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Bowman+ 1810.05912

Conventional

Dark matter-baryon scattering can 
leave striking signatures in the 21-cm 
global signal.

EDGES
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Creque-Sarbinowski+ 1903.09154

The pure millicharged dark matter 
model cannot explain the EDGES strong 
absorption signal.

Dark matter-baryon scattering can 
leave striking signatures in the 21-cm 
global signal. Baryons Millicharged DM

Heat Flow
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0.01% Millicharged DM, 2 GeV, !Q = 6 × 10−4e

The pure millicharged dark matter 
model cannot explain the EDGES strong 
absorption signal.

Dark matter-baryon scattering can 
leave striking signatures in the 21-cm 
global signal.

A dark sector with a millicharged 
component and a cold component, with a 
long-range interaction between them, 
can do so!

Baryons Millicharged DM

Heat Flow

Cold DM
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The pure millicharged dark matter 
model cannot explain the EDGES strong 
absorption signal.

Dark matter-baryon scattering can 
leave striking signatures in the 21-cm 
global signal.

A dark sector with a millicharged 
component and a cold component, with a 
long-range interaction between them, 
can do so!

Striking signatures predicted at both beam 
and direct detection experiments.
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Dark Matter- 
Baryon Scattering

Vincent van Gogh, Café Terrace at Night
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EDGES Experiment
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http://loco.lab.asu.edu/edges/
Bowman+ 1810.05912

Conventional

First measurement of the 21-cm global signal. Larger absorption than expected! 
Suggests a lower baryon temperature  than expected at ! : 

at most 5.2 K instead of the conventional expectation, 6.8 K. 
z ∼ 17

EDGES
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Dark Matter-Baryon Scattering
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Significant impact on thermal history of the universe.  
Interesting target for CMB and 21-cm experiments.  

Blum+1311.2937,

Xu+ 1802.06788,

Slatyer+ 1803.09734, 

de Putter+ 1805.11616, 

Boddy+, 1808.00001, 

…

Kovetz+ 1509.00029

Muñoz+ 1708.08923

Barkana 1803.06698

Muñoz+ 1802.10094

…

Boddy+, 1808.00001
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Baryon Cooling Requirements
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High heat capacity: ! GeV.mDM ≲

vs.

Large scattering cross section. 
Constraints favor !  enhancement, 

i.e. light mediator exchange.
σ ∝ v−4

Mediator must be light compared to momentum transfer, 
i.e. ! keV. Severe constraints favor identifying !  

with the photon, i.e. millicharged dark matter!
mϕ ≲ ϕ

!ϕ

Baryons

Dark Matter

Baryon

Dark Matter

!ϕ ≡ !γ
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Millicharged  
Dark Matter

Vincent van Gogh, Café Terrace at Night
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Millicharged Cooling
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100% millicharged dark matter can do the job. However…
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CMB Constraints
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Constrained by cosmic microwave background power spectrum: dark matter-baryon 
scattering affects the acoustic oscillations and the sound speed.  

Millicharged dark matter limited to less than 0.4% of all dark matter by mass density. 

Boddy+, 1808.00001 Boddy+, 1808.00001
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!  ConstraintsNeff
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Berlin+ 1803.02804, Creque-Sarbinowski+ 1903.09154

Constraints on Neff from CMB power spectrum are important, as millicharged particles 
can thermalize in the early universe. Closes all available parameter space. 
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Millicharged  
+ Cold Dark Matter

Vincent van Gogh, Café Terrace at Night
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Millicharged + Cold Dark Matter
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Baryons Millicharged DM

Heat Flow

Cold DMphoton light mediator

e eQ gm gC

! of dark matter. 
Can be up to TeV in mass!

≲ 0.4 % ! of dark matter 
Relatively light ( !  GeV) 

for high heat capacity. 

≳ 99.6 %
≲ 20Scattering with neutral H 

and He are important.
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0.01% Millicharged DM, 2 GeV, !Q = 6 × 10−4e

Initial tight coupling between millicharged 
DM and baryons. 

Preliminary
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0.01% Millicharged DM, 2 GeV, !Q = 6 × 10−4e

Initial tight coupling between millicharged 
DM and baryons. 

Recombination happens, decreasing the 
number of charged particles in baryons. 

