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Introduction

In this document, I present my past research about the early Universe using the
Cosmic Microwave Background (CMB).

I was very lucky to start my PhD in 2011, just when the first data of the Planck
Satellite were beeing analyzed. This was a great introduction to modern cosmology,
both in terms of science, Planck being for the past ten years the most important survey,
providing the pillars of the current cosmological model, and in terms of environment,
Planck being a very large international collaboration, a precursor in our young Era of
precision cosmology. After my PhD defense in 2014, I moved to Oslo, at the Institute of
Theoretical Astrophysics (ITA) for a first post-doctoral position. I kept working on he
Planck data, but also joined a much smaller collaboration, SPIDER, a balloon-borne
telescope looking for the primordial B-modes patterns in the polarization of the CMB. I
worked both on the development of a new analysis pipeline, as well as some new meth-
ods to estimate cosmological parameters. I then moved to the Harvard-Smithsonian
Center for Astrophysics (CfA) in Harvard University for a second postdoctoral position,
where I joined the Background Imaging of Cosmic Extragalactic Polarization (BICEP)
and Keck collaborations, a ground-based telescope at South Pole, with leading mea-
surement in B-mode polarization. [ was one of the main contributor to the B-mode
cosmology analysis of the BK15 (including all BICEP/Keck data until 2015) paper. We
provided the best constraints at the time on the amplitude of primordial gravitational
waves. I also joined the CMB-54 collaboration, which aims at uniting all ground-based
CMB projects to reach a factor of 20 improvement in the constraining power. I was
one of the most active member of the forecasting working group. Since 2020, I joined
the Center of Particle Physics in Marseille (CPPM), where I now work on the recent
universe and its accelerated expansion using type-1a Supernovae. I am part of the
Vera Rubin Observatory Dark Energy Science Collaboration (DESC) , preparing for
the Legacy Survey of Space and Time (LSST). I am also a member of Zwicky Transient
Facility (ZTF), working on the photometric calibration of the instrument.

In the current manuscript, I focus on my work on the B-modes science.

The document is organized as follows: In chapter 1 I introduce the standard model
of cosmology, in chapter 2 I review the CMB observable and present the experiments
I worked on. In chapter 3 I present my work within the SPIDER collaboration on
the first part of a data analysis pipeline, from raw data to CMB maps. In chapter 4, I
present my cosmological analysis within the BICEP/Keck collaboration, i.e. the next
and final stage of the analysis, using power spectra for cosmological inference. At
last, in chapter 5, I present my work within the CMB-$4 collaboration, forecasting the
measurements of B-modes in the next decade.
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1 The Standard Model of Cosmology

Sommaire

1.1 Introduction . . . ... ... .. ... . e 10
1.2 The Standard Model of Cosmology . . . . . ... ... ... ........ 10
1.2.1 FLRWandHubblerate . . . . . ... ... ... ........... 11
1.2.2 The Friedmann'sequations . . ... ... .............. 11
1.2.3 Continuity equation and dynamics of perfect fluids. . . . . . .. 11
1.2.4 Cosmologicalredshift . ........................ 12
1.25 ACDM . . . 12
1.2.6 Cosmological Parameters . . ... .................. 13

1.3 Early Universe Physics and initial conditions . . . . . .. ... ... ... 14
1.3.1 Limits of the standard model . . . . .. ... ............ 14
1.3.2 Solutions . . . .. .. .. . 15
1.3.2.1 Inflation . ... .. .. .. ... ... . .. ... 15

1.3.2.2 ProblemsofInflation . ................... 16

1.3.2.3 Somealternatives . . .................... 17

1.1 Introduction

In this chapter, I will briefly review the current cosmological model. I will also intro-
duce the need for cosmic inflation or other alternatives.

1.2 The Standard Model of Cosmology

At the turn of the 20™ century, which saw the development of electromagnetism
from Maxwell 1865, the Michelson and Morley 1887 experiment and the death of
luminiferous ether theory, as well as the introduction of mathematical concepts from
Lorentz 1903, and Poincaré 1906, Einstein introduced special relativity (Einstein 1905),
and later general relativity (Einstein 1915; Einstein 1916).

This revolutionary theory was then applied to the Universe’s dynamics, with major
work from Einstein 1917, de Sitter 1917, Friedmann 1922, or Lemaitre 1927. Around the
same time, Leavitt and Pickering 1912 observations of the period-luminosity relations
of Cepheids, together with Slipher 1915 observations of "nebulae" and the redshifting
of their spectra, allowed Hubble 1929 to convince the scientific community of a law

10



1 The Standard Model of Cosmology — 1.2 The Standard Model of Cosmology

linking the redshifts of galaxies to their distances. Lemaitre 1931 then interpreted this
expansion of the Universe as a result of an initial decay of a "primeval atom", a first
version of Big Bang theory.

For a more detail historical background, one can look at my PhD manuscript (Ben-
jamin Racine 2014), or many existing publications.

1.2.1 FLRW and Hubble rate

If we consider a homogeneous and isotropic universe, Friedmann 1922, Lemaitre 1927,
Robertson 1935 and Walker 1937 (FLRW) showed that one can describe the universe’s
metric as
2 2 o dr? 2002, 202 2
ds“=-dt”+a(r) 1——kr2+r do-+rsin“0d¢- |, (1.1)

where 1 is the cosmic time, and r, 0 are the comoving polar coordinates, k = —1,0,1
correspond to an open, flat, or closed universe, and a(t) is a dimension-less scale
factor, parameterizing the overall expansion of the Universe.

To describe the evolution of this scale factor, one can also define the Hubble rate :

=2 (1.2)
a

The Hubble rate today is noted Hy and its value has been the subject of debates for
a century and is still today (see review in Abdalla et al. 2022).

1.2.2 The Friedmann’s equations

Using this metric in Einstein’s equations, which describe how matter influences the
space time metric (more details in Benjamin Racine 2014), and considering perfect
fluids, (solely determined by the pressure and energy density, i.e., with no viscosity,
heat conduction, or anisotropic pressure), we get the Friedmann’s equations:

(2)2:%p+é_£ (1.3)
a 3 3 a?’ '
é :—ﬁ(p+3p)+é, (1.4)
a 3 3

where p and p are the energy density and pressure of the matter, A is the cosmologi-
cal constant, G is Newton’s gravitational constant, and we note @ = da/dt.

1.2.3 Continuity equation and dynamics of perfect fluids

From 1.3 and 1.4, we can derive the continuity equation:

p+3g(p+p):0. (1.5)

11



1 The Standard Model of Cosmology — 1.2 The Standard Model of Cosmology

For a fluid with equation of state p = w(z) p, we can solve the Friedmann’s equations,
and we obtain:

a !/

p(a) = p(agy) x exp (—Sf 76,1(1 +w(a))|. (1.6)
a

0

—3(1+w) ' . '
) . These solutions for different fluids

If w is a constant, we get p(a) = p(ap) (a%
are summarized in table 1.1.

1.2.4 Cosmological redshift

The light emitted from an object will get stretched to higher wavelengths during its
propagation in an expanding universe. We note this redshift z:

l4z=t0_ 1.7)

Z2=—=—, .
Ae Qe

where A is the observed wavelength, and A, is the wavelength at emission. This is
this red-shifting of galaxies observed by multiple astronomers in the early twentieth
century that allowed them to conclude that the Universe is expanding.

1.2.5 ACDM

With the Friedmann’s equations introduced earlier, we are able to describe the ex-
pansion of the Universe and its history based on its content. In this section, we will
describe the main components that drive this expansion.

Baryonic Matter

Baryonic matter is made of the baryons of the standard model of particle physics (and
the associated leptons). It represents all the common matter such as atoms, stars or
planets. When it is non-relativistic, it is pressure-less, i.e. w = 0.

Radiation

Radiation corresponds to the relativistic components of the Universe. Early on in
history, it includes all components, but when the heavy ones become non-relativistic,
we are left with the photons, and the standard neutrinos. In addition to the volume
effect on the energy density due to expansion, there is an additional scale factor
dependence, as can be intuited for photons, due to the stretching of the wavelength.
This corresponds to w = 1/3.

12



1 The Standard Model of Cosmology — 1.2 The Standard Model of Cosmology

Component w a(t) pla) H(t)
Matter 0 £?/3 a3 %
Radiation /3 t/? a™* 2
Curvature (k<0) | -1/3 /3 a! 5
A -1 efo? a® H,

w o e 430+ %HTw

Table 1.1: Solutions to the Friedmann’s equation for a few components.

Dark Matter

Dark Matter corresponds to the non-baryonic matter, which doesn’t interact via the
electromagnetic force, and is thus non visible. It was introduced by multiple people in
order to explain the dynamics of stars in the Milky Way, or of galaxies in clusters, for
instance by Oort 1932 and Zwicky 1933, and more clearly by Rubin et al. 1978 using
the galaxy rotation curves. It has since then also been revealed by gravitational lensing
observations, where the reconstructed mass doesn'’t correspond to the visible mass
(bullet cluster, Clowe et al. 2004). It is also needed to explain the structures of our Uni-
verse on large scales. Many candidates exist, for instance Weakly Interactive Massive
Particules (WIMPs), primordial black holes, sterile neutrinos, or some modified gravity
theories. Observations suggest that this component is "cold", i.e. non-relativistic, and
pressure-less, as baryonic matter: w = 0.

Dark Energy

Dark Energy is a form of repulsive energy with negative pressure, which has been
postulated to explain the accelerated expansion of the Universe, observed with high
confidence by Riess, Filippenko, et al. 1998 and Perlmutter et al. 1999. To obtain such
an expansion, we need a fluid with w < -1/3.

So far, our Universe seems to be well described by the simplest dark energy model,
the cosmological constant A, with w = —1. Ongoing projects are studying this modern
acceleration with high precision to challenge this hypothesis. This is in the core of my
studies at CPPM but will not be described in this manuscript.

1.2.6 Cosmological Parameters

The evolution of the scale parameter and hence of the expansion history of the Uni-
verse depends on the density of the different components of the Universe. We express
this with respect to the critical energy density:

13
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3 H?
Pe=8r G
These density parameters Q2; = p;/p., as well as the contribution of curvature and

. (1.8)

A, Qp = —# and Qp = #, can be used to re-write Friedman’s first equation (1.3)
as:
(ZQi+Qk+QA):1. (1.9)
i
If we define Q; o = Q; , we can show that
a=ay

Hy\? a
Qi =Qipo (—) exp (—3[ (1 +w(a'))da’/a’), (1.10)

H @

and for ACDM, we can rewrite equation (1.11) as:

-3 -2

-4
+Qr,0 (i) +Qk,0 (i +QA,0) . (1.11)

) a
H(a) —HO Qmol|—
a ap ao

0

1.3 Early Universe Physics and initial conditions

In the last section, we reviewed briefly the standard model of cosmology. In this
section, we review some aspects of early Universe physics.

1.3.1 Limits of the standard model

If we imagine running the standard model backward in the context of General Rela-
tivity, we would encounter a singularity, where quantities would become infinite and
the laws of physics would break down. New physics is then needed to avoid these
conditions.

Even if we elude this question and consider the Big Bang scenario, other issues arise,
which I developed in more details in my PhD manuscript.

* The Horizon problem: In a FLRW universe, the size of the causally connected
regions is given by the particle horizon, i.e. Hubble radius Ry = |1/ H| = |a/ al
and we can show that at the time of decoupling, this size is much smaller than
the size of our observable Universe: in the CMB, this would means that regions
distant by more than = 1.7deg have never been in causal contact. This is in
contradiction with the fact that the temperature of the CMB is the same in the
whole sky (within 107 relative fluctuations, as explained in the next chapter).

e The flatness problem: In a radiation or matter dominated universe, aH de-
creases, and as we see in 1.2.6, the curvature then increases. To reach the flatness

14



1 The Standard Model of Cosmology — 1.3 Early Universe Physics and initial
conditions

observed today, one would need an extremely flat initial condition.

A recent paper by Peebles reviews other anomalies in physical cosmology (Peebles
2022).

1.3.2 Solutions

Since the work reported in the current document is observational, this introduction
aims at being synthetic and pedagogical, but is of course very limited and will not
be discussing the rich and sometimes highly debated' theoretical and philosophical
details. It would be better to remain theory unbiased, even if this is not always the
case in the rest of the manuscript.

1.3.2.1 Inflation

Inflation is a period of extremely rapid growth of the size of the Universe (for a nice
review on inflation, see Baumann 2009). This growth is due to a scalar field, the
inflaton, with potential V, whose dynamics drives the Universe to quasi de Sitter space
(similarly to the Dark Energy period, see table 1.1). At the end of inflation, the inflaton
field couples to ordinary matter and radiation fields, in a reheating phase. This end of
inflation is in some sense the hot Big Bang described above.

It was introduced in the 1980s (Alan H. Guth 1981; Linde 1982; Starobinsky 1980)
and is the most popular scenario to solve the issues of the standard model. Both
issues above are linked to the increase of the Hubble radius. During the accelerated
expansion of inflation, this Hubble radius shrinks and drives Q; towards 0. It also
means that at early time, the region encompassed in this very small Hubble radius
was in causal contact.

It was also realized by Mukhanov and Chibisov 1981 that quantum fluctuations
during inflation could be the seeds of the structures we observe in our Universe. These
perturbations affect the inflaton field altogether with the metric of space time itself
(see Riotto 2002). Perturbations of the metric can be of scalar, vector and tensor type.
In simple models of inflation, there is no vorticity, thus no vector perturbations. We can
formulate the scalar perturbation in terms of the comoving curvature perturbations
2, and introduce the power spectrum of scalar perturbations A, here following the
notations of Baumann 2009:
kS

——Pg (k) (1.12)

(R Ry) = 2n)° Pg(k)6(k+ k), A o

We can here introduce the spectral index n; and its running a:

dInA? dns
, as =
dink 57 dink

ns— (1.13)

1See for instance this article in scientific American, and the answer from the Planck team and others.

15


https://www.scientificamerican.com/article/cosmic-inflation-theory-faces-challenges/
https://blogs.scientificamerican.com/observations/a-cosmic-controversy/

1 The Standard Model of Cosmology — 1.3 Early Universe Physics and initial
conditions

The tensor fluctuations h are ripples of space time that can be interpreted as gravi-
tational waves. We can also introduce their power spectra:

k3
(hihp) = @r)PPR(k)S(k+ k'), A EZﬁPh(k) (1.14)

where the factor of 2 comes from the fact that gravitational waves have two degrees
of freedom, i.e. two polarization modes, "+" and "x". We can define:

dInA? dn; (1.15)
nN=——, ;= .
"7 dink "7 dink
We can then rewrite these power spectra as:
k ns—1+1/2asn(k/ ko) +... k ne+1/2adn(k/ ko) +...
Ai:As(—) , A%:At(—) , (1.16)
k() kO

where we did not write the higher orders beyond a. kj is a pivot frequency, and the
amplitudes, tilts and running of the tilt will depend around what pivot scale we define
the power spectrum, we did not write this dependence for simplicity. ky is often taken
as 0.05Mpc~! or 0.002Mpc~.

We usually quantify the amplitude of the tensor modes relatively to the scalar modes,
using the scalar-to-tensor ratio r:

A%k

S iy 1.17
r A2(K) ( )

which will also depend on the pivot scale.

Note that the equations above are not specific to inflation, but describe any pri-
mordial scalar and tensor perturbations. In my thesis, I derived these expressions for
slow-roll inflation and made quantitative predictions for quadratic inflation (which
we now ruled out as I explain in chapter 4, where we also show other models in figure
4.7). Note that non-linear evolution of scalar perturbation will also produce tensor
modes, estimated to be subdominant if 7 > 10~® (Mollerach et al. 2004).

1.3.2.2 Problems of Inflation

We will not here pretend to understand in any depth the very large number of pub-
lications discussing the inflationary framework. Some of the issues mentioned here
can probably be solved in some of the specific models of inflation, but might loose
simplicity. We will just mention some of the issues with some non-exhaustive citation
of the literature. There are also some good summaries by Caroll or on Wikipedia.
While inflation will flatten the Universe, we still need the small patch in which it
started to be flat and homogeneous enough (Ijjas and Paul J. Steinhardt 2016), which is
related to the entropy problem from (Penrose 1989). There is also no prediction of the
amplitude of density fluctuation (Jjjas et al. 2014). We thus require some fine-tuning
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(see also Gibbons and Turok 2008). Another problem arises from the fact that in some
classes of inflation models the initial states of inflation can be at energies beyond
the Planck scale, for which we don’t have a good physical theory (see for instance
Robert Brandenberger and Peter 2017).

Another issue is that in an inflating universe, the inflaton field itself fluctuates, which
means that some parts of the Universe will transition towards a reheating period, while
some other parts will keep inflating and dominate the Universe, in which the same
phenomenon occurs. This is referred to as the eternal inflation. This was realized by
multiple people, in 1983, quickly after inflation was introduced (see Alan H Guth 2007
for a modern review). This produces an infinity of "pocket" universes, and predictions
in this multiverse are hard to define.

1.3.2.3 Some alternatives

While inflation is the most popular early universe framework, alternatives have been
proposed. A class of models solves most of the hot Big Bang issues together and avoid
the singularity problem, with a bounce. For these non-singular bounces, the hot Big
Bang is preceded by a slow contraction of the Universe, with an equation of state w
larger than 1, and the Hubble radius decreases fast. Most of the issues of the hot Big
Bang and of inflation can be resolved in that case (for a pedagogical introduction,
see [jjas and Paul J Steinhardt 2018, and discussions in Robert Brandenberger and
Peter 2017). Many variants of these bouncing models have been studied, and arise
from string theory: for instance the ekpyrotic/cyclic model (Khoury et al. 2001), the
string gas (R. Brandenberger and Vafa 1989), the matter bounce (Finelli and Robert
Brandenberger 2002), and the pre Big Bang (Gasperini and Veneziano 1993) models.
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In this chapter, we will introduce a few specificities of CMB observations, as well as
the experiments I worked on since my PhD. In the first section, we will summarize the

known microwave foreground emissions, focusing on the polarized ones.

2.1 CMB emission

In the Big Bang theory, introduced in the previous chapter, the Universe was once filled
by a photo-baryon plasma, where the ionized matter was interacting with radiation via
Thomson scattering. Due to the expansion, the Universe cooled down to a temperature
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2 Cosmic Microwave Background observations — 2.1 CMB emission

low enough (T = 3000K) for the proton and electron to recombine. At the end of the
recombination, around 380000 years after the Big Bang (and z = 1100), the Universe
became transparent. We receive today photons from this last scattering surface,
redshifted to = 3K.

2.1.1 CMB frequency spectrum

All the interactions in the plasma kept the photons in thermal equilibrium, with an
almost perfect! black-body spectrum, following the Planck law:

2hv3 1
c2 ehv/kBT -1

(2.1)

where £ is the Planck’s constant, ¢ is the speed of light, and kg is the Boltzmann
constant. For the CMB, the temperature was measured in 1990 by the COBE FIRAS
instrument and the latest analysis gives Ty, = 2.72548 +0.00057K (Fixsen 2009).

Note that this intensity, usually measured as a surface brightness per solid angle in
MJy/sr, can be converted to a temperature. Since the CMB follows a black-body spec-
trum, its temperature uniquely defines the intensity. This is not the case for the other
sky emissions. They can still be converted to thermodynamic temperature (K¢
or simply K in this manuscript) or brightness temperature (Kg;) (see BeyondPlanck
Collaboration 2020 for a discussion on these units). Unless specified, we will use
thermodynamic temperatures in this manuscript.

2.1.2 CMB temperature anisotropies

While the temperature of the CMB is extremely uniform on the sky, there are fluctu-
ations at the level of T = 107°K. These were observed for the first time by the DMR
instrument of the COBE satellite (Smoot et al. 1992). Since then it has been measured
in greater details by the Wilkinson Microwave Anisotropy Probe (WMAP) and Planck.

2.1.2.1 The CMB temperature power spectrum

To describe the temperature anistropies? of the CMB on the sky, we use the spherical
harmonics decomposition:

0o l
TO,P)=). Y ammYem®,¢). 2.2)

(=0m=-¢
where ¢ is amultipole, inversely proportional to the angular scale on the sky (angle =
2n/¥¢), and m describes the orientation and shape of the orbital (m is an integer

Note that there is a whole sub-field of CMB research using spectral distortions away from the black-
body from energy injections pre-recombination (see for instance Chluba et al. 2021)
2Here we note T'(f, ¢) as the temperature anisotropies, to be added to the T, mean temperature.
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2 Cosmic Microwave Background observations — 2.1 CMB emission

running from —¢ to +¢). If the CMB is Gaussian, all the information is contained in
the variance of the spherical coefficients, or angular power spectrum Cy:

4
Ce=aenl®) = 577 ¥ atmti 23)

This is the power spectrum of the "observed" CMB and even if we had access to
this signal without any noise, we would only have access to one realization of the
Universe, and we would not have access to the real ensemble average of these modes.
This uncertainty Var(Cy) = Nzﬁ C?, is known as cosmic variance.

