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ALP coupling to electromagnetism

ALP can couple to EM through a Chern-Simons interaction
A 1 . 1 7
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Rotation of the plane of linear polarization clockwise on the sky
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Non-null CMB EB correlation
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ALP coupling to electromagnetism

ALP can couple to EM through a Chern-Simons interaction Miscalibration of the detector's
polarization angle

NP | V %
L= _§8M¢8ﬂ¢ o V(¢) Fm/Fu 5 49¢’7¢F;WF“
Rotation of the plane of linear polarization clockwise on the sky
& g — 1 / 0 f;f?
2997 | ot

Krachmalnicoff+ JCAP 2022

Unknown a miscalibration
Non-null CMB EB correlation Completely degenerate with g

O ]‘ O O
ch= = > tan(da +48) (C/ B0 — CpP)

Komatsu Nat. Rev. Phys. 2022
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Galactic emission not significantly rotated by f Minami+ PTEP 2019
Use foregrounds as our calibrator

_ (BBo) | 1 CEB,fg | sin(4a) CEE,cmb B CBE,cmb
¢ G ¢ | . ¢ ¢
cos(4a) 2 cos(4a)
%10~3 Stacked observed E'B power spectrum _ _
Model the EB correlation of Galactic

4

synchrotron and dust emissions
Clark+ ApJ 2021

2

Tighthest constraint to date (3.6¢0)
o o 4+0.094°
/8 = 0.542 —0.091°

—— Miccalibration anel from the joint analysis of Planck and
gle
wes Best-fit total WMAP data
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L1iteBIRD overview

* Lite (Light) satellite for the study of B-mode polarization and Inflation LiteBIRD PTEP 2023
from cosmic background Radiation Detection é
« JAXA’s L-class mission selected in May 2019
» Expected launch in late with JAXA’s H3 rocket
° , from Sun-Earth Lagrangian point L2 il 8=
+ Large frequency coverage ( - 15 bands) at K ==
angular resolution for precision measurements of the CMB B-modes | Bt

* Final combined sensitivity:

BBREBEET D
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o —

FE modes

BEREKETD
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abeys 15114
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SRB-3
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L

IteBIRD main scientific objectives

from

Definitive search for the
In the CMB polarization
* Making a discovery or ruling out well-motivated
Inflationary models
 Insight Into the quantum nature of gravity
The inflationary (i.e. primordial) B-mode power IS
proportional to the

Current best constraint: r < 0.032 (95% C.L.)
(Tristram+ 2021, combining BK18 and Planck PR4)

90°

Angular scale

103 i

101 _

® BICEP2/Keck

| ® LiteBIRD

» LiteBIRD will improve current sensitivity onr by a
factor ~50
o L1-requirements (no external data): 10 ' RS
 Forr=0, .
* Forr=20.01, 50 detection of the reionization T !
(2 < ¢ < 10) and recombination (11 < £ < 200) 0
peaks independently
« Huge discovery impact (evidence for inflation, 2 R Multipoleé 150 500 1000 2000
knowledge of its energy scale, ...)
4 4
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Li1teBIRD spacecraft overview

Payload module
LFT HFT MFT

. are used to provide the
frequency coverage
(low frequency telescope)
(middle frequency telescope)

(high frequency telescope)

* Multi-chroic transition-edge sensor (TES)
cooled to

 Polarization modulation unit (PMU) In each
telescope with (HWP),
for 1/f noise and systematics reduction

» Optics cooled to

V-grooves
(for radiative cooling)

e, Bus system
\I """ (or service module, SVM)

Solar

shield M
e Mass: 26t T
* Power: 3.0 kW Star '
» Data: 17.9 Gb/day tracker
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LiteBIRD as a birefringence probe

MET
Precision measurement of EB
_ 40 - E% X
Wide frequency range "= 30. % Qé'
» Efficient component separation = 2 X
* Improve synchrotron and dust models T 20- S &
» Cross-correlation of low and high =1 @
frequencies reduces the impact of EB - =
mismodeling S 10- -
= 3 @
Full-sky coverage é 6 oMH -
» EB around the reionization peak probes 5 — :
the ALP mass and can distinguish 4- l I |
between different ALP and early dark 4 50 60 70 100 200 300 400
energy models Frequency [GHZ]
Projected for a
High signal-to-noise detections of S are * Best of 4.6 pK-arcmin @ 119 GHz
possible with >20 arcmin resolutions * Cosmic-variance-limited measurement of E modes at low multipoles
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Analysis pipelines

+ synch & dust model

Freguency maps

MK technigue
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Analysis pipelines

