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Intensity mapping: 3D mapping of the specific intensity due to line emission.
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TN L e Wt Simulation
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" . P. Breysse)

o Left: in ~4500 hours, VLA can detect ~1% of the total number of CO-emitting galaxies.
e Right: in ~1500 hours, COMAP will map CO intensity fluctuations throughout the field.
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Intensity mapping: 3D mapping of the specific intensity due to line emission.

Galaxy surveys give detailed properties of brightest galaxies

Intensity maps give statistical properties of all galaxies
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e Right: in ~1500 hours, COMAP will map CO intensity fluctuations throughout the field.



Introduction to Line-Intensity Mapping

The promise of line-intensity mapping:

Recombination

Reionization &

Growth of Structure



Introduction to Line-Intensity Mapping

The promise of line-intensity mapping:

Recombination

Dark Ages _ggmmiins

Reionization &

Growth of Structure



Introduction to Line-Intensity Mapping

The promise of line-intensity mapping:

Recombination

Dark Ages _ggmmiins

Reionization &

Growth of Structure 1100

200 CMB

Galaxy Surveys



Introduction to Line-Intensity Mapping

The promise of line-intensity mapping:

Recombination

Dark Ages _ggmmiins

Reionization &

Growth of Structure 1100

200 CMB

Galaxy Surveys



Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.



Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | | I




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | I I
200 30 12 6 0

Epoch| Dark Ages + Epoch of Growth of
Cosmic Dawn Reionization Structure




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | | |
200 30 12 6 0
Epoch| Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure Vo4
A
HI 1420 4 21cm
MHz




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | |
200 30 12
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure
" ‘/\’ ‘/ ‘/

1420
MHz

21cm



Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | |
200 30 12
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure
" ‘/\’ ‘/ ‘/
CcO

Vv

A
1420
MHz

115.3 x J _
GHz

A

21cm

2.6 cm



Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | | |
200 30 12 6 0
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure Vo4
A
HI J / / 1420 21cm
MHz

CO / / 11(55'32)("— 2.6 cm




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | |
200 30 12
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure
" "’ ‘/ ‘/
co / /
[CII]

Vv

A
1420
MHz

115.3 x J _
GHz

1 -9 —
THz

A

21cm

2.6 cm

157.7 yum



Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | | |
200 30 12 6 0
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure Vo4
A
HI J / / 1420 21cm
MHz
CO / / 11(53'32)("— 2.6 cm
[CII] / J 1.9 o 157.7 yum
THz




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | |
200 30 12
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure
" "’ ‘/ ‘/
co / /
[CII] ‘/ ‘/‘/
Lyx

Vv

1420
MHz

115.3 x J__|

GHz

1.9
THz

2.47
PHz

A

v

A

21cm

2.6 cm

157.7 yum

121.6 nm



Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | | |
200 30 12 6 0
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure Vo4
A
HI J / / 1420 21cm
MHz
115.3 x J _
CO / / GHzX 2.6 cm
[CII] / J 1.9 o 157.7 yum
THz
LyO( / J ?’:Z =1 121.6 nm
\ 4




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.

Z € | | | |
200 30 12 6 0
Epoch | Dark Ages + Epoch of Growth of
Probe Cosmic Dawn Reionization Structure Vo4
A
HI J / / 1420 21cm
MHz
115.3 x J _
CO / / GHzX 2.6 cm
[CII] / J 1.9 o 157.7 yum
THz
LyO( / J ?’:Z =1 121.6 nm
\ 4

Ho




Introduction to Line-Intensity Mapping

Different epochs can be probed with multiple lines at different frequencies.
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Basic formalism: power spectrum of line-intensity fluctuations

Pine(k, 2) = b2 (2) Py, (K, 2)

1

Galaxies are
biased tracers
of dark matter
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Basic formalism: power spectrum of line-intensity fluctuations

Pline(k, 2) = (liine(2))°b" (2) P (K, 2)

1

Convert from
galaxy spectrum
to line spectrum
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Basic formalism: power spectrum of line-intensity fluctuations

Pline(ka Z) — <]line(z)>2b2(Z)Pm(ka Z) = Pshot(z)

1

We measure emission
from discrete sources
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Basic formalism: power spectrum of line-intensity fluctuations
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Which lines to target? Important to consider intensity and bias!
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Which lines to target? Important to consider intensity and bias!
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/=1
L Ope/QDpEo
S High-z
keq surveys
4 L
0.5
N
3 [ 0.05
0.10 }
)L 0.4
Wide-field Existing | 53
L surveys SUrveys -
T 050 4 4 102
0.1
O L1 11 ll 1 L 1 L1 ll L 1 1 o ——- 1 1 1 11 11 11 |
10 10 10 10™
* horizontal: distance scales k [Mpc™'] (Courtesy of P. Bull)

e vertical: redshift / distance to LSS.