Note also that we only have access to a limited part of the CMB sky (due to actual
limited observable part of the sky from the ground, but also even in the case of a
satellite, from masking strong polluting sources, like the galactic plane). We also
observe with an instrument with a beam that will only be sensitive to some modes.
In that case, we cannot average over all possible modes and we call the resulting
spectrum a pseudo-power spectrum. We will see in the next chapter how this can
complicate the analysis.

2.1.2.2 Origin of the anisotropies

Let us start with scalar and tensor curvature perturbations in the very early Universe,
following a nearly scale invariant power spectrum, as introduced in 1.3.2.1. These per-
turbations will be transferred during rehearing to other fields like the radiation, matter,
or dark matter fields. Gravity will start to pull more matter towards over-densities,
but this will enhance the radiative pressure on the baryonic matter, which will have a
repulsive effect. The primordial plasma then starts to oscillate with spherical "sound"
waves around over-densities. While the causal horizon increases, after the hot Big
Bang, larger and larger modes of the density field will start oscillating. The CMB is a
picture of these Baryon Acoustic Oscillations (BAO) at the last scattering surface. At
recombination, the horizon scale corresponds to roughly one degree on the sky (see
horizon problem in chapter 1), i.e. a multipole of ¢ = 200. Larger scales did not have
time to oscillate for a full period, and very large scales are not affected by the BAO, and
are directly mapped from the initial perturbations. The temperature power spectrum
is mostly seeded by the scalar fluctuations and we can write®:

Cr= % f dkk* N5 (k) Py (k), (2.4)

where Pg (k) is the scalar power spectrum, from equation 1.12, which depends on
primordial universe physics, and A?(k) is the transfer function, which contains the
physics of the BAO, the geometry, and the energy content of the Universe. Altogether,
this makes the CMB an ideal probe of the early Universe and the ACDM model in gen-
eral. In my thesis manuscript, I described in greater details the physical interpretation

3Lin and Wandelt 2006 derives this for scalar and tensor contributions.
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2 Cosmic Microwave Background observations — 2.1 CMB emission

of the features of the CMB power spectrum. For a much more detailed review, see
Dodelson and Schmidt 2020 or Baumann 2009.

2.1.3 CMB polarization

One of the main aspect of this manuscript is the study of the polarization of the CMB.
We will here introduce some basic concepts about polarization. For a much better
and more detailed review, see Dodelson and Schmidt 2020 or Hu and White 1997.

2.1.3.1 The stokes parameters

To describe polarization, we can use the Stokes parameters. If we have an electromag-
netic wave with frequency w, with time varying electric fields Ex = Egy cos(w? + ¢y)
and Ey, = Egy cos(w? +¢,), we can define:

I = (Ej)+(Eg,) (2.5)
Q = (Ej)—(E;) 2.6)
U = 2(EoEoycos(¢px—dy) 2.7)
V = 2(EoxEoysin(¢px—dy)). (2.8)

I is the intensity of the radiation, Q and U represent the linear polarization, seen in
two coordinate systems rotated by 45 degrees, and V is the circular polarization?. A
schema of these definitions and some conventions is shown in figure 2.1.

Note that under a parity flip, i.e. a reflection about the x-axis, Q is unchanged,
whereas U changes sign. Note also that Q and U are coordinate dependent: under a
rotation of the coordinate system by an angle ¢ around the z-axis, they transform as a
spin-2 field:

Q' =Qcos2¢p + Usin2¢p U' = -Qsin2¢ + Ucos2¢p (2.9)

Note also that the International Astronomical Union (IAU) defines the polarization
angle as zero at north and measured east of north, but in the CMB papers and codes,
traditionally it is defined east from south, which means that Ujay=-Uygarpix (Krzysztof
M. Gorski et al. 1999). This can be really confusing.

We can also define the polarization vector P (see for instance Kosowsky 1996), with
length P = 1/Q? + U? and angle y = 1/2tan"! (U/Q). Note that because Q and U are
spin-2, @ and «a + 7 are equivalent: only the orientation of the polarization is defined,
not its direction. This is why later on we will show maps with headless vectors to
represent the polarization.

“Note that typically, the CMB is not circularly polarized, i.e. V = 0. Some constraints have been made
both by SPIDER and CLASS collaborations (Padilla et al. 2020; Nagy et al. 2017), where mechanisms
to produce such signals are discussed.
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Figure 2.1: On the top, we show the how the coordinate system is defined on the sphere,
in the bottom we define Q and U with respect to this system. For HEALPix (IAU),
the x-axis points southwards (northwards). Figure modified from Krzysztof M.

Gorski et al. 1999.
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2 Cosmic Microwave Background observations — 2.1 CMB emission

To describe these spin-2 fields on the sphere, similarly to equation 2.10, we can use
spin-2 spherical harmonics for the Q and U fields:

00 l
QziNO, P =) Y. oams2Yem(0,). (2.10)

(=0m=—¢

2.1.3.2 The E and B-mode decomposition

As we have seen above, the Stokes parameters are a great basis to describe polarization,
but they are defined with respect to a local coordinate system and are not rotationally
invariant. As introduced in Zaldarriaga and Uro§ Seljak 1997 (see also Uros Seljak and
Zaldarriaga 1996), another way to represent this polarization is using the E-mode and
B-mode decomposition.

a + _oa

at, = = [mz 2Cm @2.11)
a —_20d

afm _ i+2 €m2 2 Zm. 2.12)

As shown more explicitly in the review by Kamionkowski and Kovetz 2015 (see also
Dodelson and Schmidt 2020), in the flat-sky approximation, we can introduce a tensor
field at a position 8 = (0,,0) :

1 (QO) U@0)
= — 2.1
=5 (U(e) —Q(B)) &19)
Taking its gradient and curl, they get E and B modes,
E(€) =cos2¢,Q(€) +sin2¢,U(¥£) (2.14)
B(€) = —sin2¢,Q(¥€) + cos2¢p,U(¥), (2.15)

for a wave of wave-vector ¢, at an angle ¢, with the x-axis. E-modes are a scalar
field of even parity, whereas B-modes are a pseudo-scalar fields of odd parity°. In the
case where ¢, =0, i.e. a wave aligned with the x-axis, a pure E-mode will have E = Q
and a pure B-mode will have B = U, as shown in figure 2.2.

When multiple wave are superimposed, they can form complicated polarization
patterns. In figure 2.3, we show a superposition of planar waves with same amplitude
but different angle ¢,. This will form a radial wave in the x-y plane.

2.1.3.3 Polarization from Thomson scattering

During the first phase of the Universe, the photons and baryons interact via Thomson
scattering (or Compton scattering, see note in Dodelson and Schmidt 2020). In a

SA flip about the x-axis means Q — Q, U — —U, ¢y — —¢py, 50 E — Eand B — —B
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Figure 2.2: Polarization pattern (the lines with length P and angle ¢) coming out of
the page from an E-mode and B-mode plane wave along the x-axis. As seen in
equation 2.14, E-mode will then alternate between +Q and -Q, whereas B-modes
will alternate between +U and -U. Figure inspired by Dodelson and Schmidt 2020.

Amplitude Polarization pattern

SNVATN '
N ‘

x

Figure 2.3: Polarization pattern (the lines with length P and angle ¢) generated from
a radial E-mode and B-mode plane wave in the x-y plane. As in figure 2.2, the
polarization is for a wave coming out of the page. We see again that for E-modes,
the angle is aligned with the minimum of the wave. Figure adapted from Dodelson
and Schmidt 2020.
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simplistic way, we can imagine that a photon will carry an electric and magnetic
field, and that a free electron will then oscillate in the direction of the electric field
and re-emit photons. As we can see in figure 2.4, for a single wave coming from the
x-direction, a wave emitted in the z-direction will appear polarized. For an isotropic
"monopole" radiation, the outgoing radiation is unpolarized. But in the case of a
quadrupolar pattern, the outgoing waves are going to be polarized, with a polarization
aligned with the direction of the less energetic radiation.

2.1.3.4 Physical origin of the polarization of the CMB at recombination

We just saw how quadrupolar anisotropies in the temperature of the radiation around a
photon at last scattering can polarize the light. Here we will show how such quadrupole
arise at the last scattering surface. For an intuitive review of how the polarization is
generated, see Hu and White 1997.

As we saw in section 2.1.2, the temperature of matter at recombination fluctuates.
Let us go back to a simple case with a plane wave of temperature in the x-direction.
A photon sitting in a cold trough will see a quadrupolar anisotropy with a rotational
symmetry along the x-axis. This quadrupole corresponds to a spherical harmonics
with ¢ =2, m = 0. In figure 2.5, we show what this harmonic looks like, and the
polarized angle for different observed angles. If we have a plane wave of temperature
fluctuation crossing the surface of last scattering, we will have a polarized emission
aligned with the cold troughs, and perpendicular to the hot hills, this will create a pure
E-mode similar to figure 2.2. For a given wave, the polarized amplitude will depend
on the angle at which it crosses the surface (it will be 0 for a wave coming towards us).

For a random field like the temperature of the CMB, the generated polarization
patterns will look like the ones seen in figure 2.3 around hot and cold spots. This means
that the E-modes will be spatially correlated with the temperature of the CMB. This
E-mode polarization originating in primordial scalar fluctuations has been detected
for the first time by the Degree Angular Scale Interferometer (DASI) instrument at
South Pole (Kovac et al. 2002).

The other potential source of polarization of the CMB comes from the tensor pertur-
bations. As mentioned in chapter 1, these gravitational waves carry two polarizations,
the "+" and the "x" type (for a review of why these two degrees of freedom, see the
great review by Tiec and Novak 2017). In figure 2.6, we show how such polarization
modes move free falling particles.

These primordial gravitational waves are still present during the recombination.
They will compress and stretch space perpendicular to the propagation of the wave,
which corresponds to a quadrupole described by Y,.,. In figure 2.7, we show these
spherical harmonics viewed at different angles and the corresponding observed polar-
ization. If we have a gravitational (plane) wave crossing the last scattering surface, a
"+"-polarized wave will generate horizontal and vertical polarization patterns along
the propagation direction, but a " x"-polarized one will generate patterns that break
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Figure 2.4: On the top left we see the polarized effect on a single wave. On the right,
we see that isotropic light (here shown with only two waves), will not produce
any polarization. On the bottom left, we see that in the case of a dipolar pattern.
Photons coming from -x are less energetic compared to the average radiation, not
drawn here, and the ones coming from +x are more energetic. Then the electron
will still on average move as much in the x and y-direction. But on the bottom
right, we see the quadrupolar case, where the electron will move more in the
x-direction, due to the wave coming from the y-direction, than in the y-direction.
This will result in a linearly polarized wave in the z-direction. Figure extracted
from Dodelson and Schmidt 2020.
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Figure 2.5: Spherical harmonics Y2, due to a scalar temperature perturbation. This is
for an electron sitting in a cold trough. The red lobe represents the hot photons,
and the blue is for the cold photons. Note the azimuthal symmetry. The outcom-
ing polarized light is aligned with the cold direction. We show how the observed

polarization amplitude is modulated depending on the observing angle here for
0, 20, 45 and 90 degrees.

None — —

h(t)

|

0 7T »T 74T T

Figure 2.6: Monochromatic gravitational wave, propagating along the z direction, out
of the page, with pulsation w = 27/ T. On top, the value of the displacement, or
strain, as a function of time. In the bottom, we see an exaggerated case of how
free falling particles are displaced in the case of a "+" (along the x- and y-axis) and
a "x" type (along x=y and x=-y) polarization. Figure from Tiec and Novak 2017.
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this symmetry® and generate B-modes as in figure 2.2. In reality, we have multiple
waves interfering and we end up with patterns like the right one seen in 2.3.

Figure 2.7: Spherical harmonics Y»;, due to a gravitational wave. The red lobe rep-
resents the compressed "hot" photons, and the blue is for the "cold" photons.
Note that there is no azimuthal symmetry anymore. The outcoming polarized
light is aligned with the cold direction. We show how the observed polarization
amplitude is modulated depending on the observing angle here for an elevation
and an azimuth of 0, 45, 60 and 90 degrees.

2.1.3.5 Physical origin of the polarization of the CMB after recombination

Once the CMB photons are emitted, they will travel until we can observe them. They
will interact with the rest of the universe in multiple ways, two of which are important
for polarization.

Note that this will only happen if the wave is crossing the last scattering surface at a non-zero angle,
otherwise we will be in the no-polarization case of figure 2.7.
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Reionization

After the recombination, the Universe is mostly filled with neutral hydrogen. But as the
matter overdensities grow under gravitational forces, the density and energy becomes
so important that thermonuclear reactions will start, and the first generation of stars
will emit light. The ultraviolet light will break the hydrogen atoms and "re-ionize" the
Universe. The free electrons will interact with the surrounding radiation. Due to the
expansion of the Universe, the density of free electron is not comparable to the time of
recombination and not all photons will interact. This is related to the so-called optical
depth to reionization, which is one of the six parameters needed in ACDM.

A given free electron will scatter photons from its own CMB sphere, which will
have anisotropic fluctuations. Similarly to our own CMB, it can be decomposed on
a spherical harmonic basis, and ¢ = 2 quadrupole component will act as described
above, and the scattered photon will be linearly polarized. Once again, temperature
fluctuations will only produce a m = 0 quadrupole, while primordial gravitational
waves will produce m = +2 quadrupoles (see for instance Hu 2000”). The size of the
fluctuation will be determined by the time at which the reionization happened (this
is well explained in the thesis by Sébastien Fromenteau 2010), and we can show that
0o ~ V/Zreio, 1.€. very large scales, since Planck finds an average reionization redshift

reio —

between 7.8 and 8.8 (Planck Collaboration Int. XIVII 2016).

Gravitational lensing

Along their journey to us, the CMB photons also experience the gravitational field
from the structures of our Universe. The line of sight gravitational potential ® will
distort the CMB T, Q and U fields as:

T T T T
Q @=1Q|0O+60)=|Q|OB)+60V]Q | (2.16)
lensed u u u

where 0 = (0, ¢), and 60 = V(®). This means that gravitational lensing will shuffle
the fields around. In the T and E-modes field, this can be seen as a smoothing of the
harmonic peaks in the power spectra. But another effect is a distortion of the E-mode
patterns that will break the symmetry described above. Since the E and B-mode
decomposition is orthogonal, any departure from this symmetry leaks to the B-modes.
This will create the so-called lensing B-modes (for a computation of the effect, see
Lewis and Challinor 2006, and a simple example in flat sky in Kamionkowski and
Kovetz 2015).

We will see in the next chapters that we are now entering an era where the lensing
contribution will dominate over the primordial signal. The solution is to perform

“as well as Wayne Hu’s lecture notes : http://background.uchicago.edu/~whu/Courses/

Ast448_18/ast448_2.pdf
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"delensing". The modern method uses high-sensitivity, high-angular resolution CMB
polarization maps to estimate @ as well as a low noise E-mode map to predict the
B-mode lensing map, which we can subtract from the observed B-modes (Knox and
Song 2002; Uros Seljak and Hirata 2004; Carron et al. 2017; Carron and Antony Lewis
2017).

2.1.3.1 The CMB polarization power spectrum

As for the temperature, we can compute the afm and afm and the auto- and cross-
power spectra. Note that in the model described here, the primordial B-modes are
independent from all other fields, so we expect the TB and EB power spectra to be
zero. On the other hand, the E-modes are correlated to the temperature as described
above. In figure 2.8, we show the power spectra for a simple cosmology (Hy = 67.5
km/s/Mpc, Qph? = 0.022, Qph? = 0.122, m,, = 0.06eV, Q; =0, T = 0.06, A, =2 %1079,
ns = 0.96). We also show the corresponding maps in figure 2.9. Note that we show
the map as would be in theory. In practice the beam of the instrument, the noise,
the foregrounds will be present, as we will see next). Smoothed maps are shown for
instance in Kamionkowski and Kovetz 2015, where the E and B polarization patterns
are even more obvious.

2.2 CMB foregrounds

When observing the CMB, we are poised with other emissions (see figure 2.10). In this
section, we will focus on the polarized emissions, which is somehow simpler than the
intensity emissions (which are summarized for instance in Planck Collaboration X
2015).

2.2.1 Polarized dust

Dust grains are solid particles in the interstellar medium (ISM), of various size (but
typically 0.1um), produced mostly from exploded stars and are the seeds of planets
and other solid bodies®. They scatter UV radiation from stars and re-emit in far-
infrared. Most grains have oblong shapes and rotate along their short axis, while
they emit light with electric field along the long axis. They are also paramagnetic and
tend to align with the local magnetic field, which induces a linearly polarized signal
(Lazarian and Draine 2000, or see BeyondPlanck Collaboration 2020 and Svalheim
et al. 2020 or for a nice summary). While the emissions of the dust grains depend on
many things like their temperature, their size, shape, composition etc., it is common
to model the dust as a modified black-body law:

8This talk by Brandon Hensley is a good introduction: https://www.cita.utoronto.ca/items/
rethinking-nature-interstellar-dust/
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104

10t 107 103
/

Figure 2.8: CMB power spectrum generated using CAMB (A. Lewis et al. 2000). In black
we show the TT power spectrum, in red EE, and in green TE (the negative part in
dashed thin lines). For the tensor modes, we show in blue the BB power spectrum
for r =0.001 (full) and r = 0.05 (dashed) and in yellow we show the r = 0 lensing
contribution. We see the polarization bump due to reionization at very low ell.
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Figure 2.9: CMB maps generated from the power spectrum of figure 2.8, using healpy
(Zonca et al. 2019; K. M. Gorski et al. 2005). On the top row, T, Q and U maps,
on the bottom E and B maps. T, Q, U and E are here generated from scalar
fluctuations (B=0), while B is a pure B map (E=0, r=0.1). Note the different scales,
both in temperature and in size. We set the color scale extrema to roughly three
times the standard deviation of the maps (o(T) = 100uK, o(Q) = o(U) = 4uK,
o(E) =6uK,o(B) =0.1uK). Since the temperature and B-modes maps have most
power at degree scale, we show a 25 per 25 degrees map, while Q, U and E are
mostly at smaller scale so we show a 5 by 5 degrees map. The diagonal U and
horizontal/vertical Q are typical of a E map. We can also see the radial polarization
patterns around E extrema, and curly ones around B extrema.
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2018; Stokes @ 2018; Stokes U

70 70

Figure 2.10: Q and U maps at 30, 70 and 353 GHz. We clearly see a strong emission
at low frequency, due to polarized synchrotron emission, and at high frequency,
due to dust emission. At 70 GHz, we are near the foreground minimum and it is
mostly located in the galactic plane. Part of the noise-like features away from the
galactic plane is the polarized CMB. Extracted from Planck Collaboration 2020a.
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2 Cosmic Microwave Background observations — 2.2 CMB foregrounds

v Ba+1 thO/kBTd -1

Sd(V) = Ad (V_O) W (217)

where A, is the amplitude of the emission (which can vary along the line of sight), 84
is the spectral index (84 = 1.5), T is the temperature of the dust, usually taken around
20K (in BICEP/Keck modeling we will use 19.6K). v is the reference or pivot frequency
(which will be 353 GHz on our later analysis).

Even in this simplified model, the dust temperature can change due to changes
in the local radiation of a given dust cloud. This means that the dust emmission on
different part of the sky will be different. This creates what is called dust decorrelation.
This means that even if we had a perfect measurement of a dust polarization at a given
frequency, we could not extrapolate it to other frequencies with the simple model
above. This can complicate the component separation.

While Planck Collaboration Int. L. 2016 claimed a detection of such decorrelation
using Planck data at 217 and 353 GHz, Sheehy and Slosar 2017 found no evidence
using the same data. Later on, Planck Collaboration 2020b found no evidence using a
multi-frequency analysis.

As we will see in chapter 4, we did not find any evidence for dust decorrelation in
BICEP/Keck data.

While the galactic dust emission is obviously not isotropic and is expected to be non-
Gaussian, it seems like when restricting to the diffuse emission far from the galactic
plane, it is well described by an angular power spectrum modelled as a power law: Cy =
Ag (] lpivor)*? (with @y ~ —2.4, see Planck results on polarized dust’: Collaboration
etal. 2014).

2.2.2 Polarized Synchrotron

Synchrotron emission is due to relativistic electrons (mostly ejected by Supernovae)
spiralling in our Galaxy’s magnetic fields (Rybicki and Lightman 1985). These electrons
emit light in the acceleration direction and it is linearly polarized. As reviewed for
instance in BeyondPlanck Collaboration 2020, the emission law depends on the energy
distribution of the electrons which is itself a power law. Therefore we model it as:

v ﬁs
ss(v) = Ay (V—) (2.18)
0

where A; is the amplitude of the emission and f; is the power law index (s = —3)
and vy is the pivot frequency (which will be 23 GHz in our later analysis). Note that
some more complex models have been used in the literature with a curved power law
(eg. BeyondPlanck Collaboration 2020).

