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W e address thee ect ofan extended local foreground on the low {  anom alies found in the
CM B .Recent X {ray catalogues point us to the existence of very m assive superstructures
atthe 100 h M pc scale that contribute signi cantly to the dipole velocity pro le.Being
highly non{linear, these structures provide us a natural candidate to leave an in print
on the CM B sky via a localRees{Sciam a e ect. W e show that the Rees{Sciam a e ect
of local foregrounds can induce CM B anisotropy of T=T 10 ° and we analyse its
in pact on m ultipole pow er as w ellas the induced phase pattem on largest angular scales.

1. M otivation and O verview

At Jargest angular scalesw hich correspond to am allm ultipolem om ents ‘ there exist
puzzling features in the C osm icM icrow ave B ackground (CM B ). T he near vanishing
of the two{point angular correlation finction in all wavebands for angular scales
between 60 and 170 is one of the longest known anom alies, already detected in
the data of the Cosm ic Background Explorer’s D ierential R adiom eter (COBE {
DM R ). It has been con m ed and persists in the three{year W ikinson M icrowave
Anisotropy Probedata W M AP (3yr)]l? Am ong the two{point angular correlation
functions it has been shown that none of the aln ost vanishing cut{sky wavebands
m atches the full sky and again neither one of these is In accordance w ith the best
t cod dark matter (CDM ) m odel. 3 The disagreem ent tumed out to be even
m ore distinctive In the W M AP (3yr) data than in W M AP (1yr) and is unexpected
at 9997% C L. for the updated Intemal Linear C om bination m ap [ILC (3yr) 13

B esides the Jack of pow er, there are a num ber of rem arkable anom alies regarding
the phase relationships of the quadrupole and octopole w ithin theW M AP data 2!°
In order to be able to m ake distinct statem ents w ith respect to a phase analysis of
m ultipoles wem ake use of the m ultipole vectors form alism ./ Looking at quadrupole
plus octopole vectors from W M AP (3yr) the alignm ent w ith the equinox (EQ X ) and
w ith the ecliptic is found to be unlkely at 99:8% C L.and 96% C L. respectively >
T he correlation with the dipole direction and w ith the galactic plane is found to
beodd at 99:7% C L.and 99% C L. respectively.M oreover from the com bined full
sky map of ‘ = 2+ 3 one infers that the octopol is quite planar and that the
ecliptic strongly follow s a zero line of the m ap, leaving the two strongest extrem a
in the southem hem isphere and the two weakest in the northem henm isphere. Som e
of these eects are statistically dependent, eg. given the observed quadrupole{
octopole alignm ent, the signicance of alignm ent w ith the galactic plane is reduced
to unrem arkable 88% C L.

T hese ndings support the conclusion thateithertheUniverseasseen by W M AP
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isnot statistically isotropic on largest scales, or that the observed features are due to
unexpected foregrounds,hidden system aticsornew physics challenging the standard
cosm ological m odel. D verse attem pts for explanation can be found in the litera—
ture: considering anisotropic or inhom ogeneous m odels [B ianchi fam ily, Lem a™tre{
Tolm an{Bondi (LT B )m odels]?*3 Solar system foreground }* lensing ofthe CM B
and m oving foregrounds,'® Sunyaev{Zeldovich (SZ) eect'’?® and ReesSciama

(RS) eect, *"1? considering a non{trivial topology of the U niverse,?°?! considering

m odications and re nem ents of the standard sin plest scenario of in ation, 22{28
considering possible phenom enology of loop quantum gravity?°~° In this tak we

update and expand ourpreviouswork'? i the light of theW M AP (3yr) data release.

