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The extragalactic background light

https://ned.ipac.caltech.edu/level5/March17/Cooray/Cooray1.html


The extragalactic background light (cont.)

Dole et al. (2006)
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Infrared Wavelengths



The IR wavelength range

Corresponds to different physical processes:

1-3 microns  (near-IR): mostly stellar emission - light of old/red giant stars
3-5 microns  (mid-IR): RJ tail of stellar emission + hot dust + free-free

5-50 microns (mid-IR): hot/warm dust (AGN dusty torus; warm dust from SF)

50-3000 microns (far-IR/submm): cold dust (only related to SF)



The importance of dust through cosmic time

Dust in galaxies was very important at z=1-5

It was less relevant at earlier cosmic times (higher z), 
except for the most massive galaxies

Mostly produced in the envelopes of red giant (AGB) stars

Origin of dust observed at z>6 is still under debate

Total IR means ~(3-3000) microns, i.e.,  3 microns through 3 mm



 Instruments to study of the dusty Universe  

Herschel Space Observatory

APEX

in space and ground-based



 Atmospheric Transmission

Herschel Space Observatory



 ALMA  

Credit: ALMA (ESO/NAOJ/NRAO)/H. Zodet (ESO)



 The cosmic SFR density

This was our best knowledge about ten years ago…
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FIG. 3.— Top panel: Evolution of the stellar mass function from z = 0
to z = 8 in the best fitting model (colored lines), compared to observations
(points with error bars; for clarity not all data is shown). Bottom panel:
Observational constraints on the cosmic star formation rate (black points),
compared to the best-fit model (red solid line) and the posterior one-sigma
distribution (red shaded region).

I) used in this work.

5. RESULTS

The method presented above results in a posterior distribu-
tion for the set of parameters describing models that match
observed stellar mass functions, specific star formation rates,
and cosmic star formation rates from z = 0 to z = 8. All data
results in this paper are available for download online.4 Our
best-fitting parameters with one-sigma limits are as follows:

Intrinsic Parameters:

ν = exp(!4a2)
log10(ϵ) =!1.777+0.133

!0.146+ (!0.006+0.113
!0.361(a!1)+ (!0.000+0.003

!0.104)z)ν +
!0.119+0.061

!0.012(a!1)
log10(M1) = 11.514+0.053

!0.009+ (!1.793+0.315
!0.330(a!1)+ (!0.251+0.012

!0.125)z)ν
α=!1.412+0.020

!0.105+ (0.731+0.344
!0.296(a!1))ν

δ = 3.508+0.087
!0.369 + (2.608+2.446

!1.261(a!1)+!0.043+0.958
0.071 z)ν

γ = 0.316+0.076
!0.012 + (1.319+0.584

!0.505(a!1)+0.279+0.256
!0.081z)ν

log10(Mh,ICL) = 12.515+0.050
!0.429+ (!2.503!0.202

!2.078)(a!1)

4 http://www.peterbehroozi.com/data.html
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FIG. 4.— The best fitting model (red line) and posterior one-sigma distri-
bution (red shaded region) for the evolution of the specific star formation rate
from z = 0 to z = 8, compared to observational estimates (black points).

ρ0.5 = 0.799+0.028
!0.355

Systematic Parameters:

µ=!0.020+0.168
!0.096+0.081+0.078

!0.036(a!1)
κ= 0.045+0.110

!0.051 + (!0.155+0.133
!0.133)(a!1)

ξ = 0.218+0.011
!0.033 +!0.023+0.052

!0.068(a!1)
σ = 0.070+0.061+0.017

!0.008(z!0.1)
ci(z) = 0.273+0.103

!0.222(1+ exp(1.077+3.502
!0.099! z))!1

b= 0.823+0.043
!0.629

Our total χ2 error for the best-fit model from all sources
(observational and theoretical) is 245. For the number of ob-
servational data points we use (628), the nominal reduced χ2

is 0.4. While the true number of degrees of freedom is not

Behroozi et al. (2013); Madau & Dickinson (2014)

3.2 Gyr

~40% today’s 
stellar mass density

?