Preliminary
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0.01% Millicharged DM, 2 GeV, !Q = 6 × 10−4e

Initial tight coupling between millicharged 
DM and baryons. 

Recombination happens, decreasing the 
number of charged particles in baryons. 

Heat transfer between millicharged and cold 
DM cools the millicharged DM. 

Preliminary
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Temperature Evolution
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0.01% Millicharged DM, 2 GeV, !Q = 6 × 10−4e

Initial tight coupling between millicharged 
DM and baryons. 

Recombination happens, decreasing the 
number of charged particles in baryons. 

Heat transfer between millicharged and cold 
DM cools the millicharged DM. 

Millicharged DM cools baryons. Also 
scatters off neutral H and He!

Low

Momentum 

Transfer

High 

Momentum 

Transfer

neutral

H nucleus 

resolved!

≳ 10 keV

Preliminary
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Constraints on Dark Sector?
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Self-interaction constraints set very weak limits on !  .gC

gC
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Constraints on Dark Sector?
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Same CMB constraints on dark matter-baryon interactions now limits  
both millicharged fraction ( ! ) and  

!  from limits on momentum transfer to dark matter.
fm ≲ 0.4 %

gCgm

gC

gCgm
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Constraints on Dark Sector?
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Requiring tight coupling between millicharged dark matter and baryons 
sets limits on !  as a function of ! . gmgC Q
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Millicharged Dark Matter Constraints
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Millicharged Dark Matter Constraints
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Pure millicharged model: ruled out by Neff constraints.
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Millicharged Dark Matter Constraints
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Our work: millicharged + cold dark matter model.  
Small millicharged fraction of !  allowed. 10−8 ≲ fm ≲ 4 × 10−3
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Millicharged Dark Matter Constraints
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Millicharged dark matter annihilate in the early universe to light 
mediators: Neff limits require  GeV mass for millicharged dark matter.≳

Preliminary



Hongwan Liu Massachusetts Institute of Technology (MIT)

PASCOS 2019

Millicharged Dark Matter Constraints
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Relatively independent of cold dark matter mass, as long as !  GeV.mC ≲ 10
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Millicharged Dark Matter Constraints
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Change in !  - !  behavior at ! GeV due to growing importance of 
scattering with neutral H and He.

Q mm mm ∼
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Millicharged Dark Matter Constraints

!29

ArgoNeut

Numi-Fermini

DUNE

MilliQan

SHIP

LDMX

101 102 103 104 105 106 107
10-5

10-4

10-3

10-2

10-1

1

mχ [MeV]

Q
EDGES 99% C.L.
mC=100 MeV

Direct Detection

Roc
ket

Ballo
on

Grou
nd

Colliders

C
M
B
N e
ff

fm=
4·1
0
-3

No
bat
h

fm=
10

-8

fm=
10

-6

fm=
10

-4

Direct detection (e.g. SENSEI) sets lower limits. Must be above ground 
due to large ! , and suppressed by small fraction. Q

Emken+ 1905.06348
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Millicharged Dark Matter Constraints
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Beam experiment limits on millicharged particles from 
combination of SLAC milliQ, CMS, LSND and MiniBooNE. 

Prinz+ hep-ex/9804008, 

Davidson+ hep-ph/0001179, 

Badertscher+ hep-ex/0609059, 
Chatrchyan+ 1210.2311, 

Magill+ 1806.03310

Preliminary
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Future beam experiments will be very important,  
particularly milliQan and SHiP.

Haas+ 1410.6816, 

Magill+ 1806.03310, 

Kelly+ 1812.03998, 

Harnik+ 1902.03246, 

Berlin+ 1807.01730

milliQan

SHiP

Preliminary
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Cold Dark Matter Constraints
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Cold dark matter has a model dependent interaction with baryons at one-loop. Most 
naive implementation a prime target for upcoming direct detection experiments.
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Conclusion
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1. Millicharged + cold dark matter can 
consistently produce striking 21-cm signatures, 
and can explain the EDGES observation.  

