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The study of the early universe goes in several directions. One of the most advanced at present is the 

statistical description of the power spectrum of primary temperature fluctuations of the CMB. These 

fluctuations are observed on the last scattering surface in the epoch of recombination of hydrogen at 

redshifts of about 1100. In addition, the global characteristics of the CMB spectrum carrying information 

on the global energy release in the epoch of z <105 are investigated. However, with all the tremendous 

achievements of these works, there are still directions completely unexplored in the experiment. 

The most obvious and promising is relatively high resolution spectroscopy combined with the study of 

individual fluctuations - the search and study of spectral-spatial fluctuations of the temperature of the 

CMB. In the field of the theory of such fluctuations, there is already a sufficiently large set of results on 

various aspects of physical processes and their quantitative calculation [1-3], as well as on the possible 

relationship with cosmological consequences of particle theory [4]  associated with the mechanism of 

inflation. In particular, the picture of the spatial and spectral distribution inside a separate proto-object 

is described in sufficient details.  

The distribution of brightness (intensity) along the radius of fluctuations for sufficiently small initial sizes 

of proto-objects is almost universal due to the fact that it is formed on at the last scattering stages of the 

epoch of hydrogen recombination. Before this moment, the radiation of the proto-object is locked near 

it due to large opacity for the Thomson scattering on electrons. The enlightenment increases rapidly 

only with a rapid decrease of the concentration of free electrons. Thus, all the observable geometrical 

parameters of fluctuations of size 10–20 'practically do not depend on the redshift of the proto-object. 

Only the amplitude will be different.  

Another important feature of these fluctuations will be their summation along line of sight. In the case 

of the continuum Planck spectrum for each individual fluctuation, due to the same dependence of the 

photon frequency and temperature from z, the result of the summation can be averaged. In our case 

each fluctuation lying on the line of sight has its own spectral system of details, corresponding to the 

redshift z of this fluctuation. As a result, when summing, these details will not overlap each other. So we 

get a full three-dimensional picture for the distribution of proto-objects. 

The details of spectral features of individual fluctuations are determined by the interaction of radiation 

with hydrogen and helium atoms in the Lyman series resonance lines and luminescence. The first 

mechanism gives effect in the Wien region of the CMB and has a form of characteristic leaps. The 

second mechanism gives distortions in the Raleigh-Jeans part of CMB spectrum. The spectral bands are 
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aJ.Ch. Hamilton, iS. Henrot-Versille, dE. Hivon, iH. Imada, aE. Kiritsis,
aD. Langlois, dM. Lilley, iT. Louis, jJ.F. Macias-Perez, eB. Maffei, hA. Mangilli,
hR. Mathon, fA. Monfardini, hL. Montier, hB. Mot, aF. Nitti, hF. Pajot,
aG. Patanchon, lV. Pelgrims, bV. Pettorino, aM. Piat, gN. Ponthieu, aD. Prele,
bT. Prouvé, hG. Roudil, dJ. Silk, aR. Stompor, iM. Tristram, dB. Wandelt,
kB. van Tent, aV. Vennin, fG. Vermeulen, aF. Voisin
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LiteBIRD is a space mission selected by JAXA as its Strategic Large Mission scheduled for launch
in 2027. LiteBIRD represents the next generation of CMB mission after COBE, WMAP, and Planck.
The science goals of LiteBIRD are to detect the primordial gravitational waves through the measure of
the tensor-to-scalar ratio, r, and to characterize the CMB B-mode and E-mode spectra down to degree
scales with an unprecedented sensitivity. With a sensitivity after component separation which reaches
�(r) = 10�4 on the tensor-to-scalar ratio, the mission defines “full success” for a final precision better
than �(r) = 10�3 including the post-cleaning contributions of residual foreground and systematic effect
residuals. This will be achieved using LiteBIRD data only, without applying any correction for lensing.
A further improvement in the B-mode sensitivity will come from the combination of LiteBIRD and
ground-based data (including delensing). This creates the possibility for the first detection of a quantum
gravitational wave or, at the very least, will considerably improve the current upper limits by more than
one order of magnitude.
In addition, LiteBIRD will provide an ultimate measurement of large scale E-modes polarisation which
will allow constraining the reionization models as well as breaking degeneracies in determining other
cosmological parameters. LiteBIRD will also give access to unprecedented polarization maps in mul-
tiple frequency bands in mm-domain allowing for constraints on possible spectral distortions of the
primordial blackbody, testing parity violation in the early Universe as well as constraining the physics of
post-inflationary reheating.

This paper is tightly coupled with the proposals ”Cosmic inflation - theory” and ”Cosmic inflation from
ground based CMB polarization experiments”.
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key predictions from cosmic inflation 

• Fluctuations we observe today in CMB and the matter distribution 
originate from quantum fluctuations during inflation 

𝜁
Mukhanov & Chibisov (1981) 
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt & Turner (1983) 

Key Predictions
• Fluctuations we observe today in CMB and the matter 

distribution originate from quantum fluctuations during 
inflation

ζ
scalar
mode

hij
tensor
mode

• There should also be ultra long-wavelength 
gravitational waves generated during inflation

Grishchuk (1974) 
Starobinsky (1979)

Mukhanov&Chibisov (1981)
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt&Turner 
(1983)

We measure distortions in space
• A distance between two points in space

d`2 = a2(t)[1 + 2⇣(x, t)][�ij + hij(x, t)]dx
idxj

X

i

hii = 0

• ζ : “curvature perturbation” (scalar mode)


• Perturbation to the determinant of the spatial metric


• hij : “gravitational waves” (tensor mode)


• Perturbation that does not alter the determinant

6



T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

key predictions from cosmic inflation 

observations are already in remarkable agreement with single-field 
slow-roll inflation:

• super-horizon fluctuation

• adiabaticity

• gaussianity

• ns < 1 


e.g. The Best Inflationary Models After Planck 
J. Martin, C. Ringeval, R. Trotta, V. Vennin, JCAP, 2014 

e.g. Exploring Cosmic Origins with CORE: Inflation  
F. Finelli, M. Bucher et al., JCAP, 2017
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key predictions from cosmic inflation 

• LIGO/Virgo detected gravitational waves from binary blackholes, 
with the wavelength of thousands of kilometers

• But the primordial GW affecting the CMB has a wavelength of 
billions of light-years!  

how to detect them?

CMB POLARIZATION!
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• where did V(Φ) comes from ?
• why did the field start in slow-roll ?
• why is the potential so flat ?
• how do we convert the field energy 

into particules ?

•dynamics of an homogeneous scalar field in a FRW geometry 
is given by

•inflation happen when potential dominates over kinetic energy 
(slow-roll)

reality, inflation ends at some finite time, and the approximation (60) although valid at early times,

breaks down near the end of inflation. So the surface ⌧ = 0 is not the Big Bang, but the end of

inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⌧ ⌧ 0, and

light cones can extend through the apparent Big Bang so that apparently disconnected points are

in causal contact. In other words, because of inflation, ‘there was more (conformal) time before

recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew

exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or

equivalently a nearly constant energy density. In this section we describe the physical conditions

under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of

the field, V (�), dominates over its kinetic energy, 1

2
�̇
2. Inflation ends at �end when the

kinetic energy has grown to become comparable to the potential energy, 1

2
�̇
2 ⇡ V . CMB

fluctuations are created by quantum fluctuations �� about 60 e-folds before the end of

inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field �, the inflaton. Here, we don’t

specify the physical nature of the field �, but simply use it as an order parameter (or clock) to

parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field

(minimally) coupled to gravity is governed by the action

S =

Z
d4

x
p

�g


1

2
R +

1

2
g
µ⌫

@µ� @⌫� � V (�)

�
= SEH + S� . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a

scalar field with canonical kinetic term, S�. The potential V (�) describes the self-interactions of the

31

[D
an

ie
l B

au
m

an
n,

 a
rX

iv
:0

90
7.

54
24

]

scalar field. The energy-momentum tensor for the scalar field is

T
(�)

µ⌫ ⌘ � 2p
�g

�S�

�gµ⌫
= @µ�@⌫� � gµ⌫

✓
1

2
@
�
�@�� + V (�)

◆
. (62)

The field equation of motion is

�S�

��
=

1p
�g

@µ(
p

�g@
µ
�) + V,� = 0 , (63)

where V,� = dV

d�
. Assuming the FRW metric (1) for gµ⌫ and restricting to the case of a homogeneous

field �(t,x) ⌘ �(t), the scalar energy-momentum tensor takes the form of a perfect fluid (20) with

⇢� =
1

2
�̇
2 + V (�) , (64)

p� =
1

2
�̇
2 � V (�) . (65)

The resulting equation of state

w� ⌘
p�

⇢�
=

1

2
�̇
2 � V

1

2
�̇2 + V

, (66)

shows that a scalar field can lead to negative pressure (w� < 0) and accelerated expansion (w� <

�1/3) if the potential energy V dominates over the kinetic energy 1

2
�̇
2. The dynamics of the

(homogeneous) scalar field and the FRW geometry is determined by

�̈ + 3H�̇ + V,� = 0 and H
2 =

1

3

✓
1

2
�̇
2 + V (�)

◆
. (67)

For large values of the potential, the field experiences significant Hubble friction from the term H�̇.

