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Outline

Particle Dark Matter Eftects on the CM]

DM < CMB anisotropies ( lonization )
DM < 21cm (Temperature)

Forecasts for DM and PBHs
Inhomogeneity from DM heating



Dark matter out there...

Rotation curves said so.
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Theory orders are placed.
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D DM heating on gas.
— I'GM ionization —>

CMB covers a wide DM mass range! .



CMB and Dark Matter — how?

Needs future 21cm
Best (now) at
Lyman-o

Matter Spectrum
(10+ Mpc)

warm DM

heating
lonization
dragging

very light
bosons

Polarization
DM coupled Anisotropy

to the SM

Spectral
distortion

Limited info on
particle interactions



DM probes from the CMB

* (CMB spectral distortion:
‘coupled’ DM, early/steady energy injection,
DM-photon conversion, etc

* CMB polarization:
pol. rotation in CPV medium

 CMB derivatives:
21cm maps of matter power-spectrum:
spatial & temperature distributions



DM probes from the CMB

* (CMB spectral distortion:
‘coupled’ DM, early/steady energy injection,
DM-photon conversion, etc

* CMB polarization:
pol. rotation in CPV medium

 CMB derivatives:
2 1cm maps of matter power-spectrum:
spatial & temperature distributions



Impact from steady (high-energy) injection

* Deposit energy into IGM during the dark age of Universe
* (1) Ionize (fraction of) the IGM; (2) Heats the IGM

* A small energy budget for a large impact

On decay lifetime:

Continuum Indirect T> 10265 (line search: T > 1028 S)
Search (Fermi-LAT, etc):

IGM 1onization

pre-EoR (PLANCK) T>10%s
IGM heating N

pre-EoR (21cm,projected) T>10%s



The ‘standard’ionization history

Standard ionization evolution (pre-EoR)

d;e = {(1 ~ X.)B - anba@)}

lonization rate (by radiation field):
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2T
C 2
Recombination: al? = (ov)
Approx. capture ratg, a? re0\1/2  reg
to a non-ground state — 9'7877—12_ (T) In (T

10°F

‘ "
107! [\ <
o . ,'
) .9_‘§ ;
§ *G) S 1
. =3 Noo
> S G .
o E\_ .°§ '
S it
S
= 1
S5
1073 1
[
’

10—4\_.. - L 1 "
103 102 101! 10°
1+z

X, reduces to a 104 floor during
the cosmic dark age and returns
to unity during EoR



DM Effect 1: ionization

More free electrons

.More CMB scattering — Damping on C,;

“‘Deposit Channels”

1onization from
ground state

— { (1—X.)8— X2n a(2)} lonization from

excited states

SM: H atom ionization

and recombination
(+ other channels)
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The perturbed’ ionization history

lonization enhances photon scattering
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Redshift dependence in injection rate

Annihilation and/or Decay of WIMPs

Energy release during dark ages

DM Annihilation: fast during high z,

~ (Z+1)6

Late time density clustering boosts the annihilation rate after z~O(50)

dE ann,boosted dE ann
el — [1+B()] [
dVdt / ;x5 dVdt / x5

Ao dn
MBy,(M)——dM
p2DM ]\Jlnin ( )dM

B(z) =

DM Decay: a steady rate, unaffected by structure formation

~ (z+1)3
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Lagged energy deposition

Injected high-energy particles lose energy by scattering,
1onization, excitations, etc...

Not instantaneously deposited into the IGM

If particles are energetic (E >> KeV):
* accumulative over earlier injection
* efficiency reduces at later time

Energy “fraction” into ionization (of H)

Redshift { 1+2)
2

] 1 —

10'y

Liu, Slatyer, Zavala, 2016

Numerical calculation

Implemented into
HyRec codes:

new physics induced
excitation, scattering ter
Lyman-& photons, etc.