2. Broad range of parameter space  
allowed: !  with ! ,  
and ! .  

3. Very testable at beam experiments and 
direct detection, both current and future.

GeV ≲ mm ≲ TeV fm ≲ 0.4 %
mC ≲ 10 GeV
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21-cm Absorption/Emission

If neutral hydrogen were in equilibrium with a 
background source of 21-cm radiation, e.g. the CMB,

21-cm photons

Two-level system, occupancy 
characterized by spin temperature:

n2

n1
= 3e��Ehf/TS
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<latexit sha1_base64="yvAE2JdIioETfYKdbt8I5ygvmH4=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVj1LwkWZbZyWwyZGZ2mekVwpKrP+BV/8CbePU//AG/w8njYBILGoqqbrq7wkRwA6777eRWVtfWN/Kbha3tnd294v5Bw8SppqxOYxHrVkgME1yxOnAQrJVoRmQoWDMc3Iz95hPThseqBsOE+ZL0FI84JWClx1rwgK9wLbgPiiW37E6Al4k3IyU0QzUo/nS6MU0lU0AFMabtuQn4GdHAqWCjQic1LCF0QHqsbakikhk/mxw8widW6eIo1rYU4In6dyIj0pihDG2nJNA3i95Y/M9rpxBd+hlXSQpM0emiKBUYYjz+Hne5ZhTE0BJCNbe3YtonmlCwGc1tCTUZMBgVbDDeYgzLpHFW9tyyd3deqlzPIsqjI3SMTpGHLlAF3aIqqiOKJHpBr+jNeXbenQ/nc9qac2Yzh2gOztcveO+XxA==</latexit><latexit sha1_base64="yvAE2JdIioETfYKdbt8I5ygvmH4=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVj1LwkWZbZyWwyZGZ2mekVwpKrP+BV/8CbePU//AG/w8njYBILGoqqbrq7wkRwA6777eRWVtfWN/Kbha3tnd294v5Bw8SppqxOYxHrVkgME1yxOnAQrJVoRmQoWDMc3Iz95hPThseqBsOE+ZL0FI84JWClx1rwgK9wLbgPiiW37E6Al4k3IyU0QzUo/nS6MU0lU0AFMabtuQn4GdHAqWCjQic1LCF0QHqsbakikhk/mxw8widW6eIo1rYU4In6dyIj0pihDG2nJNA3i95Y/M9rpxBd+hlXSQpM0emiKBUYYjz+Hne5ZhTE0BJCNbe3YtonmlCwGc1tCTUZMBgVbDDeYgzLpHFW9tyyd3deqlzPIsqjI3SMTpGHLlAF3aIqqiOKJHpBr+jNeXbenQ/nc9qac2Yzh2gOztcveO+XxA==</latexit><latexit sha1_base64="yvAE2JdIioETfYKdbt8I5ygvmH4=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVj1LwkWZbZyWwyZGZ2mekVwpKrP+BV/8CbePU//AG/w8njYBILGoqqbrq7wkRwA6777eRWVtfWN/Kbha3tnd294v5Bw8SppqxOYxHrVkgME1yxOnAQrJVoRmQoWDMc3Iz95hPThseqBsOE+ZL0FI84JWClx1rwgK9wLbgPiiW37E6Al4k3IyU0QzUo/nS6MU0lU0AFMabtuQn4GdHAqWCjQic1LCF0QHqsbakikhk/mxw8widW6eIo1rYU4In6dyIj0pihDG2nJNA3i95Y/M9rpxBd+hlXSQpM0emiKBUYYjz+Hne5ZhTE0BJCNbe3YtonmlCwGc1tCTUZMBgVbDDeYgzLpHFW9tyyd3deqlzPIsqjI3SMTpGHLlAF3aIqqiOKJHpBr+jNeXbenQ/nc9qac2Yzh2gOztcveO+XxA==</latexit><latexit sha1_base64="yvAE2JdIioETfYKdbt8I5ygvmH4=">AAACBHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoBch6MVj1LwkWZbZyWwyZGZ2mekVwpKrP+BV/8CbePU//AG/w8njYBILGoqqbrq7wkRwA6777eRWVtfWN/Kbha3tnd294v5Bw8SppqxOYxHrVkgME1yxOnAQrJVoRmQoWDMc3Iz95hPThseqBsOE+ZL0FI84JWClx1rwgK9wLbgPiiW37E6Al4k3IyU0QzUo/nS6MU0lU0AFMabtuQn4GdHAqWCjQic1LCF0QHqsbakikhk/mxw8widW6eIo1rYU4In6dyIj0pihDG2nJNA3i95Y/M9rpxBd+hlXSQpM0emiKBUYYjz+Hne5ZhTE0BJCNbe3YtonmlCwGc1tCTUZMBgVbDDeYgzLpHFW9tyyd3deqlzPIsqjI3SMTpGHLlAF3aIqqiOKJHpBr+jNeXbenQ/nc9qac2Yzh2gOztcveO+XxA==</latexit>