2. Local Structures and R ees-Sciam a E ect

R ecent X ray catalogues of our neighborhood show that a m apr contribution to
the dipole velocity pro le originates from the Shapley Superclister (SSC ) and other
density concentrationsat a distance of ofaround 130{180h ' M pc3'{3* The SSC is
a m assive concentration centered around the ob fct A 3558 w ith a density contrast
of ' 5 overthe nner 30 h ' M pc region 2°

W ewill show that the CM B displays correlations between the dipole and higher
m ultipoles after passing through non{ linear structures, due to the RS eect.?® The
physics of the R S e ect is that in the non{linear regim e of structure form ation, the
gravitationalpotential changesw ith tin e, so photonsclin b out ofa slightly dierent
potentialwell than the one they fll into. Follow ing ref>’ the CM B anisotropy pro—
duced by a spherical superstructure is estin ated by the integral of the gravitational
potentialperturbation '’ M =dalong thepath ofthephoton: T( ;" )=T ' v,
where d is the physical size of the structure and M is the m ass excess. Here we
assum ed a structure collpsing at velocity v. and lt the evolution tim e of the
structure t. be the m atter crossing tim e d=v. (using c 1 G ). W e estin ate
the typical collapse velocity from the energy balance condition vﬁ ! and get:
T( ;')=T =2 (M =dy~?.W e m odel the non{linear structure by a spher-
ically symmetric LTB model embedded in a at ( = 1) Friedm ann {R obertson {
W alker Universe. Substituting the expression for the m ass excessw ithin thism odel
we arrive at?’

— - ; 1)

where t is the coan ic tin e at which the CM B photons crossed the structure.
Inserting the characteristics of the SSC it follow s thata CM B anisotropy of 10 °

due to a bcalR S e ect is reasonabk. For sin plicity we picture the local U niverse
as a spherically sym m etric density distrdbution, w ith the LocalG roup (LG ) falling
tow ards the core of the overdensity at the centre. T he line betw een our location and
the centre denes a preferred direction 2, which in the present case corresponds
to the direction of the dipole. This setup exhbits rotational symm etry w r.t. the
axis 2 (neglecting transverse com ponents of our m otion ). C onsequently, only zonal
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Fig.1l. Likelihood of quadrupole and octopole power for increased axial contributions. Vertical
lines denote experim entaldata: W M AP (1lyr) cut{sky and W M AP (3yr) m axin um likelihood es-
tin ate. Considering the quadrupole adding any multipole power was excluded at > 99% C L.
wxr.tW MAP (lyr) but it is possible to add up to 60 K w ithin the sam e exclusion levelw x.t. the
W M AP (3yr) value. T he octopole is m ore resistant against axial contam inations as it is possible
to add a whole 100 K before reaching the sam e exclusion levelw .t the updated W M AP data.

ham onics (m = 0 in the 2-fram e) are generated. N ote that any other e ect w ith
axial symm etry would also induce anisotropy only in the zonalham onics.

3. M ultipole Analysis

W e study how m apsoftheCM B area ected by the anisotropy induced by add itional
axisym m etric contributions a?éial added to the quadrupole and octopole by using
M onte Carlo (M C ) m ethods. A s predicted by the sim plest in ationary m odels, we
assum e that the a«, are fully characterised only by angular power, for which we
use the values from thebest t CDM tem perature spectrum to theW M AP data. ?
W e produced 10° M C realisationsof ‘= 2 and ‘= 3 for the stat'gljcalanaysjs.
The angular power spectrum isestinated by C. = 1=(2+ 1) | $x F., g.
[[we show how the histogram s for the quadrupole and octopole pow er com pare w ith
the m easured values from W M AP (1yr,3yr). Considering the W M AP (1yr) cut{sky,
adding any pow er to the quadrupole was already excluded at > 99% C L.whereas
the W M AP (3yr) data allow s for adding up to a%jal = 60 K In order to reach the
sam e exclusion level. T he octopole is quite robust against axial contam inations as
it lies better on the t: in order to reach the sam e exclusion levelof > 99% C L.
it is necessary to add a55®!'= 80 K w rit.theW M AP (lyr) cut{sky and a whole
asx®l = 100 K w rt.the W M AP (3yr) value. Considering only the W M AP (3yr)
maxinum lkelhood estim ate and ncreasing the eect of local structures up to
ai*@l= 70 K leads to an exclusion of 99:5% C L.frC; and 929% C L.orC;.
The next question is what kind of phase pattem the contribution a?¥®! will
induce on the CM B sky. Using the m ultipole vector form alisn ’ a (tem perature)
m ultipole on a sphere can be alternatively decom posed as:
X Y ‘
T. = am Y ( ;)= A" ¢ e ) L) (@)
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where &( ;') = (sih cos’;sinh sin’;cos ) is a radial unit vector.W ith the de—
com position (7)) it is possible to obtain an unique factorisation of a m ultipole into a
scalarpartA () which m easures its totalpower and ‘ unit vectors ¢! that contain
all the directional inform ation. T he signs of the m ultipole vectors can be absorbed
into the scalar quantity A (), and are thus unphysical.

