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Congratulations on LiteBIRD’s selection!

It is a mission with far reaching consequences 
that will greatly impact the physics and 
astronomy communities.
It is a very important complement to ground-
based  CMB efforts.  

It will likely be unique for a long time.  



Please pardon the basic nature 
in the following! 

It is all known but perhaps 
worth repeating.



Success depends critically on:

Control of systematic errors to 
unprecedented levels.  

Achieving the target detector sensitivity.  

Based on past reviews, both are appreciated.  



Bennett et al. 2013, WMAP 9 year maps.

For 2<l<10, r=0.001 is a 6.4 nK
rms signal with a ~200 nK rms
foreground at 70 GHz.

For 30<l<160, the measurement is 
extracting a 9 nK rms signal (r=0.001) 
from a multicomponent, non-Gaussian 
field with correlated structure and 
~100 nK rms at 70 GHz.

The measurement:

Picture of collaboration removed to reduce size.



WMAP on low-l polarization

Not optimized for polarization even though we briefly  
discussed dedicating one W-band channel to it at one point.

Cleanest band was V (60 GHz).

In the cosmological analysis we did not use EE for l>10.

There is still some residual dust contamination for l>10 in 
public spectra but is can be understood as dust emission as in  
Choi & Page, 2015.



Spectra of 74% of 
the sky before any 
cleaning.

Page et al. 2007, WMAP

There seems to be a 
window in synchrotron in 
the 4<l<8 range.

Jagged due to correlations 
with dust emission. Red is a 
model.

~Noise floor (by eye) 

r=0.001 1000X lower! 
WMAP did not have good 
sensitivity to dust pol.

Antenna temp.



A modern version, now with Planck, for 50<l<110

Magenta: lensing BB plus r=0.1 
signal.

Red dash: dust correlated 
component

Blue: lensing BB (ant. temp)

Choi & Page 2015, WMAP + Planck LiteBIRD might get lucky, we don’t yet know!



Low-ell analysis 
All analyses done with the 
full covariance matrix. Only 
stat errors shown.

Page et al. 2007, WMAP

Different cleaning 
combinations. 

Chose the cleaned Q+V bands 
as this was felt to be the 
safest. 

Tau=0.09 r=0.3 

Note again EE 
foreground “window” 

LiteBIRD BB should be similar 
to the blue line for 74% of the 
sky. 
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FIG. 2: Left panel: 68% uncertainty levels on r as a function of the minimum multipole included in the analysis for a fiducial
sky area of 4000 deg2. Red and blue lines correspond to S3 and S4 respectively. Solid (dashed) lines show the results with
(without) delensing, and the dot-dashed lines correspond to the same experiments after excluding the Planck 353 GHz channel.
Right: uncertainty on r as a function of sky area for a fixed observation time and for a fiducial `min = 30. The Figure uses the
same color code and line styles used in the left panel. Note that, while the Planck 353 GHz channel could help reduce the final
uncertainty on r for S3, especially for larger sky areas (higher noise), it is irrelevant for S4, given its lower noise levels (the blue
solid and dot-dashed lines are indistinguishable).

bandpowers, estimated from the power spectrum of the
cut-sky anisotropies as
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B̃`m are the spherical harmonic coe�cients of the masked
B-mode map and M̂ is the cut-sky coupling matrix. The
latter depends only on the mask applied to the data, and
its analytic expression can be found in [52]. For this
work we have used top-hat bandpowers characterised by
a width �`:
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where ⇥(x) is the Heavyside function.
We avoid the problem of noise bias by using only cross-

correlations between simulations run with the same CMB
signal but di↵erent noise realizations. This mimics the
usual approach of cross correlating splits of the full data
in CMB experiments. Finally, for each simulation we
compute the covariance matrix of the bandpowers ⌃k,k0

from 1000 Gaussian realizations of the signal and noise
BB power spectrum measured from the two simulations.
These realizations were cut using the same mask used
in the analysis of the simulations, and therefore we fully
account for possible non-zero correlations between band-
powers.