The spatial distribution of cosmic ray electrons, as well as some line of sight ef-
fects could also create varying spectral indices of the synchrotron , causing some

9Note that these results are on C, whereas in the BK analysis, we use D, and Cpivot = 80.
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decorrelation of the signal (see Krachmalnicoff et al. 2018).
As shown in Krachmalnicoff et al. 2018, similarly to the case of polarized dust,
synchrotron can be well approximated with a power law angular power spectrum.

2.2.3 Component separation

Since these foregrounds can mimic some of the cosmological signals we are looking for,
one of the main efforts in the CMB community is to perform component separation,
where CMB emission is disentangled from foreground emissions, using observations
at multiple frequency bands. In figure 2.11 we show a summary of the CMB and
polarized foreground emissions. This would deserve its own chapter but here we will
refer for instance to the different Planck papers (eg. Planck Collaboration 2020a).
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Figure 2.11: Foreground emission in terms of polarization amplitude root mean square
(RMS) as a function of frequency, vertical bands indicate the frequency ranges of
Planck and WMAP. The dust and synchrotron bands limits correspond to different
masking of the highest emissions, as constrained by the Beyond Planck project,
from which this figure is taken (BeyondPlanck Collaboration 2020). The cyan CMB
line is the best fit EE emission from Planck. The expected BB emission is shown
for two values of r (note that we are here in "map RMS space" not in "power
spectrum" space). The spinning dust is using an upper limit from the Beyond
Planck collaboration.
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2.2.4 Atmosphere

One of the other difficulties of observing the CMB is due to the atmosphere (see Errard
et al. 2015 for instance). It has several effects!?:

e Opacity: the oxygen is not transparent at microwave frequencies. There is a large
absorption band form oxygen around 60 GHz, an oxygen line around 119 GHz
and some water vapor lines around 22, 183, 325, and 380 GHz (Errard et al. 2015).
Above 100, there is also a continuum from water vapor.

* Loading: for bolometric detection, which we will summarize briefly in section 2.3,
we are limited by photon noise, which is dominated by the Poisson fluctuation in
the number of photons (shot noise). The CMB black-body itself will be a source
of loading, as well as the instrument emission. But for ground-based telescopes,
the main external source of noise is the atmosphere!!. It will be proportional
to the emission of the atmosphere, which can be very roughly estimated as a
black-body, multiplied by the opacity. For a typical opacity of 5 percent and
Tatm = 250K, we have an equivalent background emission of order 10K.

* Correlated noise: temporal and spatial variations of the atmosphere emission
will produce noise in the observed time ordered data, which will dominated over
the signal on large scales. This is the 1/ f noise discussed in the next chapter (see
equation 3.10).

This is the main reason why ground-based telescopes observing bands are limited to
a few typical frequency windows (see for instance figure 2.15 for the SPIDER coverage
or 5.4 for CMB-§4)

To mitigate these effects, there are three options. One is to go to space, where there
is no atmosphere. There all frequencies are accessible, and the noise is reduced to
CMB and instrument loading, such that one detector in space is equivalent to roughly
100 detectors on the ground. Another option is to send balloon-borne experiments to
avoid most of the atmosphere, this is what we will see with SPIDER next. The other
option is to stay on the ground but look for a place with low Precipitable Water Vapor
(PWV), i.e. a dry, cold, high altitude site, to have less atmosphere and as stable as
possible to reduce variations of the correlated noise. As we will see in chapter 5, the
current main observing sites are in the Atacama desert in Chile and at the South Pole.

19Note that it depends also on the elevation of the telescope and the corresponding airmass we observe
through. See for instance this posting we made for CMB-S4: http://bicep.rc.fas.harvard.
edu/CMB-S4/analysis_logbook/20190220_S4_NET_forecasts_III/

l1See for instance a typical loading from a BK-like instrument computed using NETLib.py, which
we will use in chapter 5 here: http://bicep.rc.fas.harvard.edu/dbarkats/postings/NET_
calculator/NET_details.html.
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2.3 The BICEP/Keck experiments

The South Pole Amundsen-Scott Station provides an ideal environment for radio and
microwave observations. It is one of the driest place on earth, at more than 2800
meters, and with a really stable atmosphere during the winter night, when it can
continuously observe from March to November.

At this exquisite site, the telescopes from the BICEP/Keck (BK) collaboration are
targeting the large scale B-modes, using refractive telescopes with a beam of roughly
half a degree (depending on frequency and/or the aperture size and optical design of
the telescopes). The whole optical elements are in a helium cryostat at 4K, and the
whole telescope rotate around the boresight every 2 days to modulate the incoming
polarization and disentangle it from polarization generated within the telescope. The
light is then focused on a focal plane with Transition Edge Sensor bolometers (TES)
cooled to 300mK with an adsorption refrigerator.

BICEP1, 2 and now 3 are built on the Dark Sector Laboratory12 (DSL), whereas Keck
Array (and now BICEP Array) are on the nearby Martin A. Pomerantz Observatory
(MAPO), as can be seen in figure 2.12. Keck Array reused a mount from the QUaD
experiment, itself reusing the one from DASI, which allowed the first discovery of the
CMB polarization (Kovac et al. 2002). The South Pole Telescope (SPT), with its 10m
mirror, is also at the DSL.

We will here focus on BICEP2 and Keck Array until 2015 since these are the data I
worked on during my postdoc in Harvard. BICEP2 observed three years from 2010
to 2012 at 150 GHz, with 256 pairs of bolometers. Keck Array is basically a slightly
improved version of five BICEP2 telescopes on the large DASI mount. Keck Array
observed at 150 GHz for two year, then replaced 2 receivers by 95 GHz for two years,
and two by 220 GHz receiver in 2015. Since then it has been mostly observing at higher
frequency while BICEP3 observed at 95 GHz. During all these years, it focused on a
small patch of the sky (1 percent effectively), this can be seen in figure 2.13.

For a complete review of the BICEP/Keck instrument and analysis, see Justin Willmert’s
thesis (Willmert 2019).

In chapter 4, I will present my main contribution to the analysis of BK data.

2.4 The SPIDER telescope

SPIDER (Suborbital Polarimeter for Inflation Dust and the Epoch of Reionization) is
a balloon-borne experiment, sent in Antarctica in January 2015. It flew for 16 days
around the South Pole at an altitude of roughly 36 kilometers. It is really similar to
Keck array, with six small aperture refractive telescopes and uses the same detectors
(see figure 2.14). For the first flight, three tubes were observing at 90 GHz, and three
at 150 GHz (slightly offset but similar width as the Planck channels, see figure 2.15),
containing each respectively 144 and 256 pairs of bolometers. A stepped half-wave

12Area near the Pole station with really little electromagnetic pollution.
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Figure 2.12: Top: a picture of the DSL, where we see the BICEP ground shield and
the SPT, with a zoomed top view of the BICEP2 telescope, photos from Steffen
Richter. Bottom: A picture of the MAPO from Willmert 2019, where we see the
Keck Array ground shield, as well as a top view on the telescope. Picture from
Robert Schwarz.
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Figure 2.13: Observed region (BICEP2/Keck Array in green, SPIDER in blue) superim-
posed on a map of the galactic dust from Planck. Plot from Jon Gudmundsson.
The yellow and pink show respectively what is accessible from South Pole and
From Chile.

plate is mounted on top of each receiver and rotated twice a day. Its goal is to modulate
the incoming polarization to disentangle it from polarization generated within the
instrument (A. S. Rahlin et al. 2014). These telescopes provide low resolution images
with a beam of Full Width at Half Maximum (FWHM) 42 (30) arc-minutes for the 95
GHz (150 GHz) receivers. SPIDER covered 12 percent of the sky in a region of low
foreground, a bit offset compared to the smaller BICEP/Keck region (see figure 2.13).
A second flight (SPIDER2) just happened this winter 2022-2023 with three receivers at
285 GHz and three at 150 GHz. For a complete review of the SPIDER instrument and
analysis, see Sasha Rahlin’s thesis (A. Rahlin 2016).

Figure 2.14: Left: a picture of the SPIDER balloon in Antarctica, before launch. Right:
A picture taken from a camera on board of the balloon.
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Figure 2.15: The frequency coverage of SPIDER versus some of the known polarized
foreground emissions. The highest band is the SPIDER2 band at 285 GHz, which
just flew in December 2022. Plot from Sasha Rahlin’s thesis.

The official SPIDER analysis published results on B-modes in SPIDER Collaboration
2021, putting constraints of r<0.11 and r<0.19 with two methods, both using Planck
data to constrain the dust contamination.

In chapter 3, I will show my contribution to an alternative pipeline to analyze

SPIDER data.

2.5 My Contributions

In figure 2.16, I sketched how to go from the CMB photons to cosmological parameters.
I worked in different aspects of this "pipeline".

e During my PhD, I worked on detecting the kSZ emission using the relative veloc-
ity of pairs of galaxies Benjamin Racine 2014.

* [ also worked on measuring the non-Gaussianity of the Planck data, looking
for primordial non-Gaussianity, but also studying the effect of instrumental
systematics (from cosmic rays) and comparing different methods of component
separation (Planck Collaboration XXIV 2014; Planck Collaboration XVII 2015;
Collaboration et al. 2019; Benjamin Racine 2014).

* T helped developing a method to estimate the bispectrum of the CMB and extract
the fy; parameter (see Bucher et al. 2015).
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¢ Using this method, we also studied the bispectrum of the CMB foregrounds Jung
etal. 2018.

While these works are mostly related to my PhD work, and will not be described in
this manuscript, [ will describe the following points in the next chapters.

¢ I worked on the development of a full low level analysis pipeline going from raw
data to CMB maps, using SPIDER data, (see chapter 3).

e 1did the full cosmological analysis from power spectra to cosmological parame-
ters with BICEP/Keck data (see chapter 4).

* [ was one of the main person in charge of the forecasting of the detection of
primordial gravitational waves from CMB-54 (see chapter 5).
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Figure 2.16: From CMB to cosmology. After recombination, the CMB photons (illus-
trated here by the temperature map from Planck satellite) go through the universe
and interact in many ways with the large scale structures: gravitationnal lensing,
(here illustration from ESA), kSZ, tSZ etc., and until they enter our Galaxy. The
Galaxy itself is a major foreground in the microwave frequencies (illustrated here
by a cutout of the Planck dust intensity map). The CMB photons nonetheless
enter our atmosphere, which absorbs some of these photons and also acts as an
additional source of noise. They then go through the telescopes optics and in the
case of BICEP, get absorbed by the antennas. The signal then heats a transition
edge sensor (here illustrated by a BICEP2 150 GHz bolometer). The numerous
detectors are then read by a multiplexed SQUID based readout electronic which
delivers our raw signal. We can then clean and calibrate this signal that we project
into CMB maps. At this stage, we can compress it to power spectra and use a
likelihood to compare it to our cosmological model, or use map based algorithm
to extract the signal directly from the map.
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3.1 Introduction

In this chapter, we will go through the first stage of a CMB pipeline. We will focus on
a pipeline we developed together with a PhD student, Tone Ruud, in Hans Kristian
Eriksen’s group in Oslo, to analyze data from the SPIDER telescope. A brief description
of the telescope was given in chapter 2. There was already a pipeline developed
mostly in Princeton, making CMB maps in a biased way, needing bias corrections. Our
pipeline was designed to use a maximum likelihood unbiased mapmaker on SPIDER
data. This chapter goes a bit in the dirty part of data analysis and shows some of the
consecutive and almost chronological tricks applied to data to be able to exploit it.

3.2 SPIDER raw data

As explained in chapter 2, most CMB experiment observe microwave radiations using
cryogenic bolometers. In the case of SPIDER or BICEP/Keck, these are antenna-
coupled transition-edge sensor (TES) bolometers (BICEP2 and SPIDER Collaborations
2015), while Planck had feed-horn coupled ones. BICEP/Keck and SPIDER have
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3 From raw data to maps using SPIDER data — 3.2 SPIDER raw data

co-located orthogonal oriented antennas, which allows a direct measurement of
the polarization of the incoming light. The analog signal coming out from these
bolometers is read in parallel using multichannel electronics, which use time ordered
multiplexing, i.e. samples one channel at a time in the same wire. The signal is then
amplified and converted to digital units or ADUs (analog-to-digital units).

These raw data are then stored in the form of what we will call here Time Ordered
Data (TOD). Sasha Rahlin’s thesis (A. Rahlin 2016) provides very extensive details of
the cryogenic detectors and readout system, as well as a summary of the scanning
strategy, gain estimation, etc., that we will not reproduce here. The simpler strategy
from BICEP/Keck is summarized at the end of this chapter.
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Figure 3.1: Top left: a raw TOD from the SPIDER telescope over 5 hours. Top right: the
same TOD filtered and cleaned by our algorithms described in this chapter. In the
bottom, we have a zoom on 30 minutes, with raw data on the left and on the right
the final TOD in Kelvin, after calibration.

In figure 3.1 we show a raw TOD of a given detector from SPIDER. On the top left,
we see more than 5 hours of data. We see that the baseline level jumps many time
during this time frame. We see large jumps that are thought to be due to a change of
regime on the electronics due to the large signal deposited when data is sent to Earth
with the iridium antenna. The smaller jumps are due to large jumps in other detectors
on the same multiplexing wire. For a review of this effect as well as many other noise
pathologies, we can read Ed Young’s thesis (Young 2018). In the bottom row, we see
a zoom on this TOD, where we clearly see a modulation, which is mostly due to the
CMB dipole, but could be also due to any other scan-synchronous signal, for instance
from cloud emission pickup from side-lobes of the beam. We also see larger scale
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drifts probably due to changes of the temperature of the focal planes, as well as strong
lines, mostly due to cosmic rays hitting the detectors, or antenna transmissions.

3.3 Mapmaking

In the main pipeline, data was cut into 10 minutes chunks to avoid the slow drift of
the signal average, and an aggressive fifth order polynomial filtering was applied to
remove the dipole and the scan-synchronous noise. All the short glitches were just
flagged and removed from the analysis. The gain was computed using a new technique
introduced by Filippini et al. 2022, where a stepped electrical bias was applied to the
bolometers, to precisely measure the electrical gain, which can be transferred to the
optical gain (see A. Rahlin 2016 thesis).

SPIDER uses information from star cameras to construct a pointing matrix. This
matrix contains the position in the sky where the telescope is pointing, but also the
polarization angle for the telescope and a given detector with respect to the sky (see
previous chapter and Willmert 2019 thesis for a discussion on the very annoying IAU
versus HEALPix conventions).

The signal from a TOD of a given detector can then be written as :

d = g(T +y(Qcos(2¢) + Usin(2¢)) + n 3.1

where T, Q and U are the Stokes parameters at the position of the sky we are pointing
at, g is the gain of the detector, y is the polarization efficiency of the detector, ¢ is the
angle of the detector with respect to the +Q coordinate convention, and 7 is the noise.
This equation can be written in a matrix form as:

dt = Pmp + ng (3.2)

where d; and n; now have a dimension of (number of samples), m,, is a map vector
of dimension (3 x number of pixels) and P is the sparse pointing matrix, of dimension
(number of samples x 3 x number of pixels). In case of a Gaussian noise, the likelihood
for the observed map is then:

o~ 3 d-Pm)'N"! (d-Pm)
ZL(m)=P(dlm) = ’ (3.3)
V21|N|
where N is the noise covariance matrix N =< n;n;’ >. To get an optimal and unbi-
ased estimate of m we then maximize this likelihood, which leads to :

m=P'N'P)'P'N'a (3.4)
The map/pixel domain noise covariance is given by :

M= P'N'p)! (3.5)
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In a real world case, the noise is not simply Gaussian, white, etc. After flagging bad
data and filtering some of the modes (with filter F), we can still recover an unbiased
map, and the equations become

m=P'EN'P)"'PTFN"ld (3.6)
with covariance:
M= P'EN'P)"'PTEN"'FP(P'EN"'P)! (3.7)

This is the unbiased mapmaker that was used by the QUIET experiment (see Sigurd
Naess’ thesis: Naess 2012), which was developed in Oslo.

Solving for these equations is very intensive and many approximations can be used.
For instance Planck uses a destriping mapmaker (see Planck Collaboration 2014)
where they fit for offsets between different observation rings (when the satellite is
rotating) that do not have the same baseline due to 1/f noise variations. For a nice
review of many possible mapmaking variations, see Poletti et al. 2017.

One possible approximation is to consider the noise uniform and white, i.e. N is
a diagonal matrix, with a constant noise o2 for each detector. The equation then
becomes a simpler binning and for each pixel p we have:

-1

!/
I, I L ¢y Sij d;j
B 2 o o |

where we here bin a sample of detector i at time j into a pixel p where it is pointing.
We omitted the gain and polarization efficiency for simplicity. ¢;; and s;; are respec-
tively the cosine and sine from equation 3.1, d’ is the filtered TOD. As long as we have
a good enough coverage, the matrix will be invertible and easy to compute.

For the Gaussian uncorrelated (diagonal) white noise approximation to be accept-
able, an aggressive filtering is applied and the estimation is no longer unbiased. This
binned mapmaking is still extremely useful to do quick checks of maps from TODs
and can be implemented in a few lines of code. It is also what is used in the main
SPIDER analysis pipeline (see SPIDER Collaboration 2021). This requires a debiasing
at the power spectrum level, based on Monte-Carlo simulations (as described in Hivon
et al. 2002. See also next chapter).

3.4 Alternative Pipeline

The goal of our involvement in SPIDER was first to use the QUIET maximum likelihood
map-maker (see Naess 2012 or Tone Ruud’s thesis), which provides unbiased maps and
pixel noise covariance matrices. The QUIET mapmaker was designed for data from
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radiometers, not bolometers. These detectors, though more noisy, have much less
nasty glitches, jumps, etc. A lot of our effort then went into generating well behaved
TODs. Note that for our pipeline, we built upon the already existing metadata, like
gain variations, flags, instrument beams, pointing solution, etc. Note also that we
average every 5 samples to reduce the data memory, going from a sampling at 119 Hz
to 23.8 Hz.

This section is based on many postings we shared online for the SPIDER collabo-
ration on a private wiki'. While the text is original and simplified, most figures are
extracted from these postings and from extensive notes we wrote with Tone for the
people taking over our effort in the Oslo group. The codes were shared on a private
github but mine could be shared on request.

3.4.1 Filtering and noise modelling

One of the first steps of the QUIET map-making processing is to apply a bandpass
filter (the filter of equation 3.6, shown in figure 3.2), given by:

Fyp(f) = (1+(f§p)) 1+ f%)) N (3.9)
1.0
0.8 1 (
0.6 1
0.4
0.2
107! 10° 10!

frequency [GHz]

Figure 3.2: The bandpass filtered applied to data (see equation 3.9), where the dotted
orange lines represent fj,,, 20 times the scanning frequency of 1/70 Hz and fj, =
10Hz, while the apodization slopes are a;, = =300 and a;, = —20.

!All are available on this password protected wiki: http://spiderwiki.princeton.edu
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The goal of this bandpass filter in QUIET was to remove very slow scan-synchronous
noise due to weather as well as high-frequency features. It is a safe conservative filter
to apply, even though it removes some of the large scale signal®.

The second step is to measure the noise parameters that are then used to construct
the noise matrix N. We fit a 1/f noise model:

a
1+ ( / ) ] (3.10)
f knee

We can fit this model to the power spectrum of the TODs (using the nice trick from
Naess 2012 thesis).

With the features seen in figure 3.1, Fourier space filtering creates many ringing,
edge effects, etc. In figure 3.3, we show four short TODs between to turnarounds
of the telescope, and we see, for instance for detector x1r01c07, that the jump in
the original noise creates ringing after filtering. We also have edge effects, due to
applying a bandpass filter on a TOD in which some of the larger modes can not be
well evaluated, and thus remain in the filtered TOD. This is barely visible in the TODs
but much more when binning all the 12s TODs into a map, as shown in figure 3.4.

In figure 3.3, the noise model is also shown, and we see that with such short TODs it
is hard to measure the slow variations.
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Figure 3.3: On top we have 4 TODs (ADU versus time) of naturally continuous data
from SPIDER, with the name of the detector on top. In green we show the Planck
signal converted to ADUs, which is removed from the data to get noise only TODs
in light red. In purple we show the filtered TOD. The shaded colors corresponds
to flags from the official pipeline, the red axes mean this region is removed from
the official analysis, and the dotted means we also detected it in our flagging from
noise parameters thresholding. In the bottom we see the power spectrum (in
ADU? units versus Hz), as well as the fitted noise model.

2The mapping between TOD-level frequencies and map multipoles is complex, and can be recovered
with simulations, which I did to check how the different filters affect the multipole space.
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Figure 3.4: Here we show a simply binned map of 12s of data filtered using the same
filter as figure 3.3. We see a residual dipole due to a bad evaluations of the larger
modes on these short TODs.

3.4.2 Merging and large-scale fitting

To avoid the shortcomings introduced above, we decided to try to generate long, well-
behaved TODs. For this, we merged data into much longer timestreams, two between
two recurring long gaps (between two fridge cycles, explained in figure 6.3 of A. Rahlin
2016), i.e. roughly 6 per days. Of course then we are back to the original issue shown
in figure 3.1, with very large jumps, drifts, oscillations, etc.