Tntroducing the “(* 1)=2 oriented areasn (#1)  ¢UA  Udl_pUd ()4
we are ready to de ne a statistic .n order to probe alignm ent of the norm alsn ¢'#3)
w ith a given physicaldirection R :

X X

Shx Ciad) 5. (3)

N
=}

=23 i< 5

W e test for alignm ent w ith three natural directions X : the north ecliptic pole
(NEP), EQX and the north galactic pole (NGP). The results of the correlation
analysis are shown in g. [J: in the rst row the preferred direction 2 coincidesw ith
the direction of localm otion, the dipole>® Here the anom aly becom es worse w hen
increasing the am plitude of the axial contrbution. But for 8 = NEP the exclision
becom es som ew hat m ider; eg. a?éial = 40 K Jeads to an exclusion of 992% C L.
for ILC (1yr) but only 982% C L. for the updated ILC m ap.Finding an alignm ent
w ith the EQ X though is strongly excluded at > 99:2% C L. even w ith a vanishing
axial contrbution for both one{ and three{yeardata.

In the second row of g. [dwe let the preferred direction point to the NEP as
a com plam entary test. H ere the probability to nd an ecliptic alignm ent becom es
dram atically increased:with a a3¥®'= 70 K it is 17% and 10% for the ILC (3yr)
and ILC (lyr) values respectively. R egarding the three{year data the probability
for nding an EQX alignm ent increases from 1% to 3% fora$ @ = 70 K.The
alignm ent w ith the NG P ram ains quite stable for both tested directions of 2.

4. C onclusion

R ecent astrophysical data cataloguing our neighborhood in the X {ray band point
us to the existence of m assive non{linear structures lke the SSC at distances
100 h ' M pc. Besides its signicant contribution to the dipole velocity pro le
such a structure is able to induce anisotropies 10 ° via itsR S e ect. R egarding
CM B m odes, the spherical sym m etry (LT B ) which we use to approxin ate the local
superstructure reduces to an axial sym m etry along the line connecting our position
and the centre of the superstructiire w here we locate the SSC .W e produced statisti-
cally isotropic and gaussian M C m aps of the CM B and com puted their S {statistics
{3) or alignm ent w ith generic astrophysicaldirections like the NEP,EQ X and NG P.
T he additionalzonalhamm onics have been added w ith increasing strength (see ref.>°
for full{sky m aps). W hen gauging the preferred axis to the direction of localm o—
tion W M AP dipole) the consistency of the data w ith theory becom es even worse,
albeit w ith less signicancew rit.W M AP (3yr).On the other hand an orthogonally
directed (Solar system ) e ect would be m ore consistent w ith the three{year data.
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C onsidering extended local Hregrounds A bram o et all’ recently proposed that
a cold spot in the direction of the local Supercluster could account for the cross
alignm ents of quadrupole and octopole. T he cold spot would be realised by the SZ
eect of CM B photons scattering of the hot intracluster gas. O n the other hand
Tnoue and Sik'? suggest a certain geom etrical pattem of two identical voids to
account for the cross alignm ent as well as for the octopole planarity via the RS
e ect. Each of the Iatter approaches alone is not fully satisfactory. N evertheless a
com bined approach enfoding the RS eect aswell as the SZ e ect from extended
foregrounds seem s prom ising for the future.M oreover, since the IocalR S e ect can
contribute up to 10 ° to the tam perature anisotropies on large angular scales, a
detailed study is In portant for cross{correlating CM B data (including upcom ing
P lanck data) w ith astrophysical observations on the local large{scale structure.
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