6.2 Slow-Roll Inflation

The acceleration equation for a universe dominated by a homogeneous scalar field can be written as

follows
ä

a
= �1

6
(⇢� + 3p�) = H

2(1 � ") , (68)

where

" ⌘ 3

2
(w� + 1) =

1

2

�̇
2

H2
. (69)

The so-called slow-roll parameter " may be related to the evolution of the Hubble parameter

" = � Ḣ

H2
= �d ln H

dN
, (70)

where dN = Hdt. Accelerated expansion occurs if " < 1. The de Sitter limit, p� ! �⇢�, corresponds

to " ! 0. In this case, the potential energy dominates over the kinetic energy

�̇
2 ⌧ V (�) . (71)

32

inflation ɸ

credits: Matt Tristram

[see talk by Elias  
+ Vincent Vennin et al prospective paper]

13



•According to single field, slow-roll inflationary scenario, quantum vacuum 
fluctuations excite cosmological scalar and tensor perturbations

•with the definition of the tensor-to-scalar ratio “r” 
which characterizes the amplitude of GW and gives direct constraints on the 
shape of the potential

• energy scale of inflation

• inflaton field excursion

• derivative of the potential

PT (k) = At

✓
k

k0
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8 2 SCIENTIFIC POTENTIAL OF CMB MEASUREMENTS

Detecting tensor perturbations would also give us a measurement of the inflaton field excursion since

��

MPl
' Ne

✓ r
8

◆1/2
. (3)

In this generic formula (known as the Lyth bound), MPl is the reduced Planck mass and Ne is the number of
e-folds probed in the observational window (in practice, Ne ' 7). This implies that the field excursion during
inflation can easily be of the order of, or even larger than the Planck mass depending on r. In fact, this leads
to a “natural” value of r, namely r ' 10�3, corresponding to a field excursion of the order of the Planck mass.
From an e↵ective field theory point of view this means that the higher order operators that are the “remnants”
of quantum gravity at the inflationary scale can become crucial and can a↵ect the shape of the inflationary
potential. This inflationary Ultra-Violet (UV) sensitivity can be turned to our advantage and used to probe
quantum gravity if one can reach the limit r ' 10�3.

Another consequence of a detection would be a measurement of the first derivative of the inflaton potential.
Indeed, the tensor-to-scalar ratio can be written as

r = 8M2
Pl

 
V�
V

!2

, (4)

and, hence, a detection of the B-polarization would allow us to infer the first derivative of the inflaton poten-
tial, V�. This is important because, today, we only have a measurement of the second derivative, V��, and no
significant constraint of the higher derivatives. The constraint on V�� is derived from the measurement of the
scalar spectral index

nS � 1 ⌘
d lnP⇣
d ln k

' �3M2
Pl

 
V�
V

!2

+ 2M2
Pl

V��
V
. (5)

Planck has shown for the first time at the 5� level that nS , 1 (a crucial prediction of inflation) and has obtained
nS ' 0.96. Further improving the precision of the determination of nS , and possibly a detection of its variation
(the so-called running index), is of key interest for constraining models of inflation. Next generation can extend
the lever arm for nS , particularly in the polarization spectrum (EE-modes). It may indeed be possible to extend
the primary E-mode spectrum to multipoles of a few thousands because of the very low level of polarized
foregrounds at high ` (see § 3). It allows a direct determination of the primary metric fluctuation spectrum of
wave-modes of about k = 0.35 h/Mpc for an ` of about 5000 (the maximum values of ` and k are proportional).

A measurement of r would also significantly impact model building and model selection outlook since
precise observations of nS and r can bring constraints on specific models of inflation. In other words, with a
detection of B-polarization, our understanding of the shape of the potential would drastically improve, opening
the possibility to learn about the physical nature of the inflaton field. Of particular interest, the minimal Higgs
inflation (HI) model introduced before predicts r ' 10�3, see Fig. 4, a target already encountered before. As
a consequence, checking observationally whether the inflaton field is the Higgs field is within reach of – and
therefore an exciting goal for – future CMB experiments.

Of course, many other models than HI can also be constrained. This is also illustrated in Fig. 4 where
the predictions of a small field model, SFI4, have been displayed [The corresponding potential is given by
V(�) = M4[1 � (�/µ)p] where µ and p are two free parameters]. In fact preliminary studies on model selection
indicate that the next experiments should be able to exclude more than 4/5 of the vanilla scenarios (Martin et al.
2014c), as opposed to 1/3 for Planck which gives an idea of the constraining power of those observational
projects. It is very important to stress that this conclusion is true if a detection of B-modes is achieved but also
in the situation where only an upper bound on r is obtained.

Finally, the next generation of experiments will allow us to significantly improve our knowledge of reheat-
ing (the phase that concludes inflation). Again, this is illustrated in Fig. 4. For a given potential and for fixed
values of the free parameters characterizing the shape of the potential, di↵erent reheating histories lead to dif-
ferent points in the (nS , r) space. Those points can be inside or outside the experimental contours thus opening
the possibility to probe the reheating phase. We have already seen that Planck has obtained model-dependent
constraints corresponding to prior-to-posterior reduction of about 40%. Preliminary studies show that an ex-
periment such as CORE could raise this number to 90% (Martin et al. 2014c). Again, this conclusion is true
even if only an upper bound on r is obtained. In any case, obtaining relevant constraints on the reheating epoch
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detection of B-polarization, our understanding of the shape of the potential would drastically improve, opening
the possibility to learn about the physical nature of the inflaton field. Of particular interest, the minimal Higgs
inflation (HI) model introduced before predicts r ' 10�3, see Fig. 4, a target already encountered before. As
a consequence, checking observationally whether the inflaton field is the Higgs field is within reach of – and
therefore an exciting goal for – future CMB experiments.

Of course, many other models than HI can also be constrained. This is also illustrated in Fig. 4 where
the predictions of a small field model, SFI4, have been displayed [The corresponding potential is given by
V(�) = M4[1 � (�/µ)p] where µ and p are two free parameters]. In fact preliminary studies on model selection
indicate that the next experiments should be able to exclude more than 4/5 of the vanilla scenarios (Martin et al.
2014c), as opposed to 1/3 for Planck which gives an idea of the constraining power of those observational
projects. It is very important to stress that this conclusion is true if a detection of B-modes is achieved but also
in the situation where only an upper bound on r is obtained.

Finally, the next generation of experiments will allow us to significantly improve our knowledge of reheat-
ing (the phase that concludes inflation). Again, this is illustrated in Fig. 4. For a given potential and for fixed
values of the free parameters characterizing the shape of the potential, di↵erent reheating histories lead to dif-
ferent points in the (nS , r) space. Those points can be inside or outside the experimental contours thus opening
the possibility to probe the reheating phase. We have already seen that Planck has obtained model-dependent
constraints corresponding to prior-to-posterior reduction of about 40%. Preliminary studies show that an ex-
periment such as CORE could raise this number to 90% (Martin et al. 2014c). Again, this conclusion is true
even if only an upper bound on r is obtained. In any case, obtaining relevant constraints on the reheating epoch
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Figure 2: Existing and expected constraints on nS and r. The orange and yellow contours show the 68% and
95% confidence regions expected from the baseline configuration of COrE+. The possibility to improve the error
bars by delensing is not included in this forecast. The fiducial model is the Starobinsky R2 model [7]. The blue and
cyan contours show the Planck 2013 constraints, while the gray contours show the WMAP 9-year constraints. The
symbols show predictions of a few other well known inflationary models. The violet, yellow, and red regions show
vacuum-dominated convex potentials (V �� > 0), convex potentials vanishing at their minimum, and concave potentials
(V �� < 0; hilltop or plateau inflation), respectively.

parity ‘E mode’ and an odd parity ‘B mode’ [9, 10]. The scalar fluctuations produce only E modes, whereas
the tensor fluctuations produce both E and B modes. Thus B mode polarization o�ers a sensitive and highly
model-independent probe of tensor fluctuations.

