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The Standard Model of Cosmology : ACDM

The universe is dominated by dark energy, parametrized by the
cosmological constant, A



First Evidence for Acceleration from high-z supernovae

"high redshift supernovae were
found to be dimmer (15% in
flux) than the low redshift
supernovae (compared to what
would be expected ina A =0
universe)”

Results : Qs vs Q4 from
< 100 SNla

The data favour a flat
low-mass universe with A

Qp = 0.28, Q) =0.72

— Riess et al. 1998
—~— Permutter et al, 1999




Accelerating expansion of the universe
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LINEAR SCALE OF THE UNIVERSE RELATIVE TO TODAY
A fits well all the observational data
but lacks physical explanation
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Motivation for the tilted model

e Several alternative cosmological models have been proposed to
explain observations, but most of them assume some forms of dark
energy or abandon FRLW

e large-scale peculiar motions are not widely taken into account and
when they do their analysis is Newtionian

e No robust relativistic analysis of the peculiar velocity fields/effects

The tilted cosmological scenario can in principle explain the
late-time cosmic acceleration without dark energy/A, modified
gravity, or abandoning the FRW models.



How the local universe looks like?
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Peculiar velocities
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Bulk flows: Challenge for standard ACDM model?

Claims for bulk flows inconsistent with ACDM

e Watkins et al., 2009 (407 £ 81km/s) and Feldman et al., 2010
(416 4 78km /s) within a region of radius 7 ~ 100h~! Mpc

Colin et al. 2011 (260km/s) at r ~ 180h~! Mpc
Macaulay et al., 2012 (380" 73,km/s) at r ~ 33h~* Mpc
Ma and Pan, 2013 (290 4 30km/s) at 7 ~ 58h~! Mpc
Watkins et al., 2023 (419 + 36km/s) at r ~ 200h~! Mpc

Claims for "dark flows" : Kashlinsky et al., 2008 (600 — 1000km/s) at
r > 300h~"

They all approximately agree with the direction of the bulk flow (close to
the CMB dipole) but not with the scale and the amplitude.



Tilted Cosmological Model




Tilted Cosmological Model

Tilted Model - Two Frames

Employ General Relativity

Observers O1 in the CMB frame
with 4-velocity u,
idealised observers

Observers Oy in the
tilted/matter frame with
4-velocity 7,

real observers

— Ug = Ug + Vg

2/3



The kinematics of the three 4-velocity fields

CMB reference frame

3

1
[ Vg = = Ohgp + 0gp + wWap — Agup, © =3H >0

where © > 0, o4, and wgy, A% are the expansion, shear, vorticity and
4-acceleration of the idealised observer respectively.

Tilted frame

7

Vil, = éilab + Ogp + Wap — Aaﬂb, é >0

W =

.

Bulk peculiar flow

7

1-~~ ~ ~
Dbf)a = gﬁhab + §ab + 7%aba ¥ = Daﬁa 2 0




The dynamics in the two reference frames

In the case of non-relativistic peculiar motions (7* < 1) and assuming a
decelerating Einstein-de Sitter background, the linear relations of the
dynamic quantities in the two reference frames are:

[ p=p, P=p=0, Tep=Tep=0, §o=Ga— pla

where p is the density, p is the pressure, 74, the viscosity and ¢, is the flux.

We set ¢, = 0 in the bulk flow frame. Then, the peculiar flux in the CMB
frame is: ¢, = pv, # 0, solely because of non-relativistic peculiar motions.

The peculiar flux contributes to the energy-momentum tensor and from
the momentum conservation law, in the CMB frame, we get:

pAa = —Go —4Hq, # 0




The tilted cosmological model - Deceleration parameter |

To linear order, the Raychaudhuri equations measured by the idealised and
the bulk-flow observers differ:

1 1
3H%G = =p, 3H%*q = ~p— DA,
2 2
where the dimensionless deceleration parameter is ¢ = —[1 + (H /H?)].