We can then separate the signal into two regimes, one being on scales dys much
larger than our targeted cosmological scales, and one on smaller scales dgs:

d=djs+dss=Ta+dgss (3.11)

where T is a matrix with a set of n template functions, each of the length the number
of samples. a is the amplitude of these templates. Here our data dgg can be considered
as a Gaussian noise and we can use least-squares fitting, similar to equation 3.4:

a=T'N'D'T'N"'a (3.12)

In our case, we considered a constant noise, so the noise matrices cancel. Note that
solving this equation can be slow for large TODs with full resolution data. Since we
only want to fit for large scales, we decided to "decimate" the data by averaging every
100 samples on top of the 5 samples decimation mentioned above.

The template matrix can incorporate any templates we want. We used 4 types of
templates: offsets O, drifts D, cosines C and sines S. While the sinusoidal functions
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3 From raw data to maps using SPIDER data — 3.4 Alternative Pipeline

are on the full TOD range, offsets and drifts are fitted on subregions of the TOD where
the data is continuous, i.e. between jumps. Examples of these templates are shown in
figure 3.5:

10 0 " o 0
10 d” 0
10 dl(l) 0 c6p) c(26p) ... c(ndop)
. 0 20
o=|0 1 " p=| O d{Z) . C= C(.l) C(.l)
0 1 0 d¥? cBn) c8,) - c(nsdn,)
0 0 0
(nj)
dn—Jl
d(nj)

n

where for the drifts, d'”) run from -1/2 to 1/2, here for inter-jump regions of length
I, m and n. For the cosine matrix, we use c(6,) to represent cos(Zﬂ%). We do not

show S but it has the same structure as C, with sinuses. The template matrix T is just a
stack of these four matrices.
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Figure 3.5: Examples of templates used in our matrix.

To choose the maximum frequency we want to fit using our sinusoidal functions,
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we looked at the improvement of the y? as a function of maximal frequency. This is
shown in figure 3.6. We chose to use 4 times the scanning frequency as a maximum
frequency. This is far from the lowest frequency of the bandpass filter from figure 3.2.
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Figure 3.6: left: fit residual y? as a function of maximal frequency. Right: TOD and best
fit large scale for different maximum frequency. We see how the black curve did
not catch the dipole oscillations, while the red one does. The green curve catches
the scan-synchronous noise probably due to cloud pickup.

3.4.3 Jump finding

One of the steps necessary to define our templates is to find all the discontinuities
in the data, which define the boundaries of the different columns of the O and D
templates. We first used the "jump flags" from the official pipeline, but there were still
many residual jumps. We designed a new algorithm where we use the residuals after
large scale fitting and compute a running standard deviation. As can be seen in figure
3.7, the running standard deviation is stable for most data but has a discontinuity at
jump positions. If it exceeds a given threshold, we flag the region as a jump. These
jumps are added to our list and we iterate. We can see in figure 3.1 some of our jumps
found on along TOD.

3.4.4 Two-step least-squares fit

The issue with adding drifts and offsets to a sinusoidal basis is that it breaks the
orthogonality of the basis. Some of the large harmonic modes are sometimes very
degenerate with the drifts, especially when the inter-jump region is small. For many of
our TODs the condition number of our (T*N~1T) matrix was above 102 which made
the solution numerically unstable.

We switched to a two-step fit, where we first fitted for the offset and drift terms, i.e.
using a template matrix Top = [OD] to get the best fit amplitude agp.

We then went on to fit for full template matrix with a prior on the offsets and drifts:
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Figure 3.7: In blue we show a zoom on a TOD from which a first pass of the large scale
residuals were removed. We clearly see a discontinuity. In green we compute the
running standard deviation, with a window of 50 samples, the red dots around
the jump are flagged in further steps of the processing.

a=(Sgh, +T'N'T)"H(T"N"'d + S5],a0p) (3.13)

where Sop is the prior, built from the covariance of the first fit: Sop = (Top N~ 'Top) !
We left a bit more freedom in the fit by using 10 * Spp in the prior. This clearly helped
having more "physical”" solutions, as can be seen in figure 3.8, but the condition
number remained poor for some of the TODs.

3.4.5 Gap filling

The TODs that had the worst condition number after the two-step fit where the ones
with larger gaps. We then designed a gap-filling algorithm for the second step of
the fit. We used the results of the first step as a baseline, to which we added a fake
signal generated from Planck maps (including the dipole) and the local noise from the
estimated local standard deviation. We also did a linear interpolation to account for a
drift within the gap, using data from which we removed Planck signal (to avoid for the
cropped dipole oscillations to mimic a drift). This gap filling can be seen in figure 3.9.
It reduced the condition numbers to below O(10%) in most cases.
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Figure 3.8: Left: contribution of the offset/drift modes versus the sinusoidal modes
when doing a joint fit. We can clearly see the huge degeneracy of the large sinu-
soidal modes and the drifts. Right: same, but with a two-step fit.
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Figure 3.9: Zooms of the gap filled data and the fit projected on the unflagged part,
as used in the algorithm, for the same data as shown in figure 3.8. Left: On big
gaps, if there is a jump at one of the edge, the drift and dipole term can sometimes
dominate visually the gap filling data, but since this is used as a prior and fitted
out, it should not be a problem. Right: an example with a smaller gap, and a clear
jump.

53



3 From raw data to maps using SPIDER data - 3.5 Short summary of the BICEP/Keck
pipeline from raw data to maps

3.4.6 Preliminary SPIDER Maps

With all the effort described above, we have a way to generate long stable TODs, as
can be seen comparing the left to right column of figure 3.3.

Using the official pointing and gain, we can then use a binned mapmaker to produce
T, Q and U maps. These maps are shown in figure 3.10. Note that these are really similar
on small scales to the map from the official pipeline, but have large modes left. These
are preliminary maps from our effort with Tone Ruud. Further study was needed, for
instance to know if these remaining modes were cosmological or systematics from
the analysis. A work to relax our cuts in a controlled way would have also been great:
we were also applying very conservative cuts, for instance only allowing 3 iterations
of the jump finder and flagging the whole TOD if it did not converge. And of course,
our goal of using the QUIET mapmaking was not yet full-filled. Some of these issues
were solved from students that took over this project, we can see some in the thesis
from Harald Thommesen (Thommesen 2019). While we were advancing on this
project, the group in Oslo became more and more interested in performing a fully
Bayesian pipeline, going from raw TODs to cosmology, propagating all aspects of
data selection, filtering, etc. This is the core of a project called Cosmoglobeg, which
uses the Commander framework (Eriksen et al. 2004; Eriksen et al. 2008. This project
is supported by multiple ERC, and Norwegian national funding. An update on the
SPIDER analysis, based on our work was made recently and the video can be found
online?.

3.5 Short summary of the BICEP /Keck pipeline from
raw data to maps

Here we summarize how the BK pipeline goes from raw data to maps. Note that this
pipeline is fully independent from the SPIDER pipeline, and coded in matlab, while
SPIDER is in python, but many aspects are similar due to common origins of the
projects. For a great thesis on the data analysis, see Justin Willmert’s thesis (Willmert
2019).

BICEP/Keck instruments were introduced in chapter 2. Here we can just consider
that BICEP is a cousin of SPIDER, with same detector technology and a very similar
optical design, but on the ground, at the South Pole. The advantage at Pole is that
we can follow the same patch of sky during the whole winter season, just scanning
in azimuth. The telescope scans back and forth 100 times at constant elevation for
50 minutes (called a scanset), then elevation is changed by 0.25 degrees (see BICEP2
Collaboration 2014).

After every scanset, a relative calibration is possible using a 1 degree elevation "nod",
i.e. observing up and down through more or less airmass in a controlled way to fit

3https://www.cosmoglobe.uio.no/
‘https://www.youtube.com/watch?v=KMVJI8F1b0qA
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Figure 3.10: SPIDER T, Q and U maps (in uK) generated using a simple binned map-
maker from equation 3.8, using all the filtering algorithm described above.
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for a relative gain. One of the main differences with SPIDER is that BICEP/Keck uses
the differential signal of co-located orthogonal detectors. The common temperature
signal cancels and we are left with polarization only "pair-difference" TODs. Note
that SPIDER had too many broken pairs and solved for polarization by knowing the
orientation of each single antennas in the map-making equation.
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Figure 3.11: ATOD from BICEP/Keck. See text.

An example of a TOD is shown in figure 3.11. On top, we see the elevation nod (left
and right), and constant elevation, azimuth scanning in degrees (center), as a function
of time. In the middle row, we see the pair-sum TOD after relative calibration and
offset (in some arbitrary units). In the bottom we see the pair-difference TOD. We
can see effects of atmosphere in the pair-sum, while the pair-difference is quiet, the
atmosphere being very weakly polarized. Note that this figure is a high definition
plot from Justin Willmert's thesis (Willmert 2019), but a low resolution version is part
of diagnostic plots that are checked for all the data every week by members of the
collaboration, which is very unique and extremely valuable.

First, glitches (spikes, cosmic rays, etc.) are removed. Then these pair-sum and
pair-difference TODs are filtered with a third order polynomial. Using a stack of the 50
scans in each direction, in which the sky rotated but the ground is fixed, an estimate
of ground pickup is removed from the data. This is also a big difference with SPIDER,
where this large scale scan-synchronous signal was much harder to estimate.

Using a pointing matrix reconstructed using the star cameras, the TODs are then
projected onto a grid with a noise weighting to create T, Q and U maps (see equation
3.8). To suppress temperature to polarization leakage due to beam misalignment,
beam width or ellipticity misscalibration, etc., a technique called deprojection (see
BICEP2 Collaboration 2015) is performed, where the much higher signal of the T map
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is used to predict what effect these would have on the polarized TOD. Maps at 150
GHz can be seen in figure 3.12, extracted from Keck Array and BICEP2 Collaborations
et al. 2018, with on the left the signal and on the right, the noise estimated by randomly
assigning positive and negative signs while binning the TODs during mapmaking.
More recent maps are available in the latest BICEP publication using data until 2018,
see Keck Array and BICEP2 Collaborations 2021.

150 GHz T signal 150 GHz T noise

100

-100

150 GHz Q signal 150 GHz Q noise

Declination [deg.]

Right ascension [deg.]

Figure 3.12: 150 GHz maps from the BK15 paper.

3.6 My contributions

Within our Oslo-based SPIDER alternative pipeline, I developed and wrote all the
python code for the algorithms discussed in this section: the filtering and noise mod-
elling, the large scale least-squares fitter, the design of the template matrix and its
optimization, the jump finder, the two-step solution with prior and the gap filling
algorithm. I also wrote the binned mapmaker used to make the maps shown here.
Together with Tone Ruud, who was an expert of the QUIET mapmaker, we also devel-
oped all the parallelized pipeline to put all of these algorithms together to analyze all
SPIDER data from raw TOD to maps, using the OWL computer cluster in Oslo.
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In this chapter, I will describe some of the work I did in John Kovac’s group in
Harvard, within the BICEP/Keck (BK) collaboration. Most of this work was done with
a PhD student in the group, Victor Buza.

This chapter is based on many html postings we shared online for the BK collabora-
tion on a private website!.

4.1 Maps to power spectra

In the previous chapter, we summarized the BK pipeline from raw data to map (see
3.5). Once these maps are obtained, they are transformed into Fourier space? to create
E-modes, as explained in Willmert 2019 and seen in figure 4.1. At that stage, a clever
technique is applied to avoid E-to-B leakage due to sky cuts and TOD filterings (matrix
purification® - see Keck Array and BICEP2 Collaborations 2016a).

1All are available on this password protected website: http://bicep.rc.fas.harvard.edu/bkcmb

2This is possible for a small map like BICEP where the small angle approximation allows to use flat-sky
Fast Fourier Transforms instead of spherical harmonics.

3See also my preliminary work to adapt this code to CMB-S4: http://bicep.rc.fas.harvard.edu/
CMB-S4/analysis_logbook/20190130_Matrix_first_try/
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4 From maps to Cosmology using BICEP/Keck data—4.1 Maps to power spectra

BICEP3 lensed-ACDM simulation
E-mode Fourier plane (squared, no £(¢ + 1)/2x scaling) %1074
5

-500
4.5

-250

500

-500 -250 0 250 500
E.L’

Figure 4.1: A representation of the Fourier plane of E-modes from a BICEP3 simu-
lations, from Willmert 2019, with square of the imaginary part on the left and
real part on the right. We see the first and second acoustic peak. Due to the

filtering mentioned in the previous chapter, the large modes in the "x" axis are not
measurable. The red circles are the annuli in which we compute the bandpowers.

To obtain the angular power spectrum we average this Fourier plane in annuli of
radius A¢ = 15 to get 17 bandpowers between ¢ = 20 and ¢ = 580. These bandpowers
are biased, as mentioned in the previous chapter. We use 499 sign-flip noise simu-
lations (see 3.12) to estimate the mean noise bias and remove it from the data (as
introduced in Hivon et al. 2002). These noise simulations are also used to estimate the
variance of these bandpowers.

Since we just briefly introduced our noise simulations, we will here divert a little
to introduce the signal simulations. These are 499 HEALPix maps generated from a
theoretical power spectrum using CAMB, reobserving them using the pointing matrix,
and passing the resulting simulated TODs through the whole pipeline. We have 4
sets of simulations: unlensed ACDM, lensed ACDM, Gaussian dust only, and r=0.2
B-modes simulations.

Another effect we need to take into account is the effect of the beam and the fil-
tering (see previous chapter) on the power spectrum. For that, we simulate 6¢ = 1
maps to which we apply a beam, go through the same steps as the data and com-
pute the corresponding power spectrum. We can then reconstruct a mixing ma-

*We first multiply by ¢(¢ + 1)/27 to produce D, bandpowers.
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trix or bandpower window function (BPWF - see for instance the ones from CMB-
S4 on my public posting: http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_
logbook/20181127 bpwf_DC4/). The integral of these functions corresponds to how
much a given bandpower has been suppressed. Note that these suppression factors
apply both to the signal and noise, so it is not a measure of the loss of signal-to-noise.
We then divide all the bandpowers by these suppression factors to get an estimate of
the signal bandpower. The raw signal+noise bandpowers are shown in figure 4.2. In
that plot, we see how the noise bias is negligible in the signal dominated EE bandpow-
ers, but important in BB, except for the cross-frequency spectra where the noises are
independant. We see also the large effect of the suppression factor on EE.

This is also at this stage that the absolute calibration is performed. In the previous
chapter we explained how the detectors are relatively calibrated, using elevation
"nods". But to go from a relative calibrate ADU to uK, we compute the ratio between
a cross-spectrum of a BICEP map to the closest Planck frequency (say BK95 and
Planck90) and a cross-spectrum of that same Planck map to a reference Planck map
(say Planck143). Since the Planck maps are calibrated, if we take into account the
beam, filtering, etc., the cross-spectrum should be a constant, which is the calibration
factor.

Once all the data has been processed, we test for possible systematics using jack-
nives, i.e. differences of splits of the dataset that should be consistent with noise.
These splits are created to test for specific possible systematics, for instance splitting
according to the scan direction, or between high moon phase and low moon phase.
We then check that all of the bandpowers from these difference maps are consistent
with noise. A full table is for instance shown in Keck Array and BICEP2 Collaborations
etal. 2018.

4.2 Achieved performance

It is important to have a way to measure our achieved performance across several
seasons of observations, both to keep track of the evolution of our datasets, as well
as to use these to forecast future observations. Here we show a condensed summary
statistics of the achieved performance, based on our noise simulations. Having these
produced by other teams would be very beneficial in order to have a fair comparison
of the information content of a dataset. In this section, I introduce a study I made
based on some preliminary work from Colin Bischoff.

The noise spectrum of a given experiment can be modeled from a few parameters
(Knox 1995 and Tegmark 1997):

_ 90_2 _ fsky _ 47Tfsky02

Ny = =—==
NB2 By  NpiB’

4.1)

The beam By is unit-less, o is the noise of a given pixel, in uK, Q is the size of the
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Figure 4.2: BK15 selected bandpowers (£(¢ +1)Cy/ 271[,uK2]). On top, we have the raw
bandpowers of the data (black), the model (red) and the 500 colored simulations,
both for EE and BB. In the middle we have applied the noise bias correction, and
in the bottom we also applied the filter/beam suppression factor correction. On
the left we have the 95 GHz from BK15, in the middle the 150 GHz, and on the
right the 95x150 cross-spectrum. This is taken from a private posting from Justin
Willmert summarizing all the bandpowers of the BK15 dataset and many other
statistics.
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observed patch in steradian, and N is the number of pixels. w is the raw sensitivity in
pK=2deg™2, and fsky is the fraction of sky observed.

One of the usual figure reported by experiment is the map depth, in uK- arcmin,
which is defined so that it does not depend on the size of a pixel. If you have many
more smaller, noisier pixels, or a few big pixels with low noise, the depth should be the
same. The variance of a given pixel o2 varies linearly as 1 over the pixel area, we have

\/02% =/ N¢B? (: ij) 4.2)

We define the map depth directly from the noise bandpowers Npp:

map depth =/ Npp (4.3)

The noise bandpowers have had a suppression factor applied, including filtering
and beam effects, which is why we do not convolve with the beam. With this definition,
the map depth represents how "deep" our data are for a given multipole. Note that
this is in pK- radian, that we multiply by (180/x) to get uK- deg (and multiply by 60
for uK- arcmin). This is what we plot in the top pannel of figure 4.3.

As explained in Tegmark 1997, for an unfiltered observation of the CMB over a
fraction of the sky, the sample variance of our noise bandpowers Ny, is:

2 _
7 (Nop) = ¢zeeb,,(2e D oy P @9

where here the ¢ € bp represents the averaging in annuli of size A¢ = 35. We can
then estimate the effective fsr, per multipole due to filtering and beam effect using
the mean and standard deviation of the bandpowers of the 499 noise simulations:

2 Nop )’
. bp
effective = (4.5)
Jor = S @t D (U(Nbp))

In the middle pannel of figure 4.3, we report these areas both in terms of percent
and in deg?, by multiplying by 47 (180/m)>.

We then compute the survey weight, defined with the ratio:

Effective Area

(Map Depth)? (4.6)

Survey Weight = 2 x

Survey weight increases linearly with integration time or detector count. It is a good

metric for comparing the information content of surveys. The factor of 2 here comes

from the fact that we report the survey weight for total Q and U polarization, whereas
we only used the BB bandpowers here.

A caveat is that here we use the bandpowers from the noise simulations that are

already binned 2,’s, instead of C,’s. We do an approximative correction, multiplying
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Figure 4.3: (Top row) Map depth, in uK- arcmin. (Middle row) Map area in square
degrees and fii), in %, i.e. the observed number of B-mode degrees of freedom
divided by the nominal full-sky number. The turn-down at low ¢ is due to mode
loss to the timestream filtering and matrix purification. These two rows are shown
in Keck Array and BICEP2 Collaborations et al. 2018. (Bottom row) Survey weight
in uK~2. We show the 9 baseline bandpowers used in the analyses. The dot-
dashed lines show the map based estimated of these performance measurements,
not presented here.
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the bandpowers by lbiné—n

- We briefly studied how the noise spectra change when
using different definition of ¢5;, in http://bicep.rc.fas.harvard.edu/CMB-S4/
analysis_logbook/20190220 noiseparams_bk1l5 forS4. Here we used the flat-
C, weighted bandpowers.

While here we focused only on the full BK15 dataset, I did a finer study of all the
datasets of the BK team, including the ones after BK15, all the way to 2020. I showed
the poor performance of some of the 150 GHz receivers in early Keck Array years, as
well as good performance of 95 GHz receivers in general. 210 and 220 GHz turned out

to be stable over years, but the first years of 270 GHz had poor performance.

4.3 BICEP/Keck multi-component likelihood analysis

As mentioned in chapter 2, one of the main difficulties on the road to B-mode detec-
tion is the handling of polarized galactic foregrounds. Since the first BICEP2 paper
(BICEP2 Collaboration 2014) and the following BICEP/Keck and Planck analysis (BKP,
Keck Array, BICEP2 and Planck Collaborations 2015), we know that there is indeed a
B-mode signal, but compatible with a pure dust emission. To analyze the Planck data
together with BICEP2 data, a multi-frequency bandpower based likelihood was devel-
oped, modeling both the cosmological and the galactic components. For a detailed
review on this, refer to the thesis by Buza 2019. In this section, we will describe the
likelihood used for the BK15 paper (Keck Array and BICEP2 Collaborations et al. 2018).