Also see:
Belotsky, Kirillov 2015,



Compute a history-dependent deposit “efficiency” f (E,z)

f _ (dEtot> /(dEtot)
“ 7\ dVd dVd
T */ pEP A A (from theory)
ZS Zj Zk EjSIS(Zk, E;)dV(Zk)dt(Zk)Tcs’ijkdEjS
D5 2 BY Lo (2, ES)AES AV (21)dE(2:)

fc(zi) ~

Averaged over 1njection spectra (j) and species (s) and
integrated over all previous redshift (z,>z;)

Electrons are more effective than gamma rays at large

energy

Simulated eff. Ty

Photons extends to (much) lower mass range DarkHistory’
Liu, Ridgway, Slatyer, 19’
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DM: impact on xe

Annihilation: raises the x, floor, Decay: steady rise in x,
I i dec; Txl = 10%s m =1GeV
: — dec, T, = 10%s X
I - - ann,< ov >= 3 x 107%cm3 /s, w Halo
169 — ann,< ov >= 3 x 107%cm3 /s, w/o Halo
R - NO DM
()]
>
10 % |
Late-time /
clustering '
boost 162 ' N . e
10* 102 158
EoR 142z

starts
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Xe on CMB C;: damping & pol. peak shift

TT

L CAMB+HyRec

— No BH 1.7x1018

2x1018

102 =
10! 102

e

—~ /7 \A M
/’\( W

Large /damping may :
be degenerate to 10'L
cosmological parameters. §

_ 10%
Low /, esp. peak shift O
in polarization spectra 1071 3
are more effective :

102k

10!

102 103

/
LSS broadening

increases polarization
perturbation amplitudes

* visible shift in E pol. peaks
by enhanced monopole to
quadrature ratio

* enhances damping
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Current limits: WIMP annihilation

Planck Collaboration: Cosmological parameters
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Fig. 46. Planck 2018 constraints on DM mass and annihilation cross-section. Solid straight lines show joint CMB constraints on
several annihilation channels (plotted using different colours), based on pun, < 3.2 X 1078 cm?s™! GeV~'. We also show the 2o
preferred region suggested by the AMS proton excess (dashed ellipse) and the Fermi Galactic centre excess according to four
possible models with references given in the text (solid ellipses), all of them computed under the assumption of annihilation into bb
(for other channels the ellipses would move almost tangentially to the CMB bounds). We additionally show the 2 o preferred region
suggested by the AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron and positron fluxes for the leptophilic x"¢~ channel
(dotted contours). Assuming a standard WIMP-decoupling scenario, the correct value of the relic DM abundance is obtained for a
“thermal cross-section” given as a function of the mass by the black dashed line.
PLANCK 18:

‘Cosmological parameters’ |,
Thermal WIMP mass limit: 10~30 GeV



PLANCK 18: Pol. data lifts EoR degeneracy

Primordial spectrum

PLANCK18
TT only

PLANCK18
TT+TE+EE

80F
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lap

Astrophysical

60}

Full ion.
by EoR.

0.025 0.050 0.075 0100 0.125

0.952 0.960 0.968 0.976 0.984
n,

3.00 3.04 3.08 3.12 3.16
In(10'% A,)

Pol. data
sensitive T

to higher

V4

0.03 0.04 0.05 0.06 0.07 0.08
T

0.948 0954 0.960 0.966 0.972

n,

3.000 3.025 3.050 3.075 3.100
In(10" A,)
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Pol. EE peak shifts make the call

Astrophysical TT TT,TEEE
lonization — s p 095 -0.04 Data: PLANCK138
~ EOR saturation T ne | 059  0.14
7 m(0M™AN 07 0T
Overall anisotropy Quh* 1 017 0.07
_gpectra( Sb\alg@ Q.h? -0.08 0.16
1000pc | -0.37  -0.28

TABLE 1. Linear correlation coefficients between (ov) /m,
and cosmological parameters corresponding to Fig.3.

Polarization anl. cy

TE, EE peak location shift sensitive to higher z (~recombination) effects
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Near future: How about more pol. data

,, Soath Pole

=8

SO opy (pk") GFWHMV (") A B EE | S5 R OGRS
(GHz) arXiv =
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+ BICEP3 data available
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AliCPT: China’s upcoming CMB pol. observatory

95% Upper Bound for x — vq7v

10
9 DM decay to photons .
AlCPT + PLANCK18
8 . st
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Stat: Noise + CV
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(2)

M
X

(GeV)

~ 40% improvement in combined analysis
( for DM sensitivities)

5]

w/o foreground, combining frequencies;
(TT TE EE) for AlICPT & PLANCK
year run, Noise Equiv. Temp. ~ 350 uKV

S,

noise_muk_arcmin = 1.1 (T) 1.56 (E)
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Forecast on Thermal WIMP mass (ee channel). ...z cer

and max. /~-range:

