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The cosmological principle

The Universe is (statistically) isotropic and homogenous (on large scales).
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Homogeneous Isotropic
Not i1sotropic Not homogeneous
No special positions or directions in the Universe. Stationary observer: . .
* Sees same number of sources per solid angle in all
directions

* Large angles, deep enough survey
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The (ideal) FLRW Universe
8l

Gy + Mgy = —Tpv \
Isotropy and Homogeneity at all scales:
ds? = a(t)? dx? — c?dt?
: \

H(a) = — = Hoy/Qna ™ + Qa7 + Qa2 + 0, \ < wme—>
Q,~107%, usually ignored. (e \ .

\ X AN
Qr+ Q0+ 0, =1 AN

(Flat ) ACDM is a (1) 2 parameter model for a(t) (or
equivalently, D(z))

—————

No structure, no peculiar (non Hubble) motion, all clocks %,\NZ
remain synchronized. Surfaces of constant time exist

But the real Universe is not
Spacetime is locally Flat Minkowski homogenous at all scales
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The real, inhomogeneous Universe

Excellent review : Clarkson et al Rept.Prog.Phys. 74 (2011) 112901 https://arxiv.org/abs/1109.2314

Does the growth of structure affect our dynamical models of the universe? The averaging, backreaction and fitting
problems in cosmology.

What is the length scale at which Universe approaches FLRW?
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“In essence, it is an assumption that Einstein’s equations
also hold for an averaged geometry, as well as a local
one. In fact, it is not clear that the whole machinery of
GR holds after averaging — e.g., concepts such as
spacetime and objects such as tensors need to be
assumed to make sense after coarse graining.”

Over and under densities arise in matter, leading
to peculiar (non Hubble) velocities

Can constant time hypersurfaces be constructed
for these moving observers? (Open problem)

Averaging procedures are non commutative.
Does fitting cosmological observations, which are

on the lightcone (null hypersurface) let you infer
properties of the Universe when it was FLRW?


https://arxiv.org/abs/1109.2314

The Fitting problem

“One can do a spacetime fitting, asking which FLRW model is best if we average
invariant quantities in a spatial or spacetime volume: e.g., the energy density of
particles and their velocities (when the matter averaging maybe represented by
kinetic theory); one may choose to smooth the metric or scalar invariants on the
geometry side. Alternatively, one can do a null fitting, where one in effect
averages astronomical observations.”

“How do we appropriately fit an idealized model to observations made from one
location in a lumpy universe, given that this ‘background’ [FLRW] does not in fact
exist?”

Clarkson et al Rept.Prog.Phys. 74 (2011) 112901 https://arxiv.org/abs/1109.2314



https://arxiv.org/abs/1109.2314

“Data from the Planck satellite show the universe
to be highly isotropic” (Wikipedia)

Multipole moment, 7/
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We observe a statistically isotropic* Gaussian random field of small temperature
fluctuations (fully quantified by the 2-point correlations > angular power spectrum)

Dark Energy
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The CMB Dipole: Our motion through the cosmos?

Net motion of the Solar System barycentre:
369 +/- 2 km/s w.r.t CMB rest frame

towards

warmer

R.A=168.0, DEC=-7.0

* Motion of the Sun around the Galaxy
~225 +/- 18 km/s

* The motion of the Local Group 627+/-22
km/s Apl, 709, 483

cooler

What is the origin of this motion?

COBE Experiment, 1996

Planck 2015

2L~ 103
T
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This talk:

K Dipole in radio catalogue of galaxies, NVSS and SUMSS \
. High redshift radio galaxies and divergence from the
600000 galaxies CMB dipole
R J. Colin, R. Mohayaee, M. R. and S.Sarkar
2 L deepsuivey- S (b(z))ii0 MNRAS 471 (2017) no.1, 1045-1055 arXiv:1703.09376
Dipole in catalogue of galaxies from infrared survey, _ . .
Wide Field Infrared Survey Explorer (WISE) The dipole anisotropy of AlIWISE galaxies
~2 4 million M.R. , R. Mohayaee, S.Sarkar and J. Colin
7~0.14, shallow survey MNRAS 477 (2018) no.2, 1772-1781 arXiv:1712.03444
. : : =
_?hdlgc;)lgs’lr:&l;;Iijse?)cjelgrat:_c.)nhi)arame;er.I _ Apparent cosmic acceleration due to local bulk flow
€ | ]: i olng Lightcurve Analysis J. Colin, R. Mohayaee, M. R. and S.Sarkar
SRS @ ENIE Submitted to Nature Sci Rep, arXiv:1808.04597
740 SN1a, z=0.01 to z=1.4 /

Also see https://arxiv.org/pdf/1905.00221.pdf “Concerns about the reliability of publicly available SN1a data”

https://github.com/rameez3333/ Dipole_JLA and catana repositories.



https://github.com/rameez3333/
https://arxiv.org/pdf/1905.00221.pdf

A moving observer - Kinematic Dipole

Aberration Doppler boosting

oA ¢ oA ¢ . _x
Rest frame gy ®- Moving frame ¢ X E

negative power law
sin O I

v
Y * cos0 -z

s & Baldwin (1984)
tan ¢ =

Differential flux

Energy
Flux limited catalog -> more sources in
direction of motion

Observer, velocity v
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Dipoles in a catalogue of galaxies

In an all-sky catalogue with sources of redshift
distribution D(z) from directionally unbiased survey
with N sources

§ =% (Bype,x, a) + R (N) + 8 (D(2)) +F

ﬁ
K — The Kinematic dipole, depends on source spectrum, source
flux function, observer velocity

