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This Is not the universe you
think it is

This Is not the universe you
were told it should be



enzias & Wilson (1965)

Horn Antenna — Holmdel, New Jersey.

Horn Antenna, circa 1960.

(Photo Credit: Bell Labs)

1=2.728K



COBE - DMR

NASA/COBE-DMR science team T=1 SMK



NASA/WMAP Science team



Planck

ESA/Planck Science team



Angular Power Spectrum

AT = Z/ma/m Y, m(0,0)



Angular Power Spectrum

AT = Zz m8;m Yem(0,0)

Standard model for the fluctuations (inflation):

« Sky is statistically isotropic
* a,,-- Independent (nearly) Gaussian random

<ana%ym> =G0, Omm
(Almost) ALL interesting information is in:

C€= (ZZ +1)_1Zm ‘aém‘z



Angular Power Spectrum
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- Astonishing experimental
accomplishment

- Remarkable agreement with
theory

especially for statistics the theory prefers



IS

<a,,. a*
N
{m ' m CZSM‘Smm’ ?



Standard model for the fluctuations (inflation):

« Sky is statistically isotropic
* a,,are independent (almost?) Gaussian random
variables

* —
<ama’, > =C,95,, dnm

Shouldn’t we check?



If not...

then how is the information on PNG to
be extracted ?

* —
<Aqyma = ?
< aemae' m’ ae" mu> — ?

< al m al' m! aen mu aem m,,,> — ?



The first hint:  “The Low-/ Anomaly”
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The uncorrelation ...
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Angular scale (deg)
2 0.5

W
o
o
o

P
o~
v
-,
o —
=
N
bﬂ
~
"
+
~
y
~

ilYlI'lll]lTIIIIIII]IIIIIIIIIIIIIl'll"[llllll[llll"l’lIlllIlllIllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

40 100 200 400
Multipole moment [

800




Angular Correlation Function C(0)

C(e) =< T(Ql)T(Qz)>Ql.szcose

But C(06) =2,C,P,(cos (6))

= Same information as C,, just differently organized




THE ASTROPHYSICAL JOURNAL, 464 :1L.25-1.28, 1996 June 10
© 1996. The American Astronomical Society. All rights reserved. Printed in U.S.A.

TWO-POINT CORRELATIONS IN THE COBE! DMR FOUR-YEAR ANISOTROPY MAPS

G. HinsHAW,2 3 A. J. BANDAY,2 4 C. L. BENNETT,S K. M. GORsk1,26 A. KocuT,?2 C. H. LINEWEAVER,? G. F. SM0OT,8 AND E. L. WRIGHT?
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An Infrared Cutoff Revealed by the Two Years of COBE
Observations of Cosmic Temperature Fluctuations

Yi-Peng Jing and Li-Zhi Fang
Phys. Rev. Lett. 73, 1882 — Published 3 October 1994

We show that a good fitting to the first two years of observations by the Cosmic Background Explorer
Differential Microwave Radiometers of the two-point angular correlation function of cosmic
background radiation (CBR) temperature is given by models with a nonzero infrared cutoff k,;, in the
spectrum of the primordial density perturbations. If this cutoff comes from the finiteness of the

universe, say, a topological T3 model, we find kmmw(O. 3—1. 1)7‘(‘% with confidence level 95%. Such

a nonzero k,;, universe would also give a better match to the observations both of the rms
quadrupole anisotropy of CBR and of galaxy clustering.

Received 25 March 1994




Two-point angular correlation function
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Is the Large-Angle Anomaly
Significant?

One measure (WMAP1):
Sy =1,"2[C(6)]?d cos 6




Table 1. The C¢ calculated from C(#) for the various data maps. The WMAP (pseudo and reported

MLE) and best-fit theory C; are included for reference in the bottom five rows.

Data
Source

P(51/2)
(per cent)

6(’2 )-‘; 2 o
(uK)?

12C3 /27
(uK)?

2 0(’4 )1". 2 ™
(HK)?

