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Far-IR Universe -- Dust is Ubiquitous

HerMES Lockman Survey Field S. Oliver, J. Bock et al.

Herschel SPIRE 250, 350, 500 microns.
Every pixel in the map has emission
Dusty galaxies at redshifts of ~1 to ~3 – the peak of cosmic star formation history.
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 andKIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from
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constrained by existing data or integration over galaxy lumi-
nosity functions, which find broadly similar curves to the
one plotted in Figs. 3 and 4.21,94,95

The Cosmic Ultraviolet Background (CUB)

l ¼ 1015 " 1016 Hz, !¼30" 300 nm
! "

. The next fre-
quency range corresponds to the CUB, encompassing
1015–1016 Hz. The origin of this background is largely
the light of hot, young stars and interstellar nebulae,
including scattering by dust (as opposed to absorption
and re-emission), with contributions from hot inter-cluster
gas (but the level of this is still under some debate96). It
should not come as a surprise that the CUB remains the
most poorly studied portion of the CB to date because of
neutral hydrogen’s efficiency at absorbing UV light (thus
rendering the ISM nearly opaque at these frequencies97)
and because of the fact that one must leave the Earth’s
atmosphere to study these wavelengths. As a result, the
available data contain levels of systematic uncertainty that
are hard to quantify, and it seems best to treat measure-
ments as upper (or sometimes lower) limits on the CUB.
The upper limits come from photon flux counts carried
out between 1970 and 1990, which were actually measur-
ing the total UV background, including Galactic and zodi-
acal contributions, while the few available lower limits
come from the usual galaxy counts (which do not go par-
ticularly faint). There is plenty of room for improvement
here.

At the low end of the frequency range there have been
several estimates of the CUB derived from galaxy counts

using the Space Telescope Imaging Spectrograph (STIS) on
HST98,99 and the GALaxy Evolution eXplorer satellite
(GALEX100), which we give as lower limits to the total
CUB, since these estimates lack the diffuse contribution
from inter-cluster gas. We also include an earlier estimate
using a balloon-borne UV-imaging telescope centered at
200 nm.101 For upper limits where Galactic emission must
be subtracted, GALEX has also provided the most recent
estimate of the CUB.102 Before this, we include contribu-
tions from the following experiments: the Ultraviolet
Spectrometer (UVS) aboard the Voyager spacecraft;103,104

the Diffuse Ultraviolet Experiment (DUVE105); and a series
of UV instruments flown aboard the Space Shuttle
Columbia in 1986.106–108 At the high frequency end of
the range (tens of nanometres), estimates have been
taken from measurements made on the Apollo- Soyuz mis-
sion by the Extreme UltraViolet Telescope (EUVT109), cov-
ering 9–59 nm. Lastly, we report findings on the total diffuse
UV background (so again, upper limits on the CUB) from
the Extreme UltraViolet Explorer’s (EUVE) Deep Survey
(DS) telescope at 10, 17, and 24 nm.110,111

Figure 5 displays the current status on the CUB, showing
a general decline in intensity from beginning to end, with no
interesting features visible due to the lack of constraining
data at these wavelengths.

The Cosmic X-ray Background (CXB)

l ¼ 1016 " 1019 Hz, !¼0:03" 30 nm
! "

. As we move
to even higher energies, we arrive at the CXB, spanning
the range of 1016–1019 Hz. It is now generally believed

Fig. 4. Cosmic optical background radiation. This region contains the third peak in the CB, at around 3# 1014 Hz (1mm), corres-
ponding to emission originating from nucleosynthesis in stars. The dashed line is an example of a model of the CIB/COB, derived by
making a weighted sum of the observed spectra of galaxies.55

Scott et al. 671

Far-IR Universe: Dust is Ubiquitous

~Half of the remnant electromagnetic light from stars and galaxies is in the far-IR.

Far-IR background is a cosmological background, not a low-redshift phenomenon.  

Star formation has been  predominantly obscured.

Cosmic backgrounds in nW m-2 sr-1
Hill, Masui, & Scott 2018

Energy output from galaxies:

Most of energy from star formation and 
accretion activity emerges in the far-IR.   

3
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Figure 8
(a) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR. The data points with symbols are given in Table 1. All
UV and IR luminosities have been converted to instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 andKIR = 4.5 ×
10−44 (cgs units) valid for a Salpeter IMF. (b) Mean dust attenuation in magnitudes as a function of redshift. Most of the data points
shown are based on UV spectral slopes or stellar population model fitting. The symbol shapes and colors correspond to the data sets
cited in Table 1, with the addition of Salim et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for
UV-selected galaxies at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for clarity): one
integrated over the observed population (open symbols), the other extrapolated down to LFUV = 0 (filled symbols). Data points from
Burgarella et al. (2013) (olive green dots) are calculated by comparing the integrated FIR and FUV luminosity densities in redshift bins,
rather than from the UV slopes or UV-optical spectral energy distributions. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF,
initial mass function; IR, infrared; SFR, star-formation rate.

samples. The local FIRLF has not been drastically revised since the final IRAS analyses (Sanders
et al. 2003, Takeuchi et al. 2003); additional AKARI data did not drastically change earlier results
(Goto et al. 2011a,b; Sedgwick et al. 2011). The biggest remaining uncertainties pertain to the
faint-end slope, where measurements vary significantly from α = −1.2 to −1.8 (or, somewhat
implausibly, even −2.0) (e.g., Goto et al. 2011b). Analysis of the widest-area FIR surveys from
Herschel, such as H-ATLAS (570 deg2) (Eales et al. 2010), may help with this. The present un-
certainties lead to a difference of a factor of at least 2 to 3 in the local FIR luminosity density.
Nevertheless, as previously noted, in today’s relatively “dead” epoch of cosmic star formation, a
significant fraction of the FIR emission from ordinary spiral galaxies may arise from dust heated
by intermediate-age and older stellar populations, not newly formed OB stars. Hence, it is not
necessarily the best measure of the SFR. At higher redshifts, when the cosmic-specific SFR was
much larger, new star formation should dominate dust heating, making the IR emission a more
robust global tracer.