R — The random dipole, x 1/\/N, isotropically distributed in
D(z) direction

S - The clustering dipole, local anisotropy due to growing
structure (which causes the motion in the first place)

F o Foregrounds, mainly stars and other Galactic contamination
redshift



The NRAO VLA Sky Survey (NVSS)

> : : ;.rf%, ,
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SR : &%\’z sy \.&gr\x:m BT ¥ 1.4 GHz survey of the Northern sky, by the National Radio
. ; : s oo ! Astronomy Observatory. Down to dec = -40.4°

1,773,488 sources above 2.5 mly. But ‘complete’ with
uniform sky exposure only above 10 mly

-90

10° |

104}

Sources above threshold

Phys. Rev. D, 78, 043519

103 L L I
10° 10t 102 103 104

Flux Threshold value (m]y)
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Sydney University Molonglo Sky Survey (SUMSS)

T T T T T T

05
—11.0 Tt l—(;5l T1T - TI1T 0.15 171 110
843 MHz survey of the Southern sky, by the Molonglo
Observatory Synthesis telescope. Dec < -30.0°
3 211050 radio sources. Similar sensitivity and resolution to
g NVSS

10° L
10° 10 10° 10° 10*
Flux Threshold value (m]y) (843 MHz rescaled to 1.4GHz)
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The NVSUMSS-Combined All Sky catalog

Rescale SUMSS fluxes by (843/1400)07>
Remove Galactic Plane at +/-10 degree in NVSS

Remove NVSS sources below and SUMSS sources
above dec -30 (or -40)

Apply common threshold flux cut on both samples

z~1, <120 sources at z<0.3 at 90%C.L.
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Estimators for the Dipole

Vary the direction of the
hemispheres until maximum
asymmetry is observed

Easy visualization

High Bias and statistical error
2.6/VN

¢=2m |
j o(6 ) Sianqub
0=

N

R 1 A

D3p = NE Ti
i=1

Add up unit vectors corresponding
to directions in the sky for every
source

Relatively lower bias and statistical
error 1/v/N

Rubart and Schwarz 2013

¢=2m
f o(0)cosOsinfdOd¢
6=



Results

Number velocity (kmis)
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Velocity ~ 1355 + 351 km/s, Dir within 10° of CMB dipole direction.
Statistical significance, ~2.81 Sigma, with the 3D linear estimator, constrained mainly by the catalogue size
Bengaly et al 2018 JCAP 1804 (2018) no.04, 031 find a 5.1 sigma dipole in TGNSS !

Could be due to unknown systematics SKA phase 1 measurement ~10%
Bengaly (et al) 2018 : 1810.04960v1

VIA Lecture - APC Paris



The Widefield Infrared Survey Explorer

All sky infrared survey over 10 months, in the bands 3.4, 4.6, 12
and 22 um using a 40 cm diameter telescope

Generated a catalog of 746 million+ objects, most of which are
stars.

Directionally unbiased survey strategy, arc second angular
resolution, multi band photometry.

Planck
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Getting rid of the stars

following from MNRAS448,1305-1313 (2015)

* Magnitude cuts in different bands, Galactic plane cut at +/-15 degrees
* Sample of 2.46 million Galaxies, 76% complete, with 1.8% star contamination

Cross correlate with deep surveys over a very narrow sky
(SDSS, GAMA) to determine how many are stars and how
many are Galaxies

The maximum is in the direction (AlIWISE)
237.4° RA, -46.6 ° Dec
331.9°16.02° b

110 degrees from the CMB direction

Dipole magnitude ~0.049

Fully kinematic interpretation ~ 6000 km/s

-0.049068 0.049068

in agreement with MNRAS 445 (2014) L60-L64
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Getting rid of the stars

following from MNRAS448,1305-1313 (2015)

* Magnitude cuts in different bands, Galactic plane cut at +/-15 degrees
* Sample of 2.46 million Galaxies, 76% complete, with 1.8% star contamination

Cross correlate with deep surveys over a very narrow sky
(SDSS, GAMA) to determine how many are stars and how
many are Galaxies

The maximum is in the direction (AlIWISE)
237.4° RA, -46.6 ° Dec

331.9°16.02°b

110 degrees from the CMB direction

Dipole magnitude ~0.049

Fully kinematic interpretation ~6000 km/s

0 8.46425e+06

in agreement with MNRAS 445 (2014) L60-L64
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fraction of sources
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Getting rid of even more stars

stars
galaxies |1
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Apparent motion = parallax + proper motion

Stars in the Galaxy have higher apparent
motions 400 mas/yr up to many arc seconds/
year

Cuts on apparent motion can bring star
contamination down to 0.1%, while still
keeping ~1.8 millin galaxies.

182.9° RA, -55.6° DEC, 50.1° from the CMB

Dipole magnitude reduces to 0.014

Star galaxy identification by cross correlating
with SDSS



Suppressing local anisotropies

Remove extended
sources and the
supergalactic plane.

Further reduce z<0.03
sources by cross
correlating with 2MRS
and removing the 4 06
correlated sources.

