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Radio Intensity Mapping

A new window for mapping, in the radio domain,
large-scale structures (LSS) and baryon acoustic oscillations (BAO)
by using the redshifted 21 cm line emission from HI gas
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Galactic foregrounds hide cosmological signals

Inflation Dark Ages

Galactic
foregrounds
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Galactic synchrotron : a major foreground
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Can we guarantee a robust subtraction
of foregrounds in 21 cm observations ?

1. Better characterize Galactic foregrounds at radio frequencies

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh,
“An improved source-subtracted and destriped 408-MHz all-sky map”, MNRAS (2015)



Galactic synchrotron all-sky map at 408 MHz

Synchrotron radiation extra-galactic

radio sources

Haslam et al. (1982)



Galactic synchrotron all-sky map at 408 MHz

Synchrotron radiation

Remazeilles et al (2014)

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh,
“An improved source-subtracted and destriped 408-MHz all-sky map”,
MNRAS (2015)



Improvement on desourcing

Haslam 1982 Haslam 2003 Haslam 2014
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Haslam et al., 1982 WMAP, 2003 Remazeilles et al., 2014

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh,
“An improved source-subtracted and destriped 408-MHz all-sky map”,
MNRAS (2015)



Improvement on destriping

Haslam 1982 Haslam 2003 Haslam 2014

pre—

Haslam et al., 1982 WMAP, 2003 Remazeilles et al., 2014

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh,
“An improved source-subtracted and destriped 408-MHz all-sky map”,
MNRAS (2015)



Bonus : High-resolution synchrotron template
for radio sky simulations

Haslam 2014 High-resolution Haslam 2014
] T

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh,
“An improved source-subtracted and destriped 408-MHz all-sky map”,
MNRAS (2015)
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Foreground Data

Overview Haslam 408 MHz Data Products

m The first file listed below contains HEALPix format data stored in a binary table extension, and its FITS header is linked to in the File Info column. The HPX file contains
Images the same HEALPix data stored as a 2D primary image array in HPX projection (Calabretta and Roukema 2007), and may be displayed with SAOImage DS9. For the
convenience of users who do not require the capabilities that HEALPix offers, we also provide the maps in two projected image formats: Mollweide and Zenith Equal Area
(ZEA). These files contain the string "_mollweide" and "_zea" respectively, and may be displayed with standard astronomical display software such as DS9 and
SAQOImage. Note that the Mollweide and ZEA image pixels typically over-sample the HEALPix pixels, thus some amount of data replication will be present in the image
data. As a result, care must be taken when using the image data in a regime where the noise properties are important since the statistical weight per pixel will also be
replicated.

The HPX files are celestial maps with a FITS-standard HPX coordinate system. The process is described in "Mapping on the HEALPix Grid" by Mark Calabretta and Boud
Roukema; see http://www.atnf.csiro.au/people/Mark.Calabretta

Recommended download procedure for "fits' or ".tar.gz' files:
right click on the file name and save. For more information on the use of Dataset IDs,
see the LAMBDA Products Overview.

Show All Hide All

2014 Reprocessed Haslam Maps

Description e File Name
haslam408_dsds_Remazeilles2014.fits
: 12.6 MB haslam408_HPX_dsds_Remazeilles2014.fits
Dasaurced desiriped Hasam 400 Miiz FITS Hdr haslam408_mollweide_dsds_Remazeilles2014.fits
haslam408_zea_dsds_Remazeilles2014.fits
Desourced destriped Haslam 408 MHz with small scales 402.7 MB haslam408_dsds Remazeilles2014 ns2048.fits
added FITS Hdr haslam408_HPX_dsds_Remazeilles2014 ns2048.fits
haslam408_ds_Remazeilles2014.fits
. 12.6 MB haslam408_HPX_ds_Remazeilles2014.fits
Destripad HaspmA 08 MHz FITS Hdr haslam408_mollweide_ds_Remazeilles2014.fits

haslam408_zea ds Remazeilles2014 fits

haslam408_bitmask_Remazeilles2014.fits

6.3 MB haslam408_HPX_bitmask_Remazeilles2014 fits

FITS Hdr haslam408_mollweide_bitmask_Remazeilles2014.fits
haslam408_zea_bitmask_Remazeilles2014 fits

Bitmask Haslam 408 MHz

Detailed Product Description

> Previous Haslam 408 MHz Data Products ||




Can we guarantee a robust subtraction
of foregrounds in 21 cm observations ?