Local measurements of the SMD have relied mainly on purely optical data (e.g., SDSS pho-
tometry and spectroscopy) or on relatively shallow NIR data from 2MASS. There may still be
concerns about missing light, surface brightness biases, etc., in the 2MASS data (e.g., Bell et al.
2003), and deeper very-wide-field NIR data would be helpful. All-sky MIR data from WISE may
be valuable and have been used by Moustakas et al. (2013), but without extensive analysis specifi-
cally focused on this topic. Deeper NIR data covering a significant fraction of the sky, either from
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constrained by existing data or integration over galaxy lumi-
nosity functions, which find broadly similar curves to the
one plotted in Figs. 3 and 4.21,94,95

The Cosmic Ultraviolet Background (CUB)

l ¼ 1015 " 1016 Hz, !¼30" 300 nm
! "

. The next fre-
quency range corresponds to the CUB, encompassing
1015–1016 Hz. The origin of this background is largely
the light of hot, young stars and interstellar nebulae,
including scattering by dust (as opposed to absorption
and re-emission), with contributions from hot inter-cluster
gas (but the level of this is still under some debate96). It
should not come as a surprise that the CUB remains the
most poorly studied portion of the CB to date because of
neutral hydrogen’s efficiency at absorbing UV light (thus
rendering the ISM nearly opaque at these frequencies97)
and because of the fact that one must leave the Earth’s
atmosphere to study these wavelengths. As a result, the
available data contain levels of systematic uncertainty that
are hard to quantify, and it seems best to treat measure-
ments as upper (or sometimes lower) limits on the CUB.
The upper limits come from photon flux counts carried
out between 1970 and 1990, which were actually measur-
ing the total UV background, including Galactic and zodi-
acal contributions, while the few available lower limits
come from the usual galaxy counts (which do not go par-
ticularly faint). There is plenty of room for improvement
here.

At the low end of the frequency range there have been
several estimates of the CUB derived from galaxy counts

using the Space Telescope Imaging Spectrograph (STIS) on
HST98,99 and the GALaxy Evolution eXplorer satellite
(GALEX100), which we give as lower limits to the total
CUB, since these estimates lack the diffuse contribution
from inter-cluster gas. We also include an earlier estimate
using a balloon-borne UV-imaging telescope centered at
200 nm.101 For upper limits where Galactic emission must
be subtracted, GALEX has also provided the most recent
estimate of the CUB.102 Before this, we include contribu-
tions from the following experiments: the Ultraviolet
Spectrometer (UVS) aboard the Voyager spacecraft;103,104

the Diffuse Ultraviolet Experiment (DUVE105); and a series
of UV instruments flown aboard the Space Shuttle
Columbia in 1986.106–108 At the high frequency end of
the range (tens of nanometres), estimates have been
taken from measurements made on the Apollo- Soyuz mis-
sion by the Extreme UltraViolet Telescope (EUVT109), cov-
ering 9–59 nm. Lastly, we report findings on the total diffuse
UV background (so again, upper limits on the CUB) from
the Extreme UltraViolet Explorer’s (EUVE) Deep Survey
(DS) telescope at 10, 17, and 24 nm.110,111

Figure 5 displays the current status on the CUB, showing
a general decline in intensity from beginning to end, with no
interesting features visible due to the lack of constraining
data at these wavelengths.

The Cosmic X-ray Background (CXB)

l ¼ 1016 " 1019 Hz, !¼0:03" 30 nm
! "

. As we move
to even higher energies, we arrive at the CXB, spanning
the range of 1016–1019 Hz. It is now generally believed

Fig. 4. Cosmic optical background radiation. This region contains the third peak in the CB, at around 3# 1014 Hz (1mm), corres-
ponding to emission originating from nucleosynthesis in stars. The dashed line is an example of a model of the CIB/COB, derived by
making a weighted sum of the observed spectra of galaxies.55

Scott et al. 671

Far-IR Universe: Dust is Ubiquitous

~Half of the remnant electromagnetic light from stars and galaxies is in the far-IR.

Far-IR background is a cosmological background, not a low-redshift phenomenon.  

Star formation has been  predominantly obscured.

Cosmic backgrounds in nW m-2 sr-1
Hill, Masui, & Scott 2018

Energy output from galaxies:

100 𝛍m 1 𝛍m

Most of energy from star formation and 
accretion activity emerges in the far-IR.   
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25-240 microns
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Dust present at very early times

• UV selected galaxies -> 20/49 detected with ALMA.   
Expect more when pushed deeper.

• Those detected indicate that most of their star 
formation is obscured.

