A Journey into the Full CMB Secondary Tomography

Milky Way Dust CMB . /°
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Long-term interest: cosmic energy mventory

Fukugita & Peebles 2004
ABSTRACT

We present an inventory of the cosmic mean densities of energy associated with all the known
states of matter and radiation at the present epoch.

QX = px / pcrit,O X = dark energy, dark matter, light, stars, neutrinos...

F&P compiled 40 Qx at z = 0 — Summary of the present Universe

My goal: evolution of the cosmic inventory and energy transport
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Messenger: extragalactic background light (EBL)

The integrated radiation from all sources in the Universe

The EBL sky monopole intensity

relic dust stars
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EBL is Qradiation. It also informs about stars, dust, gas... if we know the radiative mechanisms



Big challenge In astronomy — projection effects
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Data: Multiwavelength maps of the diffuse sky
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CMB secondary tomography

« Milky Way Dust
 Sunyaev-Zeldovich Effect
 Cosmic Infrared Background

e Lines
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Schlegel, Finkbeiner, Davis (SFD) 1998 dust map

Key for extinction correction for UV-Opt-NIR astronomy (13810 citations and growing)
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Schlegel, Finkbeiner, Davis (SFD) 1998 dust map

Key for extinction correction for UV-Opt-NIR astronomy (13810 citations and growing)

Kashiwagi+13 N-=1099475
mM=18.9=19.0




All dust maps contaminated by CIB & LSS, biasing cosmology

Schlegel, Finkbeiner, and Davis 1998 (SFD; Thermal)

-

Planck 2014 (P14; Thermal)

Meisner and Finkbeiner 2015 (MF15; Two-com p. Thermal)

Planck 2016a (P16; Thermal)

Planck 2016b (P16-GNILC; Comp. Separation)
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Meisner an d Finkbeiner 2014 (MF14; PAH 12 micron)

Schlafly et al. 2014 (S14; Stellar Reddening)
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et al. 2015 (G15; Stellar Reddening)

Green et al. 2018 (G18; Stellar Reddening)
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Extinction over-correction (similar to lensing but unphysical)

Bias supernova cosmology, galaxy clustering, & lensing...



CIB << Milky Way but noticeable. How to remove it?
exhaust all 2-pt statistics
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CIB << Milky Way but noticeable. How to remove it?
1. Cross-correlation tomography to exhaust all 2-pt statistics
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maps:

AE(B—V)1p0 [mmag]

angle B¢ [arcmin]

1D tomography
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Clean 3D LSS statistics +

how many overdensities are there?

o Milky Way, CMB CIB, tSZ
— non LS

Solution must be
deeply data-intensive

Fourier phases
where the overdensities are in 3D?



2. Build 30x6=180 LSS templates from 600M WISE galaxies

Forming an over-complete basis set for LSS
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3. Measure same cross-correlation stats for all templates

computing intensive: 107 2-pt function amplitudes

template

1D tomography
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Reconstruction: I (o) Z Ci x Trssi(¢) (Sum of basis)
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Reconstructed CIB map (100 micron)
I —— Signal dominated
S/N~3 every pixel
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Reconstructed CIB map (100 micron) |
Signal dominated

S/N~3 every pixel
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Reconstructed CIB map (100 micron)
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Corrected SFD (CSFD) = SFD - CIB

All-purpose dust map for extinction correction & foreground cleaning

1K 2K

@ VIEWS 3. DOWNLOADS A5 One line Python query with

dustmaps (Green 18) package
https://zenodo.org/records/8207175

Chiang 23



https://zenodo.org/records/8207175
https://dustmaps.readthedocs.io/en/latest/#

Corrected SFD (CSFD) = SFD - CIB

All-purpose dust map for extinction correction & foreground cleaning

2
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One line Python query with

dustmaps (Green 18) package
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https://zenodo.org/records/8207175
https://dustmaps.readthedocs.io/en/latest/#

Outlook: full-sky 3D reconstruction (SPHEREX for 1% Az)
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Outlook: full-sky 3D reconstruction (SPHEREX for 1%Az)

arXiv:2511.02985
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in CMB

List of Component Separation methods —$$$ quest

Internal Linear Combination (ILC)