+ synch & dust model

Freguency maps

a;, f p from CMB
MK technigue
CMB .=« w= Harmonic space
R e SRS I e D-estimator
Real space

Peak stacking

<e;> + f rotated
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Analysis pipelines

+ synch & dust model

Freguency maps

a;, f B from CMB
MK technigue
CMB .=« &= Harmonic space
Py ErG S NAST PN T SR O -
P e Ay SRR W et D-estimator
SR Real space
e Peak stacking
<a@;>+ f rotated
CMB .. =«
p ’,,'/ : /~
Modified component separation GRE TSR
o, '.' f '_‘.?‘ T!,l,{ o 25 Y
(»*." \‘\ .".. o )
e Parametric SED <y R e,
. + | > . et 2y >
% p rotated
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Analysis pipelines

+ synch & dust model

Freguency maps

a;, f B from CMB
MK technigue
CMB .=« &= Harmonic space
Py RRO L NIAT VAN R TR DN .
P R S R A D-estimator
% Real space
S Peak stacking
<e;> + f rotated
CMB . .-
Modified component separation '” i
o, ~~’ 't"ﬁk . 25 D AL
K iodg ke 294
» Parametric SED RGBT ) F
o 4 . S
% p rotated

* + f+r joint & unbiased estimate of all parameters Non-rotated
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Minami-Komatsu (MK) technigque

g

Considering dust and synchrotron contributions separately

1 . ., sin (43 cmb cmb
C,fﬂ, _ itau(ril&) (CEEE’ B C’fﬂ’ ) | (45) (CEE, b C‘fﬂ, 1)

[
2 cos(4da)
1 EB EB.d
T (CE O+ C}EEE‘I + Cfﬂﬂﬂ) Diego-Palazuelos+ JCAP 2023
cos(4a)
|
® No Fg model
4 Dust model

¢ Dust & synch models
,, H;;HHHHHHHHHHHH—H

LFT MRAT HFT

B Q40 Qs0 QAo AesaAesp X782 X785 A9 Ag9p X100 A 119 X140 X100 X119 X140 X166 X195 X195 Q235 X280 A337 Q402
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< True - Estimated angle >
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D-estimator

. —— w/o debiasing
- R 1 - R EE 0.000041 — w/ debiasing
. , O O : . === fiducial
Dﬂ(ﬁ) _ C,E 2 13&111(4[3) (C,ﬁ C )q 0.00002
X |
- (0.00000~
e 3 i
— — Jd = _
(Df(ﬁ T ﬁ» o @) - 0.00002
Find the zeros minimizing - 0.00004y
1 2 D'DDDB:' — ﬁ!ﬂ L':Iet:;iaslingl
Z :D’E ﬂfff’ D’E’(ﬁ) _ ¢ — w/ debiasing
"‘%_ 0.0006[ § .--- fiducial
Build the covariance matrix from simulations to account for & ™™
foreground debiasing and the extra dispersion caused by a Eé_) 0.0002]
miscalibrations : _
tH . 0.0000F
Y3 |
ﬂ{ﬁﬂ’ o <DEDE’> -0.0002:—
Gruppuso+ JCAP 2016 o 200 400 600 800 1000
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Stacking of peaks

Find local extrema in T and E anisotropies

0.003
\ — T extrema, §=0.3°
0.015- :'\ ——- Textrema, B=1.0°
B Ao |- e —vo- || Loooz Transform the Stokes parameters and stack peaks
o101 {4 P Q. (0) = —Q(0) cos(2¢) — U(#) sin(2¢)
| B ot Un(0) = Q0)sin(29) — U(0) cos(2¢)
< 0.005 P :' \
g ;' ‘\‘ ;' \ 0.000 ¥Radial profile around peaks is sensitive to g
S 0.0004 ¢ T : bdt. P
3 oo (UD)O) = —sin(28) [ SoWIW 1o (06)
'| ' N - 2\~ TE
~0.005{ 1 X (bﬂ + biﬁ )CE
||‘ —0.002 1 Fdf?
\ UEY®) = —5sin(45) [ 5 WEWE D(t0)
~0.010 - 0003 2 27T
| | | | | | N - 2 EE BB
0.0 0.5 1.09’ o) 1.5 2.0 2.5 % (bH _|_b§g )(CE _ Cﬁ* )
Planck XLIX A&A 2016
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Component separation + «;

(EEZﬁDP ) (E§>p (i) (EY +(), (Kj Toes

P p
/ . , Amplitudes
Q°(v,a,0)\  [cos(2a) —sin(Ra)\ (Q(v,0)
U°(v,a,0) p_ sin(2a) cos(2av) U(v,0) ) Ai + P(A | Bi-1,Ci-1.d)
1Spectral parameters
¢ MK prior
# Comp.sep. +a Bi +— P(B| Ai,Ci—1.d) .