The deceleration parameters measured in the two frames differ as well:

- 1
q:q—l—mDaAa




The tilted cosmological model - Deceleration parameter Il

In a perturbed Einstein-de Sitter universe (with p =0 and 2 =1 in the
background) the deceleration parameter measured by the real observers is:

1 wm\’9 1 |
q_q—|—9<)\) 17 with )\H—E and

=

<1

|

e When A\ > \g, ¢ — ¢ and the peculiar motions effects fade away in
the absence of peculiar flows

e On subhorizon scales (A < Ay), ¢ # ¢ and the difference can be
large depending on the bulk flow scale

e The difference crucially depends on the sign of J. For contracting
bulk-flows (¢ < 0), ¢ <0 —> local apparent accelerated
expansion for the real observers

Tsagas, 2011, DOI: 10.1103/PhysRevD.84.063503
Tsagas, Kadiltzoglou, 2015, DOI: 10.1103/PhysRevD.92.043515
Tsagas, 2021, Eur. Phys. J. C 81, 753



The tilted cosmological model - Transition scale

A \2 19| " "
(TH> ‘7 = q, we get the "transition

el

e When ¢ becomes zero:
length” :

e For contracting bulk flows, the deceleration parameters in the two
frames are connected through : 7




The tilted cosmological model - Parametrization of i

e We assume that locally the bulk flow contracts (¢ < 0) and ¢ = i

e We consider a form of the local volume scalar ¥ in the tilted frame !
- - 22
Y =9\ = ——
() a + b3

e The scale dependent deceleration parameter in the tilted frame

- 1 1
Q—M—a(l—m)

1
K. Asvesta, L. Kazantzidis, L. Perivolaropoulos, C. Tsagas, 2022, DOI: 10.1093/mnras/stac922



Fit to the data




What are Supernovae of Type la ?

The Supernova Zoo
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SNIa as standardizable candles

Systematic uncertainties in SNla distances

Absolute B—band magnitude

B-band light curves of a sample of SNe la with data taken from Hicken et al.

N
=

L
=

Uncorrected light curves
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Corrected absolute B—band magnitude
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(2009) and Stritzinger et al. (2011).

Corrections to the observed
light-curves
light curve shape
correction (" Phillips
relation™)

e SNIla colour correction

Corrected Distance modulus
uw=mp— Mp+aX; —pC

After corrections made, SNla
can be accurate distance
indicators and used to
cosmology via
w=>5logdr(Mpc) + 25



The Pantheon SNIla compilation

1048 Type la supernovae with redshift range 0.010 < z < 2.26

JLAS+ addltlonaISSnIa from The SDSS stripe dominates for
PanStarrs and HST
( Scolnic et al. (2018) arXiv:1710.00845) z > 007
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e The tilted redshift-dependent deceleration parameter:

1 _ Hox(2)
) = 3 (1 a—i—bd%(z)) ) &= c (1)

where X(z) is the line of sight Einstein-de Sitter comoving distance
e The Hubble rate at any redshift connects with the deceleration
parameter through:

G (144w
H(z)—ngxp[/O ( T )du] (2)
e The luminosity distance of the SNIa (in Mpc):
~ z dZ/
Dp(z) =c(1+2) o () (3)

e The theoretical apparent magnitude :

- H
mep(z) = M+ 5logyg Dr(2), M =5log, (fz/\4poc> +25 (4)




Supernovae fit

v Extract the best-fit parameters of the model

Xomin(M, @,b) = (Mobs,i(2) — mun(2)) O3 (Mops,j(2) — mun(2))  (5)

where C' = Cliq¢ + Cys is the total covariance matrix of the SNla.

Minimization performed by employing a Bayesian Markov Chain Monte
Carlo (MCMC) method. The likelihood function is £ = exp( Xmm).