. — .+
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(Projected limits) ,f},
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Phys.Rev.D 102 (2020) 10, 103005



Forecast on WIMP lifetime (decay to photons)

—
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Forecast on WIMP lzfetzme (decay to ee)

1072}
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Experiment X —~ete [ x =7y
Planck 24 85
AdvACTPol 0.68 4.7
AliCPT 21 78
AliCPT+ Planck 16 53
CLASS B 30
Simons Array 0.35 1.5
Simons Observatory 0.92 4.2
SPT-3G 2.2 9.9

TABLE II. 95% C.L. upper limit on I'y (in 1072¢ s71) at

m, = 10 GeV.
Experiment X = ete [ xx = 1Y
Planck 39 32
Planck - Unclustered 39 33
AdvACTPol 330 330
AliICPT 32 22
ALiICPT+ Planck 5| 42
CLASS 49 2 i
Simons Array 1.1 x 10*> [1.0 x 10°
Simons Observatory 310 290
SPT-3G 140 130

TABLE III. Expected 95% C.L. lower limit on m, (in GeV
assuming a thermal relic’s annihilation cross-section (ov) =

3 x 1072° cm3/s.
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Low mass PBHs, radiation

PBH’s Hawking radiation o0 . SEROIOG S
has a dE/dt~(1+z)3 history 10"} R
. C 107k Zz*
Significant sensitivity Y
] - F w= Planck, MCMC| 3
in relevant mass range: £10° T Planck, Eq40 | 3
5 ’.."::;;ff';' - -COrE i
MBH: 1014_ 17g 10~ _'.."::;f.';':."’ - -Simons Array | 3
Rl S R - -S4 ]
PLANCKI5 constraint: e - -PICO ;
S.Clark., B.Dutta., Y.Gao, Y-Z.Ma, 10 a ;525,213 i ==LitnBIRD |
L.E. Strigari, 1612.07738 0 s T T
M,(g)
PLANCK18 & forecasts: Log-normal (& = 0.7)
Extended BH mass distributions, see: 10" '
J.Cang., Y.Gao., Y-Z. Ma., 2011.12244 10 F
Experiment | Scaling Factor 107
Planck ik _ 107 F
COrE 37 & 107
CMB-54 113 107 &
PICO 53 107
LiteBIRD i 1077
Simons Array 80 1078 - : i
10" 10'° 10" 5g



BH accretion radiation (solar-supermassive)

10— -

10—

Masive BHs =
104 *=10-°
10 10 Msun Dizk Aceretion
mmm /o DM halo
. 1077 e w,/ DM halo
CMB constraint _ L= Ly limit
on 1onization 109
. 10" 10! 107 10° 1"
radiation Mppu /M
5 Ly}
PLK18 data P
- - ln—ﬁ.
Serpico, Poulin, -
. m
Inman, Kohri, % 10-51

2002 . 1 077 1 Spherical Accretion
w0 DM halo

1077 s v/ DM halo
— L= Lg limit

ln—ﬂ

10" 10! 10° 107 10
Mpgn /M



About (E-mode) Pol. Sensitivity...

Mostly via extra 1onization, breaks degeneracy in 7— looks
good!

(Annihilation) Not very sensitive to clustering boost

28



Remaining Issue: EoR uncertainty (T)
washes out late-time DM injection

Wei-Ming Dai, et.al. (2019)

* Gialberani et al, 2008 1.0 T Ol at ]
L i o B e B A B ® an 2 1o Mesinger et al. 2015
ok 'f [ ] Ciallerani et al. 2006 0.5 T T 110 Pentericei et al. 2014
¢ ' ) . ® Komnia et al. 2007 ; * |0 Sobuacchi et al. 25
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x; 2 3 i ..... e : L Greig et al. 2017 " 0 & ' i J] 1 l il ¢ Tilvi et al. 2014
= e v o MoGreer et al. 2015 8 9 i 8 5 1 L ] K ashikawa et al. 7006
gl ! Schroeder et al. 2013 2 sl ld 00 il s 11— Ota et al. 2008
3 { . S L 1 :
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_5 + + / O Ouchi et al. 2010 gl e {| -~ Ze=B8,Az=10
. g ) . . . R ze=8.8, Az=110 _p gk . . . i e
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Redshift =z Redshift =

FIG. 4: The state-of-the-art measurement on xy, (z), taken from TEL}JIEE The black and red dashed lines are two examples of

the *tanh”™ model which cannot fit the data very well.
.