6.1” PSF
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Redshift distribution of the sample

1200 - - - T T T T T
[ Before 2MRS and Supergalatic Plane Removal _ . . .
[ 1 After 2MRS and Supergalatic Plane Removal d - 09124 > 3§OO km/s If fli”y klnematlc
1000 1 After ext flag cut | 172.6 RA, -6.6" Dec ( 4.5 from CMB)
Total dipole is at least 4.60 statistically significant.
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Residual clustering dipole

* For a Copernican observer: Using Planck 2015 cosmological
o (D) = /i » parameters and astropy, using the
CLS . .
am the redshift distribution as dN/dz

* () = bz% [, fitk)2P(k)k2dk (D.;) < 0.0018
In the final sample

* i) = [ i) f(r)dr
Dy.;, = 0.0106

. _ H(z) dN
f(r) Horg dz Velocity of ~3000 km/s




Hints that we are not a Copernican Observer

Measuring the cosmic bulk flow with 6dFGSv

The Zeldovich Universe:

Genesis and Growth of the Cosmic Web

Proceedings TAU Symposium No. 308, 201/ © International Astronomical Union 2016
R.van de Weygaert, S. Shandarin, E. Saar € J. Einasto, eds. doi:10.1017/S1743921316010115

Measuring the cosmic bulk flow with

85 90 172 217 262 (Mpc)
800 T I T I T I T I T T T
_ N ®  bestfit (data) |
n + 20(data)  _|
= B + 1o(at) 800 |
i ¥—x ACDM T
600 N -
o S0 I T 600
- - wm
- 4 i
N’ = .l
24 300 = % 400
B a . * ° o * =1 ] &
> 2001 _
350 i
100 — 33 _W 7] 200
= s 2 B = o _|
-100 1 | 1 | 1 | 1 | 1 | 1 0
0.02 0.03 05 0.06 0.07 10t

0.04 0.
redshift (z)

Colin J., Mohayaee R., Sarkar S. & Shafieloo A., 2011,

MNRAS, 414, 264

VIA Lecture - APC Paris

10? 10°
Scale Radius [h~* Mpc]




Dark Sky N Body Simulations

First trillion particle simulation of the ACDM universe.

250 : : : , . : 0.020 : : : : : :
1 MW Observer = 1 MW Observer
. MW-2MRS Observer . MW-2MRS Observer
2001| i i Diff between 2 random vectors
0.015 |

150}

MW mass halo
Virgo Mass halo within
16-18 Mpc

0.010

100}

0.005 +
50

B

0 - - - 0.000
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0 20 40 60 80 100 120 140 160 180

Size of observed dipole Angle between Halo Velocity and Dipole[degrees]
Only ~<1% of halos with MW-like mass and velocity are inside bulk flows > 240 km/s on scales exceeding 260 Mpcs

D.;.) =0.0076 +/- 0.0022
(Dcys) / V = 1260 + 629 km/s

(Dyin) = 0.0048 +/- 0.0024
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The tilted Friedmann Universe

TR
| ///}7 If we are inside a large local ‘bulk flow’.
- —————
//;___J_‘ / = (Tsagas 2010, 2011, 2012; Tsagas & Kadiltzoglou
/ — 2015)
o ... if so there should be a dipole asymmetry in the
/ inferred deceleration parameter in the same
. — direction —i.e. towards the CMB dipole

The patch A has mean peculiar velocity @a, with ¢ = D% o =0 and ¢ =0
(the sign depending on whether the bulk flow is accelerating or decelerating)

Inside region B, the r.h.s. of the expression

9\ 72 3P 9\ 2 =
- _ v _ v ® =06 4+ 9.
1+ 3§ (1+q)(1+®> > <1+®> ,

drops below 1 and the comoving observer ‘measures’ negative deceleration parameter in one
direction of the sky

VIA Lecture - APC Paris



he FLRW Universe in Kinematics

“Cosmology is the search for two numbers. The Hubble parameter Hy and the
deceleration parameter gy,” — Alan Sandage

.HZE [ g == —Q, (in ACDM) J
a
° q dof — % (defined with a minus to be positive for a decelerating universe)
o
J = ans , , Matt Vlssezr 004
d = 1+=[1- 1—qy —3gé + z2 +0(z3
L(z) = H, { > | qolz A [ do CIO Jo+ an (z )}

Tilt: qo— qm + Qdcos(elcmb—SNl)F(S)



The Fitting problem

Ideal standard candle : No intrinsic dispersion
Ideal observations : No observational uncertainties
Each SC observation is a point in the D-z space.

Perfect FLRW Universe :

We need only 3 standard candle observations to estimate ,;, 04 to infinite  precision.
Directions don’t matter, redshift ranges don’t matter.

The real lumpy Universe (still ideal observations of ideal SCs) :

Are Qu, ), inferred from 3 SCs observed in one specific direction in the sky and specific redshift
range the same as those observed in another direction and redshift range?

How far out in redshift should we go before directions matter?

Real SNe data are a lot more complicated.
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Goobar & Leibundgut, arXiv:1102.1431
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WHAT ARE TYPE IA SUPERNOVAE?

SN

noH

| no S|

no He

Type la Typelb Type Ic qypell ——— —ll]
Thermonuclear Core Collapse

Bmax

Light-curve width

40 60

Throughput

0.6 |

05|
0.4 [
03[
02|

0.1F

0.0°L

0.3

0.6 0.7
Wavelength (um)

0.8

A white dwarf accreting
matter from a binary
companion, reignites
when crossing ~1.44
Solar Masses


http://arxiv.org/abs/arXiv:1102.1431

THEY ARE CERTAINLY NOT ‘STANDARD CANDLES’

-20

-16

-14

M, — 5 log (H,/75)

-12

But they can be ‘standardised’ using the observed correlation between their peak
magnitude and light-curve width (NB: this is not understood theoretically)
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https://arxiv.org/abs/1311.5099

TYPE IA SUPERNOVAE AS ‘STANDARDISABLE CANDLES’

Corrected
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Use a standard template (e.g. SALT 2) to make ‘stretch’ and ‘colour’ corrections ...



