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Milky Way Dust 
     • Chiang & Menard 2019, ApJ, 870, 2, 120 
     • Chiang 2023, ApJ, 958, 2, 118  
Thermal SZ History 
     • Chiang+ 2020, ApJ, 902, 1, 56  
     • Chiang+ 2021, ApJ, 910, 1, 32  
CIB, Cosmic Dust & Star-Formation 
     • Chiang+ 2025 ApJ, 992, 1, 651 
CO & CII Lines for Cosmic Gas

     • Chiang, under review.



Long-term interest: cosmic energy inventory
Fukugita & Peebles 2004

 Ωx ≡ ρx / ρcrit,0 x = dark energy, dark matter, light, stars, neutrinos… 

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

My goal: evolution of the cosmic inventory and energy transport

Ω1(z) Ω2(z) Ωx(z)・Ωx(z)



Messenger: extragalactic background light (EBL)

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

The EBL sky monopole intensity

The integrated radiation from all sources in the Universe

microwave IR UV x-ray gamma-rayradio optical
accreting blackholes

diffuse gas

dustrelic stars
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microwave IR UV x-ray gamma-rayradio optical

Big challenge in astronomy — projection effects



Data: Multiwavelength maps of the diffuse sky

UV - GALEX 
2300 A

21 cm - HI4PI

tSZ - Planck 
NILC

radio - Planck 
100 GHz

dust - SFD 
100 µm

PAH - WISE 
12 µm

X-ray - ROSAT 
0.1-2.4 keV

CMB - Planck 
SMICA

optical reddening 
Pan-STARRS



CMB secondary tomography

• Milky Way Dust 

• Sunyaev–Zeldovich Effect 

• Cosmic Infrared Background 

• Lines



Milky Way dust



Schlegel, Finkbeiner, Davis (SFD) 1998 dust map

Based on IRAS 100 μm

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



Schlegel, Finkbeiner, Davis (SFD) 1998 dust map

Stacking galaxies reveals the CIB


∆E(B−V) due to CIB

Kashiwagi+13

Based on IRAS 100 μm

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



All dust maps contaminated by CIB & LSS, biasing cosmology

Extinction over-correction (similar to lensing but unphysical)  
Bias supernova cosmology, galaxy clustering, & lensing… 

Chiang & Menard 19



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



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

SFD cross SDSS spec-z’s

Chiang 23



Clean 3D LSS statistics
how many overdensities are there? 

Fourier phases+
where the overdensities are in 3D?

 Any maps:
Milky Way, CMB CIB, tSZ

11

Solution must be 
deeply data-intensive



2. Build 30 × 6 = 180 LSS templates from 600M WISE galaxies

Chiang 23

Forming an over-complete basis set for LSS



3. Measure same cross-correlation stats for all templates
computing intensive: 107 2-pt function amplitudes

Chiang 23



Reconstruction:

Chiang 23

(Sum of basis)



Reconstructed CIB map (100 micron)

Chiang 23

Signal dominated  
S/N~3 every pixel

15



Reconstructed CIB map (100 micron)

Highest peaks are all Abell clusters!

Chiang 23

Signal dominated  
S/N~3 every pixel

15



Reconstructed CIB map (100 micron)

Highest peaks are all Abell clusters!

 

Chiang 23

Signal dominated  
S/N~3 every pixel

15



Corrected SFD (CSFD) = SFD − CIB
All-purpose dust map for extinction correction & foreground cleaning

One line Python query with  
dustmaps (Green 18) packageOr Or

1 2 3

https://zenodo.org/records/8207175

16

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

One line Python query with  
dustmaps (Green 18) packageOr Or

1 2 3

https://zenodo.org/records/8207175

16

Chiang 23

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


Outlook: full-sky 3D reconstruction (SPHEREx for 1%∆z)

Chiang 23

arXiv:2511.02985



Outlook: full-sky 3D reconstruction (SPHEREx for 1%∆z)

Chiang 23

Test on tophat P(z) reconstruction (only 2 WISE bands) 

arXiv:2511.02985



List of Component Separation methods—$$$ question in CMB 

CMB

sources

CIB

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

Milky Way18



CMB secondary tomography

• Milky Way Dust 

• Sunyaev–Zeldovich Effect 

• Cosmic Infrared Background 

• Lines



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

They track each other

See also Cen & Ostriker 99,   
Refregier+00, Zhang+04

Image credit: Dylan Nelson, Illustris CollaborationImage credit: Dylan Nelson, Illustris Collaboration

Inverse Compton scattering of  
CMB photons by hot elections

 Sunyaev-Zel'dovich (SZ) effect 

Sunyaev & Zeldovich 1972



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

They track each other

See also Cen & Ostriker 99,   
Refregier+00, Zhang+04

Image credit: Dylan Nelson, Illustris CollaborationImage credit: Dylan Nelson, Illustris Collaboration

Inverse Compton scattering of  
CMB photons by hot elections

 Sunyaev-Zel'dovich (SZ) effect Spectral distortion of the CMB

y

With tomography:Direct SZ: 

Sunyaev & Zeldovich 1972



tSZ is not alone, as CIB is just much brighter

Planck 2011

Madau & Dickinson 14



Silva+ 21 

• Cosmic dust, star formation

• Brightest high-z matter tracer

• CMB foreground

CIB

Cosmic infrared background (CIB)



