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The Dark Universe Picture
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The force of dark energy surpasses
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Cosmic dark sector consists of dark

research/projects/dark

matter (DM) and dark energy (DE),
which have been conjectured for explaining major observations, viz., the
flatness of Galaxy rotation curves and the dimming of Supernovae type Ia,
within the realm of Newtonian Gravity/General Relativity (GR).

2/15


https://www.uvic.ca/science/physics/vispa/research/projects/dark
https://www.uvic.ca/science/physics/vispa/research/projects/dark

The Dark Uni se Picture

Cosmic Dark Sector: Dark matter and Dark ener
Standard Cosmology vs Modified Gravity Scer

Standard Cosmology vis-a-vis Modified Gravity

Q@ Conjecture: Cosmic acceleration at low redshifts z, driven by the DE.

Q@ Observations concord to DE-DM density ratio ~ 1 at the present epoch.

Shortcomings of the GR based Standard Cosmology

— Exotic fields/matter sources are required for DE/DM.

— As such, there is no general consensus on the origin of either of them.

Enter the realm of Modified Gravity (MG):

Can mostly have an equivalent Scalar-Tensor (ST) formulation.
Makes plausible perception of DE/DM as mere geometric artifacts.
Effectively interacting DE-DM (IDEM) scenarios may result as well.

0 00O

Viable IDEM scenarios have the prospect of alleviating problems such
as Hubble tension in parameter estimations using low and high 2 data.
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Cosmology with Dark Sector Interactions

Co ) lu ‘rame

Cosmology with Interacting Dark Energy-Matter

Consider for brevity, the universe as a system of two dominant components:
(Visible+Dark) cosmic matter (denoted by M) and DE (denoted by X).

In a perfect fluid description:
o The (Visible+Dark) cosmic matter is considered as pressure-less (dust).

@ Conservation of the system’s total energy-momentum does not neces-
sarily imply that for the individual energy-momenta of matter and DE,
with the respective energy density and pressure (p,,,0) and (p,,py):

Py +3Hp, =Q where H =
px +3H(px+py) = —Q 7 overhead do

a(t): FRW scale factor,

)

+ Q-

(+) denotes time derivative,

Q is a scalar which gives the measure of the DE-matter interaction.
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IDEI\I in Scalar-Tensor Cosmology
P
Solution in Einstein Frame

Cosmology with Dark Sector Interactions

— Non-minimal metric-scalar coupling in the (original) Jordan frame (JF).
— As such, Newton’s constant G, — G, which evolves with the scalar field.
— Matter fields are, however, coupled minimally to the curvature scalar R.
— Hence, the matter energy-momentum tensor is conserved.

— For a suitable choice of the non-minimal coupling, the action reduces to:
Brans-Dicke (BD) form

Sz/d%ﬁ{qﬁff

g

@.uffj,u - ‘/(QK)) I Lm(gn{h’l/)m)

80]
E g

where g = det(gu,) with g, being the metric tensor, ¢ is the BD scalar with
potential V(¢), to is the BD parameter, and Ly, is the matter (1,,) Lagrangian.

— Such a choice of coupling, and hence the BD action, is reminiscent of a
bulk of MG theories including f(R) gravity and a plethora of its variants.
o

5/15



Cosmology with Dark Sector Interactions

A conformal transformation ’ Juv — Juv = PG

)

&G

2knep
e 1
and a field redefinition = - , with n = ——— and Kk =
¢ K? V6 + 1o
lead to
Einstein Frame action
S [ a5 |2 L% o0 — U) + (G 0r
= T\ —g oR2 5 g PuPr — (SD) + 777,(,(];11/7 ©, Um)

N

where g, R are the corresponding metric and curvature scalar, § = det(gu. ), and

Ulp) = e

Lon (g ¥m) = €™ Lin(gap (Guvs @), Ym) -

V(o(e)),

— Non-minimal metric-scalar coupling is lifted.

— In turn, matter Lagrangian Lo depends on ¢, explicitly and implicitly.
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Cosmology with Dark Sector Interactions

Q@ The ¢-dependence of Lo implies DE-matter coupling, once the DE is
taken to be sourced by the field ¢ in the Einstein frame (EF).