SPECTRAL ADAPTIVE LIGHTCURVE TEMPLATE

(For making ‘stretch’” and 'colour’ corrections to the observed lightcurves)

up =mpg— M + aX; — BC

B-band —

SALT 2 parameters Betoule et al., A&A 568:A22,2014
Name Zemb my X C M ettar ?
03Dlar | 0.002 23.941+0.033 -0.945+0.209 0.266+0.035 10.1+0.5 =
03Dlau | 0.503 23.002+0.088 1273+£0.150 -0.012+0.030 9.5+0.1 ?
03Dlaw | 0.581 23.574+0.090 0974+0.274 -0.025+0.037 9.2 +0.1 ?
03Dlax | 0.495 22960 +0.088 -0.729+0.102 -0.100+0.030 11.6 +0.1 :’)
03DIbp | 0.346 22398 +0.087 -1.155+0.113 -0.041+0.027 10.8 £0.1 5
03Dlco | 0.678 24078 £0.098 0.619+0.404 -0.039+£0.067 8.6=+0.3 '
03D1dt | 0.611 23.285+0.093 -1.162+1.641 -0.095+0.050 9.7+0.1
03Dlew | 0.866 24354 +0.106 0376 +0.348 -0.063 £0.068 8.5+ 0.8
03D1fc | 0.331 21.861+£0.086 0.650+0.119 -0.018+£0.024 104 +0.0
03D1fq | 0.799 24510+£0.102 -1.057+0.407 -0.056+0.065 10.7 0.1
03D3aw | 0450 22.667+0.092 0810+0.232 -0.086+0.038 10.7 +£0.0
03D3ay | 0.371 22.273+0.091 0570+0.198 -0.054 +0.033 10.2 +£0.1
03D3ba | 0292 21.961 £0.093 0.761 £0.173 0.116 £0.035 10.2+0.1
03D3bl | 0.356 22927 +0.087  0.056 +0.193 0.205+0.030 10.8 +£0.1

There may well be other variables that the magnitude correlates with ...



Distance Modulus

SNe Data and Cosmology

36 —  HO=T0 km/s, ,, =03, Q,=0.7

" —  HO=T0 km /s, Q,, =0.068, 2, =0.034
—  HO=T0 km/s, 2, =1, Q,=0

2 , . . . . .

0.0 0.2 0.4

The data are intrinsically dispersed. The error bars have to be ‘enlarged’ by hand according to some statistical

procedure.

06 0.8 10 12 14
Redshift

]

Distance Modulus

0.340

Zoomed in ¢
L
.
——
>—
]
| — HO =70 km /s, 2, =03, 0, =0.7
—  HO =70 km/s, Q,, =0068, 2, =0.034
— HO=T0km/s Q,; =1,1,=0
0.345 0.350 0.355
Redshift

0.360



m-M (mag)

No SN by SN peculiar velocity corrections in either. Null fitting.

SN1a breakthroughs history
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Riess et al 1998 .
Q
IS
12
— QM=0_24, QA=076:8‘5

,,,,,, QM=0'20’ QA=000__

_— QM=1 .00, QA=000—_

) LD s | ——
0.01 0.10 1.00
Z

26

— N N [\®
oo o [\ »

T T [ T T T ‘ T T

—
»

14

(QM,QA) =

‘ T I T | T T T [ T T T

T

T T T T

Perlmutter et al

1998

Calan/Tololo

(Hamuy et al,

AJ. 1996)

Supernova
Cosmology

AN

I I

(0, 1)

0.505) (0,0)
(1, 0) (1,0)
(1.5-05) (2,0)

- o
s I
&

<

| | 1 ‘ | 1 | ‘ 1 | | ‘ 1 | | | | | 1 \L AN I\\\

0.05

0.1
redshift Z

0.2

0.5

—
o



SN1a data fitting — the standard y* Method

Karpenka, PhD Thesis : https://arxiv.org/pdf/1503.03844.pdf

obs 2
o 2 | _ wNsy [#l (a,8,Mp) .ul(C)]
X (C a, IB MOJO-mt) — Zl 1 o (“».Bﬁint)

(0- )1 ) + O-lnt + O-fltl (a :B)
°)( is minimized w.r.t. C, a, 5, M,

* Then g, is estimated by requiring that %’"m ~1
dof
* Not statistically well motivated, but based on empirical evidence and experience

(Gull 1989)
* Not suitable for model selection, only parameter estimation.


https://arxiv.org/pdf/1503.03844.pdf

The Joint Lightcurve Analysis ( JLA ) Sample

JLA Betoule et. al. Astron.Astrophys. 568 (2014) A22

-------------------------------------------------------------------

i e g e e I T T B LowZ
_________ e S A N W L e ? BN SDSS |
ST

B T T T I T T R T L T T e T T T A R R T T T

.........................................................................................................................................

e S D L ceecetecccsamccntbecnccccascenscsccncaaparacncsncalnacncaanscngessananscchonsnsanaea

..............................................................................................................