£
=
T

=
=2
T

Gireig & Mesinger (2016)
'Gedd Sample’ constraints
HERA + Planck pricrs
mmm With 25% modeling error on P, (k)

Current Pol. data sensitivity MOSTLY
derives from injection right-after recombination time

=
FS
T

i ® Ly emission fraction

- i. - | % Quasar near zone

* Lye Eillil! ¥ UI:MICIiHS

¥ Dark Lya forest pisels

|
|
[* ) 1 — I I I
6 7 8 9 10 11 12
Redshift z %9

DeBoer et.al. 2017

Hydrogen neutral fraction x,
a

EOR uncertainty needs future exp. input

e
=




- - dec,,, = 10%s m =1GeV

— dec, T, = 10%s X

- - ann, < ov >= 3 x 107%°cm? /s, w Halo

_ — ann,< ov >= 3 x 107%¢em?/s, w/o Halo
B — NO DM

1+=z

. 5 poor low-z sensitivity due to EoR
Remember this bump. We need a late-time handle.
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DM effect #2: IGM temperature

[GM heats up
< _ dramatically

e o - ==

- dec, Ty = 1021‘3 m =1GeV
— dec, T, = 10%s X

- - ann, < ov >=3 x 107%cm? /s, With Ha,lo:
— ann, < ov >= 3 x 107*%¢m? /s, No Halo

-- Teus
i - NO DM
lUD — |2 ' ' - |3
10 10 1:6)
1+2z

Early EOR observation will be helpful!

T.oy Can rise by 102-3 near EoR
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IGM heating with DM

Injected particles raise IGM temperature

Scattering with
bkg radiation

o Towe ~Tiem

32



We may hear a lot from 21cm ...

.Precision reionization history:
lonization fraction x_, mean temperature T,

.Distribution of neutral Hydrogen gas
temperature map & power spectrum

a 21-cm intensity
103} k = 0.08 Mpe™! f ] k=018Mpc!
=100 : 5l aao
- Y
200 £
&
{ 300 5
S
1 —400
)
)
500 2 = .
i S b gl
—600 210778710 12 14 16 18 20 8 10 12 14 16 18 20
e e

Projected power spectrum sensitivities

Simulated T21 map w DM, :
(from SKA white paper) 3

Rennan Barkana, nature25791



Neutral Hydrogen 21cm line

Higher energy Spin
state flip

Hyper-fine split between the singlet @

and triplet states of neutral Hydrogen atom 1420 MH}’LL\

A=21cm
Spontaneous 21cm transition very slow: 107 yr

Nl/NO = 3 e—0.068K/T5

Spin temperature determined by relative effectiveness
between 21cm transitions, conversions by kinetic collisions,

coupling to the CMB and Lyman-a photons.
\ Ty — TemB + Yelg + Yrya TL;,-Q'
CMB develops [dark] absorption lines by L+ Ye +YLya "
running through neutral Hydrogen gas clouds ye — Cho E
with Tg < Tey. T Ay Tg]
T Py T, |
- Slices of high-z universe - A Tiye
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CMB's 21cm absorption windows
(1) neutral Hydrogen presence (2) T¢ cooler than the CMB

Dark age window

Universe becomes otandard  Supernova Formation of  Pinwheel Hubble telescope
transparent Dark candles ' the Earth galaxy 13.8 br years
380 thousand years. Apes 93 bn years - Jt—— T_--?"

2 i
o -

Inflation

First stals
A00 rrillica

1.1 sec— 1000 sec WEars .
First clusters Dark energy
of galaxies accelerates

2 bnyears Pulsars expansion Cluasars
9 bn years

' Picture from: philosophy-of-cosmology.ox.ac.uk
Gas temperature

gﬁ%“loiesggom Early reionization window
Z2 (first discovery claim from EDGES)
Bowman, et.al. Nature 555, 67 (20138).




T,, dependencies...

o 2lcm brightness relies on IGM temperature evolution

o Direct T;,g measurements.