Model M a b Qom inin Xzed
ACDM 23.809 % 0.011 = = 0.299 +0.022 | 1026.67 | 0.981
T-EdS 23.815 £ 0.013 | 0.521 £ 0.030 | 6.6675 52 1.0 1026.76 | 0.982
T-EdS(a fixed) | 23.808 & 0.006 0.5 8471572 1.0 1027.05 | 0.982

Result: The tilted cosmological model performs equally well with ACDM
(X%ed ~1 )

K. Asvesta, L. Kazantzidis, L. Perivolaropoulos, C. Tsagas, 2022, DOI: 10.1093/mnras/stac922



Evolutionary behaviour of ¢

0.3

=

redshift (z)

iy
H TBEs)

qACDM

v" The transition scale is close to the one from the ACDM model,
zr ~ 0.6.

v' Local apparent acceleration ¢(z = 0) ~ —0.45

K. Asvesta, L. Kazantzidis, L. Perivolaropoulos, C. Tsagas, 2022, DOI: 10.1093/mnras/stac922



Condidence contours of best-fit parameters

Assuming and Einstein-de Sitter bulk flow

K. Asvesta, L. Kazantzidis, L. Perivolaropoulos, C. Tsagas, 2022, DOI: 10.1093/mnras/stac922



Predictions of the tilted scenario

e Local apparent accelerated expansion



Predictions of the tilted scenario

e Local apparent accelerated expansion

e Doppler-like apparent dipole in the deceleration/Hubble parameter



Predictions of the tilted scenario

e Local apparent accelerated expansion
e Doppler-like apparent dipole in the deceleration/Hubble parameter
e The dipole should decay with redshift



Evidence for dipoles in cosmological parameters
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Tensions between the Early ans
Kavli Institute for Theoretical
Verde, L., Treu, T., Riess, /

Tensior
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Dipole in the Pantheon+ SNla compilation




The Pantheon+ SNla compilation

1701 Type la supernovae with redshift range 0.0008 < z < 2.26

18 different surveys Pantheon+ vs Pantheon SNla
727 SNIa at z < 0.08 118 SNla at 2 < 0.010

( Dan Scolnic et al 2022 ApJ 938 113)

Redshift distribution of Pantheon and Pantheon+




Dipole in ¢ in the Pantheon+ SNIla compilation - |

e We make a redshift cut in the Pantheon+ sample and we analyze
Snla with z >=0.015 ~ 60Mpc. In total, we have 1527 SNla.

e The anisotropic deceleration parameter in the tilted frame becomes:

4 = Gm(2) + qa(nsn - naip) Faip (6)
Gm(2) =3 (1- m> is the monopole,

qq is the amplitude of the dipole,

ngy is a vector pointing to the location of the SNla,
Ny, a vector pointing to the location of the dipole and
Faip describes the scale-dependence of the dipole.

e We examine a form of the function of the dipole F;, which is
constant, Fgip = 1 and Fyp(2) = exp(=F)



Dipole in ¢ in the Pantheon+ SNIla compilation - Il

e The tilted redshift-dependent deceleration parameter:

5 1 1
42y = 5 (1 — m) = Qd(nSN : “dip)]:dz‘p (7)

e The Hubble rate at any redshift connects with the deceleration
parameter through:

S 214 q(u)
H(z) = Hpexp [/0 (—1 e ) du] (8)
e The luminosity distance of the SNla (in Mpc):
. z d
Dp(z) =c(1+ 2) o () (9)

e The theoretical distance modulus :
e (2) = 5logyy Dr(2) + 25 (10)
e The minimization function:

oy = (uun(z) — psn)Cop (en(z) — psn) (11)

K. Asvesta et al., in preparation



Tomographic analysis

To study the evolution of the dipole parameters with redshift, we employ a
redshift tomographic method dividing the dataset (1527 SNIa) into 4
equal number redshift bins.

e We fix the monopole parameters, (a, b) to the best-fit ones from the
Pantheon 4+ SNla, in the applied z-cut sample:
a=0.512"551% and b = 8.373%

e The first redshift bin contains 359 SNla with 0.015 < 2. < 0.034
and mean redshift 0.024

e The second redshift bin contains 394 SNla with 0.034 < 2z, < 0.195
and mean redshift 0.10

e The third redshift bin contains 381 SNla with 0.195 < z;; < 0.34
and mean redshift 0.265

e The fourth redshift bin contains 393 SNla with 0.34 < 2,4 < 2.3 and
mean redshift 0.575

K. Asvesta et al., in preparation



Spatial Distribution of the subsamples
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Tomographic analysis - Dipole fit in three redshift frames

We constrain the dipole in all three redshift frames, namely the heliocentric (Hel), the CMB

(CMB) and the Hubble Diagram frame (HD).
The direction of the dipole coincides with the CMB dipole.