The SDSSII/SNLSIII Joint Lightcurve Analysis (JLA) catalogue of SN1a
740 SN1a, 551 of which are in the hemisphere opp to the CMB motion
Redshifts corrected using SMAC, which has a bulk flow (gray triangle)
631 are in the opp hemisphere to SMAC BF



Peculiar velocity impact on SN1a magnitude

C=[A+2zp) — A+ zemp)(A +25)] X

1200

1+z=Q1+2)(1+2¢)(1+ 250 —
_ 2 1000} . * .
dp(z) = d(2) (1 + zpét) (1 + zpec) el
Davis et. al. Astrophys.J. 741 (2011) 67 000 «*« HST
&2 400} . .
JLA (and Pantheon) redshifts and magnitudes have been g ool ‘.‘ oL
corrected to account for the local bulk flow. © e
OF .Q.j&t?
#name zcmb zhel dz mb dmb x1 dx1 color dcolor ek
03Dlau 0.503084 0.504300 0 23.001698 0.088031 20y Y
03Dlaw 0.580724 0.582000 23.573937 0.090132 _a00l oo
03Dlax 0.494795 0.496000 22.960139 0.088110
—-600
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Z.mp = Inferred using a flow model
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Zemb
SN1a at z>0.06 are assumed (arbitrarily) to be in the CMB
rest frame. (only uncorrelated 150 km/s in error budget)
Wrong ‘correction’ to SDSS2308 in JLA. Many such
mistakes in Pantheon (eg : SN2246).

Consequently, we use only z;,; and subtract out the corrections to mpg



Peculiar velocity impact on SN1a magnitude

=[(1+zper) — A+ zemp) (A + 25)] X €

Measured V, Amplitude

1+z=0Q+2)(1+z)(1+ zpec
di(z) =d (2) (1+ Zpel)(l + Zgévc)

1200 [
V, for Standard ACDM Model

LP10O

SMAC, Hudson et al MNRAS 352 61(2004)

1000 __ _ ___. 90% Allowed Deviation T __
Davis et. al. Astrophys.J. 741 (2011) 67 < 00 g Smac i
JLA (and Pantheon) redshifts and magnitudes have been = COPE T ]
S 800 F . _|
corrected to account for the local bulk flow. S - > l
—
=

400 —
#name zcmb zhel dz mb dmb x1 dx1 color dcolor I
93Dlau 0.503084 0.504300 23.001698 0.088031 =00 I
93Dlaw 0.580724 0.582000 23.573937 0.090132 OZ ]
@3D1lax 0.494795 0.496000 22.960139 0.088110 o a0 oo 150
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23.285241
24.353678
21.861412

. 098356

] 23:2;; SN1a at z>0.06 are assumed (arbitrarily) to be in the CMB

.086437 rest frame. (only uncorrelated 150 km/s in error budget)
Wrong ‘correction’ to SDSS2308 in JLA. Many such
mistakes in Pantheon (eg : SN2246).

@3Dlew
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P OO0 e
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Znpe — measured
Zemp = inferred using a flow model Consequently, we use only z;,; and subtract out the corrections to mp



Peculiar velocity impact on SN1a magnitude

1+z=01+2)(1+z

hel
vec

)(1 + Zpec

dp(z) =d (@) (1+zpgl)(1 + Zgévc)

Davis et. al. Astrophys.J. 741 (2011) 67

JLA (and Pantheon) redshifts and magnitudes have been
corrected to account for the local bulk flow.

#name zcmb zhel
93Dlau
03D1law
@3D1lax
93D1bp

@3D1co
93D1dt
03Dl1lew
03D1fc

Znpe — measured

P OO ®

.503084
.580724
.494795
. 345928
.677662
.610712
. 866494
.330932
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S I IS S I I I I

.504300
.582000
.496000
. 347000
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Z.mp = Inferred using a flow model
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. 098356
. 092877
. 106037
. 086437
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SN1a at z>0.06 are assumed (arbitrarily) to be in the CMB
rest frame. (only uncorrelated 150 km/s in error budget)
Wrong ‘correction’ to SDSS2308 in JLA. Many such
mistakes in Pantheon v1 (eg : SN2246).

Consequently, we use only z;,; and subtract out the corrections to mpg



CONSTRUCT A MAXIMUM LIKELIHOOD ESTIMATOR

L = probability density(datajmodel)
£ = pl(y, 1, 6)[0

p[(M, xq, c)|Osn]dM dxde

4

Well-approximated as Gaussian

Count

180}
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Coun
200

150}

100

t

-02 -04 00 01 02 03

JLA data
‘Stretch’

corrections

JLA data
‘Colour’
corrections

p[(m*B7 '%17 é)|(M7 L1, C)a Qcosmo]

pl(M,z1,c)|0] = p(M|0)p(z1|0)p(c|h),

1
M|0) = -
p(M|6) mexp( _
1
r110) = exp | —
p(x1]0) T p(
(c|f) = ! exp | — [
P v 2mo?, P

_’Ma;,i“’"]:/Q)
]’ )
=

Nielsen, Guffanti & Sarkar, Sci.Rep. 6:35596,2016




Likelihood 1 [ 1 » '
Y|0) = exp |[—=(Y = Yo)Z 7 H(Y — V)T
P( | ) |27r21| p 2( 0) l ( 0) _
(X|X,0) ! [ 1()2 X)o7 H(X X)T-
W)= exp [—= — —
b SRy, P72 d |
B 1 intrinsic
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\/‘ ( 11 A [ )| / A\‘
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a Pl
/ \ /
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Pcov —

f

—2log L/ L max
/ v&z(a:; v)dx
0

/ L,(0) = max E(H,Qb)\

1,2,3-sigma

Error budget

Xq = Zstar + z1‘syst
z:syst = 2cal T Lmodel T Zdust

+Zlens + z:pecvel + z:z

Observational,
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solve for Likelihood value
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fit for
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Imposed dispersions
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Results strongly depend on
imposed uncertainties.



Results

Table 1: The tilted local universe, with co, = 0.