2. Knowledge transfer from CMB component separation

GNILC method (“Generalized Needlet Internal Linear Combination”)

Remazeilles, Delabrouille, Cardoso,
“Foreground component separation with Generalized Needlet ILC”, MNRAS (2011)

1) CIBA - Galactic dust separation in Planck data

Planck Collaboration et al.,
“Disentangling Galactic dust and CIB anisotropies in Planck observations”, in prep. (2015)

2) 21 cm - foreground separation in radio intensity mapping simulations

Olivari, Remazeilles, Dickinson,
“Extracting 21 cm cosmological signal with Generalized Needlet ILC”, in prep. (2015)



Generalized Needlet ILC (GNILC) Femazeites oelabroue,

@ Wavelet decomposition of the data to deal with local conditions of contamination

wavelet scale 3 degrees wavelet scale 30 arcminutes

@ Data covariance matrix (n x n frequencies) at each wavelet scale
R = RCIB + Rforegromﬂ.ds | Rnoise
@ Prior on CIB power spectra. Compute :

(R%rlfgr )_% R(R,térlfgr )_% ~1+ Ry



Generalized Needlet ILC (GNILC) Femazeites oelabroue,

@ Wavelet decomposition of the data to deal with local conditions of contamination

wavelet scale 3 degrees wavelet scale 30 arcminutes

@ Data covariance matrix (n x n frequencies) at each wavelet scale
R = R21cm + Rforegrounds + Rnoise

@ Prior on 21 cm power spectra. Compute :

(Rprfor ) 2 R(anor ) 1 ~1+ Ry

21cm



Generalized Needlet ILC (GNILC) Remazeiles belabrouile,

| 1 1

@ Eigen-decomposition

(Rprfﬂr ) 2 R(an’t}r )_E ~ T+

21cm 21cm

1+
Ug |- | — (n-m) eigenvalues = 1
1+ - 21 cm power
I | I Ug | Us — eigenmodes of the 21 cm subspace

= m estimated by minimizing Akaike Information Criterion : AIC(m) = 2m — 2log Lmax(m)



Generalized Needlet ILC (GNILC) Remazeiles belabrouile,

i

@ Eigen-decomposition

1

(RP”” )_% R(RF’”‘” ) 2 21+ Ry

21cm 21cm

1+ 1T 1 m eigenvalues >> 1

o - foreground+noise power

Ug |- | — (n-m) eigenvalues = 1
14+ A - 21 cm power

]| vl

Us — eigenmodes of the 21 cm subspace

= m estimated by minimizing Akaike Information Criterion : AIC(m) = 2m — 2log Lmax(m)

wavelet scale 1 degree wavelet scale 5 arcminutes

“Sort of PCA
driven by the local
signal-to-noise ratio” g v

1.0 — e 6.0 # of d.o.f 0.0 e— e 5.0 # of d.o.f

Number of foreground modes Number of foreground modes



Generahzed Needlet ILC (GNILC) Remazeilles, Delabrouille,

and Cardoso, MNRAS (2011)

@ Wavelet decomposition of the data to deal with local conditions of contamination

@ Data covariance matrix (n x n frequencies) R = Ro1om +

S | L oo=1
rior rnor
@ Prior on 21 cm power spectra (R; Cm) °R (R; Cm) R

1 1

s Eigen-decomposition of (R[> ) 2 R(RE[Y ) 2

14

Us |- . =

@ Multidimensional ILC

21cm

—1 :
AATRTA) AR where A= (RD[0, )™ Ug




Planck Galactic thermal dust all-sky map

CIBA contamination on small scales
= background galaxies !

our Galaxy

Planck 2013 results. Xl, “All-sky model of thermal dust emission”, A&A (2014)



Spectral information

I(v) <v"B,(T)

100.00° " Galactic dust
r B:]__G, T=19.7 K

CIBA . modified
B=1.1, T=18.5 K blaCkbOdy

Intensity

100 1000 10000
frequency v (GHz)

Spectral fitting:
@ Planck 2013 Results. XI. A&A (2014)

@ Planck 2015 Results. X. arXiv:1502.01588

Dust and CIBA share
similar spectral distributions

“spectral fitting”

CIBA leak into the thermal dust model !




