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A brief history of time ..and the Universe

What astrophysics? Reionization model? 
What cosmology? Structure growth?
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Goal:  Push measurements to tomography, up to high redshifts, for mapping !
!       of large number of modes and time evolution during structure formation

Create radio and 
near-IR spectroscopic 
legacy surveys

A brief history of time ..and the Universe

JWST, NASA

CDIM  
Science  
Report

SKA-Low
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Why Intensity Mapping

Image: Courtesy of Asantha Cooray

What is the (large scale) structure of 
the Universe?!
What are properties of radiating 
sources?!
!
To find out, we can identify individual 
sources of emission.
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What is the (large scale) structure of 
the Universe?!
What are properties of radiating 
sources?!
!
To find out, we can identify individual 
sources of emission.

Image: Courtesy of Asantha Cooray

OR !
We can sum the emission in larger 
areas and measure fluctuations.!
!
Example: Planck satellite for the CMB!

Why Intensity Mapping
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• OK,&only&in&cross&correlation&
with&quasars&at&z~2…

Cross-correlation!
Lyα IM and quasars!
[Croft et al. 2016]!

Is this measurable?

Power spectra!
LOFAR 21cm !
[Patil et al. 2017]!

SDSS 2<z<3.5
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What is measurable?

Multi-line Tomography!
SPHEREx, CDIM!
[Cooray+, Heneka 2019]!

3pt / Bispectrum!
[Hutter et al. 2019]!
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Gain complementary information on LSS, IGM, sources:

Multi-Line Intensity Mapping

[CDIM  
Science  
Report, 

Cooray+, 
Heneka 
2019]
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Gain complementary information on LSS, IGM, sources: auto and cross-signals

[CDIM  
Science  
Report, 

Cooray+, 
Heneka 
2019]
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Simulations:	  neutral	  -‐	  21	  cm

density	  (+	  velocity)

ionization 
�nl,(dvr/dr)

xHI

21cm FAST / DexM 
semi-numerical simulations 

[Mesinger et al.’10]

Fiducial Cosmology: Planck

/ xHI (1 + �nl)

✓
H

dvr/dr +H

◆
�Tb (⌫) =

TS � T�

1 + z

�
1� e�⌧⌫0

�

f
coll

(x,M, z) � ⇣�1

filtering

Offset	  21-‐cm	  brightness	  temperature:	  	  	  	  	  	  	  	  	  	  	  	  

(Zel’dovich approximation)
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�Tb

<latexit sha1_base64="7Sf60/9JAkggR4xabE5hFgT/Khs=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE0WXRjcsKfUETwmQ6SYfOTMLMRCihGzf+ihsXirj1H9z5N07aLLT1wIXDOfdy7z1hyqjSjvNtVVZW19Y3qpu1re2d3T17/6Crkkxi0sEJS2Q/RIowKkhHU81IP5UE8ZCRXji+LfzeA5GKJqKtJynxOYoFjShG2kiBfdwOPI70SPJcTaEXx7Ad5F6MOEfTWmDXnYYzA1wmbknqoEQrsL+8YYIzToTGDCk1cJ1U+zmSmmJGpjUvUyRFeIxiMjBUIE6Un8++mMJTowxhlEhTQsOZ+nsiR1ypCQ9NZ3GxWvQK8T9vkOno2s+pSDNNBJ4vijIGdQKLSOCQSoI1mxiCsKTmVohHSCKsTXBFCO7iy8uke95wLxvO/UW9eVPGUQVH4AScARdcgSa4Ay3QARg8gmfwCt6sJ+vFerc+5q0Vq5w5BH9gff4AEFyYSA==</latexit>

Ts � T�

Post-‐heating	  
approximation:	  	  	  	  	  	  	  	  	  	  	  
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fesc

UV
Lya

Lya

dIGM
sIGM

(ionized)

SFR

Galaxy	  contribution:	  

• Recombinations	  
• Excitations

frec

Diffuse	  IGM:	  
Recombination	  
!
!

