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What is Dark Matter
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What we know

TODAY

1. Gravitational Interactive

2. Negligible interaction with Baryonic Matter
3. Stable

4. Dynamically Cold

Possibilities

1. New Particle(s)

2. Primordial Black Hole (PBH)

3. Modified Gravity
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PBH

Important probe of the very early universe !

Formation
Mass Range
(Very early universe) ey .
Mo~ 107 <10—23 s> &

1. Density Fluctuation
Anywhere between

2. Inflationary Perturbation 10_5g ~ 10° M,

3. Cosmological Phase Transition

4. Collapsing Domain Wall Bubble Theories

5. Collapsing Cosmic String - Quantum Gravity

- Inflation
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PBH Current Status

Gravitational Lensing
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Overview

Particle/Energy Injection

é )
Annhilation: y7 — SS
Dark Matter X
(DM)
Decay: y — SS
N\ J
é )
Primordial Black Hole (PBH):
Hawking Radiation
N J

Energy Deposition
(
H Ionization
Ionization H Excitation

He Ionization

Observables

Heating

CMB Anisotropy

CMB Energy Spectra

21cm Signal
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Can DM lonize the Universe?

Energy required (unit comoving volume):

pr cr

my,

AE =ny X 13.6eV = 13.6eV -

DM density

Ap.=p(1—ey=p Qtlr

Assuming
AE =f X Ap,
f~0.1

Lower Bound:

T~ 1.5%10%s

Upper bound:

Ao
Pe oL 3% 108
p. T
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Dark Matter Injection

dE
Dark Matter: | —— = RXE
INJ
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dVdr
Decay: q
(—dE ) N [, (14 2)°%p

ec __ -I ec — ¢
Ré* = I')ne 4, E9 =m, dVdt / o

Annihilation (s-wave): Homogeneous AE N <"_”>Q2(1+Z)6pg

AVdt )y my X

R™ = g n)? (ov), Eg™ =2m, | >

Clustered ( dE

ann,boosted dE
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Boost Factor

dE Boosted dE HMG
dvd = [1+8@)] (44
') 1Ny T ') 1Ny

CBoost Factor)
200 5 5
B,(M) = — J drp=(r)r
TR by,
CHalo Proﬁle)
A.p,. [ dn
B(z) = MB.(M)—dM
PBM Im, M

min T

CHalo Mass Function}

Einasto Profile, Spherical Collapse Mass Function
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dn

p(r) = p_a exp (_a% KTT:)% _ 1]) dinM —

Fw) = Ay 24 (quy 7] e

ppom dIn(v)
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PBH Injection : Hawking Radiation

Particle Spectra:
de \"™MP .

dEdi 27 exp(ElTgr) — (— 1)

QpmPerll + 2)°

Monochromatic Distribution:| 5 —
Temperature [ ] PBH = /pBH M
1010
Mass Loss: MMD
, @xtended Distribution) (d_E> _ JdM\p(M)(d_E>
M = —534 X 10°F(M)M~%g/s dvdr / dvdr /
FM):1~15 W(M) = 1 dppeu(M)

pper  dM
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Deposition Efficiencies

dFE l dFE
= fC(z) 3
dtdV ), 4en dtdV ) ..
j 25

y+H—e +H'

A B =k Piep
y+A—-A+e +et

Examples
(H Ionization)

Yte —7te oy H 2% +HT
2e — 2e
- EM cascade Dependencies i
- Pair Production 1. Redshift <
- Compton Scattering 2

2. Injection history
3. e*, y Spectra
4. Particle Channel

------

- Inverse CS
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Modified Recombination

dz. dxe I,
e =) — 1
dz (dz)o (1+2)H(2) (16)
dTigm _ dTigm | 2 Ky
dz dz ), 3kp(1+2)H(2)1+ fue + e
From ground state (n=1)
L1 dE
lonization Terms: i) = L E \avdt )
[, =1,+L, Lo(z)= 1=C (dE
nu(2)Eo \dVdt ) pgp

!

From excited state (n=2)

: 1 dFE
Heating Term: Kin(z) = = (dth)
DEP,h
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CHan Boost )

-~
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_____

= - = x o e, = 10%s —
—_X ei,Ti =10%s m)( = 1GeV
| - = xx = et (aV) =3 x 107%cm? /s, Clustered |
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CMB Signature

Increase Compton Scattering
5000
1000 10or i | & Width of Surface of Last Scattering
10'
3000 7
50 - : 1 1. Suppress small scale ( high £ ) correlations

2000 2. Enhance Low-L correlations;

3. Shift EE and TE peak location

TT
Dé

1000 1 Insensitive to Halo Boost

-100 . .
- - = e, = 10%s —
_Xﬁeiyé:l(pss m, = 1GeV
= = xx = 5, (V) =3 x 107 %em?/s, Clustered
e X — €5, (0V) = 3 x 107 %cm® /s, Homogeneous
— ACDM
300\ L Ll L L | . L
10 10 10° 10 10 10° 10°
l l
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Forecast Datasets