L.

4 SRS ERARCIRAARATRLIRATRGED I N S (Al VR

Gaussian priors on spectral parameters
MK result as prior on «,

< True - Estimated angle >
<
-
-
i~
-
—
——
-

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 L 1 I 1 I 1 I 1 |
B Qa0 Qso Ao AegaOegh X785 A78p A895 Agop X100 X110 X140 X100 X119 X140 X166 X195 X195 A235 X280 X337 X402 de la Hoz+ JCAP 2022
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Component separation + a; + f + 1

Generalised
Spectral Likelihood

------ Gaussian priors

Generalized spectral likelihood

=23 tr (N, 'A,(ALN, ' A,) AN, )

119

‘‘‘‘‘

Stompor+ MNRAS 2009
Verges+ PRD 2021

d337

Spectral parameters

~
__________________ _ d=XABc+n

/’A S

Instrument miscalibration

Bd

Birefringence

der X119 d337 ﬁd -‘35

Nov 30 - Dec 2 2023 International Workshop on Multi-probe approach to Wavy Dark Matter



Component separation + a; + f + 1

Jost+ PRD 2023
. - f | likelih
Cosmological likelihood Output of spectral likelihood
{ /
- L LT (QF _I_ 1) =
<SLU-E-> — f;qk:y Z 5 (TT(CE Eﬁ) -+ lfl(d{%t(c;?)))
JEG-:*ii?-rﬂ. 7
Cﬁ (Tr ﬁb) =
EE
R(ﬁh) Cf P . 0 = R—] (5.’;) T C;?'l(.]iﬁe
0 rC, 7P 4+ AL C7 7 '
O
T . .
Gaussian priors on spectral parameters
External priors from an artificial or astrophysical calibration
source on some frequency channels
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Performance across pipelines

Phasel

CMB (f=0)
+ noise
+ simple foregrounds (s0d0)

Phase 2
CMB ($=0)
+ noise
+ complex foregrounds (s1d1)

Phase 3
CMB ($=0)
+ noise
+ complex foregrounds (s1d1)
+ systematics (a;#0)

® D-estimator ¢ Comp. sep. + «
4 Peak stacking Comp.sep.+a+ B +r
¢ MK

< True - Estimated 8 >
(-

Phase 4
CMB (f#0)

+ complex foregrounds (s1d1) Phase 1 Phase 2 Phase 3 Phase 4
+ systematics (a;#0)

Nov 30 - Dec 2 2023 International Workshop on Multi-probe approach to Wavy Dark Matter



Take-home message

will provide the perfect venue to found In
Planck and WMAP data

We are developing different complementary analysis pipelines

Internally assess the impact of instrumental miscalibrations and Galactic
foregrounds on our measurements

Analysis pipelines have succesfully adapted to overcome the different levels of complexity

Continue exploring more complex foregrounds and additional sources of
systematics
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Component separation + o+ p +r

cos(2ay)  sin(2aq ) 0

rd ' ' - '
3') Instrument miscalibration — sin(2a)

X({ag, o, }) =

cos(2a )

cos(2a,, ) sin(2ay,,)

d — X A B C _|_ n 0 —Hi11(2c’rﬂ_]) {:{}H(Eﬂ:,,_f]

15Y) Birefringent rotation

2nd) Mixing 1 0 A¢ 0 AS 0 DU cos(28,) sin(28,) 0 0 0 0
UL 01 0 A 0 As —sin(23,) cos(26,) 0 0 0 O
A= 0 0 | Bua=| =y
0 0 0 1 0 O
1 0 Ay 0 A7 0 0 0 00 1 0

01 0 AL 0 A
n n 0 0 0 0 0 1

Nov 30 - Dec 2 2023 International Workshop on Multi-probe approach to Wavy Dark Matter



Component separation + a; + f + 1

Instrument miscalibration Spectral parameters Birefringence

d=XABc+n

Generalized spectral likelihood A S
= —2) tr (N, 'A(ALN'AL)TTAIN Hd,d))

Cosmological likelihood thut of spectral likelihood
| ETTLCLLI.'

