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CMB physi
s

What 
an we learn from CMB?in�ation - early Universethe Universe at the re
ombination epo
h"foreground" e�e
ts



WMAP data

What are the data produ
ts?observations in 5 frequen
y bands: K, Ka, Q, V és Winstrumental noise and additional foreground e�e
tsgala
ti
 
ontaminations



Mathemati
al toolsspheri
al harmoni
s
omplex alm 
oe�
ientswe need the φlm phases and ∆φlm phase di�eren
es
∆T (θ, φ) =

∞
∑l=0 l

∑m=−l almYlm(θ, φ) alm = |alm| · exp(iφlm) (1)Ylm(θ, φ) = (−1)m√(2l + 1)(l −m)!4π(l +m)!
Plm(
osθ)exp(imφ) (2)

∆φ(l ,m) = φl+1,m − φl ,m (3)



Why phases?uniformity and gaussianity a

ording to in�ationary modelsalm and φlm should be also random for physi
al reasons
onsequen
e: no information beyond the power spe
trumbut what if this is not the 
ase...?



Problems to solve
Phase distributions and "Axis of evil"non-gaussianities were reported using WMAP 1 year datarelasephase 
orrelations using all multipoleswe review these types of non-gaussianities with latest dataanother kind of non-gaussianity: a few low-l modes haveunusually 
orrelated phasesour solution: Generalized Phases



Phase representations and testsHistograms of WMAP1 and WMAP7statisti
s of φlm
orrelations by-eyesigni�
an
e tests (KS-test)>4σ deviation from uniformitybut does the signal 
ome from all l -ranges?
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Visualization with 
olors
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orrelations only from high l -rangesresults using WMAP1 are more or less reprodu
edWMAP7 is 
leaner but still 
orrelatednoise is high at l > 200 regions, unreliable resultsone more test...



Phases and random walks
�400 �200 0 200 400

X
�500

�400

�300

�200

�100

0

100

200

300

Y

�600 �400 �200 0 200 400
X

�300

�200

�100

0

100

200

300

400

500

600

Y

�150 �100 �50 0 50 100 150
X

�150

�100

�50

0

50

100

150

Y

Why random walks?phases as steps in random dire
tions with unit-length stepsvisual and statisti
al toollmax = 200 - no signi�
ant deviationlmax = 300 -the distan
e travelled is >4σ higher than fromsimulated RWs



The axis of evila spe
ial type of non-gaussianity at low-lalignment of multipoles, randomness breakingthe modes have 
orrelated phases as well



Generalized PhasesA 3D dire
tion needed...AoE statisti
s - one 3D ve
tor at a given lMaxwell multipole ve
tors - l pie
es of 3D at a given l (un
learde�nition be
ause of several ve
tors)an l multipole has (2l + 1) m modes, using these we 
ande�ne (2l + 1)D ve
tors for all lnormalizing these ve
tors we get unit ve
tors in a (2l + 1)Dspa
ethese stru
tures are mathemati
ally similar to the ordinaryphase: rotation of a standard unit ve
torwe 
an 
learly de�ne a (2l + 1)D ve
tor at ea
h l , but we
annot easily 
ompare or 
orrelate them...



Summary
What are our most important results?1 we reprodu
ed WMAP1 results and found remnantnon-gaussianities up to lmax = 600 in WMAP72 the origin of the non-uniformity is at high-l where noise issigni�
ant3 based on RWs we obtained a >4 σ deviation from simulations4 we started to work out the theory of the Generalized Phases



Thank you for your attention!Any Questions?