Detection of the long wavelength, nearly scale-invariant tensor fluctuations is considered as an observa-
tional tell-tale sign that inflation occurred at energies a trillion times higher than the ones achieved by the
Large Hadron Collider (LHC) at CERN. At such high energies we may also see hints of quantum gravity.
Consequently, the main science goal of COrE+ will give us a powerful clue concerning how the Universe
began and the precise character of the fundamental laws of nature (i.e., how gravity and the other forces in
nature are unified).

Inflation is thought to be powered by a single energy component called ‘inflaton’. The precise physical
nature of the inflaton is unknown but it is often assumed to be a scalar field, just like the Higgs field recently
discovered by the LHC [11, 12]. The simplest models of inflation are based on a single scalar field � with
a potential energy density V (�). We can easily generalize to models involving more fields. The potential
energy drives the scale factor of the Universe to evolve as a(t) � exp(Ht) where H2 � (8�G/3)V (�). As a
result, the Universe is quickly driven to a spatially flat, Euclidean geometry, and any memory of the initial
state of the observable Universe is e�ectively erased, since a patch of space that undergoes inflation becomes
exponentially stretched and smoothed.

According to inflation, the large patch of the Universe that we live in originated from a tiny region in
space that was stretched to a large size by inflation. The original region was so tiny that quantum mechanics
played an important role. Namely, the energy density stored in the inflaton field � varied from place to
place according to the laws of quantum mechanics. This scalar quantum fluctuation is the seed for all the
structures that we see in the Universe today [6]. This is a remarkable prediction of inflation, which agrees
with all the observational data we have collected so far [8]. The only missing piece is the existence of tensor
quantum fluctuations, which would appear as long-wavelength gravitational waves propagating through our
Universe [7]. We wish to detect this using the B mode polarization of CMB.

An important prediction of inflation is that the scalar and tensor fluctuations are nearly, but not exactly,
scale-invariant—namely that the variance of fluctuations depends only weakly on the spatial length scale.
More specifically, the variance of fluctuations decreases slowly toward smaller length scales [6]. This behavior
in the scalar fluctuations has now been convincingly detected by WMAP [13, 14] and Planck [8]. While

7

Figure 4: Existing and expected constraints on nS and r. The orange and yellow contours show the 68% and 95% confi-
dence regions expected from the baseline configuration of a typical next generation medium size CMB space experiment
(specifically CORE+, as was proposed at ESA for the M4 call). The possibility to improve the error bars by delensing is
not included in this forecast. The fiducial model is the Higgs inflation model (or equivalently Starobinsky R + R2 model,
see text). The blue and cyan contours show the Planck 2013 constraints, while the grey contours show the WMAP 9-year
constraints. The symbols show predictions of a few other well known inflationary models. The purple, yellow, and red
regions show vacuum-dominated convex potentials (V�� > 0), convex potentials vanishing at their minimum, and concave
potentials (V�� < 0; hilltop or plateau inflation), respectively. Taken from Martin et al. (2014b).

of a quantum gravitational wave, clearly a breakthrough for quantum gravity (moreover, the amplitude of these
primordial gravitational waves cannot be seen by experiments such as LIGO or VIRGO, even by eLISA). In
fact, inflation is probably the only case in physics where an e↵ect based on general relativity and quantum me-
chanics leads to predictions that, given our present day technological capabilities, can be tested experimentally.
As a consequence, if any experimental signatures of quantum gravity is ever obtained, it is very likely that this
will be through the study of inflation and its cosmological predictions. Probing B-polarization precisely exem-
plifies the idea of using inflation as a tool towards a better understanding of the theoretical and observational
aspects of quantum gravity. In other words, our ability to see through the inflationary window has turned the
early universe into a laboratory for ultra-high energy physics at energies entirely inaccessible to conventional
experimentation.

Another crucial aspect related to a detection of the B-modes is that this would lead to a determination of the
energy scale of inflation which is, as recalled above, still presently unknown. More precisely the energy scale
of inflation is

V1/4(�) ' 1016 GeV
✓ r
0.01

◆1/4
, (2)

where V(�) is the potential of the inflaton field �. This determination of the energy scale is the primary goal
of any CMB missions. Determining the value r would undoubtedly be a major discovery, re-enforcing the
inflationary paradigm and it would set the stage for any subsequent theoretical attempts to build global models
of inflation. We would know how far from the Planck or string scale inflation proceeded.

French roadmap for CMB science 30/06/2016

r = At/As
<latexit sha1_base64="/3WKIsPWMdpqe562z6nQn396Xhk="></latexit><latexit sha1_base64="/3WKIsPWMdpqe562z6nQn396Xhk="></latexit><latexit sha1_base64="/3WKIsPWMdpqe562z6nQn396Xhk="></latexit><latexit sha1_base64="/3WKIsPWMdpqe562z6nQn396Xhk="></latexit>

inflation ɸ

cr
ed

its
: M

at
t T

ris
tr

am

14



ΔB/T ~ 10-7-8

B+

T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

ΔE/T ~ 10-6

E+

15

galactic foregrounds+

instrumental noise+

1/f noise, systematics+

observational challenge
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tensor-to-scalar ratio 
r<0.06 @ 2σ

BICEP2 + Keck Array Planck WMAP

++

The Keck Array and BICEP2 
Collaborations, Phys. Rev. 
Lett. 121, 221301, 2018
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tensor-to-scalar ratio 
r<0.06 @ 2σ

BICEP2 + Keck Array Planck WMAP

++

The Keck Array and BICEP2 
Collaborations, Phys. Rev. 
Lett. 121, 221301, 2018
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measurements of r 
starts being limited 
by our own galaxy: 

the Milky Way



Space and ground: a powerful duo

[see Thibaut’s 
upcoming talk]
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Space and ground: a powerful duo

great synergy with two on-going projects 

Ground 
US-led telescopes 
on ground 
30 ≤ l ≤ ~8000  
e.g. Simons 
Observatory and 
CMB-S4 

LiteBIRD
JAXA-led
focused 
mission
s(r)<0.001
2 ≤ l ≤ 200
focused but still with
many byproducts

[see Thibaut’s 
upcoming talk]
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• Superb environment !
• No statistical/systematic uncertainty due to atmosphere
• No limitation on the choice of observing bands (except CO lines), 

important for foreground separation
• No ground pickup

 

• Only way to access lowest multipoles w/ δr ~ O(0.001)
• Both B-mode bumps need to be observed for the firm confirmation 

of Cosmic Inflation → we need measurements from space.

• Complementarity with ground-based CMB projects
• Foreground information from space will help foreground cleaning 

for ground CMB data
• High multipole information from ground will help to “delens” space 

CMB data

Why space?

Rule of thumb: 1,000 detectors in space ~ 100,000 detectors on ground
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LiteBIRD science goals

Full success: 
• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

Rationale
• Large discovery potential for 

0.005 < r < 0.05
• Simplest and well-motivated R+R2 

“Starobinsky” model will be 
tested.

• Clean sweep of single-field models 
with characteristic field variation 
scale of inflaton potential greater 
than Mpl  (A. Linde,  JCAP 1702 
(2017) no.02, 006 
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Statistical 
uncertainty 

<0.00057

Systematic 
uncertainty
<0.00057

Margin
0.00057

Full success: 
• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

statistical uncertainty includes
• foreground cleaning residuals
• lensing B-mode power 
• 1/f noise

systematic uncertainty includes
• Bias from 1/f noise
• Polarization efficiency & knowledge
• Disturbance to instrument
• Off-boresight pick up
• Calibration accuracy

22

LiteBIRD science goals



LiteBIRD — extra success

delensing
[see Thibaut’s 
upcoming talk]
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LiteBIRD — extra success
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2. Adding delensing w/ Planck 
CIB & WISE 

3. adding 2. and extra 
foreground cleaning w/ high-
resolution ground CMB data

Aiming at detection with 
>5σ in case of 
Starobinsky model

delensing
[see Thibaut’s 
upcoming talk]
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Full success: 
• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

LiteBIRD 2027+

Planck 2018

Planck 2015

WMAP 9-year

Fig. 3 (Left) E-mode power spectrum with the optical depths of ⌧ = 0.089 (WMAP 9-year

[89]; dotted), 0.066 (Planck 2015 with LFI polarization and CMB lensing [90]; solid), and

0.055 (Planck with HFI polarization [91]; dashed). We vary the primordial scalar curvature

amplitude such that the product As exp(�2⌧) is fixed. The green boxes show expected

LiteBIRD’s constraints at ` = 2 � 200, binned with �` = 3. (Right) Optical depths predicted

from various models of the number counts of star-forming galaxies, as a function of the

maximum redshift z (re-adapted from [83]). The green band shows expected LiteBIRD’s

68% and 95% CL constraints on the optical depth. The other bands show the WMAP and

Planck constraints as shown.

ionized gas [85] (called the kinetic Sunyaev-Zeldovich e↵ect [86]); and, finally, the polarization

of the CMB produced by electrons scattering quadrupole temperature anisotropies in a

reionized Universe [87].