Spectral information

I(v) =< vPB(T)
WOO-OOEF Galactic dust T
B=1.6,T=19.7K ~_ > -- .
10.00 ¢ CIBA - modified
: B=1.1,T=18.5K " plackbody

1.00 ¢

Intensity

100 1000 10000
frequency v (GHz)

Spectral fitting:
@ Planck 2013 Results. X1, A&A (2014)
@ Planck 2015 Results. X, arXiv:1502.01588

Dust and CIBA share
similar spectral distributions

¢ “spectral fitting”

CIBA leak into the thermal dust model !

Statistical information

CMB-free frequency map @
Dust model fit ®
L Dust model
CIB HFI resol .
105 3 CIB 16 arcmin e
T i ]
—
w
=~ - .
=, e
= 10*E _ E
© F Galactic ]
dust ~ £ 3
10°F , . E
100 1000
Multipole ¢

GNILC method:
@ Planck 2015 Results. Xll, in prep. (2015)

@ Planck Intermediate Results. 120, in prep. (2015)

Dust and CIBA have
distinct angular power spectra

¢ “GNILC”

disentangle thermal dust and CIBA !




Separating dust & CIBA in Planck data

@ Remazeilles et al., “Foreground component separation
with Generalised ILC,” MNRAS (2011)

@ Planck Collaboration, “Planck 2015 Results. Simulations,”
in prep. (2015)

@ Planck Collaboration, “Disentangling Dust and CIBA
in Planck Observations,” in prep. (2015) [Corresp. Author]
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Simulation : radio intensity mapping

1117.5 MHz, fsky = 51%
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L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)



GNILC reconstruction at 1117 MHz

Input 21 cm Recovered 21 cm Residuals

— (20— o— .30 mk s —0.23 mm—— 0.30 mK =027 e— L 0.30 mK

(7.0, ~80.8) Oalnctic (P00, —80.0) Geleetls (70, ~B0.0) Gelectic

12°x12°
40 ' resolution

L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)
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GNILC reconstruction at 1117 MHz
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prior
input 21 cm :

recovered 21 cm
residuals

Despite smooth
prior, GNILC

is able to recover
individual features
of the 21 cm power
spectrum
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L. Olivari, M. Remazeilles, C. Dickinson,

“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)
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GNILC versus standard PCA
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L. Olivari, M. Remazeilles, C. Dickinson,
“Extracting the 21 cm cosmological signal with GNILC”, in prep. (2015)



Summary

1. Radio foreground characterization : “2014 Reprocessed Haslam 408 MHz map”

Much better desourcing and destriping

(+ high-resolution template)

2. Component separation method : “Generalized Needlet Internal Linear Combination”

o

Separation of
dust and CIBA
in Planck data

U(1+1)C,™ /2w (mKp»2
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Source removal in the new 2014 Haslam map

F(X,Y;{A) = Ay +AX+AY Iterative combination
, ,| of two techniques
1 { cos( A6 1B ) (X-Aq)—sin( 46 1Fg ) (Y-As) ] _1[ sin(Ag 145 ) (X-Ag)+cos( A 155 ) (Y-As) ] depending on :

2

» the local SNR
» the background

geometry around
the source

+ Ase

9-parameter Gaussian fitting
& subtraction

Remaczeilles et al.,

MNRAS (2015)
Minimum Curvature Spline 2 152F\? PF \?
. . 2
Surface Inpainting Z”Z' (X, Yol +/1ff[(5xz) (ayz) *2(3)(5\,/) ]dXdY
F(X,Y) = > Ad?logd+a+bX +cY
where o? = (X = X;)? + (Y -Y))?