2l0gLmaz | dm | S |do-Q | a |z |0z | B co | ocg | Mo | on
Tilted local universe -208.28 0.157 | -8.03 | 0.0262 -0.489 0.135 | 0.039% | 0931 2998 | -0.0155 | 0071 | -19.027 | 0.114
»-NoTilt(gq = 0) -189.52 -0.166 0 - -0.460 0.133 | 0.039% | 0.931 2994 | -0.014 | 0071 | -19.028 | 0.117
»-NoAce (/2 — Q) =0) -205.98 0 -6.84 | 0.0384 -0.836 0.134 | 00365 | 0931 2991 | -0.014 | 0071 | -19.002 | 0.115

In preparation

20.00

I15.00

411.80

The dipolar component of g (-8) is larger than the
monopole, and dominate out to z"'O.J‘

dd > 9m

Decelerating Accelerating .
Universe out to z~0.1 Universe

618

230

qq =-8.0, <0 at ~3.9 sigma statistical significance »
The significance of g, being negative is only 1.3c!

0.10

. R . . . -0.6 -0.4 -0.2 0.0 O.AZ 0.4
Result favours lower instrinsic dispersion g (a)
m

Cosmic acceleration may simply be an artefact of our being located inside a ‘bulk flow’!
(and looking mostly only in one direction) But of course, all these results assume the data are reliable!

_QIOg[‘C/‘Cnm]



Bizarre things about SN1a data

Betoule et. al. Astron.Astrophys. 568 (2014) A22

B lowZ
BN SDSS |}
B SNLS
B HST

JLA has now been Superceded by Pantheon



The Pantheon compilation

Scolnic et al. Astrophys.J. 859 (2018) no.2, 101

B lowZ
B SDSS
Bl SNLS
Bl HST
B Pan-Starrs |4

10°

15°

10°

-15°
10°

0.0 05 10 15 20
Redshift

JLA € Pantheon (mostly)
Zper NOt available till Nov 2018

JLA + additional SN1a from Pan Starrs and HST
1048 SN1a, redshifts corrected for peculiar velocities using the 2M++ flow field
890 are in the hemisphere opposite the 2M++ bulk flow



Missing z;.; and wrong peculiar velocity corrections

At https://archive.stsci.edu/prepds/pslcosmo/scolnic_datatable.html, zj.; and z.,,; columns have the exact same
numbers.

The flow model used for peculiar velocity corrections, Carrick et al 2015 extends out to z~0.067, with V,,.; = 159 + 23 km/s
bulk flow for the whole volume, detected at 5.2 ¢

Yet the Pantheon data included ‘corrections’ all the way to ~0.3

https://github.com/dscolnic/Pantheon/blob/master/data fitres/Ancillary G10.FITRES

Illustrative example is the case of SN 2246, which has a ZCMB of 0.19422. It seems to have a VPEC of 444.2816. The SNe is
117 degrees away from the CMB dipole, and 115 degrees away from the direction of the Vext.

rameez3333 referenced this issue on Oct 30, 2018

*
Reported on github, purportedly fixed .
Wrong peculiar velocity 'corrections' from Pantheon are carried over. #14

dscolnic commented on Nov 27, 2018 Owner

Zpe values finally submitted
Hi - | have posted a new file that has no peculiar velocity corrections for z>0.08.

@ dscolnic closed this on Nov 27, 2018


https://archive.stsci.edu/prepds/ps1cosmo/scolnic_datatable.html
https://github.com/dscolnic/Pantheon/blob/master/data_fitres/Ancillary_G10.FITRES

Inconsistent z,; values

;150hSDSS SNe, in common between JLA and Pantheon, have different redshifts in JLA and
antheon

According to Astrophys. J. Suppl.185, 32 (2009) [arXiv:0908.4274 [astro-ph.CO]], the g, =
0.0001, 0.0005 or 0.005 (just for 34).

Most conservatively, at least 50 SNe redshifts have changed by >5 sigma, and more than 20
by >10 sigma

All details at https://arxiv.org/abs/1905.00221v1

A third set of redshifts exist at https://classic.sdss.org/supernova/snlist confirmed.html|

e Eg: According to this URL, for SN15301 the redshift is 0.29630. According to JLA it’s 0.248 and
according to Pantheon, it is 0.179630.

http://skyserver.sdss.org/dr14/en/tools/explore/Summary.aspx?id=1237663458316125530

e This URL is in agreement with Pantheon (so JLA was wrong?)

* JLA has been cited more than 890 times and used in >400 analyses.


https://arxiv.org/abs/1905.00221v1
https://classic.sdss.org/supernova/snlist_confirmed.html
http://skyserver.sdss.org/dr14/en/tools/explore/Summary.aspx?id=1237663458316125530

Issues with SDSS spectroscopy?

Many z;,; values have changed by as much as ~0.1 (~600 Mpc)

All SNe with shifted redshifts are in the direction directly opp to

the CMB dipole 175 A
1000 spectroscopic galaxies
Have we discovered galaxies that accelerate by 0.1 cin a few s from DR15 and DR12
years? 125 -
Possible unknown systematics
100 - :
& affecting only the host
0.75 - galaxies of SN1e?
0.50 -
:2ee =
000 2 T T T

0.0 0.5 10 15 20 25 30 35
|DR15-DR12|/o

So there are implications for all anisotropy studies with SNe



Conclusions

The low redshift Universe is inhomogenous and not FLRW at all scales.