Electrons in a reionized Universe see the quadrupole temperature anisotropy from their

own last scattering surface due to the polarization dependence of Thomson scattering. Con-

sequently, these anisotropies scattered by electrons in turn produce a polarization of the

CMB, which we can observe today [88]. The amplitude of the polarization is proportional to

the optical depth to electron scattering ⌧ . The wavenumber of the fluctuations contributing

to quadrupole temperature anisotropy as seen by an electron at a redshift z is given by

k ⇡ 3/[rL � r(z)] where rL = 14 Gpc is the comoving distance to our last-scattering surface,

and r(z) is the comoving distance to the redshift z. For example, a redshift of z = 7.7 gives

r(7.7) = 9.1 Gpc. We observe this wavenumber at a multipole of ` ⇡ kr(7.7) ⇡ 6, which cor-

responds to the so-called “reionization bump” in the polarization power spectra. The e↵ect

on the E-mode is shown in the left panel of Fig. 3.

The height of the reionization bump is proportional to ⌧
2
As where As is the amplitude of

the scalar curvature power spectrum. On the other hand, scattering washes out small-scale

power by exp(�2⌧); thus, for a given high-` power spectrum, the height of the reionization

bump scales as ⌧
2 exp(2⌧) ⇡ ⌧

2(1 + 2⌧). We can use this to determine the value of ⌧, which

in turn provides an integrated constraint on the reionization history of the Universe because

⌧ = �T Ne is the column density of electrons Ne = c
R

dt ne integrated from today to the

9/27

A cosmic variance limited measurement of EE on large angular 
scales will be an important, and guaranteed, legacy for LiteBIRD 

𝜎(𝝉) better than current Planck constraints by a factor 2

𝜎(𝝉) = 0.002
LiteBIRD

[LiteBIRD Collaboration, PTEP 2012]
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Full success: 
• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

Improvement in reionization 
optical depth measurement 
implies:
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Fig. 4 Two-dimensional marginalized contour levels at 68% C.L. for the optical depth to

reionization and the sum of the neutrino masses as measured by future combinations of CMB

and large-scale structure data (including BAO from DESI or galaxy lensing and clustering

from LSST). The contours are centered on fiducial values ⌧ = 0.054 and ⌃m⌫ = 60 meV, as

indicated by the cross. A cosmic variance limited measurement of ⌧ is reached with LiteBIRD

(�(⌧) = 0.002). This ⌧ limit then enables a better neutrino mass measurement, reaching a

5� detection when combined with DESI or LSST. The shaded gray region shows the region

to exclude around the fiducial model needed to achieve a detection of significance greater

than 3� and highlights the importance of having the LiteBIRD data. [Figure adapted from

Ref. [96].]

will also enable a � 3� cosmological detection of the sum of neutrino masses, even for the

minimum, 60 meV sum of masses [102]. Figure 4 shows that a cosmic variance limited

measurement of ⌧ from LiteBIRD will be necessary to reach a significant detection of the

neutrino mass from cosmological data.

To complete the picture on the neutrino sector, the expected error bar on the e↵ective

number of relativistic species, Ne↵ , from LiteBIRD alone is of the same order of magnitude

as the one obtained by Planck [103]. Still, it would give an independent measurement, and

an important cross-check, as it has been shown for instance in [104] that the Ne↵ value

depends on the modelling of the foregrounds in the high-` Planck likelihoods. More accurate

value of Ne↵ would also help constrain the energy density of the stochastic gravitational

wave background ⌦GW [105], as the gravitational waves behave as radiation.

Beyond a cosmic variance limited measurement of the optical depth, the E-mode measure-

ments by LiteBIRD constrain the precise reionization history [106]. In particular, the “dip”

in the E-mode power spectrum at ` ⇡ 20 in Fig. 3 can distinguish between instantaneous

reionization at a redshift of zreion and a reionization history extending to z > zreion. A recent

analysis [107] shows that an extended reionization history out to z & 10 may be preferred

11/27

• 𝜎(Σmν) = 15 meV
• determine neutrino 

hierarchy 
(normal v.s. inverted)

• measurement of minimum 
mass (≥ 3𝜎 detection NH,  
≥ 5𝜎 detection for IH) 

[Calabrese et al arXiv:1611.10269]
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Full success: 
• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

• tensor tilt nt: constraints on the primordial tensor power spectrum can distinguish 
between inflation models e.g. Campeti et al.  
2019, [arXiv:1905.08200]

• non-gaussianity through BBB,  
e.g. Namba et al [arXiv1509.07521]

• parity-violation = TB and EB non longer  
zero (constraints on Faraday rotation from  
primordial magnetic field (with anisotropies  
of Δ⍺, parity-violating gravitational waves  
with spectral shape in Cℓ)

• galactic science — with frequency range from 34 to 448 GHz and access to large 
scales LiteBIRD will characterize to high accuracy the foregrounds SED, constrain the 
large scale galactic magnetic field, and constrain models of dust polarization grains

• mapping the hot gas in the Universe — significant improvement on the SZ y-map in 
terms of foregrounds residuals thanks to the 15 band

• anisotropic CMB spectral distortions could be measured well [Mukherjee-Silk-
Wandelt 2018] 

• synergy with other probes — SZ x 3D galaxy distribution, gravitational lensing, ISW
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Josquin Errard (APC/CNRS), Foregrounds and Future CMB experiments, CosmoGold 2019

multichroic TES detectors (4676 detectors in total)  
50x Planck sensitivity on large angular scales 

15 frequency bands 
 40 ≤ ν ≤ 402 GHz

telescopes + 3 instruments  
rotating half-wave plates 
year observation at L23

LiteBIRD is the next-generation CMB satellite selected by JAXA as a Strategic 
Large Mission to be launched in 2028

LFT (40 - 140GHz)

MFT and HFT (100 - 402GHz) 28



orbit: Sun-Earth L2 Lissajous

1 year

LiteBIRD operation

29



LiteBIRD instruments

launch in 2028

30



LiteBIRD instruments
• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature

Low frequency telescope (LFT)

Sinuous Antenna 
for broadband 
trichroic pixels

Silicon lenslet

• Crossed Dragone

• Aperture diameter:  400 mm

• Angular resolution:  20 -70 

arcmin.

• Freq. coverage: 34 - 161GHz

• Field of view: 20 deg x 10 deg

• F#3.0 & crossed angle of 90 

degree

• All 5K parts are made of 

Aluminum ➔ less than 150 kg

• New mirror design 

(anamorphic aspherical 
surfaces)
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LiteBIRD instruments

672 J Low Temp Phys (2014) 176:670–676

Fig. 1 Left design of a single horn coupled multichroic polarimeter with labels on the major components.
Center a photograph of a cross-section of a broad-band ring-loaded corrugated feed horn fabricated by gold
plating a stack of etched silicon platelets. Right a photograph of a prototype 90/150 multichroic detector with
the major components labeled. A description of these components is in the text. For clarity, the path light
follows to reach the bolometer corresponding to Y polarization in the 150 GHz band has been highlighted
(Color figure online)

choke to prevent leakage of fields from the waveguide. The detector chip (see Fig. 1,
right) uses a broad-band orthomode transducer [6] (OMT) to couple the incoming light
from the waveguide onto high impedance coplanar waveguide (CPW) lines. The OMT
separates the incoming light according to linear polarization. The Y-polarized light
is split onto the two vertically oriented OMT probes and propagate through identical
electrical paths that have been highlighted in the figure. Along each path, a broad-band
CPW to micro-strip (MS) transition comprised of 7 alternating sections of CPW and
MS is used to transition the radiation onto MS lines. Next, diplexers comprised of two
separate five pole resonant stub band-pass filters separate the radiation into 75–110
and 125–170 GHz pass-bands. The signals from opposite probes within a single sub-
band are then combined onto a single MS line using the difference output of a hybrid
tee [7]. Signals appearing at the sum output of the hybrid are routed to a termination
resistor and discarded.