Removed extragalactic sources (2 < S < 5 Jy)

RED : GAUSSIAN FITTING
BLUE : INPAINTING

Remazeilles, Dickinson, Banday, Bigot-Sazy, Ghosh,
“An improved source-subtracted and destriped 408-MHz all-sky map”,
MNRAS (2015)



HIl 21 cm intensity mapping

@ Mapping unresolved 21 cm emission density field at different frequencies/redshifts

— to probe the LSS we do not need to resolve individual galaxies (modest resolution)

@ 21 cm intensity mapping similar to CMB mapping
— possible knowledge transfer on component separation / foreground cleaning
@ Alternative to optical surveys for constraining BAO and dark energy

— as long as foregrounds can be accurately subtracted (Ansari et al. 2011)



CIB anisotropies 353 GHz

—0.0687 m——— oo 0.067 MJIy/sr
{90.0, ~B0.0) Galnctic

Thermal dust 353 GHz

CIB anisotropies 545 GHz

{90.0, —80.0) Calnctic

Thermal dust 545 GHz




21 cm map 960 MHz (z=0.5) 21 cm map 1250 MHz (z=0.1)

—0.21 0.20 mK

Same fight ! T T Gt

{46.0, 45,0) Galactic 0.95 mK
Synchrotron map 960 MHz Synchrotron map 1250 MHz

D32 1632 mk

{46.0, 45 0] Galactic (46.0, 456 0] Galactie



Simulation HI intensity mapping

Redshift range [zmin, Zmax| [0.13, 0.48]

Bandwidth [Vpin, Vmax] (MHz)  [960, 1260]

Number of feed horns ng 60
Sky coverage Qsur (deg?) 21000
Observation time t,,s (yrs) 1

System temperature Tsys (K) 40




Simulation : radio intensity mapping

Synchrotron — 1117 MHz Point sources — 1117 MHz

W " w"" “‘ Battye et al.,

2013
"

Remaczeilles et al.,
2015

1151 e o 1484 mK T — 306 mK 12° x 12 °

(70, ~BaA) Galnotic (700, ~B0.8) Galactin

Free-free — 1117 MHz  Thermal noise — 1117 MHz ~ ~ 40 " resolution

Dickinson et al.,
2003




Generahzed Needlet ILC (GNILC) Remazeilles, Delabrouille,

and Cardoso, MNRAS (2011)

@ Wavelet decomposition of the data to deal with local conditions of contamination

@ Data covariance matrix (n x n frequencies) R = Ro1em +
1 1

: prior \~ 2 prior \"2 _
@ Prior on 21 cm power spectra (R21 Cm) R (R21cm) ~ 1+

@ Eigen-decomposition (PCA driven by local SNR = data / 21cm power)

1+
Ug |- | — (n-m) eigenvalues = 1
1+ - 21 cm power
I | I Ug | Us — eigenmodes of the 21 cm subspace

= m estimated by minimizing Akaike Information Criterion AIC(m) = 2m — 2 log L max(m)

@ Multidimensional ILC

A(ATR—1A) ATR™" where A= (RZ )2,

21cm



Generallzed Needlet ILC (GNILC) Remazeilles, Delabrouille,

and Cardoso, MNRAS (2011)

@ Wavelet decomposition of the data to deal with local conditions of contamination

@ Data covariance matrix (n x n frequencies) R = Ro1em + Rircorounds -+ Rnoise
1

.1 .1
rior rior
@ Prior on 21 cm power spectra (R; Cm) ° R(R;cm) 2 ~1+ Ry

@ Eigen-decomposition (PCA driven by local SNR = data / 21cm power)

Wavelet scale 1 degree Wavelet scale 5 arcminute

0.0

e 5.0 # of d.of

Number of foreground modeg Number of foreground modes

@ Multidimensional ILC

—1 :
A(ATRTA) T ATR " |where A= (RET ) ug

21cm




Table 3. The average difference between the input and the recon-
structed HI power spectrum normalized by the input HI power
spectrum for the GNILC method and the PCA with 3 principal
components.

Range of multipoles GNILC PCA

0-15 0.91 0.06

15 - 30 0.53 0.12

30 - 45 0.06 0.14

. 45 - 60 0.07 0.18
C 1emput -C eoutput

- 60 - 75 0.04 0.19

Cemput

75 - 90 0.05 0.26

90 - 105 0.04 0.29

105 - 120 -0.001 0.33

120 - 135 -0.006 0.39

135 - 150 -0.01 0.46
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