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e A Brief Introduction to Large-Scale Structure

e A pretty biased view from an observational astronomer
e Powerspectrum Estimation Basic

e Definition of correlation function

e Definition of power spectrum

e Relation between correlation function and power spectrum
e Galaxy Survey

e Galaxy sample

e Selection function

e Window function

e Error estimation

e Correction of Alias Effects
e HI Intensity Mapping Survey

e Fisher Information Matrix

e FFT

o C(Cross-correlation

e Delay power spectrum



The Expanding Universe
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— INFLATION
Within less than 10-*2of a second
after the Big Bang, the universe
ballooned outward, growing faster
than the speed of light and pushing
all the matter and energy in the
cosmos apart in all directions.

BIG BANG
The universe burst forth violently
from an extremely hot and dense
point of concentrated energy
some 13.8 billion years aqgo.




The Expanding Universe

Neigboring Galaxies
Before Supernova Explosion
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The Expanding Universe

e The Standard Candle
e The Standard Sirens
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RESTEE: FEHEPN LSS
e The Standard Candle
e The Standard Sirens
e The Standard Pings
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STANDARD PINGS

week ending

PRL 115, 121301 (2015) PHYSICAL REVIEW LETTERS 18 SEPTEMBER 2015

E4

Dispersion Distance and the Matter Distribution of the Universe in Dispersion Space

Kiyoshi Wesley Masui
Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada
and Canadian Institute for Advanced Research, CIFAR Program in Cosmology and Gravity,
Toronto, Ontario M5G 1Z8, Canada

Kris Sigurdson
Department of Physics and Astronomy, University of British Columbia,
Vancouver, British Columbia V6T 1Z1, Canada
(Received 5 June 2015; revised manuscript received 3 August 2015; published 18 September 2015)

We propose that “standard pings,” brief broadband radio impulses, can be used to study the three-
dimensional clustering of matter in the Universe even in the absence of redshift information. The dispersion
of radio waves as they travel through the intervening plasma can, like redshift, be used as a cosmological
distance measure. Because of inhomogeneities in the electron density along the line of sight, dispersion is
an imperfect proxy for radial distance and we show that this leads to calculable dispersion-space distortions
in the apparent clustering of sources. Fast radio bursts (FRBs) are a new class of radio transients that are the
prototypical standard ping and, due to their high observed dispersion, have been interpreted as originating
at cosmological distances. The rate of fast radio bursts has been estimated to be several thousand over the
whole sky per day and, if cosmological, the sources of these events should trace the large-scale structure of
the Universe. We calculate the dispersion-space power spectra for a simple model where electrons and
FRBs are biased tracers of the large-scale structure of the Universe, and we show that the clustering signal
could be measured using as few as 10 000 events. Such a survey is in line with what may be achieved with
upcoming wide-field radio telescopes.

DOI: 10.1103/PhysRevLett.115.121301 PACS numbers: 98.62.Py, 95.75.Wx, 95.85.Bh, 98.62.Ra



The Expanding Universe
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¢ The Standard Candle
e The Standard Sirens
e The Standard Pings

e The Standard Ruler
e The Baryon Acoustic Oscillation (BAO)



The Baryon Acoustic Oscillation
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The Baryon Acoustic Oscillation

http://galaxies-cosmology-2015.wikidot.com/baryon-acoustic-oscillations



The Baryon Acoustic Oscillation
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The Cosmic Large-Scale Structure

dP, = ii* (1 + £5(r)) dV,dV,

The Two-point correlation function

&(r) = (6(x)6(x + 1))



The Cosmic Large-Scale Structure

dP, = ii* (1 + £5(r)) dV,dV,

1 The Two-point correlation function
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The Cosmic Large-Scale Structure

dP, = ii* (1 + £5(r)) dV,dV,

1 The Two-point correlation function
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The Cosmic Large-Scale Structure

BAO Wigglez
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The Cosmic Large-Scale Structure

dP, = ii* (1 + £5(r)) dV,dV,

The Two-point correlation function

&(r) = (6(x)6(x + 1))
(5(k)S(k)) = 2x2P(k)5p(k + k)
Why is the 2-point function (either the correlation

function or the power spectrum) the statistic of
choice in characterizing LSS?



The Cosmic Large-Scale Structure

dP, = ii* (1 + £5(r)) dV,dV,

The Two-point correlation function

&(r) = (6(x)6(x + 1))

(5()5(K')) = 27> P(k)Sp(k + k')

Why is the 2-point function (either the correlation
function or the power spectrum) the statistic of
choice in characterizing LSS?