FIG. 3: Sky masks used in the analysis, corresponding to the
cleanest 2000, 4000, 8000 and 16000 deg2 of the sky accessible
from Chile in terms of foreground contamination.

III. RESULTS

A. Fisher matrix forecasts

As a preliminary step, and in order to have an esti-
mate of the most optimistic constraints on r one can
expect from our two model experiments, we have com-
puted their corresponding Fisher forecast uncertainties.
For this we assume global foreground spectral parame-
ters �s = �3, �d = 1.54 and ⇥d = 20.9K, and a fidu-
cial value of r = 0. The foreground spectral parameters
were held fixed, and thus these forecasts will yield the
best possible uncertainties on r. Moreover, we assume
a delensing factor fdl related to the map noise level as

David Alonso, Oxford
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Foregrounds at  150 GHz, power ~4x lower at 70 GHz

BB WMAP 
level for 74% 
of the sky.



The most important things to take advantage 
of with a space mission:

Stability: allows for a deep assessment of systematic errors. 
Repeatability: need to prove signals are stable.
Full sky coverage with heavily crosslinked scans.
Sun/Moon/Earth (ground) in the far sidelobes.
Calibration on dipole.

Can you coat the HWP so it emits in the IR?



Thermal stability

TRS: Thermal 
Reflector 
System (the 
primaries)

FPA: Focal Plane 
Assembly, where the 
amplifiers lived.

Limon et al. 2010. WMAP’s first year thermal profile. 

First (?) bolometric detection at L2! 

You will see solar 
storms in the HWP!



Jarosik et al. 2007.  

Temperature of 
primary binned in 
solar azimuth. 

Year 1 
Year 2 
Year 1 



Bennett et al. 2013.  

At a low level, lots of 
things change. They need 
to be checked. In this case, 
central frequencies drifted.

Especially important for 
LiteBIRD because many 
effects multiply a large 
foreground signal.



Some other lessons learned:

The importance of knowing your beam profile cannot be overstated. 
The “beams” enter in multiple subtle ways. 

In addition to pre-flight maps,  make in-flight far-sidelobe maps on the 
Moon. Cleaning the galaxy in the sidelobes likely important.

Measure near-lobes on the ground.

Measure passbands in multiple ways (coherent+FTS).

The polarization angle orientation changes across a band.



Detector Sensitivity NET
60 GHz      90 GHz       140 GHz     195 GHz   280 GHz

LiteBIRD concept design, Tables 6.2 and 6.4 
69               44            37             53            86 and LB Wiki via Adrian.

…                   56             50               73 … 

46                  27             32               50             67 Estimate for satellite from Jon Gudmundsson
(Feeney et al. 2016)

Planck, best achieved, and these 
are slow detectors. 

35                  28             30               45             70 “Best possible from space”  rough parametric 
estimate from LP

69                  38            28               70             56 From PICO design study, another worked example 
(Hanany et al. 2019) 

uKs1/2

uKs1/2

uKs1/2

uKs1/2

uKs1/2

uKs1/2 relative to CMB

(220 GHz)

(220 GHz)

(220 GHz)

NB: On WMAP, Pospieszalski’s 60 and 90 GHz amplifiers did not exist. HEMT chips 
came from Hughes Research Labs with help from Loi Nguyen. 



To Complement LiteBIRD on 
the ground

ACT/PBSA/SPT/SO/S4



2007-2010: ACT ‘MBAC’

2013-2015: ACT ‘ACTPol’

2016-2021: ACT ‘AdvACT’

NEXT RELEASE, 2013-2016, DR2, “soon”