These detectors operate over a 2.25:1 ratio bandwidth over which round waveguide
is multimoded. However, the TE11 mode (which has desirable polarization properties)
couples to opposite fins of the OMT with a 180◦ phase shift while the higher order
modes which couple efficiently to the OMT probes have a 0◦ phase shift. This fact
allows the hybrid tee to isolate the TE11 signal at the difference port and reject the
unwanted modes at the sum port. This ensures single moded performance over our
2.25:1 bandwidth. For testing purposes, the prototype pixel (shown in Fig. 1) included
additional bolometers connected to the hybrid tee sum port. The architecture described
above offers excellent control over beam systematics of corrugated feeds, a frequency
independent polarization axis defined by the orientation of the planar OMT, and a
metal skyward aperture to minimize electrostatic buildup that is useful for future
space applications.
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Medium and High frequency 
telescopes (M/HFT)

Silicon platelet
corrugated horn

OMT

MFT

HFT

HFT  
focal 
plane

Two F/2.3 refractive telescopes:

• 89-270 GHz

• 238-448 GHz


Apertures: 

• 30mm

• 20mm


FoV: 28 deg

• Transmissive metal-mesh HWP

• HDPE lenses

• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature
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• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature

LiteBIRD instruments

15 bands 
from 

34GHz to 
448GHz

4676 
detectors

LFT
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LiteBIRD instruments

Superconducting magnetic bearing system 
operational in a 4K cryostat.  
We observed the stable rotation at cryogenic 
temperature (<10K).

• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature
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LiteBIRD instruments
• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature

35



LiteBIRD Global face-to-face meeting, 
@ Italian Space Agency, Jan. 2019

About 200 researchers from Japan, North America & Europe
Team experiences: CMB exp., X-ray satellites, other large proj. 
(HEP, ALMA etc.)

LiteBIRD Joint Study Group
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LiteBIRD in France
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ESA Voyage 2050 white papers for cosmology with a
spectro-polarimetric survey of the microwave sky
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THE THIRD SKY PROGRAMME. 

V.K.Dubrovich1, M.Yu.Khlopov2,3,4 

1 Special Astrophysical Observatory, St. Petersburg Branch, Russian Academy of Sciences, 
St. Petersburg, 196140 Russia 
2 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 115409 
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3 APC laboratory 10, rue Alice Domon et Leonie Duquet 75205 Paris Cedex 13, France 
4 Institute of Physics, Southern Federal University, Stachki 194 Rostov on Don 344090, Russia 
 
The study of the early universe goes in several directions. One of the most advanced at present is the 

statistical description of the power spectrum of primary temperature fluctuations of the CMB. These 

fluctuations are observed on the last scattering surface in the epoch of recombination of hydrogen at 

redshifts of about 1100. In addition, the global characteristics of the CMB spectrum carrying information 

on the global energy release in the epoch of z <105 are investigated. However, with all the tremendous 

achievements of these works, there are still directions completely unexplored in the experiment. 

The most obvious and promising is relatively high resolution spectroscopy combined with the study of 

individual fluctuations - the search and study of spectral-spatial fluctuations of the temperature of the 

CMB. In the field of the theory of such fluctuations, there is already a sufficiently large set of results on 

various aspects of physical processes and their quantitative calculation [1-3], as well as on the possible 

relationship with cosmological consequences of particle theory [4]  associated with the mechanism of 

inflation. In particular, the picture of the spatial and spectral distribution inside a separate proto-object 

is described in sufficient details.  

The distribution of brightness (intensity) along the radius of fluctuations for sufficiently small initial sizes 

of proto-objects is almost universal due to the fact that it is formed on at the last scattering stages of the 

epoch of hydrogen recombination. Before this moment, the radiation of the proto-object is locked near 

it due to large opacity for the Thomson scattering on electrons. The enlightenment increases rapidly 

only with a rapid decrease of the concentration of free electrons. Thus, all the observable geometrical 

parameters of fluctuations of size 10–20 'practically do not depend on the redshift of the proto-object. 

Only the amplitude will be different.  

Another important feature of these fluctuations will be their summation along line of sight. In the case 

of the continuum Planck spectrum for each individual fluctuation, due to the same dependence of the 

photon frequency and temperature from z, the result of the summation can be averaged. In our case 

each fluctuation lying on the line of sight has its own spectral system of details, corresponding to the 

redshift z of this fluctuation. As a result, when summing, these details will not overlap each other. So we 

get a full three-dimensional picture for the distribution of proto-objects. 

The details of spectral features of individual fluctuations are determined by the interaction of radiation 

with hydrogen and helium atoms in the Lyman series resonance lines and luminescence. The first 

mechanism gives effect in the Wien region of the CMB and has a form of characteristic leaps. The 

second mechanism gives distortions in the Raleigh-Jeans part of CMB spectrum. The spectral bands are 
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Cosmic inflation and fundamental physics from space
LiteBIRD

Porteur: Matthieu Tristram
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LiteBIRD is a space mission selected by JAXA as its Strategic Large Mission scheduled for launch
in 2027. LiteBIRD represents the next generation of CMB mission after COBE, WMAP, and Planck.
The science goals of LiteBIRD are to detect the primordial gravitational waves through the measure of
the tensor-to-scalar ratio, r, and to characterize the CMB B-mode and E-mode spectra down to degree
scales with an unprecedented sensitivity. With a sensitivity after component separation which reaches
�(r) = 10�4 on the tensor-to-scalar ratio, the mission defines “full success” for a final precision better
than �(r) = 10�3 including the post-cleaning contributions of residual foreground and systematic effect
residuals. This will be achieved using LiteBIRD data only, without applying any correction for lensing.
A further improvement in the B-mode sensitivity will come from the combination of LiteBIRD and
ground-based data (including delensing). This creates the possibility for the first detection of a quantum
gravitational wave or, at the very least, will considerably improve the current upper limits by more than
one order of magnitude.
In addition, LiteBIRD will provide an ultimate measurement of large scale E-modes polarisation which
will allow constraining the reionization models as well as breaking degeneracies in determining other
cosmological parameters. LiteBIRD will also give access to unprecedented polarization maps in mul-
tiple frequency bands in mm-domain allowing for constraints on possible spectral distortions of the
primordial blackbody, testing parity violation in the early Universe as well as constraining the physics of
post-inflationary reheating.

This paper is tightly coupled with the proposals ”Cosmic inflation - theory” and ”Cosmic inflation from
ground based CMB polarization experiments”.

“The most obvious and promising is relatively high 
resolution spectroscopy combined with the study of 
individual fluctuations - the search and study of 
spectral-spatial fluctuations of the temperature of the 
CMB.“
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LiteBIRD

CMBS4

40



Microwave Imaging and Spectroscopy Telescope

1. A broad-band, multi-frequency polarised imager
• Reference model: PICO instrument at the focus of 3.5m cold telescope
• 21 bands from ~20 to ~800 GHz

2. A sensitive spectrometer with R ≈ 300
• Reference model: Extended Deshima at the focus of the same telescope
• Frequency range ~100-1000 GHz (goal 50-2000 GHz)

3. An absolutely calibrated FTS
• Reference model: a three-module version of PIXIE / PRISTINE
• Frequency range ~10-2000 GHz

A space telescope / mission with 3 instruments
PICO focal plane

Deshima

PIXIE FTS

(S. H
anany

et al. 2019) 
(A

. Endo et al. 2019)
(A

. Kogutet al. 2019)

CONTINUUM EMISSION

LINE EMISSION

INTEGRATED EMISSION

from J. Delabrouille VOYAGE 2050 WORKSHOP, Oct 2019

L-class mission
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from J. Delabrouille VOYAGE 2050 WORKSHOP, Oct 2019

Science highlights : The build-up of structure 

CMB "backlight" probes
• Hot gas with thermal Sunyaev-Zeldovich effect  (>106 clusters)
• Gas temperature with relativistic corrections to SZ spectrum
• Velocity flows with kinematic and polarized SZ effects
• Dark matter and halo masses with CMB lensing
• Atoms with Rayleigh and resonant scattering

• Map entire cosmic web
⇓

• Dark Energy 
• Modified gravity
• Distribution of early atoms
• Neutrino masses...

Similar Concept but with CMB
• 106 galaxy clusters 
• Full sky Dark Matter maps 
• CMB sensitivity ≈ 5000 × Planck  
≈ 10 × CMB-S4 (polar.) 

• line intensity mapping

Spectral distortions
Jens Chluba et al.

CMB Backlight
Kaustuv Basu et al.

High redshift structures
Marta Silva et al.

Microwave survey
Jacques Delabrouille et al.