The dipolar modulation of high redshift radio galaxies is at 2.81¢ tension with the kinematic
interpretation of the CMB dipole, suggesting a velocity of ~1355 km/s instead of 369 km/s

Infrared galaxies show a 4.60 kinematic + clustering dipole in the CMB direction, favouring a velocity of
~1260 km/s, and can be reconciled with the kinematic interpretation of the CMB dipole only for a non
Copernican observer rare in a ACDM universe at the level of <1%.

SN1a data have bizarre discrepancies that the authors do not care to elucidate on. If JLA is considered
reliable, the local Universe has a dipolar modulation in the deceleration parameter, in the direction of the
CMB dipole, that dominates over the monopole of the CMB dipole till z~0.1. The isotropic deceleration
parameter is compatible with 0 at <1.3 sigma.

Bad data affects us all, and we must get to the bottom of this as a community before cosmology becomes
post truth.

The Universe may be accelerating in some direction and volume averaged sense, but this is probably not
due to a cosmological constant.



On the measurement of cosmological parameters

Rupert A. C. Croft, Matthew Dailey (CMU)
(Submitted on 14 Dec 2011 (v1), last revised 21 Jul 2015 (this version, v2))

We have catalogued and analysed cosmological parameter determinations and their error bars published between the years 1990 and
2010. Our study focuses on the number of measurements, their precision and their accuracy. The accuracy of past measurements is
gauged by comparison with the WMAP7 results. The 637 measurements in our study are of 12 different parameters and we place the
techniques used to carry them out into 12 different categories. We find that the number of published measurements per year in all
12 cases except for the dark energy equation of state parameter w_0 peaked between 1995 and 2004. Of the individual techniques,
only BAO measurements were still rising in popularity at the end of the studied time period. The fractional error associated with most
measurements has been declining relatively slowly, with several parameters, such as the amplitude of mass fluctutations sigma_8
and the Hubble constant H_O remaining close to the 10% precision level for a 10-15 year period. The accuracy of recent parameter
measurements is generally what would be expected given the quoted error bars, although before the year 2000, the accuracy was
significantly worse, consistent with an average underestimate of the error bars by a factor of ~2. When used as complement to
traditional forecasting techniques, our results suggest that future measurements of parameters such as fNL, and w_a will have been
informed by the gradual improvment in understanding and treatment of systematic errors and are likely to be accurate. However,
care must be taken to avoid the effects of confirmation bias, which may be affecting recent measurements of dark energy
parameters. For example, of the 28 measurements of Omega_Lambda in our sample published since 2003, only 2 are more than 1
sigma from the WMAP results. Wider use of blind analyses in cosmology could help to avoid this.

https://arxiv.org/abs/1112.3108
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Data consistent with uniform expansion @<3c!

Opens up interesting possibilities e.g. could the cosmic orofile likelihood
fluid be viscous — perhaps associated with structure
formation (e.g. Floerchinger et al, PRL 114:091301,2015) MLE, best fit
+0 () 0341
(A 0.569
0-8¢ o 0.134
Lo  0.038
0.6 0'330 0.931
5] 3.058
0.4} l Co  -0.016
g 30 0.071
0.2 ]\g() -19.05
OMO 0.108
0.0 o Nielsen, Guffanti & Sarkar., Sci.Rep.6:35596,2016




3 . T 0.3 T T
Rubin & Hayden (ApJ 833:1.30,2016) verify the results of Nielsen et al L ey SDSSSNLSHST | Nearby SDSS  SNLSHST]
but then argue that the light-curve fit parameters may be redshift-dependent s . o | { ‘
g f 5 |
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10 . T N T T 10 3 N T N T T (&) | ! + | { +
Kinematic ¢ Kinematic £ « 1 —01 { | 1
w = —0281731% g0 = ~0.425%013 R | | T
10! L Redshift-Independent Distributions 2 10! | Redshift-Dependent Distributions i ] '
g N16 Model : g Our Model 352 - P s 035 S .
gn . - g . i “ 5 Re‘dshift g . 03 Reldshiﬁ .
% 10°¢ S n,:'e. 107 ¢ S 3 Nearby SDSS ~ SNLS HST| Nearby SDSS  SNLSHST]
a; £ "; 2t 1 0.2
= 5 o
FS . Y] g R M s 2
8 3 1 8. ubin & Hayden 3 g1 0.1 ]
Téml_ Nielsen et al § g101 y § ; s o | | Ll W*“H?O"Qlw” M > ‘“H l
: : : M“ S *H‘“lhﬁ*‘* *”****+4
Z 10-2 Z 10-2 %—1 ”I }M ’ ’ > ] -0.1-| | t J W |
Aol {1 -o02f §
3 -3 -3 -y 5 035 = 10
T 02 00 02 "Z10 —08 06 04 00 02 0 Roushift o Roushift 1
4o o, based sampie s expecied e o b compina “g'u%”e o Huminosity seltion combined with redshif-dependent hsinoity deteton it Th to pancl
1. ! 3 < show the 68% credible constraints on a constant-in-re odel, as was used in N16. The bottom panels show our proposed revision. Failing to model the drift in
Y Dece :gn:rr:ia:‘ czb;gr:;dﬂg:xg:z:zﬂ c;l?urr:nslmled by the I&m panels will tend to cause high-redshift SNe to appear brighter on average, therefore reducing the
08} Two out of 3 parameters that go into the distance
oel modulus have been examined by eye and made
) o - o - sample and redshift dependent.
=] ® - W . .. . .
04 PP e Against the principles of blinded data analysis.
-y o™ .
02l 20 N 20 N 20 hyperparameters to standardize 740 SN1e
: % %
<, Q,
] o ’ 0.0L> . o ’ Even if this is justified, the significance with which a non-accelerating
<3 “Redshift-Independent Distributions Redshift-Dependent Distributions . . . . - .
N16 Model 1 l Our Model 1 1 universe is rejected rises only to S4o ... still inadequate to claim a
00 02 04 o 66 08 1.0 00 02 04 0 06 08 1.0 ‘discovery’ (even though the dataset has increased from

Figure 2. Q,-Q constraints enclosing 68.3% and 95.4% of the samples from the posterior. Undemeath, we plot all samples. The left panel shows the constrain
obtained with x; and ¢ distributions that are constant in redshift, as in the N16 analysis; the right panel shows the constraints from our model. The red square and blue

circle show the location of the median of the samples from the respective posteriors.
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~50 to 740 SNe la in 20 yrs)!