. A _ Experiment v[GHz| w_i,/ ? [uK-arcmin| Orwrwm [arcmin)] Sy [%)] Lrmin Lmax
Chi™2 2InL({Cr}{Ce}) = ! % BN 7.1 .
1 A -1 A -1 41 99.0 4.8
fsky X E (2¢ + 1){TI'[CZC¢ | — 1n|Cng | — 2} AdvACTPol [20, 58, 59] 90 % 11.3 2.2 50 350 4000
7 150 * 9.9 1.4
230 35.4 0.9
/ AliCPT [60] 350(; g 195;1 10 30 600
38 39 90
~ _ IHEP CLASS [22] el o ‘2‘2 70 5 200
Data Cf — Cbﬂ + Nf 217 43 18
95x 13.9 5.2
Simons Array [24, 61] 150% 11.4 3.5 65 30 3000
220 30.1 2.7
27 35.4 93
ACDM Noise > 2 o
Simons Observatory - SAT [25] 1454 3 17 10 25 1000
225 6 11
280 14.1 9
27 735 74
39 38.2 5.1
. Simons Observatory - LAT [25] &3; Z'g fﬁ 40 1000 5000
1 225 21.2 1
NFE = Z —=| NS =NSE)2 280 52.3 0.9
Ny 95% 5.1 1
v ’ SPT-3G [19, 61, 62] 150% 4.7 1 6 50 5000
220 12.0 1
95 2.9 2.2
02 CMB-54 [70, 71] 145 28 14 62 30 3000
EE 9 FWHM,v 90 2.09 9.5
Ney' = ob, exp | U(E+1) 8 In2 PICO [68, 69] 108 1.70 79 70 2 4000
! 129 1.53 7.4
155 1.28 6.2
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DM Constraints (ArXiv 2002.03380)

Experiment Xx—ee xx—=7y
Planck 6.25 9.24
Planck - Unclustered 6.17 9.00
AdvACTPol 0.65 0.93
s AliCPT 8.02 13.32
! ALiCPT+ Planck 4.58 6.91
> ==Planck CLASS 4.85 8.26
o Planck - Unclustered Simone Array 020 031
n Simons Observatory 0.68 1.08
] B R - -AdvACTPol SPT-3G 1.59 2.41

2, 1026 |-—~ Y P Pl - 4 .
> 1077% ~§2\ ““ A et ://, E. | -AliCPT TABLE III.  95%C.L upper-bound on {G@)ifi (in
& ", . . 3.-1 -1 _
N N R S N e+ AliCPT+Planck MORcrn’s ™ GeV ™) for my = 10GeV.
NN\ S “<0 L N\ BT T IS ——
- N RN e L - -CLASS
3 g N / s e IS} ™ AN 4 - i 5 . - —

10 N g DN 5\ ---Simons Array Experiment  [x S e'e x =77
Sl AN — \ _____ —-Si Ob t Planck 23.61  85.02
N T T T ‘ 1mons LUbservatory AdvACTPol 068  4.66
----- SPT-3G AliCPT 20.77  78.31
‘ ‘ ‘ ALiCPT+ Planck 16.00  53.07
CLASS 5.51 29.74
Simons Array 0.35 1.49
Simons Observatory| 0.92 4.18
SPT-3G 2.20 9.88

TABLE II. 95%C.L upper-bound on B (in 10528 ') for
my = 10GeV.

- Strong, Robust Constraints (think about cosmic ray)

- Wide mass coverage : KeV (WDM) to TeVs (CDM)

- Prospective improvements by about a factor of 100

— N ‘\ - Insensitive to Halo Boost (Curse/Blessing?)

10—28 | | )
10° 10* 102 10% 10" 10° 10" 10° 10° 10 10° 10* 102 10?7 10" 10° 10" 10* 10° 21cm can solve this problem!
m. [GeV] m. [GeV]

14
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PBH Constraints (2011.12244)
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Thank you!
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(a) Log-normal

Monochromatic

T -

= Planck
--COrE

-Simons Arrayl;
-S54
-PICO ]
-LiteBIRD

logg fren

1016 1017

M(g)
1. CMB can set robust and

stringent DM/PBH bounds

2. Prospective improvement by

100 for future experiment

3. Stay tuned for the first 21cm
light - SKA, HERA
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Energy

Injection and Deposition

from DM




DM Constraints (ArXiv 2002.03380

xx — e et
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|GM Interaction

Most SM particles are either unstable or inactive.

Only e, y need to be accounted for.

y+H —e +H"
g Y+ B

dN® 2y — 2 Nt Ao Ate +et
. TS —
DM: I° = 5 X R =)
N\ Pythia, HERWIG, PPPC4DMID... Yte —Y+Te oL H 2% +Ht
s — dN* . f o 2e — 2e
= 5,0 _ BHP AL

Monochromatic

PBH IN_ M. e) = [d AN M, e
——-(M,€) Z e——(e.e ) ( )

Extended F= r, dM - W (M) - I**(M, 7)
0



21cm Probe
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Deposition
Efficiency

Dependent on:

H lonization

1. Deposition channel

2.Redshift

3. Injection energy
4. Injection history
5. Particle species

He lonization

H Excitation

Heating

Low Energy Photon

Courtesy
Of
Tracy Slatyer

Yy —ee

Redshift (1+2)
2
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With Halo (Einasto Profile)
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Width of laster scattering surface

Visibility function: probability that a photon last scattered between z and z + dz

g(Z)ET/(Z)G_T(Z)_ e ‘l I -

1 0-4 e ‘l ‘ T
600 800 1000 1200 1400
142




Stripe on e "e T Deposition Eff Figs

Redshift (1+2)

104 10° 10° 107 10° 10° 10'Y10'110'4
Energy [eV]

=107

1072

- 107

I10‘4

Location: 1 ~ 100 MeV

Electrons in this energy range
upstater CMB photons to ~ 10
eV - KeV energies, where they
can efficiently ionize hydrogen.



