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Standard cosmology
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Cosmological principles
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Two pillars of the Standard Model
Homogeneity Isotropy
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Why do we care?

Cosmic microwave background

To be tested ...



Observational tests
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From data to CMB

Noise and foregrounds must be removed.

Component Separation
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Cleaned maps
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Two-point Correlations
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Is the CMB statistically isotropic?
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Phenomenological Model T > A

AT N . AT .
Tlnlod(n‘) — (1 + An 'p)?liso(n)

Likelihood Analysis
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| | Dipole modulation (Planck) |
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Gibbs Sampling (Commander)

Data set FWHM [°] A (L,b) [°] Aln L Significance
Commander ............... 5.0 0.07895] (227,-15)+19 838 350 }
NILC. .. ..t 5.0 0.069:0537 (226,-16)+22 7.1 300
SEVEM .........cooivnnn.. 50 0066700 (227,-16)+24 6.7 290
SMICA .. ...oovuininnnnnn. 50 0065700 (226,-17)+24 6.6 290
WMAP-SILC. ............. 45 0.072:005 (224,-22)+24 173 330

Planck Collaboration 2013
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iIndependence?
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Noise
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Beam

3072 disks (HEALPix N . = 16)
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Choosing the disk sizes
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o The larger the radius, the more weight is put on the larger angular scales, and hence cosmic variance begins to dominate.
o Takes care of “look-elsewhere effects”.
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Local-variance estimator
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Results: Planck (SMICA) Temperature, 2013 - Amplitude N1 's’
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Local-variance estimator
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Ac?/o?

Mean-field subtracted, local-variance map computed with 6° disks for
Planck (SMICA) data.
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Local-variance estimator — power spectrum
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Only dipole!

consistent with BipoSH
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Bipolar Spherical Harmonics (BipoSH)

Hajian and Souradeep 2003&2004
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Local-variance estimator - directions

Map (1,b) [°] Significance Reference

or p-value
Planck-VA® (212, -13) 0/1000 present work
WMAPY9-VA (219, -24) 5/1000 present work
Planck-DM (227, -15) 3.50 Planck Collaboration (2013d)
WMAP5-DM (224, -22)  3.30 Hoftuft et al. (2009)
Planck-PA (218, -21) 0/500 Planck Collaboration (2013d)

WMAP9-PA (227, -27) 7/10000 Axelsson et al. (2013)
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Pixel Number

12 sky patches - regions are delineated by the intersection of the 12 HEALPix base pixels with the
WMAP9? KQ85 mask.
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Sun's Rest Frame Earth's Rest Frame

Special relativity predicts frequency-dependent
intrinsic dipole modulation and aberration (due to the
motion of the solar system barycenter with respect to
the CMB):

o Aberration: Spots are smaller in the direction of
Earth’s motion, of order 8 =v/c = 0.00123.
Correlates | -> I+1

o Dipole modulation: Features are enhanced in the
direction of Earth’s motion, frequency-dependent.

Planck measure the Earth’s velocity independently of
the CMB dipole:

v = 384+ 78 (stat) £ 115 (sys) km/s

(a) TPR! MORDIAL

Planck Collaboration 2013
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CMB doppler boosting

Power asymmeiry dominant
at low multipoles

100 e . 1500

Large-scale asymmetry seems to exist.

What Next?




Interesting questions

@D Is the asymmetry significant?

2 lIs it cosmological?

3 Even if cosmological, do we need new physics to explain ite
@ If yes, what is the new physics? (theoretical explanation)
5 Have we reached the cosmic variance limit2 ‘

® How does the asymmetry change with scales?

(7 How to increase the significance if real?
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Other statistical techniques

Confirmation

Weakens
a-posteriori
criticisms
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CMB polarization

v Different systematics
v Different physics

If the same ’ 1. Increases significance

asymmetry direction & / 2. Weakens “a-posteriori” criticisms
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Other anomalies
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4000

3000 -

2000

1000

Vielva et al. 2004, Cry-<-=—

Lack of large,
1000 —pu———

- ,‘/

=W

ILC (KQ75)

800 - y "‘..

600»—% .

400

C(6) (uk?)