Measured V, Amplitude
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Bias Factor

Estimators for the Dipole

5’ NUH — NLH
H
Nyy + Npy
Hemispherical Count Estimator
1 Gal plane +/- 10 degree cut
F Gal + SG plane +/- 10 degree cut |
10° 10°

Catalogue Size
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Bias Factor

N

R 1 A

D3p = N§ T
i=1

3 Dimensional Estimator

F{ Gal plane +/- 10 degree cut
- Gal + SG plane +/- 10 degree cut

10°

10°
Catalogue Size




Local Sources contamination?

NVSS+SUMSS

Remove the Supergalactic plane. Disk like
structure containing the majority of clusters at
z<0.03

Remove sources within 1 arcsecond of 2MRS
2<0.03 sources

Dec
— Py

No significant impact on the velocity/direction of the dipole

velocity (km/s)
3000
DEC (degree) 200} )
: N & -
ol x oo ) ——‘__" ______ [
i - x
s = X (1) wwof A
—20F=~ n% s S E,"/ x
i o)
T 500 |
3 -'----'----'----l----Flux(mJy)
5 10 15 20 25
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-2 log Lmax Gm qd S |jo— Q| « I} My oM,
Rubin & Hayden (22 param.) with no dipole -331.6 -0.4574 - - 0.1458 |0.1345|3.067 -19.07 0.1074
As above with no acceleration (gm = 0) -315.6 0 - - -1.351 |0.1323|3.048 -19.01 0.1088
Rubin & Hayden (22 param.) with dipole oc e */%| -335.9 -0.3867 [-0.2325| 0.1825 [-0.1779|0.1337|3.028 -19.06 0.1076
As above with no acceleration (gm = 0) -326.9 0 -2.186 {0.05034| -1.333 |0.1325| 3.02 -19.01 0.1087
Rubin & Hayden (16 param.) with no dipole -242.4 | -0.3873 - - 0.2937 0.1345]3.063 -19.05 0.1080
As above with no acceleration (gm = 0) -229.9 0 - — |-0.84440.1325|3.051 -19.00 0.1094
Rubin & Hayden (16 param.) with dipole oc e=*/9| -250.2 -0.3329 |-0.2091| 0.2726 [0.04258|0.1336|3.021 -19.04 0.1081
As above with no acceleration (gm = 0) -241.2 0 -0.3585 0.1794 |-0.8645 | 0.132 |3.009 -19.00 0.1093
Rubin & Hayden (16 + 3 param.) with no dipole -253.4  |-0.09894| — - -0.102 (0.1346|3.023(-19.07, -19.00, -18.94, -18.78|0.1082
As above with no acceleration (gm = 0) -253 0 — - -0.2661|0.1344|3.016|-19.06, -18.99, -18.92, -18.77|0.1084

Even with the sample and redshift dependent treatment for x; , and ¢, proposed by R&H,q,,=0 is disfavoured only at

2.4 sigma and allows for a large g, extending to z~0.18

If x1 o and ¢y can be sample or redshift dependent, why not My? Undermines the use of SN1a as standard candles

but justified by AIC.
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Planck 2015

Parameter Planck TT+lowP+lensing
Quh* ... 0.02226 + 0.00023
QR . 0.1186 + 0.0020
10060pc - ...\ ... 1.04103 + 0.00046
Tt 0.066 + 0.016
In(10"04;) . ... .. 3.062 + 0.029
Ry oo 0.9677 + 0.0060
Hy ........... 67.8£0.9
(O 0.308 +£0.012
Q. ... 0.1415 + 0.0019
Quh*. .. 0.09591 + 0.00045
o S 0.815 +0.009
o Q0L 0.4521 + 0.0088
Age/Gyr ....... 13.799 + 0.038
Fdrag « « « oo v v v e e 147.60 £ 0.43
keq oot 0.01027 + 0.00014

https://arxiv.org/pdf/1706.09309.pdf

https://arxiv.org/pdf/1505.07800.pdf
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The Pantheon compilation

Scolnic et al. Astrophys.J. 859 (2018) no.2, 101

B LowZ
B SDSS
Bl SNLS
Bl HST
B Pan-Starrs (4

10°

10°

10°

10!

0.0 05 10 15 20
Redshift
JLA + additional SN1a from Pan Starrs and HST However, we use only JLA!
1048 SN1a, redshifts corrected for peculiar velocities using the 2M++
flow field

890 are in the hemisphere opposite the 2M++ bulk flow



Redshift distribution of the removed sources

— d =0.0124 >1200 km/s if fully kinematic
10l | 172.6° RA,-6.6" Dec (~4.5" from CMB)

m Total dipole is at least 4.20 statistically significant.

AT —
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Redshifts
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By cross correlating with Galaxy and Mass Assembly ©0.0233689 0.0233689
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