A coordinated microwave observation programme

3 SYNERGISTIC DESIGN-DRIVING SCIENCE CASESL-CLASS MISSION
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Conclusions

2020 2025 2030 2035 2050

LiteBIRD* Voyage 
2050* (?)
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Observatory* CMB-S4*

(*)
QUBIC*

AliCPT*

BICEP Array

AdvACT

SPT-3G

[see talk by 
Thibaut Louis]
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• Planck data do not need convex potentials (n>1), multi-fields 
models or non-minimal kinetic term

• minimal models of particular interest include
• the Starobinsky model  “R+R2” (first model introduced)
• the “Higg’s inflation” with non-minimal coupling from gravity 

introduced by quantum corrections in a curved space-time (the 
same shape as R2)

• inflaton based on a field appearing in the extensions of the 
standard model of particle physics (usually extensions based on 
super-symmetry)

• …
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• within single field slow-roll inflation, the tensor perturbation obey the 
vacuum equation

• inducing the following statistical properties
1. nearly scale invariant power spectrum nt = -r/8
2. nearly Gaussian probability distribution 
3. parity-conserving probability distribution 

at the locations of bright extra-galactic sources. The full success criterion includes the

uncertainties induced by the foreground cleaning procedure.

2.3. Extra success

The full success criterion has been defined conservatively and does not rely on data external

to LiteBIRD. Moreover, �(r = 0) has been calculated including residuals from incomplete

foreground removal. However, using external data, particularly in frequency bands below

LiteBIRD’s lowest frequency band (at 34 GHz), will lead to smaller foreground residuals.

In particular, external low-frequency ground-based data sets such as QUIJOTE [53, 54], C-

BASS [55] and S-PASS [56] at frequency bands outside the LiteBIRD bands (⌫ < 34 GHz)

would be useful for potentially improved foreground cleaning and thus may contribute to

“extra success.”

Another way to reduce �(r = 0) is to ‘de-lens’ using external data. Delensing removes

the lensing B-modes by subtraction at the map level, thus reducing the lensing B-mode

cosmic variance ‘noise’ contribution rather than simply characterizing its power spectrum.

Successful delensing using internal CMB data requires a higher angular resolution than that

of LiteBIRD, because low-noise lensing reconstruction requires the imaging of a large number

of small-scale modes.

However, there are several promising ways to delens LiteBIRD with external data and con-

tribute to ‘extra success.’ Lensing measurements derived from ground-based CMB surveys,

such as the CMB Stage 4 experiment and its precursors, can be used to substantially ‘de-

lens’ the LiteBIRD maps, reducing �(r) by X% [corresponding to fdelens = 0.1] for CMB-S4.

A di↵erent option will be to use Planck maps of the infrared background, along with current

Planck lensing and WISE data, to delens; though this will only give a Y% [corresponding to

fdelens = 0.57] reduction of �(r), the data for such an analysis is already available.

Combining de-lensing and improved foreground cleaning with external data, it is reasonable

to assume that we achieve �(r = 0) < 0.0005 or even better. If this is the case, we are able to

detect primordial gravitational waves with a significance greater than 6� if the Starobinsky

model is correct.

2.4. Beyond the B-mode power spectrum

Single field slow roll inflation predicts that the stochastic background of gravitational waves

originated from quantum fluctuations in spacetime generated during inflation. When we write

the spatial metric (squared distance between two points in space) as ds
2
3 = a

2(t)
P

ij(�ij +

hij)dx
i
dx

j and impose transverse and traceless conditions on hij , the matrix hij describes the

“tensor” perturbations of the spatial metric. [a(t) is the scale factor describing the expansion

of the Universe, which grows exponentially in time during inflation.] When the wavelength of

hij is much smaller than the Hubble horizon size of the Universe, these metric perturbations

propagate as gravitational waves.

Within the context of single field slow roll inflation, hij obeys the vacuum equation:

⇤hij = 0. By quantizing this equation, we can show that a background of long-wavelength

fluctuations of hij emerges with the following statistical properties:

1. A nearly scale invariant power spectrum (i.e., the tilt of the tensor power spectrum

satisfies nt ⇡ 0).

7/27tensor tilt nt

• current upper-limit on tensor-to-scalar: r < ~0.01
• better sensitivity expected on tensor tilt: 𝜎(nt) > ~0.003

impossible to verify the 
consistency relation !

BUT
other mechanism than single-field slow-roll inflation predict deviations from scale-
invariant Pk
(e.g. gravity inflation, open inflation, SU(2)-axion model, multi-field inflation…)

constraints on the primordial tensor power spectrum 
can distinguish between inflation models

e.g. PCA [Campeti et al. 2019, arXiv:1905.08200]

LiteBIRD — beyond the B-mode power spectrum 
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• within single field slow-roll inflation, the tensor perturbation obey the 
vacuum equation

• inducing the following statistical properties
1. nearly scale invariant power spectrum nt = -r/8
2. nearly Gaussian probability distribution 
3. parity-conserving probability distribution 

at the locations of bright extra-galactic sources. The full success criterion includes the

uncertainties induced by the foreground cleaning procedure.

2.3. Extra success

The full success criterion has been defined conservatively and does not rely on data external

to LiteBIRD. Moreover, �(r = 0) has been calculated including residuals from incomplete

foreground removal. However, using external data, particularly in frequency bands below

LiteBIRD’s lowest frequency band (at 34 GHz), will lead to smaller foreground residuals.

In particular, external low-frequency ground-based data sets such as QUIJOTE [53, 54], C-

BASS [55] and S-PASS [56] at frequency bands outside the LiteBIRD bands (⌫ < 34 GHz)

would be useful for potentially improved foreground cleaning and thus may contribute to

“extra success.”

Another way to reduce �(r = 0) is to ‘de-lens’ using external data. Delensing removes

the lensing B-modes by subtraction at the map level, thus reducing the lensing B-mode

cosmic variance ‘noise’ contribution rather than simply characterizing its power spectrum.

Successful delensing using internal CMB data requires a higher angular resolution than that

of LiteBIRD, because low-noise lensing reconstruction requires the imaging of a large number

of small-scale modes.

However, there are several promising ways to delens LiteBIRD with external data and con-

tribute to ‘extra success.’ Lensing measurements derived from ground-based CMB surveys,

such as the CMB Stage 4 experiment and its precursors, can be used to substantially ‘de-

lens’ the LiteBIRD maps, reducing �(r) by X% [corresponding to fdelens = 0.1] for CMB-S4.

A di↵erent option will be to use Planck maps of the infrared background, along with current

Planck lensing and WISE data, to delens; though this will only give a Y% [corresponding to

fdelens = 0.57] reduction of �(r), the data for such an analysis is already available.

Combining de-lensing and improved foreground cleaning with external data, it is reasonable

to assume that we achieve �(r = 0) < 0.0005 or even better. If this is the case, we are able to

detect primordial gravitational waves with a significance greater than 6� if the Starobinsky

model is correct.

2.4. Beyond the B-mode power spectrum

Single field slow roll inflation predicts that the stochastic background of gravitational waves

originated from quantum fluctuations in spacetime generated during inflation. When we write

the spatial metric (squared distance between two points in space) as ds
2
3 = a

2(t)
P

ij(�ij +

hij)dx
i
dx

j and impose transverse and traceless conditions on hij , the matrix hij describes the

“tensor” perturbations of the spatial metric. [a(t) is the scale factor describing the expansion

of the Universe, which grows exponentially in time during inflation.] When the wavelength of

hij is much smaller than the Hubble horizon size of the Universe, these metric perturbations

propagate as gravitational waves.

Within the context of single field slow roll inflation, hij obeys the vacuum equation:

⇤hij = 0. By quantizing this equation, we can show that a background of long-wavelength

fluctuations of hij emerges with the following statistical properties:

1. A nearly scale invariant power spectrum (i.e., the tilt of the tensor power spectrum

satisfies nt ⇡ 0).

7/27Non-Gaussianity

LiteBIRD — beyond the B-mode power spectrum 
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by the Planck data at the 95% CL. The LiteBIRD data can provide a definitive test of this

extended reionization history.

4. Cosmic birefringence

If the new physics that generated the initial scalar (curvature) and tensor (gravitational

wave) fluctuations does not violate parity symmetry and the CMB photons do not expe-

rience any parity-violating processes as they propagate to us today, any parity-violating

correlation functions such as the temperature-B-mode correlation (TB correlation) and the

EB correlation must vanish. Imagine that we correlate a vertical polarization | and a 45-

deg tilted polarization \. We also consider its mirror image, i.e., /|. In a parity-conserving

universe these correlations are of equal magnitude but of opposite sign, and thus they can-

cel. However, if the underlying physics violates parity, these correlation functions can and

generically would have a non-vanishing expectation value.

