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- Introduction to 21-cm cosmology


- Non-collisionless DM 


- Non-cold DM

Outline
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X-ray heating

A cartoon of the evolution of TS
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Collisions

Ly-a coupling

X-ray heating

A cartoon of the evolution of TS
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A cartoon of the evolution of TS
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Learning about DM: Depth
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A thermostat at cosmic dawn
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A thermostat at cosmic dawn
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A thermostat at cosmic dawn
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Credit: ASU

EDGES 
Experiment to Detect the Global EoR Signature



Bowman et al. Nature 2018 
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Learning about DM: Depth

Claimed EDGES detection
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What does the thermostat say?
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also:

Berlin+  1803.02804 

Liu+ 1908.06986

http://arxiv.org/abs/arXiv:1803.02804
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With non-CDM:

No 
haloes

Irsic+ 2017
LyA limit5 keV WDM
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The small-scale matter power spectrum

z = 20
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LCDM small-scale power spectrum
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But astrophysics, though…
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And foregrounds…
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Forecasted errors in matter power
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But what about EDGES?
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If you just focus on the centroid:

Credit: Schneider 2018

Absorption
mWDM > 6 keV also:


Safarzadeh+ 2018

Lidz & Hui 2018

Boyarsky+ 2018

Yoshiura+ 2018



The 21-cm fluctuations



21-cm Global Signal            =            CMB Monopole      



21-cm Global Signal            =            CMB Monopole      

21-cm Fluctuations              =            CMB Anisotropies      



Is this observable?

1 antenna 
~100 hours

~100 antennae 
~1000 hours



Is this observable?
HERA (Hydrogen Epoch of Reionization Array):

350 antennas, 14-m in diameter

DeBoer+ 2016



Foreground “wedge” 

Foregrounds swamp the signal. 

Avoid the “wedge”

Pober 2014, PAPER Coll. 
Parsons+ 2011
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Barkana Nature 2018

Fifth-force
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New Interaction

Knapen, Lin, Zurek 2017

m� = 10�6m�

g� = 1

EDGES

Fifth-force constraints



Knapen, Lin, Zurek 2017

m� = 10�6m�

g� = 1

EDGES

Fifth-force constraints

JBM & Loeb   1802.10094 
Berlin et al.     1803.02804 
Barkana et al. 1803.03091



Can you test this?

�DD ⇠ 10�27 cm2 > �m.f.p.

Essig et al. 2012



Can you test this?

Although:

�DD ⇠ 10�27 cm2 > �m.f.p.

Essig et al. 2012



Can you test this?

Although:

SHiP @ CERN + others


LDMX ~ SLAC mQ/10

✏ > 10�3

Essig et al. 2012

�DD ⇠ 10�27 cm2 > �m.f.p.
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Relative velocities: effects

Tseliakhovich and Hirata 2010

z = 40

Molecular-cooling  
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Atomic-cooling  
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1- Power Spectrum -> Number of haloes



Oleary & McQuinn 2010

No velocity Average velocity High velocity

2- Threshold for stellar cooling (molecular only)

Relative velocities: effects



Dalal+2010, Tseliakhovich+2011
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Dalal+2010, Tseliakhovich+2011
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Relative velocities: effects
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Densities Velocities
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Densities Velocities
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21-cm Global Signal       =       CMB Monopole      
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21-cm Fluctuations       =       CMB Anisotropies      

Fluctuations on T21



Fluctuations on T21

Modifying 21cmFAST (Mesinger+ 2010)
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Fluctuations on T21

Modifying 21cmFAST (Mesinger+ 2010)
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How to use a standard ruler
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How to use a standard ruler
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Alcock and Paczynski 1979
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How to use a standard ruler

Alcock and Paczynski 1979

�rguess =
Hreal(z)

Hguess(z)
�rreal

�r

�z = H(z)�r
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Is this observable?
HERA (Hydrogen Epoch of Reionization Array):

350 antennae, 14-m in diameter

DeBoer+ 2016



Foreground “wedge” 

Foregrounds swamp the signal. 

Avoid the “wedge”

Pober 2014, PAPER Coll. 
Parsons+ 2011



Foreground “wedge” 

kmin
|| = a+ bk?

0.05 h/Mpc 6

But the foreground gods 

might not be kind to us…

Pober 2014, PAPER Coll. 
Parsons+ 2011

Foregrounds swamp the signal. 

Avoid the “wedge”



VAOs as a standard ruler
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VAOs as a standard ruler
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Measuring H(z)
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Measuring H(z)
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-      tension (although in LCDM we measure                ) 


- BSM cosmology (e.g., decaying DM, Mnu…)


- It’s unexplored territory!

Applications

H0

p
⌦MH0



�rguess =
Dguess

A (z)

Dreal
A (z)

�rreal

What about DA?

�r



Foregrounds are not isotropic:

kmin
|| = a+ bk? ⇡ 10⇥ k?

So we mostly observe parallel modes:

�(DA)

DA
& 10⇥ �(H)

H

What about DA?

k



0.
92

0.
96

1.
00

1.
04

H(20)rd/(Hfid(20)rfid
d )

0.
6

0.
8

1.
0

1.
2

1.
4

D
A
(2

0)
rfi

d
d

/(
D

fi
d

A
(2

0)
r d

)

0.
6

0.
8

1.
0

1.
2

1.
4

DA(20)rfid
d /(Dfid

A (20)rd)

What about DA?
Moderate 

Foregrounds
Optimistic 

Foregrounds



0.
92

0.
96

1.
00

1.
04

H(20)rd/(Hfid(20)rfid
d )

0.
6

0.
8

1.
0

1.
2

1.
4

D
A
(2

0)
rfi

d
d

/(
D

fi
d

A
(2

0)
r d

)

0.
6

0.
8

1.
0

1.
2

1.
4

DA(20)rfid
d /(Dfid

A (20)rd)

�(DA)/DA = 3%

�(H)/H = 0.6%

What about DA?
Moderate 

Foregrounds
Optimistic 

Foregrounds

�(DA)/DA = 150%

�(H)/H = 2%



Terms and Conditions
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Summary

- Relative velocities between DM and baryons affect    
the formation of the first structures by O(1).


- They produce VAOs, with the same origin as BAOs 
but a different effect (large at z = 20, irrelevant today).


- Using VAOs as a standard ruler, we should be able to 
measure H(z=20) with 21-cm data from HERA.
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Harder X-ray Spectrum

0.03 0.1 0.3 1.0

10

100

30

300

k [Mpc-1]

Δ
2 (
k)

[m
K
2 ]

z=15.0

z=18.1

z=20.0



0.1 0.3 1.0

100

30

k [Mpc-1]

Δ
2 (
k,
z)

[m
K
2 ]

During Lyman-Alpha era



0.1 0.3 1.0

100

30

k [Mpc-1]

Δ
2 (
k)

AP with “traditional” density BAO

z = 18
No velocities

�k
0 =

Hguess(z)

Hreal(z)
�k

10% change in H 



AP with “traditional” density BAO

In agreement with Barkana and Loeb 2005

z=150

z=20

b

dm
b

dm





HERA on April 2018 (reionization.org)

http://reionization.org
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Collisions

Ly-a coupling

X-ray heating

A cartoon of the evolution of TS
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Data - foregrounds

Bowman et al. Nature 2018 
EDGES (Experiment to Detect the Global EoR Signature)
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Can DM explain EDGES?
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n� � nb ! m�  6GeV

Fifth Force 

Millicharged DM

JBM+ 2015 
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 JBM and Loeb 2018

��b / v�4

Requirements

Can DM explain EDGES?
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