30(15 //.2 ™

V3 (kpo, DQ)
W3 (kp0, DQ)
ILC3 (kp0, DQ)

ILC3 (kp0), C(> 60°) = 0

ILC3 (full, DQ)

0.04
0.04
0.017

4.9

410
450
442
394

1051

762
771

762

V5 (KQT75)

W5 (KQ75)

V5 (KQ75, DQ)
W5 (KQ75, DQ)
ILC5 (KQT5)
ILC5 (KQ75, DQ)
ILCS (full, DQ)

0.042
0.038
0.037
0.034
0.025

0.025

5.1

339
379
340
379
320
320
1052

WMAP3 pseudo-C
WMAP3 MLE C;
Theory3 Cp
WMAPS C;

Theory5 C)

0.18
4.2
43
4.6

41

602
1041
1143
1039
1114




Full sky

outside KQ75

inside KQ75

at least 1 point inside KQ75
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WMAP ILC 9yr (full)

WMAP ILC 9yr (kq75y9 mask)

Planck SMICA R1 (full)

Planck SMICA R1 (component mask)
Planck SMICA R1 (512, kq75y9 mask)

80 100 120 140
0 (degrees)

Planck 2018 (A&A 641, A7 (2020))
Comm. NILC SEVEM SMICA
S, »(nK4) 1209.2 1156.6 1146.2 1142.4



Statistics of C(6)

* 0.03-0.1% of realizations of the concordance
model of inflationary ACDM have so little cut sky
large-angle correlation !

and most of those have all low-I C, small



Even if we replaced all the theoretical C,
by their measured values up to /=20,
cosmic variance would give only a 3%
chance of recovering so little correlation

In a particular realization
and most of those are much poorer fits to

that theory than is the current data
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1. "Didn’t that go away?”
2. “l| never believe a posteori statistics.”

3. Cosmic variance -- “l never believe anything less
than a (choose one:) 56 106 200 result.”

4. “Inflation can do that”

5. New physics that correlates C,’s



Explanations

 This is a statistical fluke in standard LCDM

* Not a fluke:
Probable Implication:

R(r)Y,(€Q) are wrong basis to preserve Gaussianity
Example:

cosmic topology (=> scalar eigenmode basis)



Beyond C;:
Searching for Departures from
Gaussianity/Statistical Isotropy

* angular momentum dispersion axes (da Oliveira-Costa, et al.)
* genus curves (Park)

* spherical Mexican-hat wavelets (Vielva et al.)

* bispectrum (Souradeep et al.)

* dipolar modulations
» cold hot spots, hot cold spots (Larson and Wandelt)

» Land & Magueijo scalars/vectors
» even/odd C,anomaly

« your favourite technique/anomaly that | missed
- multipole vectors (Copi, Huterer, Schwarz, GDS;
Weeks; Seljak and Slosar; Dennis)



Alignments ...




Multipole Vectors

Q: What directions are associated w the ¢ " multipole:
AT,(0,0)=2n38,mY,m(6,0) ?
Dipole ([ =1) :
Yma1mY1m (0,0) = AW G, (11 (sinO cos(, sinO sind, cosO)
Advantages:
1) 0 1) is a vector, AD is a scalar
2) Only A depends on C,



Multipole Vectors

General ¢, write:

Zm aI mYI m (9,(])) ~
A (¢) [(O (I,i),é)___((] (, 1) é )

fa mm=-1...1}%1=01)2.}=
(A falde=1,...1}1=(0,1,)2,...}

Advantages: 1) ﬁ(l’i) are vectors, A(l) IS a scalar

2) Only A(l) depends on C;



Maxwell Multipole Vectors

Z:m aImYIm (9,(]))
[(u ”'”'V). (1,1) v 1] "

J.C. Maxwell,
A Treatise on Electricity and Magnetism, v.1, 1873 (15t ed.)



Area Vectors

Notice:

 Quadrupole has 2 vectors,
I.e. quadrupole is a plane

e (QOctopole has 3 vectors,
I.e. octopole is 3 planes

Suggests defining:
wlil = (0 0D x G (1)) “area vectors”

Carry some, but not all, of the information






Quadrupole-octupole alignment:

p-value: (0.1-0.6)%




Quadrupole+Octopole Correlations

» Cosmology (“Physical Model”)
* but how to get dipole correlation?
« howtogetCy,<(C3?

» Systematics
* how do you get the systematics in both WMAP and Planck?

» The Galaxy: (Systematics/Physical Model)
 has the wrong multipole structure (shape)
* is likely to lead to GALACTIC not ECLIPTIC/DIPOLE/EQUINOX correlations

» Other Foregrounds -- difficult:
«Changing a patch of the sky typically gives you: Y
*Sky has 5x more octopole than quadrupole
*How to get a physical ring (perpendicular to the ecliptic!)?
How to hide the foreground from detection? T=T g




Alignments are:
* Persistent

* Individually interesting, collectively
significant

* but hard to explain, or establish “priority”

How to make progress?