4.3.1 The Hamimeche-Lewis likelihood

As first brought up in the BICEP1 analysis (Barkats et al. 2014), the number of degrees
of freedom per bandpower is small on large scales. This is visible in the middle panel of
figure 4.3, where less that half a percent of the modes available on full sky are observed.
While for smaller scales (or for full sky observations), where many modes are averaged,
the central limit theorem applies and the likelihood is Gaussian, here we need to take
into account its non-Gaussianity. For our analysis, we use the Hamimeche-Lewis (HL)
likelihood (Hamimeche and Antony Lewis 2008)°.:

~2log £ (Dy|Dy) = Xg M7 X, (4.7)

where ./ is the fiducial model’s (BandPower Covariance Matrix (BPCM)) defined be-
low, and X are bandpowers transformed to correct for their non-Gaussian likelihood:
[Xg] = vecp ((D)2g(D; 2D, D} ") (D))"2). (4.8)

Here Dy, are the model bandpowers (integrated into the BPWF to obtain bandpowers,
to which we add the noise bias), D, are the raw data bandpowers. They are organized
in a matrix of all auto or cross-bandpowers, i.e. cross-bandpowers of fields (TT, EE, BB,

SWe will use a mix of notations from (Barkats et al. 2014) and the HL paper
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TE, EB, TB), and data (BK95xBK95, BK95xBK150, ..., BK150xPlanck353, etc.). See Buza
2019 for an example of such matrix. vecp(A) gets the vector of distinct components of
a symmetric matrix A. g(A) is a function applied to the eigenvectors of A, with :

gx) =sign(x—1)v2(x—Inx—-1) (4.9)

Xg is then a vector with the dimension of all possible (N) auto and (N(N-1)/2)
cross-bandpowers times the number of bandpowers (here, M=9), i.e M N(N+1)/2.

The BPCM ./ is computed from the signal S and noise .4/ simulations, described
previously. It is composed of six terms of possible signal and noise combination:

* sig = signal-only terms Cov(S; x Sj, Sg x S1);

* noi = noise-only terms Cov(A; x N}, N x N));
* snl = signalxnoise terms Cov(S; x Aj, Sg x A]);
* sn2 = signalxnoise terms Cov(S; x Aj, A x S));

* sn3 = signalxnoise terms Cov(A; x S, Sg x A]);

sn4 = signalxnoise terms Cov(A; x §j, A x §).

The indices i, j, k, [ run over the experimental frequency channels. The average signal
bandpowers from the simulations is stored. For a new fiducial model and noise model,
we can compute new bandpower expectation values and rescale the corresponding
terms of the BPCM by the appropriate power of the ratio of the new to old bandpower®.
With only 499 simulations, some of the noisy estimates in the covariance matrix are
set to zero. All this is described in CMB-S4 collaboration 2022, or in great details in

Victor’s thesis (Buza 2019).

4.3.2 BK15 likelihood analysis

The previous section described the generic likelihood used in BK analysis. Here
we will describe some specificities of its implementation for BK15 (Keck Array and
BICEP2 Collaborations et al. 2018). In BK15, the likelihood model has a cosmological
component and a foreground component.

The cosmological component is

r lensi
Vixvz _ _© gytensor ensing
Dyp = 0_194,33 +ALD, s (4.10)

where @lgegj;ng and @;‘fg%"r are generated using CAMB (A. Lewis et al. 2000).

The foregfound model contains a dust, synchrotron and a correlated dust-synchrotron
component :

Note that, after checking its negligible impact, when sampling the likelihood, we do not update the
BPCM for every parameter step, just once for a given model.
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where v; and v, are two given frequencies, fq and fs are the spectral scaling of the
dust and synchrotron (see eq 2.17 and 2.18), defined precisely for instance in CMB-S4
Collaboration 2020. Since dust and synchrotron polarization arise from complex
galactic processes that are to some unknown extent correlated, we model this with a
correlation parameter €. Azi and A/, are decorrelation parameters. Aq is the dust power
in uK? at a pivot frequency of 353 GHz. Agy is the synchrotron power at a pivot of
frequency of 23 GHz. both are defined at £ = 80. and the ¢ dependence is a power law
with slope a4 and as, defined in terms of 2, = ¢ (¢ + 1) C¢/2n. Note also that we do
not fit for synchrotron decorrelation in BK15.

In BK15, we ignore CMB temperature and mostly only use BB spectra. In some
variants of the likelihood we also include EE and EB spectra, in which case we model
the E foregrounds the same way as the B ones, but scaling the dust and synchrotron
powers Aq and Agync by EE/BB = 2, which is compatible with observation by Planck
and SPASS (Planck Collaboration 2020b and Krachmalnicoff et al. 2018).

(4.11)

(ag+ag)/2

4.4 BK15 results

4.4.1 Baseline analysis

In the baseline analysis of BK15, we use all BICEP2 and Keck data until 2015, i.e as we
have seen in 2.3, 14 receiver-years at 150 GHz, 4 at 95 GHz and 2 at 220 GHz. We also
use the 23 and 33 GHz bands of WMAP and the seven polarized bands from Planck (30,
44,70, 100, 143, 217 and 353 GHz). We only use the first nine bandpowers described
above. The bandpowers are shown in figure 4.4.

We use the eight-parameter likelihood defined above, which we explore using a
Markov Chain Monte Carlo (MCMC), specifically COSMOMC (Antony Lewis and Bridle
2002). The parameters and priors are summarized in table 4.1. We apply priors on the
spectral indices of dust 8, (Keck Array, BICEP2 and Planck Collaborations 2015 and
P A.R. Ade et al. 2015) and synchrotron B (Fuskeland et al. 2014). In COSMOMC, we can
not use a model with non-physical r<0 values. As discussed briefly in the BK15 paper,
these priors could induce biases. We illustrate this in figure 4.5.

To check that our priors do not introduce any biases, we run COSMOMC on our 499
simulations, and we see that half of the results were peaking at 0 and the other half was
peaking above 0 (see figure 19 of Keck Array and BICEP2 Collaborations et al. 2018).
Note that we also fix the tensor spectral index nr =0, and the lensing amplitude Ay
to the one predicted by ACDM. We also assume no dust nor synchrotron decorre-
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Figure 4.4: Full set of BB bandpowers (100/C,/2x in uK?). Black spectra involve BK
data, blue are fully external data. The black curve is a lensing only signal, whereas
the red one includes a foreground model. Figure extracted from Keck Array and
BICEP2 Collaborations et al. 2018.
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Figure 4.5: In this toy model, we have a distribution of two correlated parameters. If
we marginalize over the full range, we have unbiased measurements, but if we
restrict to the positive part of the top parameter (red), we can bias the fit of the
parameter on the right. If we restrict to the top>0 and right<1, we can bias both
parameters (yellow).

lation. The full COSMOMC parameter file, defining all of these including convergence
parameters are available here http://bicepkeck.org/bk15 2018 release.html.

Another much quicker algorithm is used in our pipeline, which finds the maximum
of the likelihood using MINUIT (James and Roos 1975). This can be run on our suite
of 499 simulations (lensed-ACD M+dust+noise) to check that we recover the input
cosmology. This is indeed the case, as see in figure 20 of the BK15 paper.

In the following, we will report the peak value of the likelihood as well as lower and
upper limit obtained from the 1D marginal likelihoods, i.e. the parameters boundaries
for which the integral of the curve encompasses 68% of the curve, going down from the
peak. We also find the 95% limit from the cumulative distribution of the normalized
marginal distribution. We sometimes report the ratio R of the likelihood at 0 and
at peak, Wilks theorem (Wilks 1938) tells us that y? = —2log(R), we can then get the
probability to exceed PTE = 1/2 (1-cdf), from which we can obtain the significance
using the quantile function. The description of these results is largely taken from the
BK15 paper.

A selected projection of this 8 dimensional likelihood is shown in figure 4.6. We
get ro.05 = 0.02070:032, with ro 95 < 0.072 at 95% confidence, Aqg3ss = 4.675 uK?, and
Asyne,23 = 1.0752 iK?, (Async,23 < 3.7 uK? at 95% confidence). For r, the zero-to-peak
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Parameter | Unit Description Prior

Tensor to scalar power ratio,

f ) at a pivot scale of 0.05 Mpc~!

Flat prior [0,0.5]

Dust amplitude,

2 : 2
Aa [nK=] at ¢ = 80 and v=353 GHz Flat prior [0,15] uK
Synchrotron amplitude .
2 . 2
As [LK=] at £ =80 and v=23 GHz Flat prior [0,50] uK
. Gaussian prior A4(1.59,0.11) x
Ba - Dust spectral index flat prior [1.04,2.14]
Bs - Synchrotron spectral index Gaussian prior (=3.1,0.3) x

flat prior [-4.5,-2.0]

Dust t
. ] ust power spec rum Flat prior [-1,0]
power law index

hrot t
. _ Synchrotron power spectrum Flat prior [-1,0]
power law index

Dust-Synchrot
; _ ust-Sync rotron Flat prior [-1,1]
correlation

Table 4.1: Table of the baseline likelihood parameterization of BK15

likelihood ratio is 0.66, i.e. we have a probability to get a likelihood ratio smaller than
this is 18% if, in fact, r = 0. This was at the time by far the strongest limit put on r, and
from B-modes alone!

The maximum likelihood model, using the same priors, but without the r > 0
physical constraint, has parameters ro g5 = 0.020, Aq 353 = 4.7 uK?, Agync,23 = 1.5 uK?,
B4q=1.6, Bs =—-3.0, aqg = —0.58, ag = —0.27, and € = —0.38. This model has a probability
to exceed the y? of 0.19, which is acceptable. When running maximum likelihood
searches on the 499 signal+noise simulations we find that o (r) = 0.020.

4.4.2 Analysis variations

We also explored many variations from the baseline analysis choices and data selec-
tion and these did not significantly change the results. All of this is detailed in the
appendices of Keck Array and BICEP2 Collaborations et al. 2018 and the summary
here is inspired by the one we wrote in the main part of the paper.

Lifting the Gaussian prior on f4 slightly broadens the r constraint curve and we get
r0.05 < 0.079 (95%).

We also checked what constraint we get with BK data only. While the curve is of
course larger, the peak position shifted down to zero resulting in ry g5 < 0.063. For this
model, BK data is already at least as constraining as Planck for the high frequency
"dust" channels, but still needs external low frequency "synchrotron" data.

Concerns have been raised by the referee that the known problems with the LFI
maps (P. A. R. Ade et al. 2016) might affect the analysis—excluding LFI the r constraint
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Figure 4.6: Projections of the BK15 COSMOMC likelihood. In thin red we show the previ-

ous results from Keck Array and BICEP2 Collaborations 2016b and in thick black,

the BK15 results. The lower left corner plot shows the 2D marginalized constraints

on r, Az and A, whereas the other plots show the five other parameters, and

their imposed prior in dashed blue. Figure extracted from Keck Array and BICEP2
Collaborations et al. 2018.
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curve peak position shifts down to r = 0.012f8:8%§ (r0.05 < 0.065, with zero-to-peak

likelihood ratio of 0.90, and 32% probability to get a smaller value if r = 0), while the
constraint on Agync3 becomes 2.4*19 uK?.

We also checked many other dataset variations, and the shifts (e.g. omitting Planck)
are not statistically significant when compared to shifts seen in our lensed-ACDM+
dust+noise simulations.

Freeing the amplitude of the lensing power we obtain Ap, = 1.15f8:}2, and detect
lensing at 8.8¢ significance, which was the strongest detection from B-modes alone at
the time.

To check if a mis-parameterization of the foreground could induce biases, we used
more complex foreground simulations from the PySM (Thorne et al. 2016 Hensley
2015) and some based on MHD simulations (Kritsuk et al. 2017). These models are not
generated according to our foreground parameterization, and this could in general
produce a bias on r. However, for the models considered we find that such bias is
small compared to the instrumental noise.

Spatial variation of the frequency spectral behavior of dust leads to a decorrelation
of the dust patterns as observed in different frequency bands. As introduced in section
2.2.1, while this decorrelation should exist, its level is unknown and debated, and
here the question is how it compares to the current experimental noise. The baseline
parametric model assumes a fixed dust pattern as a function of frequency, so such
variation should lead to a bias on r.

We added a model variant, as seen in 4.11 that includes a decorrelation parameter.
To check our framework, We generated a simulation with high decorrelation according
to our model and were able to recover the input parameter in our likelihood analysis.
Using this new model variant only increases o(r) from 0.020 to 0.021, but for the
present dataset this parameter is partially degenerate with r and including it results in
a downward bias on r in simulations.
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Figure 4.7: r versus ng constraints from BK15 data together with external data from
the Planck 2015 chains (Planck Collaboration XII 2016), but with a 7 prior from
N. Aghanim et al. 2016 instead of the use of large scale polarization, as recom-
mended by the Planck team, before the Planck 2018 was out.

Another very important work, done by Victor Buza, is to combine the BB data
presented here with the Planck + BAO chains. This allows to put joint constraints on
r and ng, which is a one of the parameter spaces where different models of inflation
behave differently’. Figure 4.7 shows the constraints in the r versus 7, plane for Planck
2015 plus additional data (rp 05 < 0.12) and when adding in also BK15 (rg g5 < 0.062).
These were at the time the strongest constraints on r. For the first time, the V o ¢?
and V « ¢ inflation models now were entirely outside of the 95% contour.

“As explained in chapter 1, we are here theory biased by focusing on inflation models, but constraining
this parameter space is important for any early universe physics.
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4.5 Going from maps to cosmology without explicit
likelihood evaluation

Note that I here focused on the BK pipeline since this is what I worked on, the official
SPIDER pipeline to go all the way to cosmology is different but follows the same prin-
ciple: binned maps, absolute calibration using Planck, pseudo-spectrum that need to
be bias corrected, jacknives studies, and then a multi-frequency multicomponent like-
lihood analysis. This is the most common way to measure cosmological parameters
from maps.

Here I will very briefly summarize a project we did in Oslo together with Jeff Jewell
from JPL. The goal was to avoid these different steps and estimate the cosmological
parameters from the data without likelihood approximations.

As very well summarized in Ducrocq et al. 2022:

An entire slew of very diverse methods have been designed to produce
estimates of the temperature or polarization power spectra or estimates
of the cosmological parameters from a set of noisy CMB maps. We can
divide these in three broad categories. The first one includes the so-called
pseudo-C, approaches, e.g., Upham et al. 2019; Hamimeche and Antony
Lewis 2008; Hamimeche and Antony Lewis 2009; Grain et al. 2009; Hivon
et al. 2002, which compute the power spectra directly from the observed
noisy maps of the CMB sky. See Gerbino et al. 2020 for a review. The second
category involves the maximum likelihood methods Gjerlow et al. 2015;
Tegmark and Oliveira-Costa 2000, which maximize the likelihood of the ob-
served CMB maps with respect to the sought-after coefficients of the CMB
power spectra. The third category comprises the Bayesian approaches
using Markov chain Monte Carlo (MCMC) sampling methods, which di-
rectly target the posterior distribution of the estimated parameters, such as
power spectra, given the observed data. A number of such techniques exist
and some have been applied either for the power spectra or cosmological
parameter estimation. These include the Metropolis-Hastings sampler,
(Antony Lewis and Bridle 2002; Wraith et al. 2009; Eriksen et al. 2008), the
Hamiltonian Monte Carlo sampler (Taylor et al. 2008, Hajian 2007), or the
Gibbs sampler (Eriksen et al. 2004; Larson et al. 2007; B. Racine et al. 2016;
J. B. Jewell et al. 2009; Wandelt et al. 2004).

While BK analysis uses pseudo-C, approach, our method in B. Racine et al. 2016
was in the third category, trying to directly estimate for cosmological parameters from
the "map" data.

We can model our data vector d in pixel space, i.e. our observed CMB map, as:

d=As+n (4.12)

where A is a transformation matrix (simplest case would be beam filtering, but masks
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could be here to0). s is the CMB signal with power spectrum C, which depends on
cosmological parameters 0. n is the instrumental noise, with covariance N. Our goal
is to reconstruct P(Cy|d). Using Bayes’ theorem, the problem boils down to sampling
P(Cy,s|d).

The basic idea behind Gibbs sampling is to draw a sample from the joint posterior
P(Cy, s|d) by iteratively sampling from the corresponding conditional probabilities,

st — p(s|CE, d) (4.13)
CJt —P(Cyls™, d). (4.14)

These distributions can be computed, (see for instance in J. B. Jewell et al. 2009):

_lgtg-lg — s
e 25¢9¢ 3¢ e 2 C
P(Cyls) x P(Cp)—— =P(Cp)—;7> (4.15)
VIS¢l C7

which is the inverse Gamma distribution as a function of C;. 0/ = 5747 ¥ |agm/|?
denotes the observed power spectrum of s.
As shown in J. Jewell et al. 2004 the conditional sky signal density can be written as

1 N _ _ ~
P(s|Cp, d) o e 2579 8 HANTIAN(s=8) (4.16)

where § = (S +A'N"'A)"'AN"!d is the mean-field map (or Wiener filtered data).
Thus, P(s|Cy,d) is a Gaussian distribution with mean equals to § and a covariance
matrix equals to (S7! + A’N1A)~!. J. Jewell et al. 2004 also introduces a way to
generate such samples.

The issue arises when we want to draw C,’s. When sampling equation 4.15, the step
size is determined by the C, themselves or rather their cosmic variance. This works
well in high signal-to-noise, but not in the low signal-to-noise, where the width of the
posterior is determined by a mix of cosmic variance and instrumental noise. This is
illustrated in figure 4.8.

In our method, we replaced the step from 4.15 by a joint move where we generate
Cy and rescale the map generated with eq. 4.16 according to :

[i+1 ) .
—(s' -8 4.17)

[l

sz+l — §l+1

Instead of sampling the C, multipole-by-multipole, we can even directly sample at
cosmological parameter level using the proposal :

] i _Ypi+l _piNte-1(pi+l_pi
w(91+1|9l) =e 2(9 Gl) Ce C] Gl)’ (4.18)

where C can be a parameter covariance matrix derived from some earlier cosmological
analysis.
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Overall, as written in B. Racine et al. 2016, the full sampler therefore works as follows:

1. Propose some initial parameter vector 6°, and generate a power spectrum C?
with CAMB. Solve Eq 4.16, or rather equations 11 and 12 of the paper to get the
map s(09).

2. Propose a new parameter vector 8! according to the proposal rule w, and com-
pute the corresponding power spectrum C}.

3. Compute the deterministically rescaled map using equation 4.17, and evaluate
the accept probability according to equation 18 of the paper; accept or reject the
proposal according to the usual Metropolis-Hastings rule.

4. Given the most recent parameter sample, make a standard conditional Gibbs
step for the sky map, according to equation 4.16, and compute a new map.

5. Iterate 2—4.

The algorithmic trick presented above allows us to sample our distribution with
steps that are now following the real shape of the posterior in any signal over noise
regime, as sketched in figure 4.8. We validated our algorithm on simulations using our
own MCMC sampler. For more details, refer to B. Racine et al. 2016.

With this method, we do not need to correct for biases as we do in the pseudo-Cy
case, we do not need to approximate likelihoods like is needed in the maximum likeli-
hood methods. And this novelty of directly sampling cosmological parameters makes it
more physical (even though we could switch to sampling the Cy if needed). This is also
well suited for a full Bayesian analysis including component separation, or even TOD
filtering. It is used in the Commander framework (see https://docs.beyondplanck.
science/#/05_bibliography/index?id=commander-method-papers), mentioned
in the SPIDER chapter.

4.6 My contributions

When I joined the Kovac Lab, the BK15 data were ready to be analyzed. No-one had
looked at the B-mode data in detail yet. Before unblinding the data, Victor Buza and
I ran the full multicomponent analysis on a few selected simulations of the BK15
dataset. We tested the effect of applying different priors on the decorrelation parame-
ter, introduced for the first time in the model (by Victor Buza and Colin Bischoff), and
of new priors on the dust-synchrotron correlation. We also designed all the plots we
wanted to put in the BK15 paper, what kind of variations of the data, the model, etc.
we wanted to show.

I then ran the analysis on the real BK15 data. This led to figures 3, 4, 15 to 18, and
20 to 22 of Keck Array and BICEP2 Collaborations et al. 2018 and the content of the
corresponding text. This is what is also summarized in section 4.4

I then did a few studies, for instance:
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Figure 4.8: Illustration of the performance of different sampling algorithms in different
signal-to-noise regimes. We sketch the exploration of the joint distribution of
proposed C, and the signal map’s power spectrum o, = 1/(2¢ + 1) Y. | sy, |?. In the
high signal-to-noise limit (left column), standard Gibbs sampling steps (in red)
achieve both good acceptance rates and correlation lengths. In the low signal-to-
noise limit (right column), the cosmic variance, and therefore the step length, is
much smaller than the noise contribution to the posterior, and standard Gibbs
sampling results in a long correlation length. Joint sampling steps in which the
sky map is rescaled by the power spectrum, as proposed by J. B. Jewell et al. 2009
is illustrated in blue. Our method is shown in yellow, in which we exclude the
high signal-to-noise Wiener filter component of the signal from the rescaling
operation, and only modify the fluctuations around this mean-field map. The net
result is an algorithm that works in both low and high signal-to-noise regimes.
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e Showed that the width of the flat priors of A; on the r constraints for BK data
only was negligible.