(S%) = fary > 26+ 1 (Tr(C,; ' E) + In(det(Cy)))

2
E:E?_T” i1 _
C G ™" ’ By) + O
3 — R . } - R / noise

Gaussian priors on spectral parameters
External calibration priors from an artificial or astrophysical calibration source on some frequency channels
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(ALMA, HEP experiments,

Over 300 researchers from
X-ray satellites and other large projects

Team experience in CMB experimen

LiteBIRD Jo

Nov 30




L1teBIRD other science outcomes

* The mission specifications are driven by the required )
sensitivity on r | |

* Meeting those sensitivity requirements would allow to address
other important scientific topics, such as:

008 _

0.06

1. Characterize the B-mode power spectrum and search for
source source fields (e.g. scale-invariance, non-Gaussianity,

Thomson Optical Depth r

0.04

(O adapted from
Robertson+2015

parity violation, ...) oo
2. Power spectrum features In polarization :
» Large-scale
(improve o(t) by a factor of 3) o
(o(>’my) =15 meV) st ok minial

3. Constraints on
(thermal, diffuse, relativistic corrections)

c

9 J’ !

= R :

N # /

= .’ .

@) ’ ’

' ! g

Elucidati o ' '
2 ’

5. Elucidating 80055 | ,

-

= .

o ’ ’

q.’ F — ("

o - ;’ ’

_S ,f ,z

e}

o

o

(0 adapted from
Calabrese+2017

» Characterizing the foreground SED LA ot
» Large-scale Galactic magnetic field -
« Models of dust polarization U ] [mf\?] 0 120 140
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LiteBIRD scanning strategy

Boresight Spin axis 7~
« 3-year survey, Sun-Earth L2 ' ‘ (period 20 A
Lissajous orbit min.) / \

* Precessionangle: a = 45°
* Spin angle: f =50°

Sun

Q“‘\\
-
~

@

Nhit map for a |
~ 3-year survey S
. (Galactic projection)

Precession (anti-Sun) axis
(precession period, ~3.2 h)
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Low Frequency Telescope (LFT)

PMU  Polarization Modulation Unit (PMU) as the first
Optical sky-side optical element
\ axis e design
Front hood  Mirrors and aperture stop at

Aperture stop
(9K)

A » Made of aluminium

* Field of view:

 Strehl ratio > 0.95 (@ 140 GHz)
* Aperture diameter:

* Frequency range:

* Angular resolution:

* F#3.0 & cross angle of 90°

* Cross-polarization <

 Rotation of the polarization angle across the FoV

Focal plane <#1.5°
* Weight < 200 kg

Secondary
reflector
(9K)

Primary reflector
(5K)
Sekimoto+ SPIE 2020
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Middle-High Frequency Telescopes (MFT/HFT)

Montier+ SPIE 2020

Spin axis
Lamagna+ SPIE 2020

28° FoV
Baffle HFT (5K) e
HWP HFT P
(<18K) o
Cold stop HFT (5K) Joro

15t lens HFT (5K)

2nd lens HFT (5K)
Baffle MFT (5K)

' & HWP MFT (<18K)
Cold stop MFT (5K)

~ 15 lens MFT (5K)

HF-FPU (0.1K)

2nd lens MFT (5K)
MF-FPU (0.1K)

R, W

% -
.

» Refractive optics

 Each telescope has PMU with a half-wave-
plate (HWP)

* Optics at
* Field of view:

» Simple and high heritage from ground
experiments

» Compact (mass & volume)

» Simplified design for filtering scheme
* PP lenses + ARC

* Weight 180 kg

VT
v (GHz) 100-195  195-402
Ap. diameter (mm) 300 200
Ang. res. (arcmin) 38-28 29-18

Nov 30 - Dec 2 2023
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Focal plane configuration

e Transition-Edge Sensor (TES) arrays

« Multichroic detectors

 Number of sensors: 4508 I—FT

e 15 bands including overlap
between Instruments

H FT Rule of thumb:

1000 detectors In space
= 100 000 detectors on
ground

Lensed coupled detectors
L_enslets

Horn coupled detectors
Platelets

89GHz MFET (2_5 : 1) 225 GHz

2075 detectors
366 Trichroic TES
588 Dichroic TES

H - H -~

m Westbrook+ SPIE 2020

LFT (5.7:1) HFT (2.7:1)
- 50 - 68 - 89 - 119 - - - - - -
1355 detect
o0 - o 2 X 265%C[;)izzshroic TES
1258 detectors 338 Monochromatic TES
34GHz 2 X (65 + 155) Trichroic TES 161 GHz 166 GHz 448 GHz