Name Deuscription
pyilc pyilcis a pure python implementation of the neediet internal linear tombination (NILC) a'gorithm “or CM2 component separation, Harmeric space ILC is a/so implementad in the tode. For detai (
Cede an inpainti~g coce, difusive_irpeint, that diffusively inpaints a masked regicn with the mean of the unmasked neigkbering pixels. ('
WMAP ILC The pixel-based ILC metiod (Bennett et al,, 2003) appliec 0 WMAP cdatz that forms linear combirations of the V/MAP bands, minimizing the variance with the constraint that the cesmcelogical ¢ L £
REEIeY - methad to use Lagrange mutipliers ta compute the walghts. r
legmark ILC Harmonic-space ILC { egma‘k et 2. 2003) s similar ta the pikel-space version but parformed an the sphenical harmanic caefficents instead of pixel valuas, which zllkaws for 2 hgher resolution
NILC The Needlet [LC s an implemeantatian (Oelabronn le et 2l 20097 of intarnal linear combingtion (L) that wor<s in the neeclet (wavelat) donrain. The input maps are decamposed inta neeclets a ' 5 .
CMB 's produced by minimizing the variance at each scale. This has the advantzge that the weignts used to combine the data can vary with position on the sky and also with anoular scale. The
MILCA The Modified ILC Algonthm (Hurier et el 2020) 15 generehizec “or the case of multip/e astrophysical componerts with known spectra. For the Planck oroject, it was used to isolate botn the Suny;
sSpin-SILC This is an intemal lirear combination methoc (Kogers et al. 2015) that uses spin wave/ets to analyse the spin-2 poansation signal P = Q 41U, . Data Frocucte availan e,
Template Removal
Name Description
This is @ method to rermove CMB foregrounds with spatially varying spectra from polar zation rmaps (Ichiki ot al. 2018). It extencs the intemal template foreground removal methoc by accourting for spatially varyino spectral parameters such as the spectra
indices of syncrrotron and dust emission anc the dust temperature, As the previous glgorithm hed to gssurme that the spectrel paremeters are uniform over the full sky (or sorme signif cant fraction of the sky), 't resulted 'r a bias ir the tensor-to-sceler ratio
Letz-Map parameter r estimated from foreground-clezned palanzation maps of the cosmic micrawave hackgrourd ((CMB). The new algorithm, "Delta-map methad", accounts for spatally varying spectra o frst order in perturbation. The orly free parameters are the
cosmological parameters such as r and the sky averaged foreground parameters. We show that @ deaned CMB mep is the maxirmum likelihood solution to first order in perturbation, and derive the posteror discribation of r and the sky averaged foreground
perameters using Bayesian stat stics.
WIFIT Wavelet based high resolution fitting of intermal templates. The WI FIT methoc (Hanscn et 2l. 2005) computes CTMB free foreground plus noise termplates from differences of the cbservaetons in different charrels, and uses those to Fit and subtract
feregrounds from the CMB cominated chanrels In wavelet space.
SEVEM ("Spectral Estimation Via Expectztion Maxmisatian") s an implementatian (Ma Tinsz-Gonza ez =t al. 2003, leach et a. JOUR, Fernsander-Caohas &1 2l 207.2) of the template cl2aning approach to camponent separation that works in the map comain.
SEVEM Faregraund semplates zre typical y canstructad by differencing pairs of maps “rom the low- 2nd high-frecuency channals. The differencing s dare 10 order to null the CMB contriaution to the templates. These templates are then used ta clean 2ach CMB-
dominated frequency channel by finding @ set of coefficients to minimize the varance of the mop outside of a mask. Thus SEVEM produces multiple foreground dearec ‘requency channe! maps. The fingl CMB map is producad by combining o number of the

None uses “field-level, 3D galaxy density information”

L R l—'-lll\-'\ - I el Ml e 1D W e W el e e W Al TS Tl T Ta UL WE e D IR AR T et 1 W W R B iR R D PRI TV Y WP F Rt f el el R A R (W TR B el el R el I e el T e TR - » % AT -"':1':(“:'1";'.. ’,‘,/‘;- \:-:. 4
Cede 5% e gl A U wE ~‘.~'vt;’;f
Commender is & Dayesien perametric methoo (Eriksen et a,, 2006, Criksen et al,, 200€) that works in the map domain,. Both the CMD and foregrounds are mode/led using a physicel perameteriz L e '.,: '_:',' “*‘Q,'
Commeander2 method Is well suted to perform astrophys cal component separation In eddition te CMB ext-action (Planck Collzberatior X 2216}, The jeint solution for all components is obtainad by sampling frt Gl V¥ A7 '_’-"y',:u :
Code like'ihood and a set of priors. To produce a high resolation CMB map, the separation is performed at multiole resolutions with different cormbinations of nput channels. The Final CMB map is obtzi A T, ] ;‘;l" 3
domain. L3t s 3
4 &t e
YR s X
SEN g SR
Maximum Entropy Lo’
L4
Name Description ’
14
[astMEM The FastMZM is 2 narmonic-space maximum eatropy method thet estimates (Hobscn et g, 1990, Stelyarev et al,, 2002) comporent maps given frequency scaling rcdels ard external feregroun ;CM B
weight. It iz 8 nanblind, nan-linear appreach, which assumres 2 maximum-entrepy priar prababllity distrbut'on for the uaderlying comporerts. e
’l
L4
L4
L4
L4
L4
4
Name Description ’
GMCA CGereralised Marpholagical Camponent Arnalys s (Hoh e et 21, 20007) 15 a8 semi-blind source saparation method which cisentangles the camponents by assuming that ezct
':‘r.‘ , demonstreted in [Leach et al, 2008), GMCA can be used in two ways: GMCA blind to cptimize the separatior of the CMB compenent, and GMCA moce! to opumize the ! ' ‘ : I B

application to CMB was almost incidental; the method is far more genaric.

