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« Hubble Tension problem
 ISW effect
* IDE model in “B. M. Schafer”

 IDE model in “Ming Zhang” and about forecasting
by “Tianlai” with 21cm IM

- BVDE model in “B.Mostaghel” and ISW effect again
 PEDE model
« GEDE model and Hubble Tension again
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Hy Measurements (most do not assume ACDM)
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The integrated Sachs—Wolfe effect in cosmologies with coupled dark
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IDE model in “Ming Zhang”
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Prospects for Constraining Interacting Dark Energy Models with 21 cm Intensity Mapping

Experiments
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21 cm IM and fisher matrix
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ACDM PEDE GEDE
Parameters
CMB CMB+R19 CMB CMB+R19 CMB CMB+R19
Qph? 0.02236 + 0.00015  0.02255 + 0.00015 | 0.02233 + 0.00015 0.02239 + 0.00014 | 0.02236 + 0.00015  0.02236 + 0.00015
Q.h* 0.1202 4+ 0.0014  0.1179 £ 0.0013 | 0.1204 4+0.0014  0.1197 £ 0.0012 | 0.1202+0.0014  0.1201 & 0.0014
10001 1.04091 4 0.00031  1.04121 + 0.00030 | 1.04088 4+ 0.00031  1.04096 + 0.00030 | 1.04090 + 0.00031  1.04092 + 0.00032
T 0.0543 + 0.0079 0.05801 5 0s 0.0545 £ 0.0078  0.0558 £ 0.0079 | 0.0542 +£0.0079  0.0552 £ 0.0079
In(10'° A,) 3.045 + 0.016 3.047 + 0.017 3.046 + 0.016 3.046 + 0.016 3.044 + 0.016 3.046 + 0.016
N, 0.9648 +0.0044  0.9704 4 0.0043 | 0.9645 +0.0044  0.9662 4+ 0.0041 | 0.9647 4 0.0043  0.9653 + 0.0044
Hox 37.28 + 0.62 68.35 + 0.58 72.24 + 0.75 72.65 + 0.67 66.762 2, 73.24 1.4
(km/s/Mpc)
Qi 0.3165 + 0.0086  0.3021 £ 0.0076 | 0.2748 +£0.0081  0.2705 + 0.0071 0.323°0-099 0.2672+0-0007
Tarag Ho* 9890 + 100.0 10080 + 100 10620 + 130 10690 + 110 98201 120 10770 + 210
Zek - - 0.330 & 0.016 0.338 £ 0.014 0.292°0-009 0.339 £ 0.015
A 0 0 1 1 < 1.55 (30) 1.13 4 0.28
Ax? 0 0 3.638 -15.332 -1.42 -15.716
A DIC 0 0 5.29 -6.02 0.6 -2.88
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GEDE and Hubble tension
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Planck 2018 2.9
Planck 2018+BAO 0.8 (1,2.5) weak evidence
Planck 2018+R19 121
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The measurement of the Hubble constant HO which is
the local expansion rate of the Universe, is of fundamen-

tal importance to cosmology. This measurement has im-
proved in accuracy through number of probes (see Wein-
berg et al. 2013, for a review of most well established
probes).

Distances to cosmological objects constitute the most
common way to probe the cosmic metric and the expan-
sion history of the Universe. In this subsection we review
the use of the two main cosmological distances used to
probe the cosmic expansion history.

Luminosity distance




e Angular diameter distance

Consider a source (standard ruler) with a physical
scale r that subtends an angle 6 in the sky (Fig. 2).
In Euclidean space, assuming that f is small, the
physical angular diameter distance D 4 is defined
as (e.g. Dodelson 2003; Hobson et al. 2006)

Dalz) =< (2.3)

A particularly useful standard ruler is the sound
horizon at recombination calibrated by the peaks
of the CMB anisotropy spectrum and observed
either directly through the CMDB anisotropies or
through its signatures in the large scale structure
(Baryon Acoustic Oscillations (BAO)) (see Subsec-
tion I1.1.2).

It is straightforward to show that in an expand-
ing flat Universe the physical angular diameter dis-
tance can be expressed as (e.g. Dodelson 2003)

c s odzt

DA =y B

(2.4)

The luminosity and angunlar diameter distances can be
measured using standard candles and standard rulers

thus probing the cosmic expansion rate at both the
present time (H(z = 0) = Hy) and at higher redshifts

(H(z)).