Simulations:	  (partially	  ionised)	  -‐	  Lyα

Scattered	  IGM:	  

• Scattering	  Ly-‐n	  photons	  
• Excitations	  (UV/X-‐ray)

frec

n=1

n=2

fesc

[see also Silva et al. 2013]

<latexit sha1_base64="EuGcDABX0j5GqalR/DuZ02wx0J4=">AAAB73icbVBNSwMxEM3Wr1q/qh69BIvgqeyKoseiF48VbC20S8mm2TY0m8RkVihL/4QXD4p49e9489+YbfegrQ8GHu/NMDMv0oJb8P1vr7Syura+Ud6sbG3v7O5V9w/aVqWGshZVQplORCwTXLIWcBCsow0jSSTYQzS+yf2HJ2YsV/IeJpqFCRlKHnNKwEmdnjZKg6r0qzW/7s+Al0lQkBoq0OxXv3oDRdOESaCCWNsNfA1hRgxwKti00kst04SOyZB1HZUkYTbMZvdO8YlTBjhWxpUEPFN/T2QksXaSRK4zITCyi14u/ud1U4ivwoxLnQKTdL4oTgUGhfPn8YAbRkFMHCHUcHcrpiNiCAUXUR5CsPjyMmmf1YOLun93XmtcF3GU0RE6RqcoQJeogW5RE7UQRQI9o1f05j16L9679zFvLXnFzCH6A+/zB9tFj9g=</latexit>/

<latexit sha1_base64="+4Vz6NOrkKiVg+4ZD0NzMK+LjZ4=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBhZQZUXRZdCO4qdAXtMOQSdM2NMkMSUYsw2zc+CtuXCji1n9w59+YaQfR1gOBk3Pu5d57gohRpR3nyyosLC4trxRXS2vrG5tb9vZOU4WxxKSBQxbKdoAUYVSQhqaakXYkCeIBI61gdJX5rTsiFQ1FXY8j4nE0ELRPMdJG8u39ut/lSA8lT27SYwjvf740Lfl22ak4E8B54uakDHLUfPuz2wtxzInQmCGlOq4TaS9BUlPMSFrqxopECI/QgHQMFYgT5SWTK1J4aJQe7IfSPKHhRP3dkSCu1JgHpjJbUc16mfif14l1/8JLqIhiTQSeDurHDOoQZpHAHpUEazY2BGFJza4QD5FEWJvgshDc2ZPnSfOk4p5VnNvTcvUyj6MI9sABOAIuOAdVcA1qoAEweABP4AW8Wo/Ws/VmvU9LC1beswv+wPr4Bu9mmDU=</latexit>

TK, xi
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fesc

UV
Lya

Lya

dIGM
sIGM

(ionized)

SFR

Galaxy	  contribution:	  

• Recombinations	  
• Excitations

frec
Diffuse	  IGM:	  
Recombination	  
!
!

Simulations:	  (partially	  ionised)	  -‐	  Lyα

Scattered	  IGM:

frec

n=1

n=2

fesc
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21-cm Lyα

Heneka, Cooray, Feng, ApJ, 848 (2017)

Example:	  21cm	  x	  Lyα

Caroline Heneka - LIM targeting Astrophysics and Cosmology

density



21-cm x Lyα 21-cm Lyα

CCCI,J (k) =
�I,J (k)p

�I (k)�J (k)

Heneka, Cooray, Feng, ApJ, 848 (2017)

Example:	  21cm	  x	  Lyα
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21-cm x Lyα 21-cm Lyα

CCCI,J (k) =
�I,J (k)p

�I (k)�J (k)

Example:	  21cm	  x	  Lyα

Heneka, Cooray, Feng, ApJ, 848 (2017)
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21-cm x Lyα 21-cm Lyα

CCCI,J (k) =
�I,J (k)p

�I (k)�J (k)

Example:	  21cm	  x	  Lyα

Heneka, Cooray, Feng, ApJ, 848 (2017)
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21-cm x Lyα 21-cm Lyα

Example:	  21cm	  x	  Lyα

• Follow reionisation progress, growth of ionised regions  
• Parameter dependencies, e.g. escape fraction and SFR

Heneka, Cooray, Feng, ApJ, 848 (2017)
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Example:	  Lyα	  x	  Hα

X

Lyα Hα

and/or show sIGM?

CH+ ApJ, 848 (2017)

Scattered  
Lyα

Size Lyα 
regions

• How much Lyα 
gets scattered 

• How far         
(mean free path)
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Gain complementary information on LSS, IGM, sources:

Multi-Line Intensity Mapping

[CDIM  
Science  
Report, 

Cooray+, 
Heneka 
2019]

Pk  
+ 

 global
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C. Heneka & L. Amendola, 2018

Beyond GR: What to learn from 21cm P(k)

↵ = �0in/�inY ~ effective G,Starting with a general 
modification to GR:

Y=0.99	  	   Y=1.0	  	   Y=1.01	  	  z=10 z=10 z=10

xH ⇠ 0.91 �8 = 0.785 xH ⇠ 0.87 �8 = 0.815 xH ⇠ 0.81 �8 = 0.846

�00m +

✓
2 +

E0

E

◆
�0m =

3

2

�m
a3E2

⌦m,0Y

↵ = �0in/�inwith IC:

GR:	  	  
Y = 1

/ xHI (1 + �nl)

✓
H

dvr/dr +H

◆
�Tb (⌫) =

TS � T�

1 + z

�
1� e�⌧⌫0

�

↵ = 1

Offset 21-cm brightness temperature:	  	  	  	  	  	  	  	  	  	  	  	   Growth evolution:
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+	  foreground	  removal

kk  dcE(z)✓0
dH (1 + z)

k?
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Vsur

4⇡2

@�2
21(z, k)

@pi
Cov

�1(z, k)
@�2

21,l(z, k)

@pj

[For 5 z-bins z=6-10]

Beyond GR: What to learn from 21cm P(k)

Fisher (SKA):
<latexit sha1_base64="qdvLJLhPa/HkSyWKuxuAVCLMPd4="></latexit>

�⌦m ⇠ 0.008 (0.016)

�w0 ⇠ 0.05 (0.144)

�wa ⇠ 0.16 (0.072)

�Y ⇠ 0.006 (0.018)

�↵ ⇠ 0.06 (0.126)
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+ order % errors  
on other parameters

Tomography is key!

Pij =
Cijp
CiiCjj

�Y ⇠ 0.013

�↵ ⇠ 0.119

�Y ⇠ 0.006

�↵ ⇠ 0.06

For cosmological parameters only:

Plus reionization parameters:

‘the optimist’

Beyond GR: What to learn from 21cm P(k)
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�Y ⇠ 0.006

�↵ ⇠ 0.06

From cosmological parameters only:

Cut non-linear scales

�Y ⇠ 0.12

�↵ ⇠ 0.88

Important to model !
(mildly) non-linear scales!

Pij =
Cijp
CiiCjj

Shot-noise cut

�Y ⇠ 0.04

�↵ ⇠ 0.34

Beyond GR: What to learn from 21cm P(k)
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Liu, Heneka, Amendola, 2020

Beyond	  GR:	  What	  to	  learn	  from	  21cm	  P(k)	  +	  global	  signal

Q ~ coupling to DMChoose a coupled 
quintessence setup:

Fisher forecast for 
1) fiducial global experiment 
2) power spectra (SKA) [Normalized	  to	  same	  growth	  at	  CMB]

 ~exp. potential

V (�) = V0e
���

�

rµT
µ
⌫(dm) = +Iint

rµT
µ
⌫(�) = �Iint

Iint = QTdmr⌫�

z=10 z=10

Q=0.0735 
   =1.0

Q=0.0 
   =1.0� �

Q
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[For	  6	  z-‐bins	  z=15-‐20]

Beyond	  GR:	  What	  to	  learn	  from	  21cm	  P(k)	  +	  global	  signal

Fisher forecast for 
1) fiducial global experiment 

Fij =

NchX

n=1

0

@
2 +

 
✏20✓

2
fg

4⇡fsky
+

1

tintB

!�1
1

A d log Tsky(⌫n)

dpi

d log Tsky(⌫n)

dpj

Tsky(⌫) = Tfg(⌫) + Tb(⌫)1) global
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Beyond	  GR:	  What	  to	  learn	  from	  21cm	  P(k)	  +	  global	  signal

Fisher forecast for 
1) fiducial global experiment 
2) power spectra (SKA) 

• global signal improves constraints   Main take 
 away

⌦dm

1)

2)

Liu, Heneka, Amendola, 2020
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Beyond	  GR:	  What	  to	  learn	  from	  21cm	  P(k)	  +	  global	  signal

Fisher forecast for 
1) fiducial global experiment 
2) power spectra (SKA) 

• global signal improves constraints   
• similar constraints on Q 
• (mildly) dependent on 

Main take 
 away

�

⌦dm

1)

2)

Liu, Heneka, Amendola, 2020
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Intensity Mapping for Astro and Cosmo
!
• Avenue to probe cosmology and astrophysics!
     %-precision even for extended models within reach!
• Tomography is key!
• Also large scale structure needs the non-linear         !
!

!

!

!

!

Ongoing & Upcoming:

cosmo@caroline-heneka.de, www.caroline-heneka.de 

..

Thank you!

z=0

z=1100
Galaxy  
Surveys

CMB
LIM

X
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