|"#i � |#"ip
2

<latexit sha1_base64="lkoGOUov82ajld3HGPkdjMAq+Qo="></latexit><latexit sha1_base64="lkoGOUov82ajld3HGPkdjMAq+Qo="></latexit><latexit sha1_base64="lkoGOUov82ajld3HGPkdjMAq+Qo="></latexit><latexit sha1_base64="lkoGOUov82ajld3HGPkdjMAq+Qo="></latexit>

triplet

singlet

|""i , |"#i+ |#"ip
2

, |##i
<latexit sha1_base64="utv1MvxJqWzbF9jJgH9Dz4IS64k="></latexit><latexit sha1_base64="utv1MvxJqWzbF9jJgH9Dz4IS64k="></latexit><latexit sha1_base64="utv1MvxJqWzbF9jJgH9Dz4IS64k="></latexit><latexit sha1_base64="utv1MvxJqWzbF9jJgH9Dz4IS64k="></latexit>

�Ehf
<latexit sha1_base64="NeOMK9ibdI4AVzKKfbrqVl7MCzE=">AAACEXicbVBJSgNBFK12jHFqh52bwiC4Ct0i6DI4gMsIZoAkhOrK76RI9UDVbyE2fQov4FZv4E7cegIv4DmsTrIwiQ8+PN77n/94XiyFRsf5tpaWV1bX1gsbxc2t7Z1de2+/rqNEcajxSEaq6TENUoRQQ4ESmrECFngSGt7wOvcbj6C0iMIHHMXQCVg/FL7gDI3UtQ/bNyCR0dtuO2A4UEE68LOuXXLKzhh0kbhTUiJTVLv2T7sX8SSAELlkWrdcJ8ZOyhQKLiErthMNMeND1oeWoSELQHfScfqMnhilR/1ImQmRjtW/FykLtB4FntnMI+p5Lxf/81oJ+pedVIRxghDyySM/kRQjmldBe0IBRzkyhHElTFbKB0wxjqawmS+eYkPArGiKcedrWCT1s7LrlN3781LlalpRgRyRY3JKXHJBKuSOVEmNcPJEXsgrebOerXfrw/qcrC5Z05sDMgPr6xcGap2Q</latexit><latexit sha1_base64="NeOMK9ibdI4AVzKKfbrqVl7MCzE=">AAACEXicbVBJSgNBFK12jHFqh52bwiC4Ct0i6DI4gMsIZoAkhOrK76RI9UDVbyE2fQov4FZv4E7cegIv4DmsTrIwiQ8+PN77n/94XiyFRsf5tpaWV1bX1gsbxc2t7Z1de2+/rqNEcajxSEaq6TENUoRQQ4ESmrECFngSGt7wOvcbj6C0iMIHHMXQCVg/FL7gDI3UtQ/bNyCR0dtuO2A4UEE68LOuXXLKzhh0kbhTUiJTVLv2T7sX8SSAELlkWrdcJ8ZOyhQKLiErthMNMeND1oeWoSELQHfScfqMnhilR/1ImQmRjtW/FykLtB4FntnMI+p5Lxf/81oJ+pedVIRxghDyySM/kRQjmldBe0IBRzkyhHElTFbKB0wxjqawmS+eYkPArGiKcedrWCT1s7LrlN3781LlalpRgRyRY3JKXHJBKuSOVEmNcPJEXsgrebOerXfrw/qcrC5Z05sDMgPr6xcGap2Q</latexit><latexit sha1_base64="NeOMK9ibdI4AVzKKfbrqVl7MCzE=">AAACEXicbVBJSgNBFK12jHFqh52bwiC4Ct0i6DI4gMsIZoAkhOrK76RI9UDVbyE2fQov4FZv4E7cegIv4DmsTrIwiQ8+PN77n/94XiyFRsf5tpaWV1bX1gsbxc2t7Z1de2+/rqNEcajxSEaq6TENUoRQQ4ESmrECFngSGt7wOvcbj6C0iMIHHMXQCVg/FL7gDI3UtQ/bNyCR0dtuO2A4UEE68LOuXXLKzhh0kbhTUiJTVLv2T7sX8SSAELlkWrdcJ8ZOyhQKLiErthMNMeND1oeWoSELQHfScfqMnhilR/1ImQmRjtW/FykLtB4FntnMI+p5Lxf/81oJ+pedVIRxghDyySM/kRQjmldBe0IBRzkyhHElTFbKB0wxjqawmS+eYkPArGiKcedrWCT1s7LrlN3781LlalpRgRyRY3JKXHJBKuSOVEmNcPJEXsgrebOerXfrw/qcrC5Z05sDMgPr6xcGap2Q</latexit><latexit sha1_base64="NeOMK9ibdI4AVzKKfbrqVl7MCzE=">AAACEXicbVBJSgNBFK12jHFqh52bwiC4Ct0i6DI4gMsIZoAkhOrK76RI9UDVbyE2fQov4FZv4E7cegIv4DmsTrIwiQ8+PN77n/94XiyFRsf5tpaWV1bX1gsbxc2t7Z1de2+/rqNEcajxSEaq6TENUoRQQ4ESmrECFngSGt7wOvcbj6C0iMIHHMXQCVg/FL7gDI3UtQ/bNyCR0dtuO2A4UEE68LOuXXLKzhh0kbhTUiJTVLv2T7sX8SSAELlkWrdcJ8ZOyhQKLiErthMNMeND1oeWoSELQHfScfqMnhilR/1ImQmRjtW/FykLtB4FntnMI+p5Lxf/81oJ+pedVIRxghDyySM/kRQjmldBe0IBRzkyhHElTFbKB0wxjqawmS+eYkPArGiKcedrWCT1s7LrlN3781LlalpRgRyRY3JKXHJBKuSOVEmNcPJEXsgrebOerXfrw/qcrC5Z05sDMgPr6xcGap2Q</latexit>



