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Diffuse cosmic dipoles

Tiziana Trombetti*
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* E-mail: trombetti@ira.inaf.it

The boosting effects induced by the peculiar motion of an observer with respect to
the Cosmic Microwave Background (CMB) rest frame can be explored to analyze the
frequency dependence of the dipole. The improvements achievable with future CMB mis-
sions on our knowledge of CMB spectral distortions and Cosmic Infrared Background
spectrum are discussed considering realistic uncertainties in relative calibration and fore-
ground subtraction.

Keywords: CMB experiments, spectral distortions, reionization.

1. Introduction

The cosmic dipoles have a crucial relevance in cosmology since they are linked with
the isotropy and homogeneity of the Universe at the largest scales. The observed
dipole is a mixture of different contributions, including the observer motion with
respect to the Cosmic Microwave Background (CMB) rest frame as well as dipoles
from astrophysical (extragalactic and Galactic) sources. The CMB and Cosmic
Infrared Background (CIB) spectra can be investigated by future anisotropy mis-
sions, as CORE! or LiteBIRD,? by exploring the frequency spectral behaviour of
the dipole amplitude, thus without requiring an independent absolute calibration.
Tiny CMB spectral distortions are predicted to be generated at different cosmic
times in the evolving plasma. In the present work, I will focus on two well-defined
types of signal, namely Bose-Einstein (BE) and Comptonization distortions. The
precise interpretation of these signals could contribute to constraint primordial cos-
mological processes otherwise unexplored. The CIB spectrum amplitude and shape,
still not well known, can provide a better understanding of the dust-obscured star-
formation phase of galaxy evolution.

2. The CMB spectrum

One of the main features of the CMB is its frequency spectrum. To first approx-
imation, it emerges from the thermalization epoch (z ~ 108 — 107) with a ther-
mal black body (BB) shape owing to highly efficient interaction processes in the
cosmic plasma, able to re-establish matter-radiation thermal equilibrium. Since
COBE/FIRAS, no remarkable improvements have been achieved in the knowledge
of CMB spectrum at v 2 30 GHz. Although gaining an absolute calibration pre-
cision of 0.57 mK, the FIRAS characterization of CIB amplitude and shape still
presents a substantial uncertainty. To overcome the absolute calibration problem,
it is possible to investigate the CMB and CIB spectra by looking at the frequency
spectral behaviours of their dipole amplitude thanks to future CMB missions, as e.g.
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CORE. The CMB spectrum can set constraints on various types of non-standard
processes, including non evaporating BH spin, small scale magnetic fields power
spectra, vacuum energy density and particle decay.

2.1. Spectral distortions

Different energy injections in the radiation field due to fundamental unavoidable
processes occurring at different cosmic times cause the departure of CMB spectrum
from a perfect BB.

At early times, a BE-like distorted spectrum with a positive (dimensionless)
chemical potential is produced by the dissipation of primordial perturbations at
small scales,® damped by photon diffusion and non-linear processes and then in-
visible in CMB anisotropies.* Moreover, because of the matter temperature faster
decrease with respect to that of radiation temperature in an expanding Universe,
colder electrons induce Bose condensation of CMB photons, mainly resulting into a
BE-like distortion with negative chemical potential. The photon occupation number
of the BE spectrum is npg = 1/(e® ™ — 1), where p is the chemical potential that
quantifies the fractional energy, Ae/e;, exchanged in the plasma during the inter-
action, x. = z/¢(2), ¢(2) = Te(2)/TecmB(2), being Te(z) the electron temperature,
Tems = To(l + 2), Ty the present CMB temperature in the BB approximation
and x = hv/kToymp a redshift independent, dimensionless frequency. For small
distortions, u ~ 1.4Ae/e; and ¢pp ~ (1 — 1.11p)" /42

Cosmological reionization associated with the early stages of structure and star
formation induces electron heating that is responsible for late type distortions, de-
scribed, at high frequency,® by a Comptonization spectrum.” It is quantified by the
Comptonization parameter u(t) = ftt, (¢ — #:)/9|(kBT:/mec?)neorcdt. For small
energy injections and integrating over the relevant epochs u ~ (1/4)Ae/g;.