The correlation function or power spectrum is
the (co)variance of density, which is the lowest
order irreducible moment after the mean. The
central limit theorem implies that a density
distribution is asymptotically Gaussian in the
limit where the density results from the average
of many independent random processes. A
Gaussian is completely characterized by its
mean and variance.



The Cosmic Large-Scale Structure

dP, = ii* (1 + £5(r)) dV,dV,

The Two-point correlation function

&(r) = (6(x)6(x + 1))

(5()5(K')) = 27> P(k)Sp(k + k')

Why is the 2-point function (either the correlation What is the advantage of the power spectrum over
function or the power spectrum) the statistic of the correlation function?
choice in characterizing LSS?

The correlation function or power spectrum is
the (co)variance of density, which is the lowest
order irreducible moment after the mean. The
central limit theorem implies that a density
distribution is asymptotically Gaussian in the
limit where the density results from the average
of many independent random processes. A
Gaussian is completely characterized by its
mean and variance.



26.8% Dark
Matter

68.3% Dark
Energy

Heavy Elements 0.03%
Neutrinos 0.3%

Stars 0.5%
HHe 4%




LSS Galaxy Redshift Survey
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The Galaxy Sample

e Need to be a good sample of the underlying DM field
e Need to have enough number density

e Need to be distributed in large volumes
e Need to be at a high redshift
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The Feldman-Kaiser-Peacock (1994) Method

e A galaxy survey samples only some fraction of the galaxies.
e Galaxies are selected randomly from some continuous
underlying field.

e The Selection Function 71(r)
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The Feldman-Kaiser-Peacock (1994) Method

A galaxy survey samples only some fraction of the galaxies.
Aalaxies are selected randomly from some continuous
underlying field.

The Shot Noise

&(r) = (6(x)o(x + 1))

op(7;)
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(5(k)S(k")) = 2m*P(k)Sp(k + k') + é(k + k'
1 n
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The Feldman-Kaiser-Peacock (1994) Method

MODERN
e With finite survey volume OON)LY(0)50€)%

e Cosmic Variance
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The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

6(r) = w(r)(n(r) = ii(r)) = w(ni(r&(r) = W(r)s(r)

o(k) = JW(r)é(r)eikrd3r
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The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

6(r) = w(r)(n(r) = i(r)) = w(n(n&(r) = W(r)s(r)

o(k) = [W(r)é(r)eikrd3r
(6(k)o(k")) = JW(ki — HW(k; + k)P(k)d k + N(k; + k))
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The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume 10" pooessecennnse,

e Weighted overdensity 0t |

(6(k)o*(k)) = J | W(k — k') |> P(K')d?k’ + N(O) = oo
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The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

(6(k)o*(k)) = ‘ | W(k — k) |* P(k)d*k’ + N(O)

e Inverse noise weight (FKP weight)

W(r) =
P(k) + 1/n(r)



The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

(6(k)o*(k)) = [ | W(k — k) |* P(k)d*k’ + N(O)

e Inverse noise weight (FKP weight)
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The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

(6(k)6*(k)) = ‘| W(k — k') |* P(k")d*k’ + N(0)
e Inverse noise weight (FKP weight)

W(r)

~ PO + 1/n(r)

JI W(k — k) |* P(K)dk' = (5(k)5*(k)) — N(O)



The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

(6(k)6*(k)) = ‘| W(k — k') |* P(k")d*k’ + N(0)
e Inverse noise weight (FKP weight)

W(r)

~ PO + 1/n(r)

JI W(k — k) |* P(K)dk' = (5(k)5*(k)) — N(O)

e Estimation of Shot Noise



The Feldman-Kaiser-Peacock (1994) Method

e With finite survey volume

e Weighted overdensity

(6(k)6*(k)) = ‘| W(k — k') |* P(k")d*k’ + N(0)
e Inverse noise weight (FKP weight)

W(r)

~ PO + 1/n(r)

JI W(k — k) |* P(K)dk' = (5(k)5*(k)) — N(O)

e Estimation of Shot Noise
e Via Simulated Mock Samples



Shot Noise Estimation and Random Samples

e Estimation of Shot Noise

e Via Simulated Random Samples
e The random samples are supposed to have no LSS information
¢ The random samples are supposed to have the same selection function 71(r)

e Generation of Random Samples

e Using the known selection function 71(r)