We discussed the TB and EB correlations induced by parity-violating gravitational waves

from gauge fields in Sect. 2.4. (Also see ref. [108] for a di↵erent mechanism to produce

parity-violating gravitational waves.) In this section we describe an e↵ect known as “cosmic

birefringence” [109, 110]. The basic idea is that a new parity-violating coupling of a scalar

field to the electromagnetic tensor rotates the direction of the polarization as the CMB

photons propagate through space. In other words, space filled with this scalar field behaves

as if it were a birefringent medium, hence the name “cosmic birefringence.”

A homogeneous scalar field coupled to the electromagnetic field via the Chern-Simons term

rotates the polarization direction uniformly over the sky by an angle �↵, converting E-mode

polarization into B-mode polarization. We would therefore observe a B-mode polarization

even if initially there were no B-mode polarization. The measured power spectra C
XY,obs
`

are related to the intrinsic spectra according to (see [111])

C
TE,obs
` = C

TE
` cos(2�↵),

C
TB,obs
` = C

TE
` sin(2�↵),

C
EE,obs
` = C

EE
` cos2(2�↵),

C
BB,obs
` = C

EE
` sin2(2�↵),

C
EB,obs
` =

1

2
C

EE
` sin(4�↵),

and for �↵ ⌧ 1 this becomes

C
TB,obs
` = (2�↵) C

TE
` ,

C
EB,obs
` = (2�↵) C

EE
` ,

C
BB,obs
` = (2�↵)2CEE

` .

Unfortunately, this e↵ect is completely degenerate with an instrumental miscalibration of

polarization angles by �↵. Since such miscalibration generates a spurious B-mode power

spectrum of C
BB,obs
` = (2�↵)2CEE

` , we must calibrate the angles with a precision su�cient

to achieve �(r = 0) < 10�3
. However, there are no strong polarized astrophysical sources

in the sky with precisely known polarization angles. Consequently, the calibration must

rely on the measurements on the ground, which limits the accuracy of calibration to a bit

better than 1 degree, which is much larger than the requirement of order 0.05 degree. One

could also consider launching a small satellite carrying a polarized light source to the L2

12/27

TB and EB non longer zero

• parity-violating coupling of a scalar 
field to the electromagnetic tensor 
induces a rotation of the polarization 
direction

• homogeneous effect degenerated with 
miscalibration of polarization angles 

• but

- constraints on Faraday rotation from 
primordial magnetic field (with 
anisotropies of Δ⍺)

- parity-violating gravitational waves  
(with spectral shape in Cℓ)

• within single field slow-roll inflation, the tensor perturbation obey the 
vacuum equation

• inducing the following statistical properties
1. nearly scale invariant power spectrum nt = -r/8
2. nearly Gaussian probability distribution 
3. parity-conserving probability distribution 

at the locations of bright extra-galactic sources. The full success criterion includes the

uncertainties induced by the foreground cleaning procedure.

2.3. Extra success

The full success criterion has been defined conservatively and does not rely on data external

to LiteBIRD. Moreover, �(r = 0) has been calculated including residuals from incomplete

foreground removal. However, using external data, particularly in frequency bands below

LiteBIRD’s lowest frequency band (at 34 GHz), will lead to smaller foreground residuals.

In particular, external low-frequency ground-based data sets such as QUIJOTE [53, 54], C-

BASS [55] and S-PASS [56] at frequency bands outside the LiteBIRD bands (⌫ < 34 GHz)

would be useful for potentially improved foreground cleaning and thus may contribute to

“extra success.”

Another way to reduce �(r = 0) is to ‘de-lens’ using external data. Delensing removes

the lensing B-modes by subtraction at the map level, thus reducing the lensing B-mode

cosmic variance ‘noise’ contribution rather than simply characterizing its power spectrum.

Successful delensing using internal CMB data requires a higher angular resolution than that

of LiteBIRD, because low-noise lensing reconstruction requires the imaging of a large number

of small-scale modes.

However, there are several promising ways to delens LiteBIRD with external data and con-

tribute to ‘extra success.’ Lensing measurements derived from ground-based CMB surveys,

such as the CMB Stage 4 experiment and its precursors, can be used to substantially ‘de-

lens’ the LiteBIRD maps, reducing �(r) by X% [corresponding to fdelens = 0.1] for CMB-S4.

A di↵erent option will be to use Planck maps of the infrared background, along with current

Planck lensing and WISE data, to delens; though this will only give a Y% [corresponding to

fdelens = 0.57] reduction of �(r), the data for such an analysis is already available.

Combining de-lensing and improved foreground cleaning with external data, it is reasonable

to assume that we achieve �(r = 0) < 0.0005 or even better. If this is the case, we are able to

detect primordial gravitational waves with a significance greater than 6� if the Starobinsky

model is correct.

2.4. Beyond the B-mode power spectrum

Single field slow roll inflation predicts that the stochastic background of gravitational waves

originated from quantum fluctuations in spacetime generated during inflation. When we write

the spatial metric (squared distance between two points in space) as ds
2
3 = a

2(t)
P

ij(�ij +

hij)dx
i
dx

j and impose transverse and traceless conditions on hij , the matrix hij describes the

“tensor” perturbations of the spatial metric. [a(t) is the scale factor describing the expansion

of the Universe, which grows exponentially in time during inflation.] When the wavelength of

hij is much smaller than the Hubble horizon size of the Universe, these metric perturbations

propagate as gravitational waves.

Within the context of single field slow roll inflation, hij obeys the vacuum equation:

⇤hij = 0. By quantizing this equation, we can show that a background of long-wavelength

fluctuations of hij emerges with the following statistical properties:

1. A nearly scale invariant power spectrum (i.e., the tilt of the tensor power spectrum

satisfies nt ⇡ 0).

7/27Parity-violating

LiteBIRD — beyond the B-mode power spectrum 
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With frequency range from 34 to 448 GHz and access to large 
scales LiteBIRD will gives constraints on

Synchrotron Dust

• Characterization of the foregrounds SED
• Large scale Galactic magnetic field
• Models of dust polarization grains

LiteBIRD — galactic science
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significant improvement on the SZ y-map in terms of foregrounds 
residuals thanks to the 15 bands

Fig. 6 Spectrum of the thermal SZE (solid line). The shape of the spectrum is universal

in the non-relativistic limit kBTe/mec
2 ⌧ 1 while its amplitude depends on the Compton y

parameter. We use y = 5 ⇥ 10�6 in this plot. The color bars show the sensitivity of the 15

partially overlapping bands of the LiteBIRD detectors in units of kJy str�1. For clarity we

show half of bands as positive and the other half as negative values, but only their absolute

values are meaningful.

The primordial magnetic field also generates spatially-varying �↵ via the Faraday rotation,

which has been constrained by the ground-based experiments [117, 118]. LiteBIRD can

improve the limit on the amplitude of a nearly scale-invariant primordial magnetic field by

an order of magnitude [77].

On the other hand, TB and EB correlations from parity-violating gravitational waves can

easily be distinguished from angle miscalibration because the shape of TB and EB power

spectra from gravitational waves is di↵erent from that arising from rotation of the scalar

perturbations (see Fig. 5).

5. Mapping the hot gas in the Universe

Electrons in the hot ionized gas transfer their energy to CMB photons by inverse Compton

scattering, leading to a characteristic distortion of the blackbody spectrum of the CMB (see

Fig. 6). This phenomenon is known as the thermal SZE [119, 120] and has been routinely

detected toward the directions of galaxy clusters [121–124]. The amplitude of the thermal

SZE is given by the so-called ‘Compton y parameter,’ which is given by ⌧kBTe/mec
2 where

⌧ is the optical depth and Te and me are the electron temperature and mass, respectively.

Using the so-called Needlet Internal Linear Combination (NILC) [125, 126], we can recon-

struct an all-sky map of thermal SZE and its angular power spectrum, with minimum residual

14/27

Fig. 7 Reconstructed power spectrum of the thermal SZE from the LiteBIRD simulation

(red line), compared with the input one (black line). Both agree well except at ` < 10, which

still shows the residuals of the Galactic emission; however, such low multipoles su↵er from

large non-Gaussian cosmic variance error bars. The noise power spectrum of LiteBIRD (black

dashed line) is much lower than that of Planck (green dotted line), showing substantially

improved sensitivity and fidelity of the thermal SZE map of LiteBIRD.

foreground contamination [127]. Applying the same component separation algorithm that

was used on the Planck data to the LiteBIRD simulations, we find that, while the Planck

SZE map still contains contamination from various foreground sources due to the limited

number of frequency bands, LiteBIRD can faithfully reconstruct the tSZ map at ` > 10. See

Fig. 7 for the power spectrum of the reconstructed SZE map from the simulation.

