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e topology of the Universe
e signatures of topology in the CMB maps
e gsearch for signatures of topology

e current constraints on topology derived from 7-year WMAP
CMB maps

e perspectives of using CMB polarisation maps for the Planck
and future experiments
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Topology of the Universe

* General Relativity determines only local geometry of
spacetime (Einstein's equations)

e global geometry of spacetime — topology, 1s not constrained
by General Relativity

* simply-connected topology assumed 1n the standard
cosmological model (simplicity)

e multi-connected topology (periodic boundary conditions) used
1in N-body simulations

* the best opportunity to constrain topology provides the last
scattering surface (very close to the size of the observable
Universe)
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Topologies for flat universe
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Signatures of topology

 multiple images of the same
object seen from few different
directions

 breakdown of statistical isotropy

 damping of the power of the
longest modes of matter density
perturbations

e discrete spectrum of modes of

-
matter density perturbations @
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Signatures of topology

e low value of the quadrupole
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Signatures of topology

e low value of the quadrupole
amplitude

* planar octopole .
* alignment of the quadrupole ‘
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Circles 1n the sky

 1n multi-connected universe we will observe pairs of matched
circles in the anisotropy patterns from the last scattering surface
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Circles in the sky

 1n multi-connected universe we will observe pairs of matched
circles in the anisotropy patterns from the last scattering surface

THE UNIVERSE

THE THEORY POINT AT WHICH ... might sea he same porlion of tha
Obsarvers looking al a porion af tha THE UNIVERSE unlversa whan lhey look in the opposila
univarss in one dirsction... AFPPEARS TO REPEAT diraclion bacauss it connscts with itsall,

Cornish et al. (1998)
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Circles 1n the sky

 1n multi-connected universe we will observe pairs of matched
circles in the anisotropy patterns from the last scattering surface

e relative position, size and relative phases of the circles depend on
topology (not for all topologies matched circles are back-to-back)

Riazuelo et al. (2003)
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Looking for matching circles

* searching of matching circles for a given radius « using statistic

2 (8 (0,£0) %L (0,0 + )

Simax(@) = max
PrO (@) + (@0 B)

where (= / d$ | p, r are centers of the circles, 3 1s relative phase
of the two circles and 0T/T,(a,¢) 18 temperature fluctuation
around the circle with radius «

,

* full 6 parameters search 1s very demandmg computationally
(scales with number of pixels as O( plX) )

e for a search of the back-to-back circles (point ris antipodal to p)
and using the FFT along the circles computations scale with

number of pixels as O(N?2, log Npix) (on one CPU teomp = 180 h)

p1x
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Looking for matching circles

Example of matching circles search for 3-torus with L = 2¢/H)
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Looking for matching circles

e using of the full sky ILC map for
search of the matched circles

e correlations caused by residuals of
the Galactic foregrounds — using of
masked map corrected for Galactic
emission
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Bielewicz & Banday (2011)
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Looking for matching circles

e using of the full sky ILC map for
search of the matched circles

S, statistic

e correlations caused by residuals of
the Galactic foregrounds — using of e e
masked map corrected for Galactic [ SIIi mene™|]
emission 08| -

e lower limit on radius of matched S ]
circles possible to detect ‘ |

constrained by resolution of the
CMB map St et (0) o \/Bres/ sin(a)

T
20 40 60 80
a [degrees]

Bielewicz & Banday (2011)

e using of the highest resolution 7-
year WMAP map — W-band map
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Looking for matching circles

e Jower limit on radius of matched
circles possible to detect

constrained by resolution of the
CMB map S™28¢ d¢t () ¢ \/B,es/ sin(a)

max S, Statistic
- 0 T weamds. ][]
e using of the highest resolution 7- ||
year WMAP map — W-band map 08t -
* no detection of the back-to-back S 06 1

matched circles with the radius
larger than 10 degrees

20 40 60 80
a [degrees]

Bielewicz & Banday (2011)
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Looking for matching circles

* Jower limit on radius of matched
circles possible to detect
constrained by resolution of the

CMB map S™28¢ d¢t () ¢ \/B,es/ sin(a)

max

S, statistic
1L0F i T " " " T " " i I i i i I i ]

e using of the highest resolution 7- S et
year WMAP map — W-band map 08t -
* no detection of the back-to-back O 0‘5:_

matched circles with the radius
larger than 10 degrees

e 1n a flat universe lower bound on
the size of the fundamental domain
18 d = 2 Rygs cos(amin) =~ 27.9 Gpc
very close to the diameter of the
observable Universe 2 Ryss = 28.3 Gpc

20 40 60 80
a [degrees]

Bielewicz & Banday (2011)
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Constraining topology using the CMB temperature maps
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Constraining topology using the CMB temperature maps

AR i Ros
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* blurring of the signal from the last
scattering surface by increasingly
anticorrelated Doppler term n - v
for circles with radius smaller than
45 degrees

e blurring by the ISW effect (from
evolution of the structures close to
the observer) can be eliminated by
filtering or subtracting the low-
order multipoles
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Constraining topology using the CMB polarisation maps

(Q+iU)(n) x A’rrmimj&mﬂn

e linear polarisation generated by
Thomson scattering of photons by
electrons either at the moment of
recombination or during
reionisation

* for smaller angular scales it can be
considered as a snapshot of the last
scattering surface

Quadrupole
Anisotropy

Thomson
5 ! Scattering

Linear
Polarization
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Constraining topology using the CMB polarisation maps

(Q+iU)(n) x A’rrmimj&mﬂn

* linear polarisation generated by Q>0 U=0 Q<o U-o
Thomson scattering of photons by % ‘ A P
electrons either at the moment of _ m<o ‘ £>0 ‘
recombination or during PR N A
reionisation ‘ —,

* for smaller angular scales it can be
considered as a snapshot of the last y %
scattering surface ‘

* prevailing signal from E-modes

generated by scalar perturbations 2z ‘ ‘ Rt
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Constraining topology using the CMB polarisation maps
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Constraining topology using the CMB polarisation maps
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* detection limited by very small
amplitude of the CMB polarisation

signal and Galactic emission (not .
possible with WMAP data) 20 40a[deg] 60 80

e noise level for Planck and future Bielewicz, Banday, Gorski (2012)
full sky experiments low enough
for detection
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e current constraints rule out class of topologies predicting pairs of the
back-to-back matched circles with radius larger than 10 degrees
(mostly toroidal universes)

* 1n case of a flat universe lower bound on the size of the fundamental
domain is very close to the diameter of the observable Universe (not
much space for improvement)

* better understanding of the Galactic emission should help to minimize
probability of overlooking matched circles in the masked region of the

sky (should be possible with the Planck data)

* tighter constraints possible using the CMB polarisation maps

e using of polarisation maps seriously limited by noise and contamination
by the Galactic emission, however for Planck and future full sky
experiments noise should be low enough for detection of matched circles

* gsearch for the matched circles in polarisation map as a crosscheck of
the search in temperature maps
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