Frame | Bin | @mono | F(z,5) Qdip S
Hel | 1 [-0.4764 | 1 -2.32°5% -
Hel | 1 [-0.4764 | ¢ %/ | -2.39703% [ unconstrained
CMB 1 | -0.4764 1 2.33£047 -
CMB | 1 | -04764 | e=*/° 2.437559 unconstrained
HD 1 | -0.4764 1 1.27 £ 0.47
HD | 1 | -0.4764 | e2/9 1117052 unconstrained
Hel 2 | -0.463 1 -0.159+0.084 -
CMB 2 -0.463 1 0.096 4 0.086 =
HD 2 -0.463 1 0.057 +0.085 -
Hel 3 | -0.329 1 0.058-0.047 -
CMB | 3 | -0.329 1 OR NI o -
HD 3 -0.329 1 0.108 £ 0.047 -
Hel | 4 | 0.032 1 0.069+0.027 -
CMB | 4 0.032 1 0.089 £ 0.028 =
HD 4 0.032 1 0.089 4+ 0.028 -




Dipole in the full sample -I

The posterior distributions of the full sample (z >= 0.015) when the tilted
anisotropic deceleration parameter, in the heliocentric frame, is:

q = —0.35+ qa(nsn - ncmrp) exp ()

Ad = —3.25' 077

5= (101500 x 10°%

Ad

K. Asvesta et al., in preparation



Dipole in the full sample - |l

The posterior distributions of the full sample (z >= 0.015) when the tilted
anisotropic deceleration parameter, in the heliocentric frame, is:
g = —0.35+ ga(nsn - ngip)

o

Mallweide plot

RA = 216454}

2M++ Bulk flow: Jonathan Carrick et al. 2015, MNRAS, 450, 317

K. Asvesta et al., in preparation



Other dipoles on the sky
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FIG. 1: Directions of anisotropy in the Universe in the Galactic (1, ) coordinates with the galactic center
in the middle, as inferred from Table L. Dircctions from the literature are shown with different markers or
ellipses (data points and their 1 o uncertainties) with text labels.

TABLE I: Directions of anisotropy in the Universe as inferred from several data sets, the locations of the
ata points are shown in Fig. |

Data Point [ colorin Fig. 1] Rer.
Galaxy cluser (250 2350, 15° £20) |9

NV (248 £ 125,440 £8°) orange  [1100]

TGs @I £ 146,52 ightblue (1101

Dipole in the cosmological parameters|  (48.5° 145, ~5.6°34) ey 1501
CaWISE dipole (23827, 285) geen  [1102)

CMB kinemaic dipole (50.42) redxi03)
CMB dipole (203907, 15.20°) wax noal

CMB quadupole (2242°.002) rx165]

CMB octopole (20, 61.3°) rx |16s1
Planck-VA (Variance Asymmetry) @113 1051
Planck-DM (Dipole Modulation) 1051
Planck.PA (Power Asymmetry) 1051
WMAP9-VA (1051}
WMAPS.DM (1051
WMAPY-PA (105]]

Great Auractor (3079 (1061

SNela (G106 =182 -130° £1019) [ blue  [[107]

Dark low darkvioler | 142]

Bulk flow hired [[105]

P.K. Aluri et al., 2023, DOI 10 1088/1361-6382/acbefc



Thank you for your attention!



Back-up slides
" Cosmology is the search for two numbers. The Hubble parameter Hy and

the deceleration parameter ¢p" - Allan R. Sandage
e H=2¢
a..
e q=- Z—‘; (¢ > 0: deceleration, ¢ < 0: acceleration)

The deceleration parameters measured in the Hubble and tilted frames are:

30 i 30’
q:—<1+®2> and q:—<1+é2> (12)

V' 1
+—(1+ =0 to linear order 13
0+ o (14 39) (13)

In the absence of peculiar flows (¥ = 0), ¢ — ¢

ey e

q
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