Silva+ 21 

• Cosmic dust, star formation

• Brightest high-z matter tracer

• CMB foreground

CIB

Cosmic infrared background (CIB)

• Limitation: projection effect  ∆z = entire SF history 

• Goal: measure P(z), or dI/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

100 GHz

143 GHz

217 GHz

353 GHz

545 GHz

857 GHz

500 μm

350 μm

250 μm

100 μm

60 μm
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Probing CIB+SZ using 11 maps covering 50-fold frequencies 
Planck Herschel IRAS

100 GHz

143 GHz

217 GHz

353 GHz

545 GHz

857 GHz

500 μm

350 μm

250 μm

100 μm

60 μm

Cleaned using my CSFD (Chiang 23) dust map

IRAS 100 μm



3D cross-correlation references
3 million spectroscopic redshifts in SDSS/BOSS/eBOSS

Galaxies Quasars

Chiang+ 25
24
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Tomographic CIB + SZ spectrum

Chiang+20, 21

Total

CIB

SZ



Cosmic thermal history Ωth as a new target for cosmology

Chiang+20, 21



Chiang+20, 21

Where did the thermal energy come from?
A large fraction of Ωth at z=0 is locked in galaxy clusters (Ωth ~ Mh5/3) 

clusters 

protoclusters
Chiang+17

thermal ← kinetic ← gravitational potential 



Chiang+20, 21

No dark energy 
ΩΛ = 0

Cosmic thermal history Ωth as a new target for cosmology



Chiang+20, 21

No dark energy 
ΩΛ = 0

Early dark energy 
i.e., not cosmological constant Λ

Cosmic thermal history Ωth as a new target for cosmology



Ωth  +  Ωnon-th  =  Ωgrav

Chiang+20, 21

Non-thermal support (20%) in bulk 
motion/turbulence by mass accretion  

(consistent with simulation  
in Shi+15,16) 

Our first case of energy balance between multiple Ωx, see Chiang+21



“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”“The whole Universe is bullying polar bears”
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So tell us how do you know what cosmic 
heat was billions of years ago. There is no 
way to measure that, unless, of course, 
you are a time traveler…
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Tomographic CIB spectrum

33

Chiang+ 25

Most densely sampled 
FIR SED in the literature



Dust mass ρd

Opacity τ 

CO 

CII

Bias b

Temperature T

Generalized graybody with population effect

Ensemble cosmic dust SED

21 parameters, only 3 prior-driven

Chiang+ 25
34



Dust mass ρd

Opacity τ 

CO 

CII

Bias b

Temperature T

Generalized graybody with population effect

Ensemble cosmic dust SED

21 parameters, only 3 prior-driven

Full T distribution posterior

P
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Chiang+ 25
34



Single T, β MBB is not enough

T spread
β s

pr
ea

d
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Census of cosmic dust in all environments (from low freq.)
Upper envelope of 
galaxy surveys 
 
Dust gets destructed 
at low z

Chiang+ 25
36



Cosmic star formation is 80% dust-obscured (from total IR)

Tightest CSFR 
constraint  
 
No cosmic variance 
No SED systematic 
 
Complete to the 
faintest galaxies

37

Chiang+ 25



Tightest CSFR 
constraint  
 
No cosmic variance 
No SED systematic 
 
Complete to the 
faintest galaxies

38

Chiang+ 25



Everything is publicly available
Data, covariance, SED at z=0—10, dI/dz redshift distributions, b(z), Ωd, CSFR, monopole, tSZ …

39

https://zenodo.org/records/15149425

Chiang+ 25

https://zenodo.org/records/15149425


CMB secondary tomography

• Milky Way Dust 

• Sunyaev–Zeldovich Effect 

• Cosmic Infrared Background 

• Lines



CO & [CII] line revealed only after continuum SED measured to % level

41
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First intensity mapping CO & [CII] detections

[CII] competing with Lya 
as the brightest line 

—> trace SF 

CO is brightest relative to 
continuum

—> trace molecular gas 
 

Both prime targets for 
3D line intensity mapping

Chiang (under review)

Stay Tuned



First intensity mapping CO & [CII] detections

43

Stay Tuned
Chiang (under review)
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Multiwavelength view of the diffuse sky

UV - GALEX 
2300 A

21 cm - HI4PI

tSZ - Planck 
NILC

radio - Planck 
100 GHz

dust - SFD 
100 µm

PAH - WISE 
12 µm

X-ray - ROSAT 
0.1-2.4 keV

CMB - Planck 
SMICA

optical reddening 
Pan-STARRS



Multiwavelength view of the diffuse sky

UV - GALEX 
2300 AChiang+19a

Chiang+19a

Chiang+19a Chiang+19aChiang+20,21

Chiang+20,21

Preliminary

Preliminary
21 cm - HI4PI

tSZ - Planck 
NILC

radio - Planck 
100 GHz

dust - SFD 
100 µm

PAH - WISE 
12 µm

X-ray - ROSAT 
0.1-2.4 keV

CMB - Planck 
SMICA

Chiang+19b
optical reddening 
Pan-STARRS



Takeaways
• Revealed & removed CIB in MW dust mapping, key for galaxy surveys & intensity mapping

• Introduced Ωth, thermal energy density, as a new probe for structure formation

• Direct measurement of CIB redshift distributions and SEDs (and Tdust)

• Census of Ωdust and SF history to 0.04 dex using one of the most intensive data fusion

• CO and [CII] coming, milestone for line intensity mapping  

46

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