LiteBIRD Rencontres de Moriond Cosmology - Jan 2022



LiteBIRD cryogenic system

V-grooves
LFT MHFT 30K 90K
. . 5K
A AP N 160K .
/\ /\ Sub-K | 0.1K
ADR 1.75K
Shield . ' el
cooler 4K-JT/2ST 4K-JT
Cooler pedestal 15K | 20K V-groove 3
a ~ | T T |
Sun
<hield Upper part of | ‘ | ‘ V-groove 2
SVM C ! ! I !I I I I I__1Cooler pedestal
JTCH |JTCM | JTCL1 | JTCL2 || PC | PC | [JTCH | JTCL || PC | PC | | PC | PC |
\ / Compressors
ADR driver JTD-2K JTD-2K PCD JTD-4K PCD PCD Drivers
| | | | | | |
Synchronize electronics
\_ )

 Continuous cooling at 100 mK
» High stability on telescopes at all stages

I-" -
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LiteBIRD readout system

FPGA: Control | Carrier DAC | ' gl
Demodulation , ity
and Synthesis -
: — B wn B 1) i CHAL 5
ADC - @ =l — d® | i ‘ Tttt L
Lo , i ‘ s i ui-:;l'e. lfh ] J il | i
Y | | . _ —  — LR o U
\ e Uit l= M ” Ml u‘ll‘ | “l, Ul, t : ,l Lk t, I
 —t .M/\l 7 | \ | ‘ L | '.*I)(( b)) a6Mm 1911 (4 D)1 (0] b (60
it == * i
| LH ‘— f Cold Readout LC
" 3 ()’ 3"_ —
it en OH AR | - N———x= filters for MUX

 Digital frequency multiplexing (DfMux) readout technology enables the readout of many
Transition Edge Sensors (TES) with fewer components and a low wire count.

» Superconducting resonators are used to assign unigue frequency channels to the TES sensors.
* The signal Is read out using a low-noise SQUID amplifier and an FPGA controller.

» This approach saves on mass, volume, power consumption, and cost.

* The technique draws its heritage from ground-based CMB experiments.

SQUID controller SQUID controller Digitizer Signal
board assembl assembly Processing Unit

Jp— -'o J B B
- ; \ ,):7'7‘. y ’J 0‘
| | i v
| p e T
Al

Digitizer assembly
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Polarization Modulation Unit (PMU)

 Rotating a birefringent plate to modulate polarization Sakurai+2020 Komatsu+2020
* The first sky-side optical element |
H\WP Toda+2020 Columbro+2020 Suglyama+2020
birefringent
axis Ogwp _
Polarization —  LFT PMU BBM at Kavli IPMU:.
angle
Input light Output light
1 ied si
_ fa%e Unpolarized signal
= Demodulated signal
g * Rotation test of superconducting magnetic
o bearing system in the 4K cryostat

 Stable rotation at cryogenic temperature (< 10 K)
Frequency

Nov 30 - Dec 2 2023 y




Foreground cleaning

Foreground modeling Impact of foregrounds residual
o . curved spectrum (AME Is absorbed in 107 ; ——
1 ===+ primordial BB r=0.00461, T=0.0544
the Curvature) = = |ensing BB
X X . —— total BB
1 Bs(1)+Cs(n) In(v /v°) 1072 4 1%[31%5in|'|ulateq statgftic?l fﬂrl'egrf;:unds
A A ] residuals + nolise alrter S Cleanin
Qu, U] (1, ) = [Qu, Ui (3, 4) - (—) | T ek e r s
Vi | == LiteBIRD error bars
o 107 1 Cosmic variance-limited error bars -
o : modified blackbody .
Ba(n)—2 . X Y
A : v B, (Ta(h))  J 10+
[Qda Ud] (’Tl, V) — [Qda Ud] (’Tl, V*) : (_) ~ -~
Vs B,, (Ta(h)) Q&

In each sky patch

o " tec_hniqu_e" (_e_xtension of xForecast), to 107 >————— T 30 20 0 o0
account for spatial variability. 12)X(Nside)? patches = /
6144 parameters with Nside = 8
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Foreground cleaning

T T I
200 Averaged bias : : :
~~" r=0.00033 : .
* “Multipatch technique” (extension 1757 Averaged Fisher Lo
~~" 0,=0.00052 | .
of xForecast) . | Lo
150 - Fisher from | o
» Distribution of the recovered r in -=- a;e_raﬂggg 5;;'””3'5 I i i
. . . . c r=\. |

1000 simulations with input r = 0, : 125 - Fisher o, : |
with and without foreground 5 I L
. £ 100 - | ol
residuals z ' Lo
. S : Lo
* Bias from foreground (PySM dis1) #* 75 - '. T
residuals is found to be small : Lo
20 0
 Final value: : o
25 L
I I I
I I I

D | T %

10-* 103

Tensor-to-scalar ratio r
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