* Checked that the shift due to opening decorrelation on data was compatible with
our simulations that didn't contain decorrelated dust. It was actually marginally
significant. I showed that it was not due to the cross-spectrum between BK95
and Planck 353 GHz, as was suggested in the team. I also studied if it could be
due to the prior on €, but our simplest simulations did not contain synchrotron,
so it was inconclusive. Using more complex magnetohydrodynamic simulations
that contained correlated dust and synchrotron, the shift was not remarkable
anymore. In the next round of analysis, they included synchrotron in the simula-
tions.

[ also applied the likelihood to all our simulations, letting the decorrelation
parameter free, and showed in a plot similar to figure 19 of Keck Array and BICEP2
Collaborations et al. 2018, that even with no decorrelation in the simulation,
there is a preferred shift of r towards 0, due to the imposed physical boundaries
(r>0 and A;<1) on correlated parameters. This is what we see in my figure 4.5,
in yellow. By repeating figure 19 of Keck Array and BICEP2 Collaborations et al.
2018 with decorrelation fit, we see that now 72% of the r curves peak at 0 and
many of the decorrelation A} peak at 1. This is one of the reasons why we did
not include decorrelation in the baseline.

» I worked on relaxing the constraints on EE/BB ratio when including E data and
measured the we are compatible for EE/BB = 2 for the dust, but not constraining
for synchrotron. We were seeing a shift in r on the high end of what was seen
in simulations and it was suggested that EB could be a source of it. I studied
the effect of zeroing the EB spectra to see its impact, but this made me realize
that we had some biases in our bandpowers, that were negligible in BB but not
anymore in EE. This was not easy to fix in the pipeline at the time and has been
improved since I left but still under study.

| then worked on a detailed study of the BK survey weight, map depth, and
effective fsr), at bandpower level, as summarized in section 4.2. This is an
important piece for the CMB-S4 forecasting (see next chapter) and was also a
good metric for all BK sub-datasets.

e Inaddition to all the data and model variations I studied for BK15 paper, I studied
in detail our detection of gravitational lensing from BB only. I used COSMOMC,
letting the lensing amplitude free, with and without Planck prior, and generated
a new figure for the BK15 paper. I also used the maximum likelihood method
on simulations to study the effect on o(r) and our o(Ayr). I used a technique
"increasing the temperature" of the MCMC, i.e. forcing to explore the parameter
space with larger jumps, to explore the tail of the marginal likelihood and get
a precise zero-to-peak likelihood ratio to compute our detection significance
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properly. We had a 8.80 detection, which was the strongest to date using B-
modes only.

e T also ran maximum likelihood on simulations for all the possible data variations
we presented in the paper, to get o(r) for all data combination.

* Answering the referee for BK15, I also showed that our first bandpower alone
can put strong constraints on r and showed that changing the priors on the a
parameter had negligible effect.

e Talso studied how the noise in our maps depends on the elevation and compared
it to prediction from analytical tools we use in CMB-S4.

For the project on sampling cosmological parameters from maps, the idea stemmed
from Jeff Jewell, who had been working on similar issues a few years before, while Hans
Kristian and Ingunn were the local experts in Oslo on this Gibbs sampling for CMB.
I wrote the full code and the paper, with Jeff’s contribution mostly on the statistical
aspect of appendix A.2.
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To search for very faint signals in the microwave sky such as the primordial B-modes,
we need to have a multi-frequency, multi-scale observation with the best possible
sensitivity, i.e. involving many thousands of detectors in multiple telescopes. This is
one of the goal of the CMB-S4 collaboration.

In this chapter, I will describe what is the observational status of the B-modes and
then describe my work in Harvard, as one of the most active members of the CMB-S4
B-modes forecasting group. Some of this work is reported the next section, the rest
being mostly shown in public postings ! and collaboration meetings.

5.1 Summary of B-modes experiments in 2022

As we discussed in the last chapter, BICEP2/Keck results using all available data up
to 2015 put the very tight constraints on primordial gravitational waves. Since then

"https://cmb-s4.uchicago.edu/wiki/index.php/Simulation_and_Forecasting_Logbook
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the collaboration published new results (BK18, Keck Array and BICEP2 Collaborations
2021), using data from 2011 to 2018, from BICEP2, BICEP3 and Keck Array experiments.
There are also other instruments measuring the polarized CMB, and in this section,
we will summarize the main ones.

While BICEP/Keck is targeting the large scale primordial B-modes, other bigger
telescopes are observing smaller scales where the lensing B-modes dominate. While
we here focus on B-modes, these large-aperture telescopes make high resolution tem-
perature and polarization maps, sensitive to many secondary anisotropies (lensing,
Sunyaev-Zeldovitch effect from clusters, etc.) which can be correlated to the optical
and infrared surveys. This can allow to measure the mass of neutrinos, test models of
dark energy, study galaxy evolution as well as the reionization era.

The B-mode summary plot is in figure 5.1. As we have seen in chapter 2, these are
located in high altitude, dry areas, and they target different scales and frequencies.
These are so called Stage-2 experiments, with &' (1000) detectors.
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Figure 5.1: Most recent measurements, as of Fall 2021, extracted from Keck Array and
BICEP2 Collaborations 2021.
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Figure 5.2: CMB observatory at the Cerro Toco in Atacama desert in Chile, altitude:
5190 meter. Credit: Debra Kellner

BICEP 3

Figure 5.3: CMB observatory at the Amundsen-Scott South Pole Station in Antartica,
altitude: 2835 meter. Credit: Sasha Rahlin
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5.1.1 Stage-2 experiments with published results
BICEP3 and BICEP Array

While the results presented in the previous chapter are based on the BICEP2 and
Keck Array telescopes, these telescopes have now been replaced by newer larger
refractor telescopes, BICEP3 and the BICEP Array, which can be seen in figure 5.3.
BICEP3 consists of 2500 Antenna-coupled transition-edge sensor bolometers in a
larger optical tube (52 cm diameter), observing at 95 GHz. BICEP Array has a larger
mount containing 4 wide-field receivers, at 30/40 GHz, 95 GHz (already observing),
150 GHz, and 220/270 GHz (planned detector deployment can be found here Moncelsi
etal. 2020).

South Pole Telescope (SPT)

SPTis a 10 m telescope located at the Amundsen-Scott South Pole Station in Antarctica,
on the same building as the BICEP3 (previously BICEP2) telescope, as is seen in figure
5.3. Its current version, SPT-3G, consists of more than 16000 lenslet-coupled detectors
at 90, 150 and 220 GHz (Benson et al. 2014; Sobrin et al. 2021).

Atacama Cosmology Telescope (ACT)

ACT is a 6 m telescope located at the Cerro Toco in Atacama desert in Chile, at an
altitude of 5190 m, as can be seen in figure 5.2, with its ground shield. Its current
version, AAVACT, consists of more than 5000 bolometers coupled with spline-profiled
feedhorns on multichroic arrays at 27/39 GHz, 90/150 GHz, and 150/230 GHz (Simon
et al. 2016; Henderson et al. 2016)

POLARBEAR/Simons Array

POLARBEAR-1 is an off-axis Gregorian telescope, in Atacama, with a 2.5 m primary
mirror. With three more 3.5 m diameter telescopes, Simons Array will observe with
more than 20000 detectors at 95 GHz, 150 GHz and 220 GHz Stebor et al. 2016; Arnold
et al. 2014; Suzuki et al. 2016. POLARBEAR-2a has been deployed with an ambient
temperature half-wave plate (HWP), and 2b and 2c will have cryogenically cooled
HWP.

5.1.2 Future stage-2 B-modes experiments

Here we review experiments that have not yet published B-modes results in 2022 but
are observing or close to first light.
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CLASS

The CLASS experiment, in Atacama, consists of one telescope at 40 GHz, two at 90 GHz,
and a dichroic telescope observing at 150/220 GHz, respectively with 72, 512, and 2000
feedhorn-coupled bolometers (Essinger-Hileman et al. 2014). For now only the lowest
frequency has been deployed. One of the main specificities of CLASS is a variable-
delay polarization modulators (VPM), which modulates polarization and allows to
remove a lot of the 1/ f noise. This should allow a measurement of the really large
scales, close to the reionization bump. To measure these modes, CLASS is observing
70 percent of the sky. This VPM also unlocks sensitivity to circular polarization (Stokes
V).

QUBIC

QUBIC is a European lead telescope which is based on a new technique called bolo-
metric interferometry (Hamilton et al. 2022). It uses a back-to-back horn array, which
will allow the formation of interferences on two focal planes (each with 992 bolometers
at 150 and 220 GHz). It combines the sensitivity of bolometers and the control of
systematic errors thanks to the redundant measurements of interference baselines.
Its frequency dependent beam should also allow for spectro-imaging, where a single
band will have access to sub-band frequency resolution. This has been verified in the
Technological Demonstrator (Torchinsky et al. 2022). The instrument has now been
installed in Argentina, and the observatory was just inaugurated in November 2022.

5.1.3 Stage-3 B-modes experiments

Most of the experiments above are either at South Pole or on the same site in Atacama,
see figure 5.2 and 5.3. While BICEP/Keck has now delivered very deep maps of the
polarized CMB on large scales, we are now getting limited by the lensing B-modes.
Stage-3 experiments combine degree-scale telescopes with much higher resolution
ones to delens.

Simons Observatory (SO)

SO is an effort to put together the Atacama collaborations mentioned above to build
new telescopes. The plan is to deploy a total of 60,000 dichroic polarization sensitive
bolometers, evenly split between a one 6 m large-aperture telescope and three 0.5
m small-aperture telescopes. It will observe at 27, 39, 93, 145, 225 and 280 GHz to
constrain galactic foreground and should constrain r with o (r) = 0.003 (The Simons
Observatory Collaboration 2018).
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South Pole Observatory (SPO)

SPO puts together the SPT-3G and BICEP3/BICEP-Array collaborations combining
existing facilities to design an ideal strategy to observe the CMB, using the large
aperture SPT telescope to delens the small aperture telescopes maps.

5.2 Forecasting the stage-4 B-mode experiment

The next generation (stage-4) ground-based experiment (CMB-S4) aims at gathering
SO and SPO into a mega-project at South Pole and in Atacama. It was conceived in
the Snowmass Physics Planning exercise in 2013 and its concept has greatly evolved
since then. The first extensive work was published in the CMB-S4 Science Book First
Edition (CMB-S4 collaboration 2016), where a "Science Book Configuration" was laid
out to set the science goals and estimate the necessary sensitivity.

I joined the CMB-S4 collaboration where we had to wrap up the first following
iteration of the forecasts for the report of the Concept Definition Task force (CDT)
(Lawrence et al. 2017) in which I participated in. After that, the goal was to refine
the science case, and define the "reference design", to reach milestones from major
public funding from the United States: the National Science Foundation (NSF) pre-
conceptual design and Department Of Energy (DOE) critical decision CD-0. This lead
to a major report introducing the reference design (CMB-S4 collaboration 2019b) as
well as a summary published for the Astro2020 Decadal Survey Report (DSR) (CMB-
S4 collaboration 2019a). We published this whole effort concerning the primordial
B-modes into a separate, more detailed paper, the first official paper from the CMB-S4
collaboration: CMB-S4 Collaboration 2020.

CMB-$4 has many science goals, mentioned in section 5.1, with a very nice summary
for instance in CMB-S4 collaboration 2019a. While some of these (neutrino science,
relativistic species, etc.) require observation of a large part of the sky overlapping
optical surveys, in this section, I will summarize the forecasting framework we used to
define the baseline r survey, aiming the detection of primordial gravitational waves.
The goal of this framework is to test what kind of configuration (number of telescopes,
number of detectors at each frequencies, sensitivity of the detectors, siting: Chile
versus Pole, etc.) will be needed to reach our science goal: detecting the B-modes at
r > 0.003 at greater than 50 or, in the absence of such signal, constrain r < 0.001 at
95% confidence level.

While most of the text here is re-written with a slightly different approach, it is highly
inspired by our published works (CMB-S4 collaboration 2019a; CMB-S4 Collaboration
2020).

5.2.1 Summary of our forecasting

The CMB-S4 baseline r survey is evolving, based on our understanding of the impact
of astrophysical foregrounds, instrumental systematics, delensing non-idealities, and
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analysis methodology. It is also highly constrained by budget limits. The forecasting
effort is then naturally iterative, with steps as follows.

1. Develop a semi-analytic power-spectrum-level Fisher forecast, assuming noise
performance scaled from analyses of real experiments.

2. Use this forecasting tool to optimize the allocation of detector effort across
observing frequencies.

3. Use these configurations to create map-based data challenges (DCs) for valida-
tion.

4. Estimate science parameters from the DC maps with independent component-
separation analysis methods.

5. Check that we recover analytic forecasts, in terms of variance and bias.

6. Iterate steps 1-5, injecting increasing realism.

I worked mostly on step 4-5 of the fourth Data Challenge (DC-4), and on the fol-
lowing step-1, where we included more realistic observing strategies for Pole and
Chile.

In our forecasting paper, we followed the chronology. We described the early Fisher
forecast, which was used to define the number of detectors needed at each frequency,
and was the input to generate the maps from step 3. We then at the end describe the
late Fisher forecast, which used more realistic observing strategies at Chile and Pole
and was used to decide of the siting of the telescope. Here I will separate the Fisher
forecast from the map based analysis, breaking a bit of the chronology. I will underline
when necessary the difference between the two versions of the Fisher forecast.

For the map based analysis, we had two pipeline. One, developed by Raphael
Flauger, was using the Internal Linear Combination (ILC) method (e.g., Tegmark and
Efstathiou 1996), which determines the linear combination of multipole coefficients
that minimizes the foreground and noise power without altering the CMB contribu-
tion. The other, which I worked on, building on previous work from Colin Bischoff,
Victor Buza, Justin Willmert, Steve Palladino and others, was using a cross-spectrum
likelihood based on the BK framework described in the previous chapter.

5.2.2 Semi-analytic Fisher Forecasting Framework

For the CMB-S4 Science Book (CMB-S4 collaboration 2016), people mostly based at
Harvard developed a semi-analytic forecasting framework specifically targeted to-
wards optimizing sensitivity to the tensor-to-scalar ratio, r, in the presence of Galactic
foregrounds and gravitational lensing of the CMB.

Our forecasts rely on assuming that we can scale down the achieved noise (see
section 4.2) based on increased detector count and integration time and that we can
apply beam-size and Noise-Equivalent Temperature (NET) rescalings to account for
the differences in experimental design.

As we have seen in chapter 4, Small Aperture Telescope (SAT) from BICEP/Keck are
the only one to have reached the level of systematics control and noise performance
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necessary to pursue a ground-based, high-precision measurement of B-mode polar-
ization down to low multipoles (¢ = 30), targeting the ¢ = 80 peak from the polarization
signature generated by primordial gravitational waves at the epoch of recombination.
Therefore, to forecast the performance of next-generation SATs, the machinery is
based on scaling the achieved performance of current published BK SATs, namely
the bandpower covariance matrices (BPCMs, see 4.3.1) and noise power spectra (Ny).
This automatically builds into the forecast all real-world inefficiencies including (but
not limited to): imperfect detector yield, non-uniform detector performance, read-out
noise, observing inefficiency, losses due to timestream filtering, beam smoothing, and
non-uniform sky coverage. For the delensing survey, mentioned after, we will use
SPTPol performance.

At its core, the code is based on the BICEP/Keck parametric power-spectrum-based
likelihood analysis (see section 4.3).

5.2.2.1 Fisher Formalism

Given a likelihood function of the form

exp{[~1(d - p©)TZ©0) "' (d - u©)]}

L(O;d) x
det(Z(0))

(5.1)

where d are the data bandpowers, 6 are the theory parameters, and p(0) and Z(0) are
the bandpower expectation values and the bandpower covariance matrix given the
parameters, we can calculate the expectation value of the log-likelihood curvature,
evaluated at the position of the best fit model:

Fiie <62 log L(6; d) > (5.2)
Y 00,00; /° '
This quantity is called the Fisher information matrix. It measures how steeply the
likelihood falls as we move away from the best-fit model, and F~! can be thought of as
the best possible covariance matrix for the measurement errors on the parameters 0;.

Inserting Equation 5.1 into Equation 5.2 yields
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(5.3)

We then calculate our parameter constraints as

;=1\ (F Y. (5.4)

v/ (F~1);; is the minimum obtainable standard deviation on the desired parameters
(Cramér 1946; Kendall 1979; Tegmark et al. 1997). Note that we can add external priors
of width o; to a given parameter 8; by adding P; = 1/0; to Fj;.
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Note that as we do for the BK analysis, we fix Z(0) = Z, making the second term of
Equation 5.3 identically zero. While in most Fisher analyses, people build the covari-
ance matrix from analytical models assuming some achievable observing efficiency,
filterings, etc., here we scale our BPCM from the achieved BK one (see section 4.3).

To build the Fisher information matrix (eq 5.3), we need to build bandpower expec-
tation values p and the BPCM. We will first define a basic instrument setup, then scale
the achieved performance from BK to this new instrument, use a fiducial model for
the signal and potentially add priors.

Since the forecast uses scaled BICEP/Keck bandpower statistics, we use the same
bandpower window functions (see section 4.1), as well as the nine multipole bins with
width A¢ = 35, with ¢ from 21 to 335.

5.2.2.2 Instrument definition

To be able to remove galactic foreground contamination, we want to cover as many
frequencies as possible. As we have seen in section 2.2.4, ground-based experiments
are limited to atmospheric windows due to oxygen and water opacity. We then defined
9 frequency bands which are shown in figure 5.4: 20, 30, 40, 85, 95, 145, 155, 220 and
270 GHz. Other configuration with 5 or 7 bands were tried in past iterations but proved
to have more significant biases.

The 8 highest frequencies are on SATs with 0.52m aperture, based on the achieved
BICEP3 technology. As we can see in the second line of table 5.1, the lowest frequencies
have a large beam to stay diffraction limited. To avoid the very large beam to wash-out
the signal out, it was decided to add the 20 GHz synchrotron channel on a Large
Aperture Telescope (LAT)?.

Note that the choice of split band around 90 and 150 GHz is a conservative decision
to be more robust against complex foreground emissions®.

The ideal per-detector NETs used later for scaling the noise for these telescopes
are calculated with NETlib.py4 at Cerro Toco (Chile) and South Pole. This code uses
the 10-year MERRA2 median atmospheric profiles (Gelaro et al. 2017) as well as basic
instrument models to compute the photon noise or the detector noise. To simplify, we
use the average of NET calculated for detectors at the two sites. One of the departure
from achieved performance is due to the fact that we here consider a focal plane
cooled at 0.1 K instead of 0.25 K. For our 9 channels, ordered by increasing frequency,
we get 214, 177, 224, 270, 238, 309, 331, 747 and 1281 uK+/s.

2See the work reported here: https://cmb-s4.uchicago.edu/wiki/index.php/Background_
on_20_GHz_channel.

3https://cmb-s4.uchicago.edu/wiki/index.php/Simulation_and_Forecasting_Logbook
has several postings and presentation on this subject, including mine: http://bicep.rc.fas.
harvard.edu/CMB-S4/analysis_logbook/20190308_MLsearch_no85n0145/.

“Code here: https://github.com/dbarkats/NET_forecast_python, which can be used
online here https://cmb-s4.uchicago.edu/wiki/index.php/New_NET_Calculator_and_
Validation
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Figure 5.4: Calculated atmospheric brightness temperature spectra (at zenith) for the
South Pole at 0.5 mm (PWV) and Atacama at 1.0 mm PWYV (both are near the
median values). Atmospheric spectra are generated using the am atmospheric
model (Paine 2018). The top-hat bands, in red and blue, are plotted on top of these
spectra, with the height of each rectangle equal to the band-averaged brightness
temperature using the South Pole spectrum. Figure from our paper: CMB-54
Collaboration 2020.

Table 5.1: Optimized instrument configuration for the r survey, as presented in the
CMB-S4 CDT Report. The beam here is the FWHM in arcmin.

Frequency [GHz]

Item 20 30 40 85 95 145 155 220 270 DL Total
Nget +---- 130 260 470 17k 21k 18k 21k 34k 54k 84k 250k
Beam 1 77" 58 27 24" 16 15 11" 85 1.0
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5.2.2.3 Noise Scaling

To build equation 5.3 for any CMB-S4 configuration, we will need to scale down the
noise compared to current noise levels. This is done at the level of the covariance ma-
trix. One of the advantages of keeping the six different terms of the BPCM separately,
as seen in section 4.3, is that we can rescale the noise and signal separately. We will
see in the next section how we treat the signal.

For frequencies already present in the BK datasets, we can simply multiply the
BPCM components that contain a noise term using the appropriate power of the
ratio of the noise that was used in the BK sims to the new noise for CMB-S4. For new
frequencies, short of new results, we use the best proxy available, i.e. we expand the
BPCM by adding new columns for the variance and covariance, based on the closest
frequencies. For instance, if we add a channel at 145 GHz and one at 270 GHz, we will
use the scaled variance from the achieved 220 and the 150 GHz from BK and their
covariance will be scaled from 150x220 GHz.