The Independent Compenert Aralysis (ICA) agorithm implemented in FastICA (Maino et 2., 2002) is amed 2t recovering both the spatial pattern and the frequency sc
FestIca line-cl-sight using mult' -frequency coservetions, It requires no a prier <nowledge of the components except that they are statistically independert and all, except poss|
CMB fluctuations and non-(Gzaussian faragraunds. The main advantage arf this approach s that the algonthm is able to [earn haw to raconstuct INCEpencent camaonents

SOources

Carralatad Camporent Anzlysis (Redic 2t al, 20045]) starts with an estimat an of the miang mztrix an patches af s<y by expla ting spatial carralations in the cata, supn

CCA ,
s estmated parameters are then used to reconstruct the components by Wiener filtering in the harmonic domain

Milky Way



CMB secondary tomography

 Sunyaev-Zeldovich Effect

 Cosmic Infrared Background



Thermal energy associated with the large-scale structure
Qi IS missing in Fukugita & Peebles 2004, but it’'s important for structure formation

Sunyaev-Zel'dovich (SZ) effect
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Thermal energy associated with the large-scale structure
Qi IS missing in Fukugita & Peebles 2004, but it’s important for structure formation

Spectral distortion of the CMB Sunyaev-Zel'dovich (SZ) effect
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tSZ is not alone, as CIB is just much brighter
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Cosmic infrared background (CIB)
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e Cosmic dust, star formation
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Cosmic infrared background (CIB)
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' CIB
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e Cosmic dust, star formation
 Brightest high-z matter tracer
e CMB foreground

 Limitation: projection effect Az = entire SF history

- Goal: measure P(z), or dl/dz for the CIB,

and only after that one starts to measure the SED
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Probing CIB+SZ using 11 maps covering 50-fold frequencies
Planck Herschel IRAS

217 GHz



Probing CIB+SZ using 11 maps covering 50-fold frequencies
Planck

Herschel IRAS
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3D cross-correlation references

3 million spectroscopic redshifts in SDSS/BOSS/eBOSS
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- - Chi 25 tSZ in Chiang+20, 21
Clustering redshifts ang+ in Chiang-+

_______ ‘ 353 GHz 857 GHz
vdl Planck 0.5{Planck
wlg(zi) X, —5— b[:bg W, (Z;) 0.1-
dz_
OO A2 s s amaoll SR S T OO 1 ey |l e Lofll-m o _ .
0.010 4 100 GHz 7 0.4 | 545 GHz 1.071.2 THz (250pm)
T Planck Herschel }:
1 e il
U, lgx==="" "% Ak A e
2y 0021143 GHz > 1600 GHz (500urg) 0.4 |3 THz (100pm) IRAS
> Planck II 0.4 {Herschel x 3
el " 02 -
:'Q ‘: - 0.0 - R R
E N E ' | | ! | | - | - | - 1
: '% ' 0,04 - F2)|17 GkHZ 5 THz (6OIme) IRAS
L ancC 3 (] I
; © 10.02- 3w
CSam» 000 - o OO Te T T T (R T .




- - Chi 25 tSZ in Chiang+20, 21
Clustering redshifts ang+ in Chiang-+
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- - Chi 25 tSZ in Chiang+20, 21
Clustering redshifts ang+ in Chiang-+
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Cosmic thermal history Qw as a new target for cosmology
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Where did the thermal energy come from?

A large fraction of Qw at z=0 is locked in galaxy clusters (Qin
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Cosmic thermal history Qw as a new target for cosmology
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Cosmic thermal history Qw as a new target for cosmology
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Qih + Qnon-th = Qgrav

Our first case of energy balance between multiple ()x, see Chiang+21
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Clustering redshifts ang+ in Chiang-+
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Clustering redshifts
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Tomographic CIB spectrum
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Ensemble cosmic dust SED

Generalized graybody with population effect
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Full T distribution posterior
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Single T, B MBB is not enough
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Census of cosmic dust in all environments (from low freq.)

] Dunne + 11 Magnelli + 20 Dudzeviciute + 21 Traina+24 |
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Cosmic star formation is 80% dust-obscured (from total IR)
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Everything is publicly available

Data, covariance, SED at z=0—10, dl/dz redshift distributions, b(z), Qq4, CSFR, monopole, tSZ ...
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https://zenodo.org/records/15149425

CMB secondary tomography

« Milky Way Dust
 Sunyaev-Zeldovich Effect
 Cosmic Infrared Background

e Lines



CO & [CIl] line revealed only after continuum SED measured to % level
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First intensity mapping CO & [CIl] detections
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First intensity mapping CO & [CIl] detections

Chiang (under review)
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Multiwavelength view of the diffuse sky
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21 cm - HI4PI

Multiwavelength view of the diffuse sky
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1072 -

Takeaways

e Revealed & removed CIB in MW dust mapping, key for galaxy surveys & intensity mapping
e |ntroduced O, thermal energy density, as a new probe for structure formation

e Direct measurement of CIB redshift distributions and SEDs (and Tqust)

e (Census of Qqust and SF history to 0.04 dex using one of the most intensive data fusion

e (CO and [Cll] coming, milestone for line intensity mapping

Legacy products, methods, benchmark results for CMB, LIM & galaxy formation science
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