r/r LSS



Introduction to Line-Intensity Mapping

The reach of future surveys:

LIM is highly competitive with galaxy surveys on large scales and at high redshift!
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Tests of ACDM Cosmology (and beyond):

» A good figure-of-merit is: Nmodes NEMB g2 ~107
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Potentially as (ridiculously) high as 10'°...
In practice limited by:

NGal > NCMB ¢ Sky coverage (fsky < 100%)

modes modes 0 * foregrounds (continuum + interlopers)
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Tests of ACDM Cosmology (and beyond):

e Baryon acoustic oscillations (up to high redshift)

For references and more details:

e Optical depth to reionization (improve CMB estimate) see LIM: 2017 Status Report!

e Neutrino masses (in synergy with galaxies, CMB)

 [nflation (primordial non-gaussianity, power spectrum oscillations)

* Dark energy (constrain equation of state) Gt

« Dark matter (decaying, annihilating, interacting)

* Modified Gravity (Chameleon, Hordenski)



Science Goals of Line-Intensity Mapping

Physics of reionization:



Science Goals of Line-Intensity Mapping

Physics of reionization: synergy of lines will give the complete picture



Science Goals of Line-Intensity Mapping

Physics of reionization: synergy of lines will give the complete picture

Continuum (Courtesy of
P. Breysse,

Background:
Sci. Am.,)

* HI (21cm): maps the neutral IGM, outside of the ionized bubbles.
 CO/[CII]: trace the star-forming galaxies that source the ionizing photons.
 Lyman-a: probes the galaxies along with the halos around them.
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Example: on large scales, the CO and 21-cm fields are anti-correlated:

EoR Galaxies CO(2-1) LIM lonization field Redshifted 21cm

(Courtesy of A. Lidz)

e Each simulation slice is 130 co-moving Mpc/h on a side (roughly a sky degree), and 0.25 Mpc/h thick.

« CO(2-1) and 21-cm maps smoothed to 6’ spatial resolution and 0.035 GHz spectral resolution.
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Physics of reionization: synergy of lines will give the complete picture

Example: on large scales, the CO and 21-cm fields are anti-correlated:

e Can be used to confirm a possible 21-cm detection.

« Can improve our understanding of cosmic reionization.

EoR Galaxies CO(2-1) LIM lonization field Redshifted 21cm

(Courtesy of A. Lidz)

e Each simulation slice is 130 co-moving Mpc/h on a side (roughly a sky degree), and 0.25 Mpc/h thick.

« CO(2-1) and 21-cm maps smoothed to 6’ spatial resolution and 0.035 GHz spectral resolution.
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Cosmology vs. Astrophysics:
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Cosmology vs. Astrophysics:
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Cosmology vs. Astrophysics: j\ Cosio — Cosmo
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Cosmology vs. Astrophysics: j\ Closimo — Costio
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- Lots of other astrophysics: Pop lll stars with He Il; Molecular gas density with CO isotopologues;
|GM density, evolution and clustering with Ly, etc., etc.
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Cross-correlations with non-LIM datasets:
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Cross-correlations with non-LIM datasets:
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o Lots of additional opportunities:

CMB Lensing x HI (@ higher order): measure biases; IM x Galaxies: improve BAO, photometry...
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- Theoretical Backbone (Modeling+Techniques)
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Two main approaches:

1) Physical:

Numerical simulations and semi-analytical models of galaxy formation and evolution.
- Model ISM physics: collisional excitations, radiative processes (spontaneous, stimulated)...
- Add diffuse IGM component as needed.

— Requires numerous assumptions and many free parameters

2) Phenomenological:

Use a series of empirical scaling relations to map halo mass to line luminosity.
- Relate halo mass to star-formation rate.

- Connect star-formation rate to FIR luminosity and then to line luminosity.

- Allow for scatter at each step.

—> Based on very limited datasets from particular redshifts

Main challenge: how to interpret a measurement?
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Other approaches:

e Targeted masking:

Use external survey to pinpoint location of brightest contaminating sources.

TIME: can detect [ClI] when masking out voxels containing galaxies with m%° < 22 .

Y

e Power spectrum analysis:

Assuming the wrong source redshift —> induces power spectrum anisotropy.
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The power spectrum contains all of the information in a map if and only if the map is Gaussian

An alternative to the power spectrum is the one-point PDF:
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Power spectrum gives full clustering behavior, integrals over luminosity function.
Voxel Intensity Distribution gives full luminosity function, integrals over clustering.
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Dedicated LIM simulations:
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Challenges + suggested discussion points:

Foregrounds?!

Modeling: how to interpret a measurement?

Optimal observables

Simulations
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Line-Intensity Mapping: 2017 Status Report

Physics Reports (2018), in process.
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