REBELS: Dust Continuum Detections at I > 6.5 11

Figure 6. Fraction of obscured star formation rate (SFRIR/SFRUV+IR) as a function of total SFR (left) and stellar mass (right). The symbols are the same as in
Figure 5. The limits of the two serendipitously detected I ⇠ 7 galaxies are shown by the filled grey squares (Fudamoto et al. 2021). The I ⇠ 5 ALPINE sources
(Fudamoto et al. 2020) are shown by diamonds for the continuum detected and by arrows as the upper limits for the non-detected sources. In the left panel, the
black dashed and red dotted lines indicate the relation at 0.5 < I < 1.0 and 2.0 < I < 2.5, respectively (Whitaker et al. 2017, with the Dale & Helou (2002)
SED templates). In the right panel, the black solid line and dashed line represent the relations with the SED templates of Dale & Helou (2002) and Kirkpatrick
et al. (2015)/Magdis et al. (2012), respectively, at 0.5 < I < 2.5 where no evolution is seen (Whitaker et al. 2017).

Among galaxies with a single dust component, there is one object,
REBELS-25, that appears to be clearly resolved in both rest-UV and
IR (see §3.2). This object has the highest !IR in the REBELS sample
with 1.5+0.8

�0.5 ⇥ 1012 !� . Its high S/N detection allows us to infer that
this source is resolved at a < 100 scale. The deconvolved size reported
by imfit is (0.7400 ± 0.1700) ⇥ (0.6900 ± 0.2200), corresponding to
(3.75 ± 0.89) kpc ⇥ (3.53 ± 1.10) kpc. This source also shows a
spatial o�set towards the west in-between the clumpy UV emission
(Stefanon et al. 2019; Schouws et al. 2022a). For a more detailed
study on REBELS-25, we refer to Hygate et al. (in prep.).

Although our Monte Carlo simulations (§3.2) do not indicate that
the other sources are resolved, there are some sources that poten-
tially show elongated emission. In fact, an observation with deeper
and higher spatial resolution conducted by Bowler et al. (2021) has
identified an extended tail in REBELS-29. In the REBELS data, we
also discern this tail but with less significance.

For the rest of the unresolved REBELS galaxies, unfortunately the
limited spatial resolution makes it hard to discuss their morphology
in further detail. The spatial resolution of ⇠ 1.200 of our observations
corresponds to a physical size of ⇠ 6.3 kpc at I = 7. This is at
the high end of the dust size measured at I ⇠ 0 � 2 (Cheng et al.
2020; Tadaki et al. 2020). Higher spatial resolution observations are
needed to investigate whether a more compact dust extent compared
with stellar emission is also seen at I ⇠ 7 to explore mechanisms
of stellar mass growth in the first billion years of the universe (e.g.,
Hodge & da Cunha 2020; Ivison et al. 2020; Inoue et al. 2020;
Herrera-Camus et al. 2021; Popping et al. 2021).

5.2 Spatial O�set between rest-UV and IR

Spatial o�sets in the peak emission between the rest-frame UV and
far-infrared have become evident in galaxies at I > 6.5 as well as
at lower redshifts with recent high spatial resolution observations
at submillimetre and millimetre wavelengths (see e.g., Hodge et al.
2012, 2016; Carniani et al. 2017; Laporte et al. 2017; Rujopakarn
et al. 2019 for observational, and e.g., Behrens et al. 2018; Liang

Table 3. Measured o�set between the UV and dust peak emission, listed
together with VUV (Bouwens et al. 2021) and �< (Ferrara et al. 2022). For
REBELS-04 and REBELS-37, �< is not available due to a lack of a spectro-
scopic redshift.

REBELS ID �(UV-dust) VUV �<
arcsec

REBELS-04 0.34 ± 0.06 �2.15 +0.20
�0.38 ...

REBELS-05 0.13 ± 0.04 �1.29 +0.36
�0.44 191 +75

�84
REBELS-06 0.34 ± 0.05 �1.24 +0.67

�0.35 200 +122
�80

REBELS-08 0.37 ± 0.07 �2.17 +0.58
�0.58 1183 +457

�457
REBELS-12 0.65 ± 0.25 �1.99 +0.48

�0.76 384 +161
�197

REBELS-14 0.35 ± 0.57 �2.21 +0.41
�0.47 435 +159

�166
REBELS-18 0.19 ± 0.05 �1.34 +0.19

�0.32 111 +34
�40

REBELS-19 1.50 ± 0.06 �2.33 +0.45
�0.64 3870 +1544

�1719
REBELS-25 0.19 ± 0.03 �1.85 +0.56

�0.46 1772 +660
�585

REBELS-27 0.23 ± 0.04 �1.79 +0.42
�0.45 229 +84

�86
REBELS-29 0.12 ± 0.14 �1.61 +0.10

�0.19 129 +40
�42

REBELS-32 0.44 ± 0.07 �1.50 +0.28
�0.30 213 +84

�85
REBELS-37 0.34 ± 0.04 �1.24 +0.16

�0.27 ...
REBELS-38 0.57 ± 0.25 �2.18 +0.45

�0.42 1786 +571
�555

REBELS-39 0.06 ± 0.08 �1.96 +0.30
�0.28 224 +72

�71
REBELS-40 0.16 ± 0.03 �1.44 +0.29

�0.36 165 +64
�69

REBELS-P7 0.13 ± 0.04 �2.09 +0.14
�0.15 639 +215

�217
REBELS-P9 0.40 ± 0.12 �1.76 +0.17

�0.33 87 +33
�36

et al. 2019; Sommovigo et al. 2020; Cochrane et al. 2021 for theo-
retical studies). The spatial displacement between the rest-UV and
far-IR could depend on the process of how dust and stars have been
assembled (e.g., Cochrane et al. 2019; Zanella et al. 2021; Ferrara
et al. 2022), but also bias analyses that are based on the UV-IR energy
balance (e.g., IRX-V, SED fitting, Barisic et al. 2017; Bowler et al.
2021). Here, we explore the prevalence of a spatial o�set between
the rest-UV and dust emission in UV-selected massive galaxies at
I ⇠ 7 from REBELS and how it relates to the galaxy properties.