2 .2
5 K
H? = ?[/}M +px] Px = %+U((p),
5 , where 5
) K
HZ*?[PM + Py +px} px:%fU(‘p)

Q The (non-)conservation equations for matter (M) and DE (X), shown

before, now have an interaction arising naturally in EF.

Paro —rn
— 4\;0 e Kne
e

A BD potential |V (¢) ~ ¢|&| U(p)= Ae *""?|in EF, where A =constant.

Such a potential is well-known in various ST-equivalent MG theories,
e.g., Metric-Scalar-Torsion theory.
— Sourav Sur, Arshdeep S. Bhatia, JCAP 07 (2017) 039.

Q@ Matter (non-)conservation gives: | p,, , where p, ;0 =pala=t-

0 O
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Cosmology with Dark Sector Interactions I
n Frame

Cosmological Solution in Einstein Frame

Q For the above U(y), the cosmological equations admit an exact solution:

p= 2nN , where N =Ina: Number of e-folds,
K
whence -
. 5[ Q. Q
HE @) = 3 | e + S |

where Ho = H|q=1 is the Hubble’s constant,

2 2 2
;H@ME;;, Q= 1A Githy =12
0

3H2Y?’ 3
Q Note the following;:

and Q,,, =

o Q. =1—-9Q,,,. So the free parameters are (Ho,n,,,,)-
e The limit n — 0 corresponds to the concordant ACDM model.

— Sourav Sur, Arshdeep S. Bhatia, JCAP 07 (2017) 039.
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Parameter Estimation Methodology
Observational Data
IDEM Constraints and 2D Posterior

Estimation of IDEM Cosmological Parameter

Parameter Estimation Methodology

Flat Priors
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Estimation of IDEM Cosmological Parameters

Observational Data

e Cosmic Chronometers (CC):
2
14+ 2

—Dataspan z € (0.1,2.0), with 51 measurements and uncertainties 5 to 15%.

— Directly measure | H(z) = from differential aging of galaxies.

e Type Ia Supernovae (Pantheon™):

— Constrain luminosity distance via the distance modulus,

wu(z) = 510g10[(1 + z)/z ]ﬁi,)] +25].

0

— Data encompasses 1701 SNela over z € (0.1,2.3).
e Baryon Acoustic Oscillations (BAO):

— Provide a standard ruler set by the sound horizon at drag epoch, r4.
— Probes: SDSS-IV, DESI-VI, which use r;l times the distance measures

1 Cdy 1/3

DH(Z) = s DM(Z) = H(Z/) ’

Dy (2) = [ D3, (2) Dy (2)
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Estimation of IDEM Cosmological Parameters

IDEM Parameter Constraints and Diagnostics

Cosmological parameter estimates and IDEM vs ACDM diagnostics

Parameters Pantheont+CC Pantheon™+CC+BAO
ACDM IDEM ACDM IDEM
Hy [xm/s/Mpe] 73.90110180 66.59910:200  73.67870:155  68.14175 935
Quro 0.25470:00%  0.08615:01%  0.271F5007  0.13710 032
n - 0.49710:92¢ - 0.43610 034
Tq [Mpc] - - 139.86270550  138.87210-901
Diagnostics
Ciin 1835.591 1797.917 1873.923 1856.819
X2 1.049 1.028 1.062 1.053
AIC 1839.591 1803.917 1879.922 1864.819
BIC 1850.528  1820.323 1896.353 1886.727

— Dhiraj Kuniyal and Sourav Sur, in progress.
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Parameter Estimation Methodology
Observational Data
IDEM Con aints and 2D Posterior
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Parameter Estimation Methodo
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Estimation of IDEM Cosmo al Parameters
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IDEM Posterior Plots

2D Posterior distribution for IDEM, with Pantheon™ +CC+BAO data
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Summary of Results

Summary of Results

e Hubble Constant
o Hubble’s constant Hy = 66.6 to 68.2 kms~! Mpc™? (best fit).

o Estimate however increases with the inclusion of the BAO data.

e The Hubble Tension, that affects ACDM, is nonetheless alleviated.
e Evidence for IDEM

e Coupling parameter n is significant, ~ 0.436 to 0.497 (best fit).

3+2n2 (

o Effective matter density dilution ~ 1/a steeper than ~ 1/a?).

e Comparison with ACDM
o Minimized x2, AIC, BIC for IDEM are lower than those for ACDM.

e IDEM is thus favored in spite of having an extra parameter n.
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