 The contribution of dusty galaxies to the CSFRD  

Zavala et al. (2021)

14 J. A. Zavala et al.

0 1 2 3 4 5 6 7
Redshift

10-4

10-3

10-2

10-1

ρ SF
R

D
 [  M

O •
 yr

-1
 M

pc
-3

 ]

        
0 

 
 
 
 

1.0
 

ƒ ob
s

50% 50%

Dust-obscured star formation

Unobscured star formation

        
0 

 
 
 
 

1.0
         

0  
 
 
 
 

1.0

ƒ

L
IR 

< 1011 LO •

1011 < L
IR 

 <1012 LO •

1012 < L
IR 

< 1013 LO •

        
0  

 
 
 
 

1.0
13.9 5.3 2.8 1.8 1.3 1.0 0.8

Time since Big Bang [Gyr]

0 1 2 3 4 5 6 7
Redshift

10-4

10-3

10-2

10-1

ρ SF
R

D
 [  M

O •
 yr

-1
 M

pc
-3

 ]

Figure 7. The inferred dust-obscured star formation history is illustrated by the orange shaded region in the bottom panel.
For comparison, we plot independent measurements from the literature based on IR/sub-mm and UV surveys (orange circles
and blue squares, respectively) and the average unobscured star-formation derived from rest-frame UV optical surveys (i.e. not
corrected for dust attenuation; blue shaded region; Finkelstein et al. 2015). The total inferred SFRD derived in this work is
shown in gray. The uncertainties in our estimation include those from the best-fit parameters and cosmic variance. The middle
panel represents the fraction of obscured star formation, SFobs/(SFobs +SFunobs), and its associated uncertainty (lighter shaded
area). The contribution of dust-obscured galaxies, which dominates the cosmic star-formation history through the last ∼ 12Gyr,
rapidly decreases beyond its maximum, reaching values that are comparable to the unobscured star formation traced by the
rest-frame UV/optical surveys by z ≈ 4− 5. The top panel represents the contribution from galaxies with different luminosity
ranges to the dust-obscured SFRD, being dominated by ULIRGs (ultra-luminous infrared galaxies; 1012 < LIR < 1013 L⊙) and
LIRGs (1011 < LIR < 1012 L⊙).

Up to z~4, most star formation in 
the Universe is obscured by dust.



 The total-IR LF  

18 C. Gruppioni, F. Pozzi, G. Rodighiero et al.

Figure 11. Evolution of L? (top) and �? (bottom) as a function of redshift (in the form / (1 + z)) for the di↵erent IR populations.
For comparison, the L

? and �? evolution of the “global” total IR LF (plotted in Fig. 9), are shown as grey dashed lines.

theoretical (from chemical evolution models of Milky Way-
like galaxies; Colavitti, Matteucci & Murante 2008).
Over the whole redshift range 0.5�3, the “totall” luminos-
ity function is dominated by the SF-AGN population. The
number density of SF-AGN is nearly constant from the local
Universe up to z⇠1–1.5, showing a slight decrease at higher
redshifts, while their luminosities show positive evolution up
to the highest redshifts (z⇠3.5–4). From Fig. 10 we note a
sort of bimodality in the SF-AGN LFs (at z<

⇠ 0.45, where we
are able to cover a larger luminosity range). This bimodality
is indeed to be ascribed to the crossing of two contributions:
that of the SF-AGN(Spiral) population, responsible for the
faint-end steepness of the LFs, and that of the SF-AGN(SB)

population, dominating the bright-end of the SF-AGN LFs
and declining at low LIR (not reported in the figure).
The starburst galaxy population never dominates. The red-
shift range where we observe the highest contribution from
the starburst galaxies is at z⇠1–2, while in the local Uni-
verse their contribution is almost negligible (i.e. their �?