We determine the peaks of the rest-UV and dust continuum emis-
sion by a 2D Gaussian fit to avoid being biased to a clump or acci-

MNRAS 000, 1–16 (2015)

6 H. Inami et al.

Figure 3. Dust continuum emission (the orange contours) of the REBELS sources. The background images (500 ⇥ 500) are the stacked �� -band images (or
the stacked �� images when  -band is not available). The [C ��] emission is also shown by the thin white contours (plotted only when there is a detection with
� 3.3f). The dotted contours indicate negative emission. The contours start from 2f in steps of 1f of the background standard deviation. The white ellipses
at the bottom left are the beam size.

were used to evaluate the “purity” (?) defined as

? =
#pos � #neg

#pos

to indicate the reliability of the detections with a certain set of iSNR
and pSNR.

In Figure 1, we show 2D histograms (colour maps) of ?, #pos,
and #neg as functions of iSNR and pSNR after combining all of
the PyBDSF detections of the entire REBELS sample. Our primary
interest is to detect dust emission of the REBELS sources at the
phase centre. Thus, we limit the search area for the positive sources
in a circular area of 1.500 radius centred in the pointing field. The
detections of negative sources, on the other hand, were performed
in the full primary beam area, in order to improve statistics of the
detections. Then, #neg was scaled down to match the search area of
the positive sources.

The purity increases with both pSNR and iSNR. To maximise the
number of reliable detections, we adopted the detection thresholds
of (pSNR, iSNR)= (3.3, 2.0), where the purity reaches 95%, for
identifying the dust continuum of the REBELS targets. We show
#pos, #neg, and ? against pSNR (with iSNR= 2.0) in Figure 2.
The purity of the detections in the entire pointing field (including
serendipitous detections) is also displayed for comparison. In this
case, ? = 95% is reached at pSNR= 4.2.

In total we detected dust continuum emission with � 3.3f in 16
out of the 40 REBELS targets (� 40% 1) in the central A = 1.500 of
the images. The detected sources are listed in Table 1 and displayed
in Figure 3 (We show the entire sample including non-detections in

1 This is currently a lower limit because out of the six targets whose observa-
tions have not yet been completed, only three at present have a dust continuum
detection.

MNRAS 000, 1–16 (2015)

ALMA detects dust in UV selected high-z galaxies 
Example: REBELS survey z>6.5 Inami et al, 2022

5 x 5 arcsec,  JHK background,  dust orange, CII white

0.5<z<1

2<z<2.5

Whittaker+ 2017



Historical Role of Obscured AGN?  Unknown

• Most models require AGN feedback at levels greater than 
observed.  

• Typically attributed to obscured AGN – obscured AGN may 
well be the dominant mode.

• Obscuration can occur in the torus or in the host galaxy 
material – obscures optical, UV, and X-ray.

BHAD in AGN vs galaxy

BHAD dominated by X-ray 
detected AGN: most of the 
BH growth happens during 

the “bright” AGN phase

Low-rate accretion  
not enough for observations 

 to match simulations

What causes the different 
slopes of BHAD and SFRD? 

(see also Aird+15; complex combination 
of parameters, e.g., occupation fraction, 
duty cycle, Eddington ratio distribution, 

etc…)

Figure 15

Evolution in the AGN X-ray luminosity density at high z, as determined through Chandra Deep
Field Observations (Vito et al. 2018). The rapid drop-o↵ of the luminosity density (shown by the
black points) suggests that SMBH growth falls with redshift faster than does star formation
(shown by the gray filled region). This fast evolution rules out a number of SMBH evolution
models (shown as blue lines); this tension may be resolved by the existence of a highly-obscured
AGN population at these redshifts. Figure from Vito et al. (2018), courtesy of F. Vito.
Observational and model results are from: Vito et al. (2016); Ranalli et al. (2016); Aird et al.
(2015b); Georgakakis et al. (2015); Vito et al. (2014); Bouwens et al. (2015); Volonteri et al.
(2016); Sijacki et al. (2015); Bonoli, Mayer & Callegari (2014); Shankar, Weinberg &
Miralda-Escudé (2013); Volonteri (2010); Lodato & Natarajan (2006) .

and galaxy bulges have old, ↵-enhanced stellar populations that formed in rapid starbursts

(e.g., Zhu, Blanton & Moustakas 2010; McDermid et al. 2015), obscured AGN activity may

be more important in the formation of these systems than in disk-dominated galaxies with

more quiescent SF histories (e.g., Ishibashi & Fabian 2017).

A key clue in uncovering the role of obscured AGN in the cosmological growth of SMBHs

is the determination of whether obscuration is connected with processes in the nuclear

torus (small enough to be decoupled from the broader galaxy formation) or on the scale of

the galaxy. Further observations are required to determine the fractions of AGN that are

obscured due to material on “torus” and “galaxy” scales (as discussed in Section 4.3), and to

determine the sub-populations of galaxies for which obscured AGN may play a particularly

important role.