21-cm Processes

TS ! Tm
<latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit><latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit><latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit><latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit>

TS ! Tm
<latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit><latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit><latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit><latexit sha1_base64="+1B6zM/DED/yYctJ5j/W/0EuJIU=">AAACBnicbVDLSsNAFJ34rPVVdelmsAiuSiKCLotuXFbsC9IQJtNJO3QyE2ZuhBK69wfc6h+4E7f+hj/gdzhts7CtBy4czrmXe++JUsENuO63s7a+sbm1Xdop7+7tHxxWjo7bRmWashZVQuluRAwTXLIWcBCsm2pGkkiwTjS6m/qdJ6YNV7IJ45QFCRlIHnNKwEp+M3zEPVC4GSZhperW3BnwKvEKUkUFGmHlp9dXNEuYBCqIMb7nphDkRAOngk3KvcywlNARGTDfUkkSZoJ8dvIEn1ulj2OlbUnAM/XvRE4SY8ZJZDsTAkOz7E3F/zw/g/gmyLlMM2CSzhfFmcD2yen/uM81oyDGlhCqub0V0yHRhIJNaWFLpMmIwaRsg/GWY1gl7cua59a8h6tq/baIqIRO0Rm6QB66RnV0jxqohShS6AW9ojfn2Xl3PpzPeeuaU8ycoAU4X7+Q15j1</latexit>