L

| = —— (2.1)
4ﬁdi

Eq. (2.1) defines the quantity dy known as lumi-
nosity distance. It is straightforward to show that
in an expanding flat Universe, where the energy
is not conserved due to the increase of the pho-
ton wavelength and period with time, the luminos-
ity distance can be expressed as (Dodelson 2003;
Perivolaropoulos 201 I[i)

dr(z)in = r.-.(1+z]f % (2.2)
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The time evolution of the iSW source term Q(a) and its derivative
dQ/da is depicted in Fig. 2. All models intersect at Q(a) = ,, at
the current epoch, and models with evolving dark energy or CDM
decay show higher values for Q(a) in the past. Both the models with
decay and the models with evolving dark energy assume similar
values for dQ/da at low and high redshifts, respectively, and evolv-
ing dark energy shifts the curves horizontally. Again, the model
with evolving dark energy and CDM decay produces the highest
amplitudes for the derivative dQ{da.
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Figure 5. Upper part: The evolution of the Q(«) function for various values
of free parameters. Lower part: The evolution of the dQ(a)/da for the BVDE
and ACDM models. By definition Qfa = 1) = S'Z(U]T

evolution Q(a) and derivative dQ/ da
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with the cosmic time f as the time variable. The Friedmann constraint
is given by 3H? = p.m + py. The coupling constant I' corresponds
to the CDM decay rate in units of the Hubble constant H,. Mod-
els with stable CDM and hence uncoupled fluids are recovered by
setting I' = 0. I reformulate the time derivatives in the system of
equations as derivatives with respect to the scalefactor a for intro-
ducing the common parametrization for the dark energy equation of
state (Chevallier & Polarski 2001; Linder & Jenkins 2003),

w(a) =wy+ (1 —a)w,. 2)

With solutions for pp(a) and py(a), the Hubble function H(a) can
be obtained by integrating
dH?

= = {Pm(@) + ps(@)[1 + w(@)]} . 3)

which in addition gives the definition of the critical density
Peit(a@) = 3H2(u)/(87'rG), with Newton’s constant G. Initial con-
ditions are defined at the present epoch, H(a = 1) = Hy, Q(a = 1)
=Qpand Qy(a =1) =1 — ,,. The comoving distance x follows
from the solution for H(a),

@ = _/' da 4
A= . a*H(a)’ ¢

The mean HI brightness temperature is given by (the
detailed derivation can be found in Battye et al. 2013)

Ty(z) = 18001 (2)h

(1+2)°
H(z)/H

0

mkK.

3)




LSS and sigma8 and about the transfer

function and window functions used in BVDE

where W(kR) = %j"“‘” and R = (3M/4np,)"?. The
matter power spectrum is introduced by {Am(k)ﬂm(k’)) =
(2 8 p(k — K' )Py (k). Theoretical formula for the present matter
power spectrum is Py (k) = Pk T?(k) where Py is normalization
constant and n, = 0.968 4+ 0.006 according to the recent reanaly-
sis of the Planck data (Ade et al. 2016a). T(k) 1s transfer function.
Since, at the very high redshift, our BVDE model is almost similar
to that supposed by ACDM , therefore we use the BBKS transfer

function model (Bardeen et al. 1986):

T(k) = C, [1 +3.89¢ + (16.19)* + (5.469)° + (6.719)*] """,
(15)

where C; =In(1 + 2.34¢)/2.34q and g = k/T". Here I is the shape
parameter given by

= Q" hexp(—Qp — V2hQ)/Q0). (16)

Perivolaropoulos 2017) yield a robust combination, namely fog(z)
= f(z)og(z) which is a bias-independent observable quantity. Here
the variance of the linear density contrast on scale Ry = 8h~! Mpc
is 0g(z) = o (Rg, z) and it 1s given by

: 1/2

-~ dl"- 7 7
J(Rg.z}:D;{z)U — K Puk) W kRs)| . (14)
S -

d




Best fit BVDE
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Table 2. Best-fitting values for BVDE model using RSD data at 68 per cent
and 95 per cent confidence intervals.

Parameter ES5D
0 +0.044+0.093
2 ﬂjm—ﬂ.ﬂ;ﬂ—ﬂ.ﬂ?ﬂ
+0.098+0.182
14 0.033 233 0033
+0.080+0.181
ag G-mg—n_ﬂs@—ﬂ_m
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