3. Future CMB missions

Among the many different classes of CMB missions, here I will focus on three recent
proposals with concepts and designs aimed at improving the measure of polarization
anisotropies and at minimizing the impact of foregrounds on CMB maps using a
large number of frequency channels, with relevant outcomes for e.g. our knowledge
of the reionization process and the primordial background of gravitational waves.
The Primordial Inflation Explorer® (PIXIE) is an Explorer-class mission sub-
mitted to NASA in 2011 aimed at mapping the CMB and the diffuse astrophysical
foregrounds over the full sky, from 30 GHz to 6 THz (1 cm to 50 pum) with degree

2At decreasing frequencies, photon emission processes produce a frequency dependent, decreas-
ing chemical potential and the convergency to a blackbody at matter temperature at extremely
low frequencies.® For positive (negative) p they imply a minimum (maximum) in the brightness
temperature, as well as the avoiding of the divergency of the BE spectrum for negative pu.

b Associated free-free distortions are instead relevant at low frequencies. ¢
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resolution and high signal to noise ratio in absolute intensity and linear polariza-
tion. It is designed to perform absolute spectroscopy measurements and to simul-
taneously observe the large-scale CMB B-modes. It will provide crucial constraints
on Universe ionization history, on CIB spectrum and anisotropies. Indeed, PIXIE
will trace CIB monopole, dipole and higher order power spectrum up to z ~ 3 for
matter distribution analyses. The cross correlation of temperature and polarization
anisotropies will produce more stringent constraints on the optical depth parame-
ter, the gas temperature and the Universe reionization at z ~ 10. Great hopes on
CMB spectral distortion parameters are expected from PIXIE, thanks to its abso-
lute calibration of the CMB temperature measure with a precision about 102 times
better than FIRAS.

LiteBIRD is a Lite (Light) Satellite for the studies of B-mode polarization and
Inflation from cosmic background Radiation Detection at the extremely early Uni-
verse proposed to JAXA in February 2015. It is a highly-targeted, low-cost Japanese
B-mode mission concept, aimed at the B-modes detection at the level of r ~ 1073,
its main scientific goal being one order of magnitude better than what can be done
from the ground. Its primary strategy is the focus on r measurement in synergy
with ground based super telescopes which are necessary for an accurate subtraction
of the lensing contribution to B-mode.

Cosmic ORigins Explorer (CORE), submitted to the European Space Agency
(ESA) in October 2016 in response to a call for future medium-sized space mis-
sion proposals for the M5 launch opportunity of ESAs Cosmic Vision programme,
is a satellite dedicated to microwave polarization. CORE is targeted to provide
and exploit definitive maps of CMB polarization anisotropies at large and medium
angular scales, with a suppression of all systematic effects at an extreme accuracy
level. The instrument will host about 19 frequency channels over a range spanning
the 60—600 GHz interval, in order to control astrophysical foreground emissions.

4. CMB and CIB dipoles

A relative velocity between an observer and the CMB rest frame induces a dipole
in the observed CMB sky temperature through the Doppler effect. This dipole, the
so called £ = 1 anisotropy, is likely dominated by the velocity of the Solar System,
Bs = vk /¢, with respect to the CMB (Solar dipole), with a seasonal modulation
due to the velocity of the Earth or the satellite, ﬁ_;, with respect to the Sun (orbital
dipole).