5.2. The evolution of obscured SMBHs at high redshift

If AGN obscuration is connected to the gas content of the host galaxy, then we may expect

obscuration to be enhanced at higher redshift, where the fraction of mass of galaxies in

atomic or molecular gas is far higher than in the local Universe (e.g., Carilli & Walter

2013). As discussed in Section 3, X-ray observations have shown hints that the obscured

fraction may increase with redshift. For a galaxy with a high enough mass of gas, even
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Figure 2

Schematic representation of the AGN physical model, illustrating the broad scales of the key
regions. The accretion disk, corona, broad-line region (BLR), and the dusty torus reside within
the gravitational influence of the SMBH. The disk, corona, and torus (including polar dust clouds)
are colored corresponding to the lines showing their contributions to the SED in Figure 1. The
narrow-line region (NLR) is on a larger scale and under the gravitational influence of the host
galaxy. Adapted from Ramos Almeida & Ricci (2017), courtesy of C. Ramos Almeida and
C. Ricci.

astrophysical sources the obscuring medium is typically composed of dust and/or gas. Dust

is the common term used to describe solid-state structures, which are typically carbonaceous

grains and amorphous silicate grains (see Draine 2003 for a review). Gas is the term used

to describe a broad range of gaseous states, from fully ionized gas, including electrons

and protons, to neutral gas and molecular compounds. Dust dominates the source of

obscuration at UV–infrared (IR) wavelengths, while gas dominates the absorption at X-ray

energies. However, the impact of the obscuring material on the detection of the accretion-

disk emission is dependent on wavelength. Physically this is referred to as the optical depth,

which is the product of the opacity and density of the material (�; ⇢) and the path length

(s); for example, see Rybicki & Lightman (1979) for a general overview. A low optical

depth indicates that a small fraction of the emission will be absorbed while a high optical

depth implies the converse.

For many (probably the majority of) obscured AGN, the obscuration occurs in the close

vicinity of the accretion disk and lies within the gravitational influence of the SMBH. In the

favoured picture for the physical structure of AGN (termed the “unified model” of AGN ;

e.g., Antonucci 1993; Urry & Padovani 1995; Netzer 2015), the accretion disk is surrounded

by a geometrically and optically thick dusty and molecular “torus” (often referred to as

the “dusty torus”); see Figure 2 for a schematic of the AGN physical model from Ramos
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Figure 5

Schematic diagram to broadly illustrate the e↵ectiveness of di↵erent techniques in the
identification of AGN for a range in nuclear obscuration and the relative luminosity of the AGN to
the host galaxy, as defined in Figure 4. The shaded regions indicate where the given technique is
expected to be e↵ective in identifying AGN activity within the obscuration–AGN dominance
parameter space; despite the hard edges, these shaded regions should only be considered as
broadly indicative.

band photometry are adopted to select obscured AGN, we will discuss each separately. To

provide some guidance in advance of our discussion, in Figure 4 we illustrate the e↵ects of

obscuration on the broad-band AGN SED, and in Figure 5 we schematically illustrate the

impact that obscuration and host-galaxy dilution can have on the identification of AGN for

a range of di↵erent techniques.

In our discussion we also indicate how accurately the amount of obscuration can be

measured from a given technique. The best methods for identifying obscured AGN will

typically not provide the most accurate measurements on the amount of obscuration be-

cause, by definition, they are relatively insensitive to the presence of obscuration (i.e., the

optical depth is low and therefore the signatures of obscuration will not be strong).

We begin our discussion with UV–near-IR selection techniques, which were the first to

identify obscured AGN, followed by a discussion of identification techniques at X-ray, mid-

IR, and the far-IR–radio wavebands, highlighting the reliability and completeness of the

various techniques for the selection of obscured AGN. This discussion builds on the recent

review by Padovani et al. (2017), with a focus on obscured AGN. At the end of this section

we discuss how a combination of techniques can be utilized to identify a more complete

census of obscured AGN.

2.1. Selection of obscured AGN in the ultra-violet to near-infrared waveband

Some of the most well-developed selection techniques for obscured AGN are in the UV,

optical, and near-IR wavebands. A summary of methods for identifying obscured AGN in

these bands is given in the sidebar on “Common UV/optical/near-IR selection criteria for

obscured AGN”, and these are discussed in detail below.

2.1.1. Broad-band continuum techniques. Unobscured AGN are e�ciently selected using

UV–optical photometry since the emission from the accretion disk is bright in this waveband

(e.g., Richards et al. 2001; Padovani et al. 2017); see Figure 1. However, UV–optical

photometry is ine↵ective at identifying obscured AGN because (1) the optical depth due

to dust is high at UV–optical wavelengths and hence the emission from the accretion disk

is easily obscured (the optical depth increases towards shorter wavelengths; e.g., Calzetti,

www.annualreviews.org • Obscured AGN 9
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Historical role of Obscured AGN? Measure with far-IR
Rest-frame mid-IR spectroscopy is 
largely immune to dust 
obscuration, a powerful tool for 
assessing obscured AGN.   

• [NeV] mid-IR transitions always 
an unambiguous probe, but a 
challenging measurement.

• [OIV] 26 microns emerging as a 
reliable tracer of embedded 
accretion, can be reliably 
corrected for (sub dominant) 
star formation contribution.

