assumptions and Spectrum is Power-law
CMB temperature

Dark Energy is
Cosmological Constant. Epoch of reionization

g-'2A =1_gb_gdm

Hubble Parameter and
the Rate of Expansion




Local estimation of the Hubble constant
seems to be substantially higher than the
expected values fitting the standard LCDM
model to CMB.
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Omh?2

Model Independent Evidence for Dark Energy Evolution
from Baryon Acoustic Oscillation

Only for Flat
Sahni, Shafieloo, Starobinsky, ApJ Lett 2014 LCDM

LCDM

Omh? = 0.1426 + 0.0025 |EESEaEw

Braneworld Mode! Braneworld Mode!
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Model Independent Evidence for Dark Energy Evolution
from Baryon Acoustic Oscillation
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« Statistical fluctuations (probably not anymore, some tensions are at high
significance)

« Systematic in one or some of the data?

(Li, Shafieloo, Sahni, Starobinsky, ApJ 2019)

Extended models and/or new physics
extended models with more degrees of freedom result to larger
confidence contours which looks like there are better consistencies (more overlap

between larger contours). If current
observations are reliable, most of these models will be ruled out by future

observations. Central values matter!




(Present)

Standard Model of Cosmology

niverse is Flat
niverse Is Isotropic
niverse is Homogeneous

Power-Law primordial spectrum (n_s=const)
Dark Matter is cold
All within framework of FLRW




Example of an Early Dark Energy

extended model:

C /1/(1+zdrag) da
0 a2H(a),/1 + 32

20, @

Decreasing r_d by having
substantial early dark energy:

Allows having similar HOr_d
with higher HO
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Strategy

Its always fun to do something exciting in physical cosmology. Lets attempt to kill Lambda
by introducing a challenger.

Investing on a model to fully satisfy all
current observations and resolving all tensions might not be the best strategy.

Gambling is fun. | choose CMB and local HO measurements as two completely
independent data that are showing most significant tensions within the framework of the
LCDM as the main observations. The new model has to satisfy these two simultaneously.

If current data is reliable, the proposed model should
decisively rule out Lambda with near future data that would have higher precision. The
model should satisfy CMB and prefer high HO (and not just being consistent with current
estimations).

It should be simple phenomenological model, but better to have some hints for theory or
theoretical implications.




Phenomenologically Emergent Dark Energy
( PEDE)

No Dark Energy in the past and it acts as

an emergent phenomena:

Allows lower rate of expansion in the past
and higher rate of expansion at late times

Ope(z) = Qpeo x [1 — tanh (log,o(1 + 2))]

1 1 — tanh? [log,,(1 + 2)] B

) = ~3m10 ¥ T tanh ozio (1+2)]

w(

2

x (1 + tanh [log,, (1 + 2)]) — 1.

~  3ln10

Li and Shafieloo, ApJ Lett 2019




Phenomenologically Emergent Dark Energy

(PEDE)
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Phenomenologically Emergent Dark Energy

(PEDE)

Il PEDE: CMB

Il FEDE: CMB+BAD
PEDE: CMB+Pantheon

HEl PEDE: CMB+R1%

Il PEDE: CMB+DES

Il FEDE: CMB+Lensing
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Reconciling HO tension
in a 6 parameter space?

Dataset In B;; Strength of evidence
CMB —0.2 Weak
CMB+BAO -3.1 Strong
CMB+Pantheon —5.8 Strong

CMB+R19 2.7 Definite/Positive
CMB+DES  —1.6  Definite/Positive
CMB+Lensing —0.6 Weak

Pan, Yang, Di Valentino,et al,

arXiv: 1907.12551




Comparing candidates

I HOLiCOW mmm SHOES + HOLICOW CCHP + HOLiCOW

5
4

1501 =
g

=

—_ L
+ 2

o
145 1
0

ACDM  ACDM +N, earlyDE  wCDM  PEDE
Cosmological model

140 w—— ACDM
ACDM + N4

- Eary DE

1354 ++=++ wCDM

— PeOE Arendse et al, arXiv:1909.07986
CCHP + HOLICOW

1301 SHOES + HOLICOW

rs [Mpc]

62 64 66 68 70 72 74 76



Generalized Emergent Dark Energy
(GEDE)

1 — tanh y -Has one degree of
1+ tanh (A x log,o(1 + 2¢)) freedom for DE sector
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Li and Shafieloo, arXiv:2001.05103




Generalized Emergent Dark Energy
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Generalized Emergent Dark Energy
(GEDE)

Il CMB
Bl CMB+R19

Lambda outside
the 4\sigma CL

= A=0, ACDM
A=1, PEDE

Li and Shafieloo,
arXiv:2001.05103
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(Present)

Standard Model of Cosmology

Universe is Flat

Universe is Isotropic

Jniverse is Homogeneous
Dark Energy is Lambda (w=-1)

Power-Law primordial spectrum (n_s=const)

Dark Matter is cold
All within framework of FLRW




Forms of PPS and Effects on the
Background Cosmology

Flat Lambda Cold Dark Matter Universe (LCDM)
with power—law form of the primordial spectrum

It has 6 main parameters. 1

LB -

<5

P(k) = A"




Forms of PPS and Effects on the
Background Cosmology

« Cosmological parameter estimation with free form
primordial power spectrum




Direct Reconstruction of the Primordial Spectrum

Modified Richardson-Lucy Deconvolution

=» [terative algorithm

=>» Not sensitive to the initial guess.

=» Enforce positivity of P(k).

| IS positive definite and IS positive]
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[ Cosmological Parameter Estimation with

Free form Primordial Spectrum
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Fs(k)

Qm

Power law PPS
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We use the reconstructed PPS

for parameter estimation,
similar to what we do with PL.
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Power law PP'S Hazra, Shafieloo, Souradeep, JCAP 2019

Background

Cosmological
Parameters and PPS
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Power law PPS
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Issues:

—_— raw
- filtered

107 1076 103 10~ 1073 1072 1071

k

1. it appears to be to generate the complex form of the reconstructed PPS within an
without extreme fine tuning. However, we do not provide any conclusive
reason to close the possibility of a physical early Universe explanation.

2. Using polarization data it should be possible to validate further the possibility of the
reconstructed form of the PPS. Likewise, using polarization data we might be able to look for
a more optimized form of the PPS to remove tensions from different observations.

3. A wider exploration of the of the cosmological model would be
essential to reveal potential routes to ameliorate the disagreements in cosmological
parameters inferred.




Conclusion

HO tension (and some other) seems remaining persistent in the context of
the LCDM model. This can open ways for competitive alternatives

It is highly possible that there are systematics in some of the data and we
might need new physics too. It can be a combination of both! New
independent measurements and observations can help to clear things up.

First target can be testing different aspects of the standard model. If it is not

or then we can look
further. It is possible to focus the power of the data for the purpose of the
falsification. Next generation of astronomical/cosmological observations,
(DESI, Euclid, LSST, WFIRST, SKA(?), etc) will make it clear about the
status of the concordance model in 2020s.