I" ~“

? \}
Il 1
I 1
1 |
’

\“ "

s~ '&
Optical depth: T 5-\’ -
lonization Cosmology model-
. dependent Gas spin temperature
Gas density against CMB

distribution ,
Wouthuysen-Field:

Tspin B Tl_ya h TGAS
at cosmic dawn
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lemperature evolution

10°

Full ionization
@ EoR

3 star light

T % TTTTIT

CMB
decouples
from gas

102

21cm absorption lines whenever
Ts i1s lower than T
Temperature sim. with HyRec



DM induced heating can suppress / erase the 21cm signal

O

‘Dark age’

Z 100N §
— A 1 DO.L j L lsn/fcom
— '\ :'g ==== ) i
~— "‘*-; )
o il rS 1
~ —150: S === 107° [
o J,.-*’:'* (or makes it go deeper === 5x107 j
-2007 . if DM cools the IGM) 0= |
'r’ i i i i I N B | i i i ]
EoR 102

The average brightness temperature’ Z



EDGES: claim of 21cm

EDGES 2018
J. D. Bowman,et.al. Nature 555, 67 (2013). 2020 (summer)
Age of the Universe (Myr) =
0.2 . Li 200 B L
(f)
g of ;. \"'.I.r-'. \
3 i
&
g 02
7]
g —H1 =0.
- — H2 /
8 04F — Ha ~
% H4 q* — Mid-Band
= H5 ~1.2 1 " Bowman et al. [2018)
-0.6f A W I = L L ' . L {
_____ :: 60 10 80 90 100 110 120
: . . : i ; . v [MHZz]
26 24 22 20 18 16 14

Redshift, z
Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case.

A ___ EDGES: A Discovery
' near 78 MHz? LOFAR & MWA (by 202

Upper [imits only.
~ Twice the PP J
LCDM signal ! 39




WIMP involvement?

DM cooling
(DM s cooler)

Lower gas temperature via
collisions: more 21cm signal

Explains the EDGES data
*needs large scattering xsec

CMB uncertainties

Large uncertainty
at low frequency;
radio -frequency *new physics

DM heating
(DM releases energy)

Raises gas temperature by
energy injection: reduces
21cem signal

Most stringent bounds on DM
annihilation, decays & other
energy injections

Non-standard cosmology
Modified Friedmann Eq.
Dynamic DE, etc
1

O T
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WIMP cooling as an explanation to the EDGES data

3x 10!
| — {Tg]: = —HimK
B Planck 2015 constraints
i B SNIUETA ﬂ:-::-lll],_L{
LU SLAC
1] H Stellar (RG)
] ..
n W 3x 107 e
0] (T} = 300 mK s
10 B Planck 2015 constraints ]
1011 E SN198TA cooling |
SLAC 10 MeV . 6
_i3 3 1) T T T T T T T e R
]_{} “T] l T T T " T T T g T T |||||||1 T T T T T {}_l {Li l '.} l{} _'j{j ]_{H}
10~ 10~ 1{;-- 10~ 10" m,, [MeV]
dX

Milli-charged DM constrained to MeV range and
tiny (<1%) fractions of relic density E.D.Kovertz, et.al. 18’

* subleading abundance is OK if millicharged DM also has long-range force
with the rest of DM (H.Liu, Outmezguine, Redigolo, Volansky 1908.06986)
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Discovery of 21cm means high WIMP sensitivity

On DM annihilation rates:
by requiw'mg imjectiom l'mduced G. DAmico, P. Panci, A. Strumia 18’

AT,, < +100 or +150 MK Excluding vanilla thermal wimp below 1

lﬂ]4m TTTTI0 T T T T I T T LI TTTHAIS 1014 FrooT T
: 3 - Boost
lﬂ'ji_ L Ty = =100 mK
.;?{‘" E 10-5 E
E 102 ] -
k= : £ 3 5
t 10 'J"g 1- 1{]-365
5 F £ f
E 10-281,7 £ E
i B I=ar DM DM = bb 1
29 i - - DM DM — yy ]
b9 = oG [ - DM DM - pru—]
F Boost L V DM DM — ete™
1{}."":. il L i diinii L0 i L0 iiiiiil L iniiiin L0 0 iiiii .1I NI 10 EH Lidl 1 1 11 i1 i 1 1 IIIIII..‘ i 1 L1 1 iiil
= 1t 1 1o 10 1w 10f 10 10° 10 0%
DM mass Mppy in GeV DM mass Mpy in GeV

Unlike CMB pol., 21cm is VERY sensitive to DM clustering boost -



WIMP lifetime bound (@ 21cm discovery

Limit on Tg,s rise: S.Clark, B.Dutta, Y.Gao, Y.-Z.Ma, L.E.Strigari, 18’
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Decay: unaffected by clustering.