Meredith Stone et al, 2022
(using Gruppioni+ 2016 correlations 
which tie directly to X-rays.)
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Figure 9. The ratio [Ne II]/LIR,SF as a function of AGN
fraction for our six bins. We do not observe any evolution of
this ratio with AGN fraction, though a larger [Ne II]/LIR,SF

fraction could be hidden by the large uncertainty in Bin 6.
We conclude the [Ne II] emission is dominated by star for-
mation and can be used to determine [O IV]SF in Equation
1.

the [O IV] luminosity was well-correlated with the X-
ray luminosity in samples of nearby Seyferts. Gruppioni
et al. (2016) examine a sample of 12-µm selected AGN
and find a linear relation between the [O IV] and AGN
luminosities:

log(LAGN ) = (1.69± 0.02) log(L[OIV ])� (2.02± 0.27)
(4)

Given our decomposition of [O IV] into contributions
from AGN and star formation (Section 4.3), we use
Equation 4 to calculate the average BHAR as a func-
tion of AGN fraction, propagating through the stan-
dard error on the measured [O IV] and [Ne II] lumi-
nosities to determine the uncertainty on [O IV]AGN and
therefore on the BHAR. We apply our relation to our
[O IV]AGN, as well as to our total measured [O IV] to
quantify the di↵erence in the absence of this correc-
tion. We convert the resulting LAGN to BHARs us-
ing LAGN (L�) = ✏ṀBH(M�/yr)c2, adopting ✏ = 0.1,
the typical mass-energy conversion e�ciency in the lo-
cal Universe (Marconi et al. 2004). The BHARs de-
rived from [O IV]AGN, reported in Table 4 and plot-
ted in Figure 13, range from roughly 10�4 to 10�1 and
show a steady increase as a function of AGN fraction.
The BHARs derived from the total measured [O IV], in
contrast, are overestimated at low AGN fractions: by
factors ranging from 30 in Bin 1 to 3 in Bin 4 due to

contamination of [O IV] by star formation. Diamond-
Stanic & Rieke (2012) and Pereira-Santaella et al. (2010)
caution against using [O IV] as a tracer of BHAR when
the IR luminosity from star formation exceeds that from
the AGN by an order of magnitude. We find that star
formation contributes at least half of the [O IV] luminos-
ity below an AGN fraction of ⇠ 0.3. This is consistent
with the prescriptions of this previous work, but this
analysis allows careful decomposition to be performed in
this regime to overcome this contamination. Specifically,
careful attention should be paid to composite galaxies,
defined for example as having mid-IR AGN fractions
0.2 � 0.8 (Kirkpatrick et al. 2015), as the contribution
from star formation to the [O IV] luminosity predicted
by Equation 3 falls from 70% to 10% across this range.
We propose using Equation 1 to calculate the contam-

ination from star formation to [O IV] in order to use this
line as a tracer of BHAR down to low AGN fractions.
In particular, by combining Equations 1 and 4 we derive
an expression for the corrected BHAR:

ṀBH(M�/yr) = 6.44⇥ 10�15 (L[OIV]meas

� aL[NeII] )1.69 (5)

where the [O IV] and [Ne II] luminosities are in units
of L�, aL[Ne II] = [O IV]SF, and a is the value derived
in Section 4.3 (2.865⇥ 10�2 for unscaled [Ne II] fluxes).
Esquej et al. (2014) calculated black hole accretion

rates for a sample of nearby Seyfert galaxies, finding
black hole accretion rates ranging from 5 ⇥ 10�6 to
0.5 M�/yr, very similar to the BHARs we find in the
GOALS sample. Yang et al. (2017) determine the aver-
age BHAR in bins of SFR for ⇠ 18, 000 galaxies in the
CANDELS/GOODS-South field from 0.5  z < 2.0 us-
ing X-ray observations. The average Yang et al. (2017)
BHAR for the bins with star formation rates similar to
our sample is ⇠ 5⇥10�3, in general agreement with our
values.

5.3. Star Formation Rates

Ho & Keto (2007) show that the luminosities of [Ne II]
and [Ne II] + [Ne III] in star-forming galaxies correlate
strongly with LIR over several orders of magnitude. In
Figure 14, we plot the line luminosities for our six AGN
fraction bins as compared to the Ho & Keto (2007) re-
lations for [Ne II] (left panel) and [Ne II] + [Ne III]
(right panel). Our data is well within the scatter in the
Ho & Keto (2007) relations, though we fall systemat-
ically slightly below the [Ne II] + [Ne III] fit relation.
Farrah et al. (2007) find the [Ne II] + [Ne III] lumi-
nosity for a subset of local ULIRGs is systematically
o↵set from the Ho & Keto (2007) relation for normal
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bins (Table 1). The average properties of the galaxies in
each bin including AGN fractions, LIR, luminosity dis-
tances, and merger stages are plotted in Figure 1 and
the median values are listed in Table 1. Our six bins
have similar distributions of LIR and distance, except
Bin 6 (the highest AGN fraction bin) where the sources
are shifted to slightly higher LIR and distance. However,
the o↵set in median distance is small compared to the
range of distance within each bin. While the galaxies
in Bin 6 are slightly more distant and therefore slightly
more luminous, we note that the distribution of LIR,SF,
the portion of IR luminosity from star formation (dashed
distributions in panel 2 of Figure 1), is consistent across
the six bins.

3.2. Mid-IR spectral stacking

For each galaxy, we combine the Spitzer/IRS SH and
LH spectral channels and align them in the rest-frame
using redshifts from Armus et al. (2009). In our sam-
ple, [Ne II], [Ne V], and [Ne III] fall in the SH slit (width
⇠ 4.7”), while [O IV] lies in the LH slit, which is roughly
twice as large (width ⇠ 11.1”). For the median redshifts
in each bin of AGN fraction (Figure 1), the SH (LH) slit
spans a range in physical size of 1.8�3.1 (4.2�7.3) kpc
between the first and last bin. Owing to the mismatch
in aperture size, the raw IRS spectra for each source
shows a discontinuity in flux between the channels. Us-
ing the overlap regions between the two, we calculate
the scale factor to bring the SH spectrum in line with
the LH spectrum. The scale factors range from 1.2 – 1.6
(Table 1), and show only a very weak dependence on
the AGN fraction (the highest AGN fraction bins have
slightly lower scale factors, as expected since more of the
emission is from the nuclear region and the bin is slightly
more distant on average). In Figure 2, we scale the SH
spectrum up for visual clarity using the measured scale
factors.
Approximately 40 sources spread evenly across the six