Power asymmetry

Dipole modulation




Bennett et al 2003
Eriksen et al 2004, and many others
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A&A 594, A16 (2016)
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ig. 35. Dipole directions for independent 100-multipole bins of the local power spectrum distribution from ¢ = 2 to 1500 in the SMICA map olb. . . A& . rraalp =
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Fig. 36. Derived p-values for the angular clustering of the power dis-
tribution as a function of £,,,x, determined for Commander (red), NIL(
(orange), SEVEM (green), and SMICA (blue), based on 500 simulations
For SMICA, the p-values based on 2500 simulations are also showr

Planck 2015



And ...

A couple of more
that | find intriguing:
VIirror parity,

N) ecliptic polar excursions




The Universe Is either:

a) a likely realization of a
statistically anisotropic
cosmological model

| .

D) a very unlikely realization of

a S| cosmological model




With so many anomalies,
what do we do?




Making Progress

1. Find a fundamental physics model, make
testable predictions.

2. Make reasonable phenomenological
extrapolations and test them.

3. Test the “fluke hypothesis.” I.e. test LCDM!



Violation of S| does not imply
(or preclude) NG;




Violation of Sl affects the bispectrum/fy,, and o¢y,

X Y Z e’ e XYZ
< Ao AprmiQAprimir > * gmm’mllbfflfl’

A 1 XX, x ..
—— g 51 1) 63 X1X,X3,th 1 ) 6 6 43 1 249 3 X1 X,X3,th
fNL _N z : mymyms 6’16’2& [ C&ml,t’inﬁ afim'l fNL - : : : gmlm2m3(C )f (C )f (C )53 bf152€3
X X! bom; € X X! L

aflml thmy 53m3 flml sLmy 53m3 timy,lams ™~ tomy

m
X2X X -1 X3X§ Xé XI X! Xl X' X X’
2 3 I5<=3 2
( tomy,om ) (szma,fgmg) aé’;m; X [ a - C -C a

- XX\ 1 X3X; x; ; X, X, X;
[(Ct’lmlt’mz) (C€3m3,€’3m;) a{,’gmg +CyChC , (25) _Ct’zmz,t’zm_za&ml ) (27)

Optimal estimator given SI diagonal covariance approximation, given Sl
From Planck 2018 IX Constraints on PNG

Q: how would we even estimate fy ?!



< Ao AermiAerimi >#*(
implies NG distribution for a,,,
but how do you construct a summary statistic
and an estimator if
< afma;rmr >F C€6£€l5mml ?
Andif<aaaaaa>*<aaaaaa>g?

What if
< ApmQprms > = Cp6p0:8mmy
but summary statistics for
£#{orm=+m
are inconsistent with 07



All (?) NG statistical results assume S

NG is not just about the bispectrum —
e.g. features in the tail of the distribution of ... a,,,?

But the tails of what distribution if not SI?

What if a,,, = 0 for certain m? and a,,, = a,,, for other m?



Making Progress

1. Find a fundamental physics model, make
testable predictions.

2. Make reasonable phenomenological
extrapolations and test them.




New Models

List of new fundamental physics models
known to explain all/most/several anomalies:

1.

Requirements:

» Affect scales that were causally disconnected until
recently

* Break statistical isotropy



Topology — a (only??) stage for
explaining multiple anomalies

Breaks Sl - R,,,(r)Y,,,, (6, ¢)
no longer the scalar eigenmodes




The 6 compact orientable
E3 manifolds




* Breaks Sl - R,(r) Y,, no R.(r)Y,, longer scalar
eigenmodes
« At all / — effects of topology extends to high /

< ai’ma;rml > F Cfdfflgmmr

| < 656;>|=| < 8:8;>| for certaink’ = R k



* Breaks Sl - R,(r) Y,, no R.(r)Y,, longer scalar

eigenmodes
« At all / — effects of topology extends to high /

* In E3 eigenmodes are (finite Ic of) Fourier modes
but discrete and w correlated amplitudes

« But must allow for Q, + 0! (2207.06547)
There is no such thing as “flat ACDM?”. (Except topologically!)

« Eigenmodes are generically (in)finite Ic of covering space
eigenmodes




S3 Manifold H3 Manifold




Topology breaks statistical
homogeneity

All (?) of the NG statistical results
assume statistical homogeneity




Our universe makes
a very poor case
for statistical isotropy

Assume It at your perll