Will add 30 GHz receiver in 2020, 
e.g., high res for LiteBIRD, ++

1

[From Left to Right] 
1.) Argonne National Laboratory 
2.) Arizona State University 
3.) Canadian Institute for Theoretical Astrophysics (CITA) 
4.) Cardiff University 
5.) Carnegie Mellon University 
6.) Cornell University 
7.) Flatiron Institute 
8.) Florida State University 
9.) Haverford College 
10.) Johns Hopkins University 
11.) Leiden University 
12.) National Aeronautics and Space Administration Goddard Space Flight Center (NASA GSFC) 
13.) National Institute of Standards and Technology (NIST) 
14.) Pennsylvania State University 
15.) Pontificia Universidad Catόlica de Chile 
16.) Princeton University 
17.) Rutgers University 
18.) SLAC National Accelerator Laboratory 
19.) Stanford University 
20.) Stony Brook University 
21.) University of Arizona 
22.) University of British Columbia 
23.) University of California, Berkeley 
24.) University of Cambridge 
25.) University of Illinois at Urbana-Champaign 
26.) University of KwaZulu-Natal 
27.) University of Michigan 
28.) University of Oxford  
29.) University of Pennsylvania 
30.) University of Pittsburgh 

ACTPol/AdvACT Collaboration(2017): 
Official Logo Banner (Alphabetical)

Picture of collaboration removed to reduce size.



Status of activities in Chile

• ACT operating. Now has 11 seasons of data taking and 3rd generation 
of camera, ``AdvACT.”

• Polarbear/Simons array now has 3 telescopes with PB-2 receivers 
coming on line.

• ABS is done.

• CLASS has been taking data at 40 GHz since 2016 and recently 
installed a 90 GHz mount and receiver.



Coming soon, plans…
• SO will deploy a 6 m LAT, “Large Aperture Telescope” 

following the Niemack design (AO, 2016)
• SO will deploy 3-4 SATs, “Small Aperture Telescopes,” 

for B-mode searches.
• CCAT-prime will deploy the same telescope design as 

SO but at a higher altitude to focus on the CMB and 
higher frequencies. 
• CLASS will finish deploying full suite of receivers at 

40,90,150 & 220 GHz.
• Polarbear/Simons Array will finish deploying two 

more new receivers.



It’s Happening! 

SIMONS OBSERVATORY COLLABORATION

One new 6m large-aperture 
telescope (LAT) in Chile  
Three small-aperture telescopes 
(SATs) in Chile for B-modes  Jim and Marilyn Simons

Picture of collaboration removed to reduce size.



Sensitivities for f=0.4 per arcmin2

ACT
~B/K

~SPT

19 uK/(ht)1/2

90 GHz 150 GHz Notes: Based on 

measured ACT noise 

for 50o elev and for 

1.3 mm pwv.*

+220,30,40 GHz

18 uK/(ht)1/2

7.4-5.3 uK/(ht)1/2
9.2-5.8 uK/(ht)1/2

Notes: Full atm

model, 7/13 OTs. &w/ 

30,40,220,270 GHz. 

From: 1808.07445v1

SO

S4 2 uK/(ht)1/22 uK/(ht)1/2

Notes: Based on SO 

“goal” but with more 

detectors. Total: 2x19 

OT. &w/20,30,40,220 

,280, GHz. From S4 site.

h Is observing efficiency, 20-30%, and t is duration in years

Baseline-goal Baseline-goal

* The pwv is <1.3 mm 20% of the year, <2 mm 50% of the year

LiteBIRD

~3 uK-am but 

for 3 years



Simons 
Observatory

CMB-S4 CLASS LiteBIRD PICO

Funded?
yes
(Simons 
Foundation)

no
(NSF / DoE)

yes
(NSF)

In progress
(JAXA)

no
(NASA)

Est. first 
light

2021 2027 2016 (actual) 2027

Ang. scales ℓ > 30 ℓ > 30 ℓ < 200 ℓ < 200 ℓ > 2

2 x 10-3 0.5 x 10-3 6 x 10-3 1 x 10-3 0.1 x 10-3

0.06 0.03 0.03

0.003 0.002 0.002

[meV]
30 26 15

Science Forecast Matrix: Selected New Experiments

“Goals”

(P:0.007)

(P:0.4) s(Neff)

s(t)

s(Smn)

s(r)

(P:240)

(B/K:0.03)

~x2 better 
with LB

From 
Aurelien
Fraisse

From posted 
papers.



There is a lot more exciting 
science in the CMB and 
LiteBIRD will have an 
essential role in it!

Jon Ward