bins are flagged by Inami et al. (2013) as being blended
with additional sources in the LH slit. We examined
the e↵ects of excluding these blended sources from the
stacks. When these 40 sources are not included, the
noise in the stacked spectra increases as expected when
stacking fewer sources, but the measured line fluxes are
e↵ectively unchanged from the stacked spectra where
the blended sources are included. The stacked spectra
and corresponding line measurements in this paper are
based on the full sample of 203 GOALS sources.
Each spectrum in each bin is normalized to ensure the

resulting stack is not dominated by intrinsically more
luminous or nearby galaxies and to reduce the scat-
ter due to these intrinsic di↵erences in flux. We nor-

10 20 30

[Ne II] [Ne V] [Ne III] [O IV]

Figure 2. Stacked Spitzer/IRS spectra for our 6 bins of
AGN fraction (increasing from top to bottom, same color
code as Figure 1) o↵set vertically for clarity. In this figure,
the SH spectrum (9.9-19.6 µm observed) has been scaled up
to match the LH spectrum (18.9-36.9 µm observed) before
being shifted to the rest-frame. The main lines studied in
this paper are denoted by the dashed gray lines with labels
at the top.

malize at ⇠ 25 µm, where the continuum is relatively
smooth and free from major lines to provide the clean-
est stacked spectra. Shortward of ⇠ 20 µm, the con-
tinuum is littered with features and normalizing to the
continuum there is di�cult. We tested our choice of
normalization by re-doing our stacking and normaliz-
ing at ⇠ 15µm, between the [Ne V] and [Ne III] lines.
Our results do not change qualitatively with the shorter-
wavelength normalization but the line measurements are
noisier. Specifically, the measurements of [O IV] are
noisier with a normalization further away from the line,
and all line measurements in the AGN-dominated Bin 6
have lower SNRs due to the noisy continuum shortward
of ⇠ 20 µm. All spectra are interpolated onto a com-
mon wavelength array taken from NGC1068, the nearest
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Figure 10. The process to predict the [O IV] luminosity from [Ne II] luminosity and AGN fraction. We fit [O IV] as a function
of [Ne II] and [Ne V] (left panel and Equation 1) and fit log([Ne V]/[Ne II]) as a function of AGN fraction (center panel and
Equation 2. We then combine these two relations to predict [O IV] as a function of [Ne II] luminosity and AGN fraction (right
panel). Our relation in terms of [Ne II] and AGN fraction reproduces the [O IV] measurements, including in Bins 1 and 2 where
[Ne V] is not detected. All [Ne II] fluxes in this figure are unscaled.

Figure 11. (top panel) Decomposition of [O IV]measured

(gold diamonds) into [O IV]SF (blue circles) and [O IV]AGN

(red squares) as a function of AGN fraction. The contribu-
tion to the total [O IV] luminosity from star formation is
close to constant across the sample, while the AGN contri-
bution (bottom panel) increases rapidly with AGN fraction,
and dominates above an AGN fraction of & 0.3.

star-forming galaxies, and attribute the di↵erence to
higher dust extinction in their sample of ULIRGs. The
stacked measurements from our sample of both LIRGs
and ULIRGs includes more low-extinction sources, and

Figure 12. The predicted vs. measured [O IV] fluxes for
the individual sources in the GOALS sample, and the boot-
strapped flux for our six AGN fraction bins (colored dia-
monds). The black line is the 1-1 line, and is indistinguish-
able from a best fit to our six stacked spectra.

we find they are consistent with the normal star forming
galaxies from Ho & Keto (2007).
Ho & Keto (2007) also present a relation between the

luminosity of [Ne II] + [Ne III] and the star formation
rate (Equation 13, Ho & Keto 2007). We use this re-
lation to calculate the SFRs for each AGN fraction bin
assuming 75% of a typical galaxy’s neon forbidden line
emission arises from singly ionized [Ne II] and 10% from
doubly ionized [Ne III] (values from Ho & Keto 2007;
Farrah et al. 2007). We compare the Ho & Keto (2007),
[Ne II] + [Ne III]-derived SFRs to SFRs calculated from
LIR,SF (using the relation from Murphy et al. 2011), and
find that they are consistent.



Spitzer MIPS 24 micron

HerMES Lockman Survey Field with Herschel SPIRE:
Broad Continuum Bands: 250, 350, 500 microns 
=> Confusion Limited at long wavelengths in the 
continuum from galaxies at z=1-3.

PRIMA Far-IR Spectroscopy Sees Through Dust, Overcomes Confusion
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complement to tracer molecules such as carbon monoxide (CO), which rely on an uncertain calibra-
tion and are only visible along sightlines with high column density (typically, Av >1). Indeed, Herschel 
observations by Pineda et al. (2017) have demonstrated that up to half the molecular gas in the Milky 
Way may be in a “CO-dark” phase and invisible to traditional mm-wave surveys. !e metal-poor mo-
lecular gas that is found in nearby dwarf galaxies and expected in the early Universe is dominated by a 
“CO-dark” phase of molecular gas (e.g. Cormier et al. 2019).