TS ! TR
<latexit sha1_base64="GNL36UJdoTpyygUEWT26lm3D2Gg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmXVvmA6DJk004ZmkiG5I5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMvuedEqeAGXPfbKa2tb2xulbcrO7t7+wfVw6OOUZmmrE2VULoXEcMEl6wNHATrpZqRJBKsG41vZ373iWnDlWzBJGVBQoaSx5wSsJLfCh9xHxRuhQ9htebW3TnwKvEKUkMFmmH1qz9QNEuYBCqIMb7nphDkRAOngk0r/cywlNAxGTLfUkkSZoJ8fvIUn1llgGOl7ZOA5+rvjZwkxkySyE4mBEZm2ZuJ/3l+BvF1kHOZZsAkXXwUZwLbkLP8eMA1oyAmlhCqub0V0xHRhIJtqWJL8JYjr5LORd1z6979Za1xU9RRRifoFJ0jD12hBrpDTdRGFCn0jF7RmwPOi/PufCxGS06xc4z+wPn8ARDSkHI=</latexit><latexit sha1_base64="GNL36UJdoTpyygUEWT26lm3D2Gg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmXVvmA6DJk004ZmkiG5I5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMvuedEqeAGXPfbKa2tb2xulbcrO7t7+wfVw6OOUZmmrE2VULoXEcMEl6wNHATrpZqRJBKsG41vZ373iWnDlWzBJGVBQoaSx5wSsJLfCh9xHxRuhQ9htebW3TnwKvEKUkMFmmH1qz9QNEuYBCqIMb7nphDkRAOngk0r/cywlNAxGTLfUkkSZoJ8fvIUn1llgGOl7ZOA5+rvjZwkxkySyE4mBEZm2ZuJ/3l+BvF1kHOZZsAkXXwUZwLbkLP8eMA1oyAmlhCqub0V0xHRhIJtqWJL8JYjr5LORd1z6979Za1xU9RRRifoFJ0jD12hBrpDTdRGFCn0jF7RmwPOi/PufCxGS06xc4z+wPn8ARDSkHI=</latexit><latexit sha1_base64="GNL36UJdoTpyygUEWT26lm3D2Gg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmXVvmA6DJk004ZmkiG5I5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMvuedEqeAGXPfbKa2tb2xulbcrO7t7+wfVw6OOUZmmrE2VULoXEcMEl6wNHATrpZqRJBKsG41vZ373iWnDlWzBJGVBQoaSx5wSsJLfCh9xHxRuhQ9htebW3TnwKvEKUkMFmmH1qz9QNEuYBCqIMb7nphDkRAOngk0r/cywlNAxGTLfUkkSZoJ8fvIUn1llgGOl7ZOA5+rvjZwkxkySyE4mBEZm2ZuJ/3l+BvF1kHOZZsAkXXwUZwLbkLP8eMA1oyAmlhCqub0V0xHRhIJtqWJL8JYjr5LORd1z6979Za1xU9RRRifoFJ0jD12hBrpDTdRGFCn0jF7RmwPOi/PufCxGS06xc4z+wPn8ARDSkHI=</latexit><latexit sha1_base64="GNL36UJdoTpyygUEWT26lm3D2Gg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6LLoxmXVvmA6DJk004ZmkiG5I5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMvuedEqeAGXPfbKa2tb2xulbcrO7t7+wfVw6OOUZmmrE2VULoXEcMEl6wNHATrpZqRJBKsG41vZ373iWnDlWzBJGVBQoaSx5wSsJLfCh9xHxRuhQ9htebW3TnwKvEKUkMFmmH1qz9QNEuYBCqIMb7nphDkRAOngk0r/cywlNAxGTLfUkkSZoJ8fvIUn1llgGOl7ZOA5+rvjZwkxkySyE4mBEZm2ZuJ/3l+BvF1kHOZZsAkXXwUZwLbkLP8eMA1oyAmlhCqub0V0xHRhIJtqWJL8JYjr5LORd1z6979Za1xU9RRRifoFJ0jD12hBrpDTdRGFCn0jF7RmwPOi/PufCxGS06xc4z+wPn8ARDSkHI=</latexit>



21-cm Cosmology

Measure the brightness of the sky in MHz, relative to CMB temperature.

Constrains the ratio of baryon temperature      to 21-cm radiation temperature        

in the early universe,         .

blue - in absorption 
red - in emission

Pritchard & Loeb, 1109.6012

Tm /TR

Tm TR
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PASCOS 2019

Evolution Equations
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PASCOS 2019

Rates Plot
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CMB and SI Limit

!40

CMB:

Self-Interaction:
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Scattering

!41

Momentum Transfer Cross Section
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Non-Minimal Cold DM
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