parameter shows an opposite trend with respect to that of
spiral galaxies see Fig. 11).
The AGN1 and AGN2 populations show a very similar evolu-
tionary trend as a function of z, both in �? and L?. These
powerful AGN populations dominate only the very bright
end of the total IR LF, although their number densities and
luminosities keep increasing from the local Universe up to
the higher redshifts. At z>2.5 the AGN1 and AGN2 popula-
tions become as important as the SF-AGN one, with the total
IR LF of PACS-selected sources in the redshift range 2.5–4
being totally dominated by objects containing an AGN.

3.6 Total IR LF in Mass and Specific
Star-Formation Rate bins

3.6.1 Stellar masses and SFR from SED fitting

The wealth of multi-wavelength data available in the cosmo-
logical fields included in our work allow us to perform a de-
tailed SED fitting of all sources, in order to derive their most
relevant physical parameters (e.g. stellar masses). To derive
stellar masses we have fitted the broad-band SEDs of our
sources using a modified version of MAGPHYS (Da Cunha et al.
2008), which is a code describing the SEDs using a combina-
tion of stellar light and emission from dust heated by stellar
populations. In particular, the MAGPHYS software simultane-
ously fits the broad-band UV-to-far IR observed SED of each
object, ensuring an energy balance between the absorbed
UV light and that re-emitted in the far-IR regime. The main
assumptions are that the energy re-radiated by dust is equal
to that absorbed, and that starlight is the only significant
source of dust heating. We refer to Da Cunha et al. (2008)
for a thorough formal description of how galaxy SEDs are
build. At each source’s redshift, the code chooses among
di↵erent combinations of star formation histories, metallic-
ities and dust contents, associating a wide range of optical
models to a wide range of infrared spectra and comparing
to observed photometry, seeking for �2 minimization. Each
star formation (SF) history is parameterised in terms of an
underlying continuous model with exponentially declining
star formation rate (SFR), on top of which are superim-
posed random bursts (see Da Cunha et al. 2008, Da Cunha
et al. 2010). We note that, although the MAGPHYS assump-
tion of exponentially declining SFR might not be the best
to reproduce the SFR history of z>1.5 star-forming galax-
ies (i.e. exponentially increasing or increasing SFR would be
better choices, as widely discussed by Maraston et al. 2010
and Reddy et al. 2012), in our specific case it does not af-
fect the results. In fact, we do not use the MAGPHYS derived
SFRs, but we compute them by integrating the best-fitting

c� 2012 RAS, MNRAS 000, 2–29

Gruppioni et al. (2013)



 Dusty galaxies in the Early Universe

Fudamoto et al. (2021)



Radio Wavelengths



Radio sources

knot

void

filament

Brightest radio sources are mostly AGN

At fainter radio fluxes, the radio galaxy population is mixed in nature

Casey et al. (2009)



The VLA
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Credit: NRAO/AUI/NSF



IR-radio correlation
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Herrera Ruiz et al. (2017)



Evolution of radio galaxies
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Mancuso et al. (2017)



Future Facilities: SKA

knot

void

filament



X rays



X-ray sources
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Both AGN and star-forming are emitters in X rays

To disentangle nature:

* X-ray colours:  f_nu (2-8keV) / f_nu (0.5-8 keV)

Sources bright at 2-8 keV (hard X rays) are almost all AGN

* use of complementarity tracers at other wavelengths

e.g. optical fluxes/colours - near-/mid-IR colours  (none is perfect)



X-ray telescopes
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XMM Newton

Chandra

in operation for more than 20 
years…



Sources of the X-ray background
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Aird et al. (2015)



AGN X-ray luminosity density

Vito et al. (2018)

Peak quasar epoch 
at z~2-2.5



Rare X-ray detected AGN/QSO in early Universe

Wolf et al. (2023)

eROSITA 
detection