Exploiting the 15 LiteBIRD frequency bands will yield a much improved, high-fidelity SZE

map over the full sky at `  200 essentially free of contamination. This full sky map will

show in projection all hot gas in the Universe and will have a lasting impact on astrophysics

as legacy data from LiteBIRD. An important application of this full sky thermal SZE map

will be to cross-correlate with a full sky three-dimensional catalogue of galaxies, as discussed

in Sect. 9.

Figure 6 shows the SZE spectrum in the non-relativistic limit (where kBTe/mec
2 ⌧ 1). Its

shape is universal and depends only on the mean CMB temperature. However, small rela-

tivistic corrections to this shape are proportional to kBTe/mec
2. Detecting this relativistic

correction averaged over a full sky SZE map can yield the mean gas temperature of the

Universe, providing an “integral constraint” on physics of the intergalactic medium [128]
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LiteBIRD — mapping the hot gas in the Universe
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• Anisotropic CMB spectral distortions could be measured well 
- Forecasts better than PIXIE ! (15 bands are many)
- Multi-field effects or non-Bunch-Davies initial conditions

‣ spatially-varying chemical potential distributions [Pajer-Zaldarriaga-2012, Ganc-
Komatsu-2012]

‣ Effects on Cℓμμ, CℓμT  

• Frequency Space Differential measurements for detecting  
any spectral distortion [Mukherjee-Silk-Wandelt 2018] 

- Use inter-frequency differences only 

interesting theoretical ideas need experimental 
assessment:

• include 1/f noise, systematic errors, etc…
• use advantages of multi-color detectors
• use “controlled imperfection” of HWP for gain calibration

LiteBIRD — spectral distortions
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• Galaxy surveys

• Integrated Sachs-Wolf effect

• Lensing

how gas traces the 
matter in the Universe

improvement on ISW signal (~20%)

⊗
3D distribution of the matter 

(galaxy survey)

full-sky map of hot gas 
(thermal SZ)

improve our knowledge of 
the projected gravitational 
lensing produced by the 

large-scale structure 

LiteBIRD E-modes

CMB-S4 high-resolution

+

LiteBIRD — synergy with other probes
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• Primordial gravitational waves from inflation
- B-mode power spectrum
- Full success
- Extra success
- Beyond the B-mode power spectrum

• Galactic science
• Optical depth and reionization of the Universe
• Cosmic birefringence

• Mapping the hot gas in the Universe
• Anisotropic CMB spectral distortions
• Elucidating anomalies with polarization
• Correlation with other data sets

LiteBIRD — science case
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LiteBIRD 2027+

Planck 2018

Planck 2015

WMAP 9-year

Fig. 3 (Left) E-mode power spectrum with the optical depths of ⌧ = 0.089 (WMAP 9-year

[89]; dotted), 0.066 (Planck 2015 with LFI polarization and CMB lensing [90]; solid), and

0.055 (Planck with HFI polarization [91]; dashed). We vary the primordial scalar curvature

amplitude such that the product As exp(�2⌧) is fixed. The green boxes show expected

LiteBIRD’s constraints at ` = 2 � 200, binned with �` = 3. (Right) Optical depths predicted

from various models of the number counts of star-forming galaxies, as a function of the

maximum redshift z (re-adapted from [83]). The green band shows expected LiteBIRD’s

68% and 95% CL constraints on the optical depth. The other bands show the WMAP and

Planck constraints as shown.

ionized gas [85] (called the kinetic Sunyaev-Zeldovich e↵ect [86]); and, finally, the polarization

of the CMB produced by electrons scattering quadrupole temperature anisotropies in a

reionized Universe [87].

Electrons in a reionized Universe see the quadrupole temperature anisotropy from their

own last scattering surface due to the polarization dependence of Thomson scattering. Con-

sequently, these anisotropies scattered by electrons in turn produce a polarization of the

CMB, which we can observe today [88]. The amplitude of the polarization is proportional to

the optical depth to electron scattering ⌧ . The wavenumber of the fluctuations contributing

to quadrupole temperature anisotropy as seen by an electron at a redshift z is given by

k ⇡ 3/[rL � r(z)] where rL = 14 Gpc is the comoving distance to our last-scattering surface,

and r(z) is the comoving distance to the redshift z. For example, a redshift of z = 7.7 gives

r(7.7) = 9.1 Gpc. We observe this wavenumber at a multipole of ` ⇡ kr(7.7) ⇡ 6, which cor-

responds to the so-called “reionization bump” in the polarization power spectra. The e↵ect

on the E-mode is shown in the left panel of Fig. 3.

The height of the reionization bump is proportional to ⌧
2
As where As is the amplitude of

the scalar curvature power spectrum. On the other hand, scattering washes out small-scale

power by exp(�2⌧); thus, for a given high-` power spectrum, the height of the reionization

bump scales as ⌧
2 exp(2⌧) ⇡ ⌧

2(1 + 2⌧). We can use this to determine the value of ⌧, which

in turn provides an integrated constraint on the reionization history of the Universe because

⌧ = �T Ne is the column density of electrons Ne = c
R

dt ne integrated from today to the
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A cosmic variance limited measurement of EE on large angular 
scales will be an important, and guaranteed, legacy for LiteBIRD 

𝜎(𝝉) better than current Planck constraints by a factor 2

𝜎(𝝉) = 0.002
LiteBIRD

LiteBIRD — reionization

[LiteBIRD Collaboration, PTEP 2012]
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Improvement in reionization 
optical depth measurement 
implies:
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Fig. 4 Two-dimensional marginalized contour levels at 68% C.L. for the optical depth to

reionization and the sum of the neutrino masses as measured by future combinations of CMB

and large-scale structure data (including BAO from DESI or galaxy lensing and clustering

from LSST). The contours are centered on fiducial values ⌧ = 0.054 and ⌃m⌫ = 60 meV, as

indicated by the cross. A cosmic variance limited measurement of ⌧ is reached with LiteBIRD

(�(⌧) = 0.002). This ⌧ limit then enables a better neutrino mass measurement, reaching a

5� detection when combined with DESI or LSST. The shaded gray region shows the region

to exclude around the fiducial model needed to achieve a detection of significance greater

than 3� and highlights the importance of having the LiteBIRD data. [Figure adapted from

Ref. [96].]

will also enable a � 3� cosmological detection of the sum of neutrino masses, even for the

minimum, 60 meV sum of masses [102]. Figure 4 shows that a cosmic variance limited

measurement of ⌧ from LiteBIRD will be necessary to reach a significant detection of the

neutrino mass from cosmological data.

To complete the picture on the neutrino sector, the expected error bar on the e↵ective

number of relativistic species, Ne↵ , from LiteBIRD alone is of the same order of magnitude

as the one obtained by Planck [103]. Still, it would give an independent measurement, and

an important cross-check, as it has been shown for instance in [104] that the Ne↵ value

depends on the modelling of the foregrounds in the high-` Planck likelihoods. More accurate

value of Ne↵ would also help constrain the energy density of the stochastic gravitational

wave background ⌦GW [105], as the gravitational waves behave as radiation.

Beyond a cosmic variance limited measurement of the optical depth, the E-mode measure-

ments by LiteBIRD constrain the precise reionization history [106]. In particular, the “dip”

in the E-mode power spectrum at ` ⇡ 20 in Fig. 3 can distinguish between instantaneous

reionization at a redshift of zreion and a reionization history extending to z > zreion. A recent

analysis [107] shows that an extended reionization history out to z & 10 may be preferred
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• 𝜎(Σmν) = 15 meV
• determine neutrino 

hierarchy 
(normal v.s. inverted)

• measurement of minimum 
mass (≥ 3𝜎 detection NH,  
≥ 5𝜎 detection for IH) 

LiteBIRD — reionization and neutrino sector

[Calabrese et al arXiv:1611.10269]
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prospective GT05  
JE et al (Oct 2019)

CMB B-modes: race to sensitivity
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CMB fluctuations
at z≈1000

CMB interactions at z<10

NEW

NEW

CMB spectral distortions
0 < z < 2,000,000

NEW

Observe the Universe in the Microwave

Atoms, molecules, dust at z<10

Im
age credit: ESA

A microwave spectro-polarimetric 
survey to probe matter and radiation 
across space, time, and scales in the 

entire observable Universe

from J. Delabrouille VOYAGE 2050 WORKSHOP, Oct 201958