In addition, an intrinsic dipole is induced by the Sachs-Wolfe effect at the last-
scattering surface and by a large-scale dipolar Newtonian potential.® In a ACDM
cosmology, this dipole should be of order of the Sachs-Wolfe plateau amplitude
(107°), but it could be larger in the case of more exotic models. Neglecting the
orbital dipole (useful for calibration aims), and denoting with 5 the relative veloc-
ity of the Solar dipole, it is possible to forecast the CORE improvements in the
dipole recovery including also potential foreground and calibration residuals.'? The
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dipole amplitude is directly proportional to the first (logarithmic) derivative with
respect to the frequency of the photon occupation number, n(v), which is related
to the thermodynamic temperature, Tiperm (v), defined as the temperature of the
blackbody having the same 7(v) at the frequency v, by:

hv (1)
kgln(1+1/n(v))’
Differencing the measure of Tixerm in the direction of motion and in its perpendic-
ular direction one gets: !

hv 1 1
tnerm = 3, {mu F1/n()] W+ 1/n(0+ B)) } | ?

To first order in 8, AT perm is approximated by:
B xBTh dlnn (3)
(1 +n)ln*(1 + 1/n) dinz’

A direct determination of the CIB spectral shape is not trivial since it requires
absolute intensity measurements and it is also limited by foreground signal, that, in
the case of Galactic emission, has a similar shape. Even though the dipole amplitude
is about 10~3 of the monopole, its spatial distribution is known, hence, an indirect
approach may provide in the future a robust measurement of the CIB. The analytic
form of the CIB spectrum, observed at present time, is: 12

kF kF
ksTcim TorB
hvg ercis — 1’

Ttherm =

AT’therm =

C2

ncis = —=Icis(v) = Iy <

2hv3 (4)

with TCIB = (185 + 12) K, TCcIB — hl//kBTCIB - 7.78(1//1/0), gy = 3 X 1012
Hz and kr = 0.64 4+ 0.12. Here I; sets the CIB spectrum amplitude, its best-fit
value being (1.3 £ 0.4) x 1072, The CIB dipole should be detectable by CORE
in its highest frequency bands. Defining the motion vector of the observer, from
the dipole direction of the Planck 2015 release, I produced the maps at a given ob-
servational frequency, vops, from the photon distribution function, npg,dist, for the
assumed type of spectra (BB, CIB, BE or Comptonization (C)) at the frequency
Vobs multiplied by (1 — 7 - E) /(1 — B%)1/2 to account for all the possible sky direc-
tions with respect to the observer peculiar velocity. The observed signal map in
thermodynamic temperature is a generalization of Eq. (1):

18 A T
Thonsist (v, i, B) = 0 :
In(1/(n(v, 7, B)BB/dist 4 1))

herm

where n(v, 7, 8) = (V) with v/ = v((1 —# - B)/(1 — B2)Y/2. Decomposing the
maps into spherical harmonics and reproducing them from the ag,, up to a desired
multipole £,,4z, I derived the expected signal (see Fig. 1) finding that it is impor-
tant for the dipole, can be considerable for the quadrupole and, depending on the
distortion parameters, still not negligible for the octupole (although depending on
the amplitude relative to experimental noise levels). For higher-order multipoles,
the signal is essentially negligible.

(5)
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Fig. 1. Left: typical maps of dipole pattern (after the subtraction of the CMB blackbody dipole)
for the three considered types of signal. Middle: dipole frequency behaviour. Right: angular power
spectrum of the maps of dipole pattern compared with the sensitivity (diamonds) of CORE (black)
and LiteBIRD (red). The quadrupole signal (dashes) is also shown in one case of BE distortion
and in the case of CIB. See also the legend and the text. A dapted from Ref. 10 [©SISSA Medialab
Srl. Reproduced by permission of IOP Publishing. All rights reserved].

5. Results and Conclusions

To recover the dipole parameters (amplitude and direction) it is essential to perform
Markov Chain Monte Carlo (MCMC) analyses. I assumed the Planck common mask
76 (in temperature), publicly available from the Planck Legacy Archive (PLA),!3
exploiting its extension that excludes all the pixels at |b| < 30°. I first explored
the dipole reconstruction ability for different frequency channels and then the im-
plications for CMB spectral distortions and CIB starting from the ideal case (i.e.,
without calibration errors or sky residuals). The dipole can be parametrized as
d(n) = An - ng + Ty, where 1 and 7y are the unit vectors defined respectively by
the Galactic longitudes and latitudes (I,b) and (I, bo). The dipole map used in the
simulations was generated assuming the measured dipole amplitude best-fit values,
A = (3.3645 £ 0.002) mK, and direction, Iy = 264.00 & 0.03 and by = 48.24 £ 0.02,
as found in Planck 2015 release. 4