21cm has great expectations...
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21cm with DM: Inhomogeneous heating...

 w/o DM: 1nhomogeneity from matter fluctuations

 w DM: x,, T also become inhomogeneous
esp. for p2 enhanced annihilation & quick £ deposit

* Potential correction to 21cm spectrum (v.s. global signal)

SM DM energy deposit
dx, 1 1 —
—C ( 1 — —E./kgT .2 ) T J
= B(1 —x)e xingo ) + — di+ - él. i
+ transport terms, etc.
A OF s, Bowdileie e oy 9 4
dt ~ 1+zdt  3mecz f, ! Skgng f, | on
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Xe & T Inhomogeneity potentially
affect the 21cm power spectrum
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Preliminary
(Mpc/pixel, deposit terms only, instantaneous deposition)

J.Cang, Y.Gao, Y-Z.Ma, In progress 46



Dark Matter and CMB

T, E Anisotropy,
Global 21cm signal,
21cm power spectil

small-scale spectrum

Matter Spectrum

warm DM

heating

v extremely
ionization

Polarization
Anisotropy

Spectral
distortio

Upcoming CMB pol.

AdvACTPol, AliCPT, Simons Obs., SPG3, S4, ete.& 21cm coming clode?



BACKUP: light bosonic DM
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CMB on very light bosonic DM
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BACKUP: partially coupled DM
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Effect 3: DM ‘couples’to matter

Nonthermal DM at
lower velocities:
’Dragging’’ on baryo

Dvorkin, Lin, Schutz, 2011.C

B Nonthermal 14 [’S(_-;TIFE/(.?E;EE-FH‘]
) Thermalized /‘/
NS 04
i
my = 35 keV
—1 4
1 :2 :11 Il {
.!I:}'I.."Ilr]’-
_2 -
300 40 50 60 70 &0 1000 2000 3000
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DM — matter scattering at low velocity: <vo>~v ™

Corvections in TT, EE, and lensing spectra
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FORECAST Method
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Forecast likelihood
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Exp. specifications (DM)

Experiment v|GHz] wg_{/ 2 [pK-arcmin] Opwim [arcmin] foky [%0)] b B
28 113.1 7.1
41 99.0 4.8
AdvACTPol [20, 58, 59] 90 * 11.3 2.2 50 350" 4000
150 % 9.9 1.4
230 35.4 0.9
: =
ALICPT [60] Lo : o 10 30 600
38 39 90
Fa sunen 93x% 13 40 ‘
CLASS [22] 148+ 15 9.4 70 5 200
217 43 18
95% 13.9 5,2
Simons Array [24, 61] 150% 11.4 3.5 65 30 3000
220 30.1 2T
27 354 93
39 24 63
0: - ;
Simons Observatory - SAT [25] 1]435** 2:'3{ i‘; 10 25 1000
225 6 11
280 14.1 9
27 73.5 7.4
39 38.2 5.1
Simons Observatory - LAT [25] ff;; :g ii 40 1000 5000
225 21.2 1
280 52.3 0.9
95« 5.1 1
SPT-3G [19, 61, 62] 150% 4.7 1 6 50 5000
220 12.0 1

a AdvACTPol constraints would improve by a factor of 2 if choosing €,,;,, = 60.
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Exp. specifications (PBH)

EXD eriment f ;sky gmin l max 14 oP HFVVHRI
(GHz) (puK-arcmin) (arcmin)
90 7.3 12:1
100 1.l 10.9
o | 115 7.0 0.6
COrE [45, 46] 0.7 2 3000 130 55 35
145 5.1 7.7
160 5.2 7.0
R ,‘ | 05 2.9 2.9
CMB-84 [56, 57] 0.62 30 3000 > oy
90 2.1 9.5
108 Lt 7.9
B / AC ‘
PICO [48, 49| 0.7 2 4000 129 15 - 4
155 1.3 6.2
89 1.7 35
. . 100 9.2 29
LiteBIRD [47] 0.7 2 200 119 - 6 95
140 5.9 23
. r 05 13.9 5.2
Simons Array [53, H4] 0.65 30 3000 150 114 55
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