I().()()l)'l-")
=0.00020
40.00015

0.00010

I()()(N)(J'}
0.00000




The Feldman-Kaiser-Peacock (1994) Method

e Estimation of Shot Noise

e Via Simulated Random Samples
e The random samples are supposed to have no LSS information
e The random samples are supposed to have the same selection function 7(r)

e Generation of Random Samples

e Using the known selection function 7(r)
e Using the real catalog and resampling

e such as shuffle the position of the galaxies in the real catalog
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The Estimation of the Window Function

e Estimate the Window Function with Random Samples

e Random Samples need to have a larger volume than real data
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The Estimation of the Errors

e EHstimate the Error

e With Random Samples
e With Simulation (N-body ot Semi-analytical)
e With Mock Samples.
e Different from the Random Sample, the Mock Sample takes the LSS
information.

e Gaussian field
5(k) = A(k) + iB(k),
1
(A(K)*) = (B(k)*) = EP(k),

56(x) = F'[6(K)],

Need to take care of the symmetry in the Fourier space to make
sure a real number in the real (configureation) space



The Estimation of the Errors

e Estimate the Error
e With Random Samples

e With Simulation (N-body or Semi-analytical)
e With Mock Samples.

e Different from the Random Sample, the Mock Sample takes the LSS

information.
e (Gaussian field

e Jog-normal field 3
o(k) = A(K) + iB(k),

|
(Ak)’) = (B(k)*) = EP(k),
56(x) = F'[6(K)],

1,
p(X) = exp lé(x) — 56 ] :



The Estimation of the Errors

e EHstimate the Error

e With Random Samples
e With Simulation (N-body ot Semi-analytical)
e With Mock Samples.

e Different from the Random Sample, the Mock Sample takes the LSS

information.

e (Gaussian field

e Log-normal field
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Correct the Alias Effect

e The Alias Effect with Gridding the Galaxy Catalog
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Summary for Galaxy Survey PS Estimation

e Real catalog for PS estimation

e Random catalog for shot noise and window function estimation

e Mock catalog for error estimation

e Gaussian field
e log-normal field

e Jackknife sample

e (Correct the Alian Effects

(6(k)o*(k)) = [I W(k — k') | P(K)d*k' + N(O)

W(r) =
P(k) + 1/n(r)

[I W(k — k) |* P(k)d*k' = (5(k)5*(k)) — N(O)



Optical v.s. Radio

“Using what was then known of the
physics of atoms, what common
element would produce a spectral
line at radio wavelengths”™
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The HI 21Cm Line

R The Hl in the Mllky Way

e Jan Oort 1932 measured the rotatlon of'
V|a stars |n the OptC|al band '

N b

Nationality

Known for

Awards

Fields

Doctoral
advisor

Jan Oort

Jan Oort in May 1961

28 April 1900
Franeker, Friesland

5 November 1992
(aged 92)
Leiden, South Holland

Dutch

Qort cloud
Dark matter

Vetlesen Prize (19686)
Kyoto Prize (1987)

Scientific career
Astronomy

Jacobus Cornelius Kapteyn



The HI 21cm Line

e The HI in the Milky Way

e Jan Oort 1932 measured the rotation of the Milky Way
via stars in the optcial band
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The HI 21cm Line

o The H| in the MI'ky Way e Hendrik van de Hulst 1944

e Hl21cm line
e Hendrik van de Hulst 1944 e 1420.406 MHz
e forbidden line
e A=287x10"Ps7!
e |ife time 11 million years
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The HI 21cm Line

e The HI in the Milky Way

* Even and Purcell at Harvard mad the discovery of

Milky Way HI in 1951
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The HI 21cm Line

 The HI in the Milky Way

e Mapping Hl in the Milky Way.

o

200"

Fic. 4.—Distribution of neutral hydrogen in the Galactic System. The maximum densities in
the z-direction are projected on the galactic plane, and contours are drawn through the
points.

Oort, J. H., Kerr, F. J., and Westerhout, G., “The galactic system as a
spiral nebula (Council Note)”, Monthly Notices of the Royal
Astronomical Society, vol. 118, p. 379, 1958. doi:10.1093/mnras/
118.4.379.
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The HI 21cm Line

 The Hl in the Milky Way
e Mapping Hl in the Milky Way.