To quantify the ideal CORE sensitivity to spectral distortion parameters and
CIB amplitude, I carried out detailed simulations assuming a certain model and
quantifying the accuracy level at which (in the presence of noise and of potential
residuals) the key parameters can be recovered. I consider twelve, physically or
observationally motivated, reference cases, from a (reference) blackbody spectrum,
a CIB spectrum at the FIRAS best-fit amplitude, BE and C spectra with different
po and u values. For each model I generate an ideal sky (the prediction) and a
sky with white Gaussian noise realizations (simulated data). I calculated Ax? to
quantify the significance level at which each model can be potentially detected or
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ruled out. I consider three approaches: (a) analyzing each of the 19 frequency
channels (assumed independent from each other); (b) using the 171 (19 -18/2)
combinations of the maps differences from pairs of frequency bands; (c¢) combining
(a) and (b).

Approach (a) compares the dipole amplitude of a distorted spectrum with that
of the blackbody, being sensitive to the overall difference between the two cases,
while approach (b) compares the dipole signal at different frequencies for each type
of spectrum, being so sensitive to its slope. The significance of the CIB ampli-
tude recovery is increased in case b), because of the very steep frequency shape of
its dipole spectrum. In general, this does not occur for CMB distortion parame-
ters, and, in particular, approach (b) can make the recovery of the Comptonization
distortion more difficult. Method c) typically results in an overall advantage. In-
cluding potential residuals from imperfect foreground subtraction and calibration
(characterized by effective parameters E., and Ff,;) may affect these results, but
still the improvement for I§'/? ranges from a factor of 4 (a) to a factor of about
15 or 20 for (b) and (c), respectively. The recovery of CMB spectral distortion
parameters is also very promising. Including the extended mask in case c), I find
a significant improvement with respect to the full sky: the significance of the CIB
amplitude recovery improves by about 50% and that on the BE distortion by about
20%, indicating the relevance of optimising the selection of the sky region. Tab.
1 summarizes the main results expressed in terms of a factor characterizing the
improvement with respect to FIRAS.

Table 1. Predicted improvement in the recovery of the distortion parameters with respect
to FIRAS for different calibration and foreground residual assumptions. “P06” stands for
the Planck common mask, while “P06ext” is the extended P06 mask. When not stated,
all values refer to E., and Eg,, at Nggqe = 64. From Ref. 10 [©SISSA Medialab Srl.
Reproduced by permission of IOP Publishing. All rights reserved].

Eeal (%) | Etor (%) | CIB amplitude |  BE | C
Ideal case, all sky - - ~ 4.4 x 103 ~ 103 ~ 6.0 x 102
All sky 10~4 1072 ~ 15 ~ 42 ~ 18
P76 104 10—2 ~ 19 ~ 42 ~ 18
P76ext 10—2 10—2 ~ 17 ~4 ~ 2
P76ext 10—4 10~2 ~ 22 ~ 47 ~ 21
P76ext 104 10-3 ~ 2.1 x 102 ~2.4x10% | ~1.1x 102
P76ext 10 2a05) 10540y | 1072 ~ 19 ~ 26 ~11
P76ext 10 2og5) 10540y | 107° ~ 48 ~ 35 ~ 15
P76ext, Ns = 128 | 10250510 Zg,0 | 1072 ~ 38 ~ 51 ~ 23
P76ext, Ns = 128 | 10250510 Zg,0) | 1072 ~ 43 ~ 87 ~ 39
P76ext, Ns =256 | 10250510 Zg,0) | 1072 ~ 76 ~ 98 ~ 44
P76ext, Ns = 256 10(—;'295)—10(—223 10) 10-3 ~ 85 ~ 1.6 x 102 ~ 73
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