To scale the BK noise spectra to CMB-S4 ones, we scale the survey weight, as well
as the beam. The survey weight w will directly scale as the NET and the number of
detectors times the number of years 79", and we get :

ndet—yr NET?2 B2

Np 4 forecasted = Nz BK achieved —s saideal Pr,s4
,o4,Iorecasted — , ,achieve doi_ > >
nse ' NET B

BK,ideal "~ ¢,BK

(5.5)

—0(0+1)02
where B? , = e 86@ @, is the FWHM in radians, of the Gaussian beam. Note that

the BK simulations use non-Gaussian beams, but we rescale using the approximate
Gaussian. The beam width are reported in table 5.1.

The achieved performance enter in the form of noise bandpowers, and the NETs
are all computed as mentioned in the previous section, relying on the relative realism
of NETIib.py rather than its absolute precision.

The results shown here and used for the reference design are scaled from BK14
achieved performance, using preliminary 220 GHz data. For the current analysis,
which started after the work described here, I generated new parameters from BK15
(seehttp://bicep.rc.fas.harvard.edu/CMB-S4/analysis_logbook/20190829
noise_params_DSR/).

5.2.2.4 Theoretical model

For the signal part of the Fisher, which enters in ¢ and X of equation 5.1, we use a
parametric model very close to the one from BK (see equation 4.11), except that we
open the two decorrelation parameters. We end up with a 10-dimensional parameter
space: 1, Aqust» Bd> @d» Ad, Asynes Ps) As, As, €. As in BK analysis fix Tq = 19.6K. The
parameter Ap, (see equation 4.10), which just scales how much lensing signal remains
after delensing, and its value is fixed depending on the depth of the lensing survey
(see section 5.2.2.6).
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For most fiducial models in the forecasting exercise, we fix Agyst = 4.25uK 2 (best-
fit value from BK14: see Keck Array and BICEP2 Collaborations 2016b) and Agync =
3.8uK? (95% upper limit from Keck Array and BICEP2 Collaborations 2016b). For the
spatial and spectral variations, we use 4 = 1.59 (Planck Collaboration XXII 2016),
Bs = —3.10 Fuskeland et al. 2014), aq = —0.42; a5 = —0.6; and € = 0. We can also add
3% dust decorrelation Agq = 0.97 (Planck Collaboration Int. L 2016°) and As = 0.9999.

We use the same Gaussian prior as BK15 (0.11 for 4 and 0.3 for S, see table 4.1),
with flat unbounded priors for the others.

5.2.2.5 Observing strategy

Since the noise spectra come from BK observations of a specific scanning strategy,
we also need to rescale the BPCM when observing with different scanning strategies.
In equation 5.5, we considered that the survey weight only depends on numbers of
detector-year and NET, but if we were to observe a much larger region, the noise
would of course be higher. This needs to be taken into account.

The scanning strategy will depend on our observation. As long as we do not detect
any r signal, it is better to get deeper maps on a small area. If we start detecting signal
with good significance, we should start observing wider to observe more modes, check
uniformity, sample different regions, etc.

From South Pole, we can easily follow a small region of the sky with constant el-
evation scans as we do in BK. This allows to have very deep maps. From Chile, the
Earth rotation results in a more extended survey®. With the large field of view of the
SATs, and the continuous scanning strategy, we will have large edge tapers. There
was an effort to find realistic scanning strategies for deep maps in Chile and at Pole®,
targeting 3% of the sky in the south, near the expected foreground minimum, as well
as a slightly wider Pole map. These depth maps are shown in figure 5.5. Note that later
on, we will treat differently what we call "Chile deep" region, which overlaps the "Pole
deep", and "Chile shallow".

This non-uniform coverage of the sky means that we cannot simply consider that
the survey weight is a constant value over the sky and that we should just rescale
by the ratio of the observed part of the sky. The noise will increase in region with
less observing time, while the signal is constant. This effect will also depend on
the weighting we apply when computing the bandpowers. As briefly explained in
section 3.5, in BK we apply a noise weighting during map making and hence during
bandpower computation. In CMB-S4, the maps will not be noise dominated anymore
(with a strong detection of foregrounds and lensing).

We will need to rescale the noise power spectrum from equation 5.5, by an additional

SWe use squared logarithmic frequency evolution, and quadratic power spectrum, see equations A8
and A9 of CMB-S4 Collaboration 2020

6See https://cmb-s4.uchicago.edu/wiki/index.php/Deeper_SAT_from_Chile_IT and links
to the Pole versions. There are also links to videos with sky rotation.
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Figure 5.5: Detector-second hit patterns on the sky for small aperture telescope surveys.
top left: the actual BICEP3 2017 hit pattern, top right: idealized circular pattern as
used the map based analysis, middle left: simulated "Chile full" pattern, middle
right: simulated "Pole wide" pattern, and bottom: simulated "Pole deep" pattern.
Each pattern is normalized to the same sum and the color scales are equal. (The
"Chile deep" and "Chile shallow" regions referred to in the text are sub regions of
the "Chile full" pattern.).
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ratio fer;?ise'&l/ fer;;)ise’BK of effective sky fractions:
Quix X W?hilY; h;
fnoise il e S B 1 (5.6)
eff AT Zl wlz 4

where Qpix is the solid angle of a single pixel, w; are the weights for pixel i, and h;
are the hit counts.

We then also need to rescale the signal, noise and cross components of the BPCM
(see 4.3.1) by a ratio of the following factors to take into account the different number
of modes observed”:

iy (Z; w}h7 1)’

noise — , 5.7
fSky 4 Zi wfhl_z ( )
fsignal _ Qpix (Zl w?)z (5.8)
Sky - 47 Zi w;l ’ )
2 21,—1
fs(i(r;ss _ Qpix i w; i w; hi (5.9)

41
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In the case of BK, as mentioned above, the weights are the inverse noise variance,
i.e., w; = h;, whereas for CMB-S4, we include the signal too, which is provided by
using the residual lensing and residual foreground after ILC. In table 5.2, we show
these BPCM effective sky fractions in the simpler case of inverse noise weighting. For
comparison, the BICEP2/Keck and BICEP3 values are (1.0, 1.3, 1.1) and (1.9, 2.7, 2.3)
for signal, noise, and signal-cross-noise respectively.

Note that in section 5.2.2.4 we use a fixed foreground amplitude in the model. This is
an acceptable simplification for this exercise when observing the small patch targeted
to have low foregrounds. But in the maps above, some regions with high Galactic
emission are also observed. Realistically, we would mask such regions when analyzing
the maps. To assess this effect, we used masks based on a smoothed Planck 353
GHz polarized intensity map, keeping the cleanest 30% or 60% of the full sky (28%
and 58% after apodization)®. We then used these masks to disregard some of the
pixels, resulting in a degradation of the constraints on r. We also boost the remaining
foreground in the "Chile shallow" case by a factor 3.22 with respect to the deep patch.
This scaling is based on the dust amplitude measured in the map-based simulations
for surveys observed from the South Pole or from Chile, using a map with spatially

I showed this on a 1D toy model, where I compared what the power is for different
weightings for signal and noise: http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_
logbook/20181018_1Dmodel_tapering_study/. For our case, here are some notes
from Raphael Flauger: http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_logbook/
20190430_sigmar_vs_r_forDSR/EffectiveFsky.pdf.

8These masks can be seen overlaid on the Commander foreground maps in figure 8 here

http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_logbook/20190511_sigmar_vs_
r_galcuts/
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Table 5.2: Effective sky fractions for signal, noise, and signal-cross-noise, as percent-
ages, for the observation patterns shown in Figure 5.5, and the case of
inverse noise-variance weighting (i.e., equations 5.7-5.9 with w; = h;). Here
"SP" is the South Pole and "CH" is Chile. Note: the CH Shallow numbers
appear larger than CH Full due to the effects of the weighting. We also report
the fraction of sky with non zero coverage, f; rllcg’,n_zero.

SPdeep SPwide CHdeep CHshallow CH full
signal
fsky 1.9 4.3 2.4 10 5.9
orse 2.9 6.5 3.4 20 18
Sclf;)ss 2.5 5.5 3.0 16 12
srll(g’,n_zero 5.0 12 5.0 47 52

varying foregrounds based on Planck data®.

Note that in the early loop, the problem was simplified by assuming a non-realistic
uniform 3% coverage, and approximating BK to have a uniform 1% sky fraction, i.e.
boosting the BPCM noise and cross terms by a factor 32 or 3 to take into account
the higher noise and an overall factor of 3 to the whole BPCM to account for the
observation of more modes. This is what we get if we use w; = h; = constant in
equations 5.6-5.9.

The realistic observing strategy scalings were only applied in the late loop.

5.2.2.6 Delensing

As we have seen in chapter 4, current measurements are close to reach the lensing floor,
i.e. improving the noise sensitivity will not be useful if we do not perform delensing
(see section 2.1.3.5).

In the early loop, we considered a high resolution LAT, assumed to have 1-arcminute
resolution and noise performance equivalent to the 145 GHz channel from the SATs.
Using a similar method than Smith et al. 2012 (figure 3 for instance), we could then
translate a given map noise into a delensing efficiency. Technically this was done by
scaling down A; in our model. With the optimized distribution of detectors from table
5.1, we expect 90% efficiency of delensing, i.e. A; =0.1.

This is of course a strong approximation, as we know that foreground will play
arole at small scale (see for instance work on the effect of foregrounds on lensing
reconstruction from Fabbian et al. 2019 and Beck et al. 2020). The LAT reference
design, which was done independently from the SAT reference design described here,

9This is a crude estimate described here: http://bicep.rc.fas.harvard.edu/CMB-S4/
analysis_logbook/20181106_site_dep_fg_residual_bias/
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uses two LAT in Chile, which are designed for the other science goals of CMB-S4 and
one LAT at Pole, specially tuned for delensing the B-modes (see tables 3-2 of CMB-S4
collaboration 2019b).

In the late loop, considering these LAT configurations, Raphael Flauger used an
ILC to derive the noise levels after component separation, assuming that polarized
foreground emission is dominated by Galactic synchrotron and thermal dust emission.
Using the ILC noise power spectrum, we then forecast the performance expected for
iterative EB delensing (Smith et al. 2012), as shown in figure 5.6.
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Figure 5.6: Forecasted lensing AL residual (grey scale plus colored contours as labeled)
using the EB-only iterative delensing (Smith et al. 2012), as a function of the
beam FWHM and noise level in Q and U. Figure from our appendix in CMB-S4
collaboration 2019b.

For the Chile LATs, covering roughly 70% of the sky, the ILC procedure predicts that
73% of the lensing power can be removed after 7 years of observation, while for the
South Pole LAT covering the approximately 3% region, we expect to remove close to
90% of the lensing power. Note that we use here the same coverage map as in section
5.2.2.5. Note also that these numbers assume inverse noise-variance weighting rather
than a weighting scheme that accounts for both signal and noise. For the reference
design inverse noise variance weighting is typically suboptimal, and in all the forecasts
presented below we employ weights that account for both signal (e.g., for r = 0 lensing
residual after foreground removal) and noise. Even though, for the same survey, this
leads to slightly higher noise and lensing residuals, the increase in the number of
modes overall reduces the lensing sample variance contribution to o(r), especially
for small, deep patches. In practice we determine the optimal weights iteratively,
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accounting for the effect on the SAT and LAT analyses and find rapid convergence.

5.2.2.7 Forecasting results and instrument definition and siting

We study 4 variations with r = 0 and one with r = 0.003, which are the two scenarios
of our science goals, and with or without decorrelation.

Early loop: optimization of the detector distribution for the CDT report

In that iteration, using a more basic observing strategy scaling and lensing, Victor Buza
and others used the machinery to optimize the distribution of effort per frequency.
Effort being defined as the equivalent number of detector-year at 150 GHz, scaled
as (v/150GHz)? for other channels to approximate the focal plane area dependence,
since this is the major cost driver. Using a 10-dimension steepest descent algorithm,
they showed that it requires more than a million 150 GHz equivalent detector-years to
reach our science goals, i.e. in four years with the distribution from table 5.1. This was
the configuration reported to the National Science Fundation, in the CDT Lawrence
etal. 2017. See CMB-S4 Collaboration 2020 for more details.

Late loop: optimization of the detector siting with realistic observing
strategies for the reference design of the DSR

In that new iteration, we used the more evolved scalings, and a mapping of the
detectors from table 5.1 into dichroic optics tubes was performed'?. We varied the
siting (Chile versus Pole), number of tubes, and observing strategies. In all cases, a
delensing LAT at Pole concentrates coverage on a small patch of sky, while Chilean
LATs provide delensing on larger sky areas. This ends up with the distribution shown
in table 5.3, for a total of 18 SATs (+1 LAT) and 153232 (+135)!! detectors during 7
years, i.e. 1073569 detector-years.

As we have seen in section 5.2.2.5, we have several observing strategy regions: "Pole
deep", "Pole wide", "Chile full" and its subregions, "Chile deep", which overlaps with
the "Pole deep" region, and call the remainder "Chile shallow". To obtain forecasts
for the "Chile full" region, we make separate forecasts for each Chilean sub-region
using the appropriate delensing level for that sub-region, we make the approximation
of independence of the measured modes, and add the o (r) results in simple inverse
quadrature. We can then get a forecast for the five different regions.

When we have a siting with telescopes both at Chile and Pole, and want the full
forecasting, we mimic a joint analysis over the overlapping region by taking the sum
of the "Pole deep" and "Chile deep" coverage maps and computing the corresponding

19Multiple possible options were explored here: https://docs.google.com/spreadsheets/d/
1B9A5-IYr1wAbOUgFDcnYv7q0_WXgXNU7Eh1fBRgavm4

HNote that we used 135 detector with a NET of 214 1K +/s, whereas in table 3-2 of CMB-S4 collaboration
2019b, we have 160 detectors with NET = 438uK+/s. Not sure what happened here, but this should
not make a big difference.
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Property LF CF High CF Low HF
Freq. (GHz) 30 | 40 || 8 | 145 95 | 155 | 220 | 270
Diameter (cm) 55 55 55 55 55 55 44 44
FWHM () 728 | 728 || 255 | 255 | 22.7 | 227 13 13
Bandwidth 03 | 03 | 024 | 022 | 024 | 022 | 022 | 0.22
NET (uKy/s) 177 | 224 || 270 | 238 | 309 | 331 | 747 | 1281
Net 288 | 288 || 3524 | 3524 || 3524 | 3524 || 8438 | 8438
Ntubes 2 6 6 4
Nyafers 24 72 72 36
Niyafers total 204

Netectors 576 | 576 || 21144 | 21144 || 21144 | 21144 || 33752 | 33752
Netectors total 153232

Data rate 1.7 TB/day

Table 5.3: Small-aperture telescope (SAT) receiver properties, with center frequency,
primary lens diameter, beam FWHM in arcminutes, fractional bandwidth of
the beam, NET per detector, number of detector per optics tube, number of
tubes and number of wafer (arrays of detectors). We also show the data rate
for the 18 tubes.

weights and lensing residuals. We then add the "Chile shallow" results in inverse
quadrature.

We also explore the possibility of unmodeled foreground residuals contributing
residual power to the cleaned maps. We use the BK foreground minimum (95 GHz)
at ell=80 as an estimate of the foregrounds amplitude and translating this into a r-
equivalent. We then extrapolate it to the Chile observing strategy with a factor of 3
higher, as mentioned above. We also checked in map-based analysis (see next section)
that the unmodeled foregrounds leave a bias that scales linearly with foreground
amplitude. Here we consider the foreground residual to be 1% of the total foreground,
which is of course a “soft” choice, and add it in quadrature to o (r). This is a crude es-
timate investigated in this posting: http://bicep.rc.fas.harvard.edu/CMB-S54/
analysis_logbook/20181106_site_dep_fg residual_bias/ and should be im-
proved in future iterations of the forecasting exercise.

The forecast will of course also depend on the fiducial value of r itself, and we use
r =0, 0.003, 0.01, and 0.03. We also check the case with and without decorrelation in
the fiducial model.

Results of the forecasting that lead to the reference design

To have a detailed look at our effort, look at this posting and links therein.
In figure 5.7 we show a summary the forecast on o (r) for four values of r and the
linear interpolation between these points, sampled on a high-resolution linearly-
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Figure 5.7: Constraints on r as a function of the value of r (see text).
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spaced grid. We assume an instrument with 18 SAT optics tubes and an observation
time of 7 years, with the five hit maps defined in section 5.2.2.5. Each band shows
different Galactic cuts, based on Planck polarized foregrounds: the upper edge uses
the cleanest 28% of the full sky, whereas the lower edge uses the 58% cleanest. We
explore the effect of turning on foreground decorrelation in the forecasting. We also
explore adding a foreground bias, in quadrature, with a 1% value of the equivalent r of
the current foreground minimum of the BK15 data at £ = 80. In the bottom plot, we
show variations of the siting for 18 optics tubes. For clarity, we only show the forecast
using the 28% cleanest polarized sky. Note that in the case where all the tubes are at
Pole, we use the "Pole wide" pattern for r = 0.01 since it yields better constraints

Tables 5.4 to 5.7 contain forecasted o (r) for different sitings. We show results for
two different variants: (1) with no marginalization over the decorrelation parameters
and for the 28% cleanest polarized sky; and (2) the same as (1), but marginalizing over
the foreground decorrelation parameters.

The first row represents the Pole only constraints. We consider both Pole wide and
Pole deep strategy, and take the best case. In the case where we have a strong signal, it
is better to go slightly wider, as can be seen in figure 5.7 for instance. The first column
represents the Chile only constraints. Here we use the Chile full constraints, i.e. the
quadrature sum of the deep, Pole delensed part and the shallow, Chile LAT delensed
part, of the Chile narrow strategy.

For the cross-terms, we use the combined Pole delensed observing strategy con-
straints, to which we add the Chile delensed constraints in quadrature. We highlight
the combinations that sum to 18 tubes in bold. We also present the 95%CL limit in the
case where r = 0 and the significance of detection in the case where r = 0.003.

Remember that our goal is 0.001 at 95%CL and 0.003 at 50. Since the output of the
Fisher framework is o (r), we need a way to convert these into our final statistics, taking
into account the fact that the likelihood is non-Gaussian. Colin Bischoff introduced an
ansatz for that step in this posting: https://cmb-s4.uchicago.edu/wiki/index.
php/Analytic_approximation_for_r_likelihood. Here we use that ansatz to
compute the marginalized r likelihood for every single Fisher case. We compute
the 95%CL using the cumulative sum of the likelihood, and the significance of de-
tection using the 0-to-peak ratio (see section 4.4.1). When we combine the Pole and
Chile, we take the product of the two likelihoods and calculate our statistics. Here we
make the approximation that the number of degrees of freedom (k in Colin’s posting),
just scales with Slll((;ise, with respect to the parameter fitted by Colin for the BICEP3
observation strategy. Note that these statistics correspond to a case where the signal
in our patch peaks exactly at r =0 or r = 0.003. Of course, a given realization of the
a r = 0.003 sky, the likelihood will peak at different values. In a future analysis, one
would want to then simulate this sample variance and compute the significance of
detection and 95%CL for a bunch of simulation and report the median value.

As we anticipated in section 5.2.2.5, the survey strategy from the South Pole is always
favored in the limit of small r, but for the highest r, the wider strategies are favored, the
turning point between the two depends on our assumptions. Note that the delensing
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Table 5.4: Combined 10* x ¢ (r) values (smaller numbers are better), assuming r =0
after 7 years of observation, keeping only the 28% cleanest part of the sky,
assuming no decorrelation and an observing efficiency in Chile the same as
at the South Pole. The bold cells conserve the 18 SAT optics tube count of
the reference design, while non-bold cells explore other counts at the South
Pole and in Chile.

Chile\Polef 0 6 9 12 18 30
6.3 5.0 4.5

Table 5.5: Same as table 5.4, but assuming additional foreground decorrelation param-
eters.

Chile\Polel 0 6 9 12 18 30

0

6 6.2 5.6 5.0
9 5.9 54 4.9
12 6.4 5.7 5.3 4.8
18 5.8 5.3 5.0 4.6
30 6.0 5.1 4.8 4.6

Table 5.6: Combined detection significance (larger numbers are better) for r = 0.003
after 7 years of observation, but same conditions as table 5.4.

Chile\Polel 0 6 9 12 18 30

0 3.7 45 49 5.4
6 4.3 4.8 5.2

9 4.6 5.1 54

12 3.6 49 5.3

18 4.4 53

30 5.4

Table 5.7: Same as table 5.6, but assuming additional foreground decorrelation para-
maters.

Chile\Polef 0 6 9 12 18 30

0 3.6 4.0 4.5 5.1
6 3.9 4.3 4.7 5.2
9 3.7 4.1 44 48 53
12 3.9 43 4.6 49 5.4
18 4.3 4.6 4.8 5.1

30 4.2 4.8 5.0 5.2‘
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requirements are stronger for the small surveys.

Short of active SATs that SO will deploy in the next few years, we here considered
that the observations from Chile are equivalent from the ones from Pole. Since this has
not been demonstrated, we also explored a pessimistic version where the yield at Chile
is half the one at Pole, in similar tables that can be found in CMB-S4 collaboration
2019b.