The HI 21cm Line

 HI in galaxies

Late Type Galaxy
Young Galaxies

Kingfish (Key Insights on N:arby Galaxies: NGC 3338 NGCE28 .,  NGC7793
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a Far-Infrared Survey with Herschel) | @ Y
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The HI 21cm Line

e HlinIGM




Neutral Hydrogen (HI)

The HI astronomy
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Neutral Hydrogen (HI)

e The HIl astronomy

e The HI cosmology
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Neutral Hydrogen (HI)

e The HI astronomy
e The HI cosmology

e HI Galaxy survey
e ALFALFA
e HIJASS
e HIPASS
e VLA
e ASKAP/MeerKAT

Radio Telescope : Not able to resolve individual galaxy




Neutral Hydrogen (HI)

The HI astronomy
The HI cosmology

HI Galaxy survey

e ALFALFA

e HIJASS

e HIPASS

e VLA

e ASKAP/MeerKAT
HI Intensity Mapping




HI Intensity Mapping (IM)
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HIl IM for cosmology

Provide huge
observation volume for
cosmology studies

Multi redshifts
Multi tracer

Cosmological Large-scale structure (LSS)
Baryon Acoustic Oscillation (BAO)
Redshift space distortion (RSD)

Dark Energy
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Forecast

The Fisher Information Matrix is given by
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Forecast
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Forecast
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Forecast

P(k) = (5(k)s*(K)) = | 5(k) |

p(k ) 1 ||k|—kaz|<Ak/2 | 5(k) |2 1 47Tk§Ak 1 szAk
= — , m o = _ — o
“ T m, YT 1 472
’ k
Scott Dodelson & Fabian Schmidt
o(K) = oy(K) + 5Noise(k) Modon Cosmology 2021
Chapter 14.4.2
1 ||K|—k,|<Ak/2
Puytky=—" ) |6&)[* =Py
mk,a k
. A A A 2 2
Covyy = (Pri(k)P HI(kﬁ» — (P(k)) (P HI(kﬁ)> — e T o (P i(Ky) + P N) Oup

':\}\’3—\

......
Stu 102 o> Northeastern University




Forecast
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Forecast
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The Foreground

y Point sources
‘Extragalactic free-free
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The Foreground

The secret to successfully recovering the underlying HI fluctuation
Is to correctly remove the bright foreground contamination.

y Point sources
‘Extragalactic free-free

" Galactic free-free
1~ Galactic synchrotron




FG Subtraction

* Model dependent foreground subtraction method
* Logarithmic polynomial fitting
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FG Subtraction

* Model dependent foreground subtraction method

* Logarithmic polynomial fitting
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FG Subtraction

Model dependent method failed when there is systematic effect.

* Model dependent foreground subtraction method
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* Logarithmic polynomial fitting
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Figure 8. Frequency dependence of the different foregrounds and the cosmological signal along LOS with different galactic latitudes (given in the top-right
corner of each panel). The effect of Faraday decorrelation increases as we approach the galactic plane, making the subtraction of the polarization leakage more
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FG Subtraction

* Model independent foreground subtraction method
* Principle Component Analysis (PCA)

Assume that FG is strongly correlated across frequency
1
Cy=—3 Y m, n)m,n,)
p
CV =CA
Cross-correlation function with GBT HIIM x DEEP2 GBT Auto PS

T.-C. Chang et al. 2010 Nature Vol 466 Switzer E.~R., et al., 2013, MNRAS, 434, L46.

Cross PS GBT HIIM x WiggleZ
K. Masui et al 2013 ApJ 763L 20M

Cross PS PKS x 2dF
C. Anderson, N. J. Luciw, Y. Li et, al 2018, MNRAS, 476, 3382.

Cross PS MeerKAT x WiggleZ
Cunnington S,, Li Y., Santos M.~G., arXiv: 2206.01579




MeerKAT HI IM

Aggressive PCA foreground subtraction kills HI signals
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Power Spectrum Estimation with HI IM

e The noise inverse weight

(6(k)o*(k)) = JI W(k — k) | P(K)d*k' + N(0)

1
W) = P(k) + 1/n(r) Ifl> Wr) = P(k) + 1/n(r) + Py

JI W(k — k) |* P(K)dk' = (5(k)5*(k)) — N(O)



Power Spectrum Estimation with HI IM

e The noise inverse weight
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Power Spectrum Estimation with HI IM

e The noise inverse weight

(6(k)o*(k)) = [I W(k — k) | P(K)d*k' + N(0)

1
W) = P(k) + 1/n(r) Ifl> Wr) = P(k) + 1/n(r) + Py

JI W(k — k) |* P(K)dk' = (5(k)5*(k)) — N(O)
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Figure 4. The H1 power spectra predicted by HALOMOD for the Hi1
continuous model and the Hi discrete model in comparison with a
average power spectrum of 100 lognormal realisations with a box
of 15Mpc/h drawn from the respective galaxy HOD. Note that the
Hi continuous model does not include a scale-independent Poisson
noise contribution since it is estimated from a continuum field. We

show HALOMOD predictions including and excluding Poisson noise
contribution.