200 —

0

—200 -

—400

10 20 30 40
|

0 l 20 ‘ 40 ‘ 60 I 80 I 100 ‘ 120 ‘ 140 I 160
0 (degrees) T — ]
Spergel et al. 2003' ” Land et al. 2005, Kim et al. 2012

Yashar Akrami / Institute of Theoretical Astrophysics, University of Oslo / August 18, 2014



Other data sets (LSS)
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Other data sets (LSS)
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Dipolar modulation in number counts of WISE-2MASS sources

Mijin Yoon'*, Dragan Huterer', Cameron Gibelyou', Andris Kovécs?, and Istvan Szapudi®
lDe'panment of Physics, University of Michigan, 450 Church St, Ann Arbor, MI 48109-1040

2 Institute of Physics, Eotvis Lordnd University, 1117 Pazmdny Péter sétany 1/A, Budapest, Hungary
MTA-ELTE EIRSA “Lendiilet” Astrophysics Research Group, 1117 Pazmdany Péter sétany 1/A Budapest, Hungary
3 Institute for Astronomy, University of Hawaii 2680 Woodlawn Drive, Honolulu, HI, 96822

1 July 2014

ABSTRACT

We test the statistical isotropy of the universe by analyzing the distribution of WISE extra-
galactic sources that were also observed by 2MASS. We pay particular attention to color
cuts and foreground marginalization in order to cull a uniform sample of extragalactic ob-
jects and avoid stars. We detect a dipole gradient in the number-counts with an amplitude
of ~0.05, somewhat larger than expectations based on local structures corresponding to the
depth and (independently measured) bias of our WISE-2MASS sources. The direction of the
dipole, (I,b) ~ (310°,—15°), is in reasonably good agreement with that found previously
in the (shallower) 2MASS Extended Source Catalog alone. Interestingly, the dipole direction
is not far from the direction of the dipolar modulation in the CMB found by Planck, and also
fairly closely matches large-scale-structure bulk-flow directions found by various groups us-
ing galaxies and type la supernovae. It is difficult, however, to draw specific conclusions from
the near-agreement of these directions.




Other data sets (LSS)

1. We know that the amplitude dies off for | > 600.

g

2. It cannot be pure (all-scale) dipolar modulation.

3. The largest scales on LSS are much smaller than the
smallest scales on the CMB.

4. Need better probes:

5. Need better models:

AT . r AAN oA Scale-dependent
T(n) = (1 + A e dipolar modulation
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An example

Jazayeri, Akrami et al. 2013

Inflationary power asymmetry from primordial domain walls ?:'s

A
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Anisotropies in curvature perturbations Scale dependent: ]/ /
2 B k*q: + ¢°k;
(RiRa) = S Po | (27" (k + ) - (2755 02262y + k) '
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Inflationary power asymmetry from primordial domain walls

Structure of asymmetry:

Two-point correlation and variance in real space

qf + k=g
3 3
(af +k2)2(qf} +¢2)>

5(R2(x)) ~ BPolIn |1 + z—z cos B + é'
§(R*(x)) = Po Z agPy(cos @)
¢ '

+1
ap = (23—5 P / d(cos ) Py(cosf)In '1 + K cosf
~1 '

_p
1

ei(kz +q:)z

§(R*(x)) = ’Po/dk‘ququwn
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Inflationary power asymmetry from primordial domain walls
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Inflationary power asymmetry from primordial domain walls
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Inflationary power asymmetry from primordial domain walls

&

Proper likelihood analysis: NIQES
Need full covariance matrix in harmonic space.

CMB angular power spectra

dk

(@ey my Aty ms ) = AT Pody, 2, / . A7, (k) — (47)*Po2m®B T (€1, b2, m1,m2)

mp=MmMo =1mMmM

T (l1,la,my,ma) =T (£y,l2,m,m) =

\/(2€1+1)(232+1)\/(€1—m)!\/(fg—m)!
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0 (p? + ¢3)3/2 (p? + ¢3)3/2
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Inflationary power asymmetry from primordial domain walls
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Summary

R S

(1 Large-scale power asymmetry has been found on both WMAP and
Planck temperature sky maps.

2 The amplitude of the asymmetry is ~7% over I<100.

@ The amplitude decreases significantly at higher mutipoles and is
consistent with zero for [>600.

@) Different statistical methods confirmed it (same direction).

B Both model-independent and model-dependent (likelihood
analysis) have been performed; results are in good agreement.

® Statistical significance is 30-40.

(7) Needs to be tested with other statistics and other data sets
(polarization, LSS, ...).

Models needed (theoretical or phenomenological).

© An inflationary model exists which seems to be consistent with data:
detailed statistical analysis needed to confirm it or rule it out.
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