5.2.3 Map-based forecasting

As described in section 5.2.1, during our forecasting loop, we use map-based data
challenges to:

1. Check if our Fisher analysis prediction can be confirmed on a real analysis of
simulated data.

2. Test the effect of non-Gaussianity and anisotropy of Galactic foregrounds.

3. Simulate residual systematics and propagate their effect to biases and uncer-
taintyon r.

4. Check how inconsistencies between data and our parameter fits will impact r.

5. Study the foreground contamination on the lensing estimation'?.

Noise simulations

To produce map-level simulations it is necessary to translate the BICEP/Keck noise
bandpowers into a prescription for map noise. We do this by fitting the BK N/’s, after
taking out the beam smoothing, to a white + 1/f model (similar to equation 3.10) :

Y
) ) (5.10)

We obtain the white noise level Ny, the slope y, and e values. For the small-aperture
data, we find £ypee = 50 (60,60) with y of -1.5 (-2.8,-2.9) for BK’s 95 GHz (150,220). We
can then scale the noise level using the same neighboring frequency mapping as in
the previous sections, and scaling down the noise using NET and number of detector
year as previously'®. We assume a cut-off at £,,;, = 30 below which we do not recover
any information

To translate these map spectra to map noise levels, we must pick a specific scan-
ning strategies. We then generated Gaussian noise realizations from the N,’s using
HEALPix’s synfast algorithm K. M. Gorski et al. 2005 at each band and divide by the
square-root of the assumed coverage pattern such that the noise "blows up around
the edge" as it does in real maps.

FV(JH ::]Vb (1-+ (

knee

12The last point was only preliminary in DC-4 on which I worked, but is now a large effort of the
forecasting working group.

131n http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_logbook/20190829_noise_
params_DSR/ we can see more details for DC5, after the late loop.
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We studied three strategies: an ideal circular pattern with an effective coverage of
3% (04.00) seen in 5.5, a simulated realistic pattern for Chile (04b.00,an earlier version
of "Chile Full" from above) and the achieved strategy from BICEP3 (04¢.00). These can
be seen here!?,

Note that in CMB-S4 collaboration 2019b and CMB-S4 Collaboration 2020 we only
reported results for the nominal circular mask, which corresponds to what was fore-
casted in the early loop.

Signal simulations

We generate lensed CMB maps with and without r components using HEALPix (K. M.
Gorski et al. 2005), from power spectra simulated with CAMB (A. Lewis et al. 2000). We
then add models of the Galactic foregrounds'®:

0.

Simplistic Gaussian realizations of dust and synchrotron with power-law angular
power spectra matching the amplitude observed in the BK field, and uniform
Spectral Energy Distribution (SED)s from equations 2.18 and 2.17.

. The PySM (Thorne et al. 2016) model ald1f1s1, with (a) anomalous microwave

emission (AME), (d) dust, (f) free-free, and (s) synchrotron. The numbers cor-
respond to the models described in Thorne et al. 2016. Free-free and AME are
assumed to be unpolarized in this model and thus do not affect the analysis in
this paper.

. The PySM model a2d4f1s3, where the models are also described in Thorne et al.

2016. These include 2% polarized AME, a two-temperature model for dust, and
a curvature of the synchrotron SED.

. The PySM model a2d7f1s3, where the dust model is a more sophisticated physi-

cal characterization of dust grains as described in Hensley 2015. Interestingly,
this model does not necessarily conform to the modified blackbody SED.

. Here we use model 3, but replace the dust component by a model that incorpo-

rates H1 column density maps as tracers of the dust intensity structures, and the
polarization is generated using a phenomenological description of the Galactic
magnetic field as described in Ghosh et al. 2017. The model is expanded beyond
what is described in that paper to produce a modest amount of decorrelation of
the dust emission pattern as a function of frequency motivated by the analysis
of Planck data in Planck Collaboration 2017.

. A toy model, similar to model 0, but with a strong dust decorrelation suggested

in Figure 3 of Planck Collaboration 2017 (A%17*3%3 = (.85, at ¢ = 80), scaled to
other frequencies using the functional form given in appendix B of Vansyngel
et al. 2017, with a linear scaling in ¢. While such a model is not ruled out by
current data, it appears to be very hard to produce such strong decorrelation in

Yhttps://cmb-s4.uchicago.edu/wiki/index.php/Sims_with_nominal_Chile_and_Pole_
masks

15See more extensive description on my posting: http://bicep.rc.fas.harvard.edu/CMB-S4/
analysis_logbook/20181111_dc04_flatpriors/

101


https://cmb-s4.uchicago.edu/wiki/index.php/Sims_with_nominal_Chile_and_Pole_masks
https://cmb-s4.uchicago.edu/wiki/index.php/Sims_with_nominal_Chile_and_Pole_masks
http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_logbook/20181111_dc04_flatpriors/
http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_logbook/20181111_dc04_flatpriors/

5 Future of the CMB - 5.2 Forecasting the stage-4 B-mode experiment

physics-based models. Note also that as discussed in section 2.2.1, more recent
paper do not observe such strong decorrelation.

6. A model based on MHD simulations Kritsuk et al. 2017 of the Galactic magnetic
field, which naturally produces non-Gaussian correlated dust and synchrotron
emission.

7. This model is a modified version of model 00, where the brightness of the dust
varies across the sky. It does not include any decorrelation. It was mostly devel-
oped to study the effect of mask variations.

8. Model from Martinez-Solaeche et al. 2018. Using a three-dimensional model
of polarized galactic dust emission that takes into account the variation of the
dust density, spectral index and temperature along the line of sight, and contains
randomly generated small scale polarization fluctuations. It is constrained to
match observed dust emission on large scales, and match on smaller scales
extrapolations of observed intensity and polarization power spectra. This model
naturally produces dust decorrelation, due to a varying SED on the sky. It is also
expected to produce a flattening at low frequency, as is briefly reported in figure
19 of the paper.

9. Model developed by Vansyngel et al. 2017. In this model, each layer has the same
intensity (constrained by the Planck intensity map), but different magnetic field
realizations. It produces Q and U maps by integrating along the line-of-sight
over these multiple layers of magnetic fields. This magnetic field, contrary to
the previous model, is simulated down to small turbulent scales, which produce
more physically motivated non-Gaussian fluctuations in the maps (down to
small scales).

We use 500 realizations for models 1, 2, 3, 4, 6, 50 for model 5, 150 for model 7, 8 and
9. Models 1 to 4 use the large-scale modes of the real sky as measured above the noise
in the Planck data. Models 4, 6, 8 and 9, also contain a fixed signal realization. This
means that these models are intrinsically "single-realization". Models 0, 5 and 7 have
different seeds for each signal map and include the (Gaussian) sample variance. The
PySM models fill in the small-scale structure with power-law Gaussian extrapolations,
while models 4 and 6 naturally produce non-Gaussian small-scale structure. However,
all of these models are consistent with current data, and the more complex models
are not necessarily more accurate reflections of reality.

Note that in CMB-5S4 collaboration 2019b and CMB-S4 Collaboration 2020 we only
reported results for models 0 to 6.

Systematics simulations

Systematics are specific to a given instrument and by definition hard to model realisti-
cally. In our effort, we have taken the first steps in simulating various generic classes
of additive systematic by injecting additional noise-like components into the maps
and then re-analyzing them without knowledge of what was put in.
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We used components that are both correlated and uncorrelated across frequency
bands, with white, 1/¢, and white+1/¢ spectra, at varying levels compared to single-
frequency map noise or, for correlated cases, combined map noise. The leading-order
effects of such components are usually mitigated via explicit modeling or filtering (see
for instance section 3.4.1), but they may still produce map-level residuals. Examples of
mechanisms in this class include bandpass mismatches, beam and pointing variations,
calibration variations, cross-talk effects, half-wave-plate leakage, ground pickup, and
readout irregularities. This study was mostly developed by Steve Palladino, Justin
Willmert, Colin Bischoff before my time in Harvard: see https://cmb-s4.uchicago.
edu/wiki/index.php/Bias_on_r_from_additive_systematics.

Delensing simulations

As mentioned above, a lot of the current effort from the working group at the time of
writing is to evaluate our delensing capabilities on real map simulations with small
scale signal, this was not yet available at the time of my analysis. Instead, we scaled
down the lensing component in our maps by simply scaling Ay to 0.03, 0.1, 0.3 and 1.

Analysis of the simulated maps

We produced maps corresponding to the 1.2 x 10° 150-GHz-equivalent detector-years,
with the distribution of table 5.1. We then have two methods to analyze them, as
introduced in section 5.2.1. The ILC, which only relies on the frequency dependence
of the CMB and does not rely on assumptions about the spectral dependence of
foreground components was ran by Raphael Flauger. I was running the other method,
where we were using the parametric multicomponent likelihood method from BK,
and computing the maximum likelihood. The model is the one described in section
4.3.

Results from map-based analysis

Using the parametric method, I studied many variations of the analysis:

e r=0orr =0.003.

* With our without decorrelation in the model.

e With A;=0.03,0.1,0.3 or 1.

* For models 0 to 9.

For the three strategies mentioned above (04.00, 04.00b, 04.00c).

Varying the number of bandpower used in the analysis.

Checking the effect of removing the 85 and 95 GHz channel the recovered bias
on r, to study the effect of band splitting.

* Varying the priors on f and A;.
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Figure 5.8: On top we show a summary of the results for r with A; = 0.1, where Ap
is fixed in the fit, and with a large flat prior on ;. In red, the analysis of the
simulations with r = 0.003, in green, the r = 0 case. On the left, the case without
decorrelation in the parameterization, on the right, with linear-¢ decorrelation.
The outer error bars show the standard deviation o of the N, simulations max-
imum likelihood results, and the inner error bars show the error on the mean:
0/v/Nsim. In the middle we show L=-log(Likelihood). In the bottom, we show the
maximum likelhood parameters histograms for models 04.00 without decorre-
lation. We plot the mean of the distribution as a red line, and the fiducial input
value as a black line. We also report the mean and standard deviation of the
distribution.

Reporting all these results in this manuscript would be unnecessary, but the in-
terested reader can check my interactive postings here https://cmb-s4.uchicago.

edu/wiki/index.php/Simulation_and_Forecasting Logbook.

In figure 5.8, we show in the form of plots a subset of these results. Here we consider
a 10% residual delensing (A = 0.1), for the 3% circular patch, we fix Ay in the fit and
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let B, free'S.

Table 5.8: Results of two analysis methods applied to map-based simulation assuming
the CMB-S4 CDT Report (Lawrence et al. 2017) configuration and our suite
of sky models (DC4). All simulations assume an instrument configuration
including a (high-resolution) 20 GHz channel, a survey of 3% of the sky with
1.2 x 108 150-GHz-equivalent detector-years, and Ay, = 0.1. Note that results
for the last three simulations were not published in our papers because not
studies but the ILC method. The bias reported for model 0 for the parametric
method is described in the text.

Parametric Parametric

ILC (decorr. off) (decorr. on)

rvalue Skymodel o(r)* rbias* o(r)* rbias* o(r)* rbias*

0...... 0 4.4 -0.2 4.4 0.2 5.7 0.3
1 4.6 0.8 4.7 6.8 6.4 5.2
2 4.7 0.7 4.8 3.8 6.5 1.9
3 4.6 1.2 4.7 6.0 6.7 0.7
4 6.5 4.8 7.9 43 8.3 =7.7
52 18 17 31 340 15 0.2
6 4.8 -1.8 4.8 0.6 6.5 1.8
7 4.2 -0.2 6.0 0.0
8 6.3 42 8.5 25
9 . . 5.5 24 8.1 6.6
0.003 .. 0 6.6 -0.7 6.2 0.3 8.1 0.4
1 6.9 0.9 6.5 6.9 8.5 5.4
2 6.5 -0.1 6.4 3.9 7.9 1.9
3 7.0 1.4 6.6 6.7 8.7 0.9
4 11 7.1 10 51 11 -6.2
52 23 17 34 350 17 0.4
6 7.5 -0.2 7.1 1.4 8.6 2.5
7 6.4 0.3 8.9 0.9
8 8.3 41 11 26
9 7.7 24 10 -4.5

* All these are in units of 107#

% An extreme decorrelation model—see Sect. 5.2.3. The parametric anal-
ysis includes a decorrelation parameter. No attempt is made in the ILC
analysis to model decorrelation.

In table 5.8, we show results for model 0-6 together with the ILC ones and 7-9 for
our method. For model 1-6, the bias is obtained by subtracting the mean of the model
00 (to account for the negligible algorithmic bias of = +0.1 x 10~%). For this Gaussian

160ther prior choices are shown in http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_
logbook/20181111_dc04_flatpriors/
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foreground case, we report a bias based on the absolute value of the sample variance
on the mean for ~ 500 sims!”, which acknowledges statistical limitations exist even
for closed-loop tests calibrated by Monte-Carlo simulations.

In general, we see that for r = 0 the simple Gaussian foreground model 0 gives
o(r) =5 x 1074, exactly as expected from the semi-analytic formalism. As we progress
to the more complex foreground models, o (r) is generally in the range 5-8x10™%. The
level of biases is generally below 1o for all the models.

However, the strong decorrelation in model 5, as well as the high-significance
detection of decorrelation in the parametric analysis of model 4, do significantly
increase o(r) and the level of bias. This is expected for the ILC and the parametric
model without decorrelation fit, since they do not try to model it. When fitting for
it, the bias disappears, but by construction information is lost and the error bars
are larger. In fact if one believed in such a scenario, a different re-optimization to
concentrate the sensitivity at closer-in (less decorrelated) frequencies would be called
for.

le-3

—— circular 3% (04.00): o(r) = (2.2944, +0.207)  le — 3
35| —4— Nominal Chile (04b.00): o(r) = (1. 2624 +0.451) % le—3
—— Nominal Pole (04¢.00):a(r) = (3. 411A; + 0.227)x le — 3

4.0

3.0

25

15

10

05

0.0

0.03
0.1
0.3
1.0

A

Figure 5.9: Evolution of o (r) as a function of Ay, for the 3 masks. In blue the circular 3%
mask, in green the nominal Chile mask and red, the nominal Pole mask. The error
bars are an estimate of the error on the standard deviation, estimated as o /+/Ngim.
A linear fit is shown as a faded dashed line and the numbers are reported in the
legend. We circled plausible delensing levels for Chile (A;=0.3, in green) and for
Pole (A7=0.1, in red), to be checked with more realistic delensing simulations.

We also show in figure 5.9 how our constraining power changes with our delensing
capabilities, for the three different studied masks. We focus here on the Gaussian

17For instance for the first line of table 5.8, we report a bias of 4.4/1/500 = 0.2
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model 0, r = 0 and no decorrelation in the fit, but we studied all models and different
priors in this posting. The slope is steeper for the Pole mask, meaning that the delens-
ing is a great source of improvement. Overall, it seems like a Chile type observation
mask would be a better choice if we do not delens. But once the necessary delensing
is applied, a Pole mask performs better.

5.2.4 Conclusion of our forecasts

We have developed a Fisher forecasting tool based on real end-to-end on-sky achieved
performance, and checked the predictions with map-based simulations of increasing
complexity.

We showed that with a 3% sky fraction, we need 1.2 x 10° detector-years to achieve
our science requirement of o(r) =5 x 1074, 30% of this effort being dedicated to a
delensing survey. The optimal distribution of detectors is shown in table 5.1.

We then generated simulations with noise and delensing levels corresponding to
this distribution of detectors. We used different complex foregrounds to show that we
can still recover our science goal, as seen in table 5.8.

This was then mapped into telescope tubes with a more realistic distribution based
on possible technological designs, ending up in the distribution of table 5.3.

With this reference design, we complexified our framework to incorporate realistic
scanning strategies to study different sitings (Chile versus Pole) and see if they could
achieve our science goals in seven years. We found that the survey strategy from
the South Pole is always favored in the limit of small r, defining our baseline for the
reference design, with 18 tubes at pole. This requires a very good delensing which
simple simulations seems to achieve. More work is currently ongoing within the
collaboration to check this with realistic simulations. In the case of a detection, we
could then expand our sky area and deploy telescopes in Chile, where larger sky
fractions are achievable, requiring less delensing and observing more modes (if any).

5.2.5 Limitations of our forecasts

While we tried to stay rooted in achieved performance in our forecasts, there are a few
limitations and caveat to keep in mind:

* We made the assumption that the CMB-S4 bolometer bath temperature will
be 100mK, while BK’s is at 250mK. This results in lower NETs than currently
achieved. This is a departure from achieved performance.

¢ In the Fisher forecasting exercise, we assumed constant foreground amplitudes
over the observed patches (except for the 3.22 factor in the "Chile shallow" part).
Note that we also mask part of the sky based on polarized foreground cuts. This
does not reflect the complexity of foreground and their treatment.

* Related to the previous point, our treatment assumes single fits for foreground
parameters over the entire surveys (except "Chile shallow" versus "deep"), while
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a more realistic treatment would refit the parameters for smaller subregions,
which would reduce the sensitivities for larger sky fractions.

» Mitigating systematics and cleaning foreground to high precision will benefit
more from high signal-to-noise per mode than from the raw number of modes
measured. This would also penalize larger sky fractions.

e Whereas the different atmospheric conditions at the Pole site and Chile site
induce different NETs, we currently use the mean of the two sites’ NETs.

* Regarding delensing: while the SAT sensitivities have been increased substan-
tially in our last iteration, the delensing levels have remained the same. This
means signal-to-noise ratio per mode for the Pole is significantly above 1, and
we can gain information by delensing more.

* In the current optimization of the detector allocation (which was fixed in the
first iteration here), the delensing survey was assumed to have a NET equal to
that of the 145 GHz channel, and no multi-frequency information was used at
that level. More realistic optimization are being studied.

* The optimization that was used for the current 18 tubes configuration was based
on a constant 3% sky fraction. We could now re-iterate the frequency allocation
and the configuration for a given observing strategy.

* The filtering assumed in these forecasts is that of the BK published data, domi-
nated by the polynomial filtering and the ground subtraction. While this is one
of the main point in using performance based statistics, future analysis of the
BA/SPO and SO data might improve this loss of modes. We will then update the
forecasts.

» For wider patches, the neighbouring bandpowers should be less correlated,
which is not modeled for now in the off diagonal terms of the bandpower covari-
ance matrix. Only an overall scaling is applied.

* The survey strategies used here do not incorporate data cuts due to turnarounds,
sun or moon cuts, etc., which make Chile surveys less efficient. Such simulations
exist but need to be compared more carefully to actual survey strategies. The
effect roughly cancels with the mean NET assumption.

 The NET used for now are for an elevation of 60 degrees'®, whereas in some of
the strategies used here, we push down to 45 degrees. This is also something that
could be incorporated but is a subdominant effect for now.

* The achieved performance forecasting is based on BK data at 95 and 150 (and
220 GHz for the survey weight), but extrapolated down to 30 GHz and up to 270
GHz. We could mitigate this using lower frequency observations (CLASS, QUIET,
SPASS, or soon BICEP Array), and the latest BK bandpower statistics for higher
frequencies.

* We are for now using a simple decorrelation model, with a quadratic -dependence.
There is no data or model backing this choice up as far as I know. As our knowl-
edge evolves, more physical models could be tested.

18We studied the effect of elevation here: http://bicep.rc.fas.harvard.edu/CMB-S4/analysis_
logbook/20190220_S4_NET_forecasts_III/
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¢ As mentioned in the section 5.2.2.7, the statistics reported in the tables for now
assumes that the likelihood will peak exactly at the real r.

e For now we used the same depth maps for the LATs and SATs, whereas we expect
a smaller tapering on the edges with the small beams of the large telescopes.

5.2.6 Development since 2020

Our analysis led to the reference design with seven years of observations using 18
tubes in SATs at Pole and a LAT for delensing. the National Science Foundation stated
that this baseline was not supportable and asked for a an analysis of alternatives with
a smaller cost, mostly reusing existing facilities at Pole and Chile.

In this process, people complexified the analysis by having different detector NETs
at Pole and Chile, depending on PWV, elevation, etc. They also added new types of
telescopes, and other site and frequency dependent efficiency factors. They used
different models of foreground in the Fisher forecasting framework. Some of the
results were presented in https://indico.cmb-s4.org/event/34/, but all require
observation over more than 10 years and less margin on the science goals.

5.3 My contributions

When I joined the Kovac lab in Harvard, the first version of the Fisher forecasting
code was written and used to produce the the early Fisher forecast. I worked mostly
on the data challenge (DC4), using the maximum likelihood estimator adapted from
BK analysis to study simulations. A first version was published in Lawrence et al.
2017. I was then deeply involved in the late Fisher forecast, central to two important
publications (CMB-S4 collaboration 2019b and CMB-S4 Collaboration 2020).

Most of the work was first reported in our public wiki: https://cmb-s4.uchicago.
edu/wiki/index.php/Simulation_and_ Forecasting Logbook, where my contri-
bution can be seen in much greater detail.
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