L. Wolz et al. MNRAS 470, 3220-3226 (2017)



Power Spectrum Estimation with HI IM

e The noise inverse weight

(6(k)o*(k)) = [I W(k — k) | P(K)d*k' + N(0)
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Power Spectrum Estimation with HI IM

e The HI IM maps

Zero-mean (pre-whitened)
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Power Spectrum Estimation with HI IM

* Fourier transform vs Fast Fourier Transform (FFT)
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Power Spectrum Estimation with HI IM

e The HI IM maps

e Map to Cube

e Nearest-Grid-Point (NGP)
e C(Clouds-in-cell (CIC)
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Power Spectrum Estimation with HI IM
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Power Spectrum Estimation with HI IM
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Power Spectrum Estimation with HI IM

e The HI IM maps

e Map to Cube
e Nearest-Grid-Point (NGP)
e C(Clouds-in-cell (CIC)

e FFT

The minimum k| is limited by the survey area

1 The maximum k| is limited by the
! telescope resolution

H H r ---------- -l -----------------
1 The maximum k” is limited by the frequency

" resolution or small-scale damping effect.

Single Dish HI IM Survey
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Cross-correlation Power Spectrum

e (Cross-correlation between different tracers

e To get an unbiased PS from the foreground residual

e HI x Optical Galaxy Sample
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Cross-correlation Power Spectrum

e (Cross-correlation between different tracers

e To get an unbiased PS from the foreground residual

e HI x Optical Galaxy Sample
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Cross-correlation Power Spectrum

e (Cross-correlation between different tracers

e To get an unbiased PS from the foreground residual

e HI x Optical Galaxy Sample
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Cross-correlation Power Spectrum

e (Cross-correlation between different tracers

e To get an unbiased PS from the foreground residual

e HI x Optical Galaxy Sample

® 10.5hour HI IM observation using MeerKAT
64 dishes, we achieve 7,7¢ detection of the
cross-correlation power spectrum;

Cunnington S, Li Y., Santos M.~G., et al.
arXiv: 2206.01579
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Cross-correlation Power Spectrum

e (Cross-correlation between different tracers

e To get an unbiased PS from the foreground residual

e HI x Optical Galaxy Sample

e (Cross-correlation between different observation epochs

e To get an unbiased PS from the noise power spectrum
e HI (Day 1) x HI (Day 2)
e HI (FAST) x HI (MeerKAT)
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Cross-correlation Power Spectrum

e (Cross-correlation between different tracers

e To get an unbiased PS from the foreground residual

e HI x Optical Galaxy Sample

e (Cross-correlation between different observation epochs

e To get an unbiased PS from the noise power spectrum
e HI (Day 1) x HI (Day 2)
e HI (FAST) x HI (MeerKAT)

¢ The Error for Cross-correlation PS
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Single Dish v.s. Interferometer HI IM

The minimum £ is limited by the survey area

The minimum k| is limited by the shortest baseline
The maximum & is limited by the longest baseline

The aximum £ is limited by the
telescope resolution

The maximum k” is limited by the frequency
resolution or small-Scale damping effect.

The|Mminimum k” is lithited by the frequency
andwidth or foreground subtraction
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Interformeter Delay Power Spectrum
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Interformeter Delay Power Spectrum

I(,m) = JJV(u, V) e 2T gy dy



Interformeter Delay Power Spectrum

Delay PS
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Interformeter Delay Power Spectrum

HI+ TN + FG
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From measurements to cosmolgical models

e Parameter inference

W.
e MCMC ,
> & / Paint sources
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e Powerspectrum Estimation Basic
e Definition of correlation function
e Definition of power spectrum
e Relation between correlation function and power spectrum
e Galaxy Survey
e Galaxy sample
e Selection function
e Window function
e Error estimation
e C(Correction of Alias Effects
e HI Intensity Mapping Survey
e Fisher Information Matrix
e FFT
e (Cross-correlation

e Delay power spectrum
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