Meanwhile, small dust grains are measured via broad emission bands from Polycyclic Aromatic 
Hydrocarbons (PAHs), that are stochastically heated by individual photons and subsequently emit a 
distinct pattern of broad features in the infrared (3-20 µm). Larger grains are detected via emission 
and absorption bands from silicate dust and far-infrared continuum emission from grains in thermal 
equilibrium with their environments (Table 1-1). !e PAH features indicate redshift, UV flux (and 
hence star formation rate), and the presence of an AGN, which destroys them. !e temperature and 
luminosity of the larger grains is related to the star formation rate. 

!e important lines and dust features lie in a large wavelength gap between JWST and ALMA, 
which Origins fills (Figure 1-2). 

Figure 1-1: (Above) Origins measures the redshifts, star forma-
tion rates, black hole accretion rates, and metal and dust content 
in galaxies. The infrared spectrum of the nearby active galaxy, Cir-
cinus (see inset), is shown using Infrared Space Observatory data 
(Moorwood, 1999). Emission lines from highly ionized gas heated 
by the central active nucleus are marked in red, those coming from 
gas heated by young stars are marked in blue, and those from warm 
molecular gas are marked in green. PAH molecules are excited by 
UV photons, and emit broad features in the mid-infrared, through 
bending and stretching modes. 
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Figure 1-2: (Right column) The spectral reach of Origins over cosmic time.  Schematic representation of how the key spectral diagnostic 
features of AGN (red), star formation (blue), and energetic feedback (green) move through the wide bandpass of the Origins Survey Spec-
trometer (OSS) with look-back time.  Origins can measure all of these important processes over the entire history of galaxy evolution, !lling 
in a key gap in wavelength and discovery space between JWST and ALMA.

Beamsize with PRIMA at 
55-60 microns will be 
comparable to Spitzer 
24 microns.  
Unconfused and 
resolves most of the 
light.

Confusion mitigated 
with spectroscopy –
unconfused in line 
counts.

PRIMA will be able to 
obtain full-band spectra of 
any detected sources in 
SPIRE surveys in ~1 hour.

PRIMA z=0
PRIMA z=2



Planetary System Formation
• ALMA has provided beautiful images in millimeter 

continuum and CO.
• But disk mass remains a huge problem, massive 

uncertainties from unknown CO abundance and 
varying dust depletion.

• HD rotational fundamental at 112 𝝻m provide 
an excellent H2 mass proxy measurement.  
PRIMA will measure HD in hundreds of disks.S. Andrews et al.; NRAO/AUI/NSF, S. Dagnello

Miotello+ 2022 & refs therein
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Water In Disks

1-28From First Light to Life

To illustrate the transformative power of Origins, Figure 1-26 shows its mass sensitivity as a func-
tion of the expected range of water vapor/ice mass and evolutionary stage. Table 1-10 summarizes the 
primary science objectives related to the goal to understand the development of habitable conditions. 
!ese objectives and the measurements required to accomplish them are described in detail in the 
following sections.

Table 1-11: Water Trail Requirements Flow
Science Objective 1

Measure the water abundance at all evolutionary stages of planet formation and across the range of stellar mass tracing water vapor and ice at all temperatures 
between 10 and 1000 K.

Science Observable
Integrated !uxes and resolved pro"les of water emission lines for planet-forming disks within 400 pc.
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Figure 1-27: Origins provides access to critical molecular tracers, including the HD J=1-0 line at 112 μm, and nearly the full H2O rotational 
spectrum. The wavelength range includes warm water lines between 25 and ~100 μm, and the ground state lines at 179.5 μm and 538 μm. Origins observers will 
use these tracers to quantify the gas mass and the location of water in planet-forming disks. The model protoplanetary disk spectrum above is based on Blevins et al. 
2016, rendered at 4-660 μm and at a uniform 6 km s-1 spectral resolving power, and for a disk distance of 125 pc. Previous spectroscopic observations of disks with 
Spitzer and Herschel were under-resolved, and therefore did not show the dramatic line-to-continuum ratios to be revealed by Origins.

Also shown is a schematic of the di$erent water regions in a planet-forming disk. The main regions include inner disk warm water vapor, midplane ice, and outer disk 
cold (photo-evaporated) water vapor. Origins will probe the water and gas mass content throughout the disk.  (credit: K. Pontoppidan & M. McClure).

Science Requirements
To quantify the water content in planet-forming disks, Origins must be able to perform high-resolution spectroscopy of water lines between 25 and 580 μm with a 
line sensitivity of 5x10-21 W/m2 in 1 hour (5σ). The minimum required spectral resolving power is 25,000. Line tomography of water in nearby disks requires spectral 
resolving powers of at least 200,000 at 179.5 μm and a line sensitivity of 1.5x10-19 W/m2 (5σ).

Pontoppidan for PRIMA

• Protoplanetary disks have 
rich spectra with a host of 
water transitions from a 
range of temperatures.  

• JWST accesses warm inner 
disk, not carrying the bulk of 
the mass.

• PRIMA measures the bulk of 
disk water with the full 
spectrum, allowing models of 
the water distribution.

• Resolving power sufficient to 
detect 100s of lines including 
those of isotopes.

• Will survey hundreds of disks, 
spanning age, stellar mass, 
environment.

JWST MIRI PRIMA



PRIMA Approach
• Cryogenic observatory at L2

• Leverages experience with Spitzer and JWST
• Planck, Herschel, ISO, others.   Cryogenics work.

• 2-meter telescope close to 4 K, focal planes below 1 K.
• Passive design + mechanical coolers. 

• Background-limited in the band from JWST to ALMA: 25 to ~300 𝝻m.
• Sensitive Long-slit spectroscopy with low (R~few x 100) and high (R~few x 

1000) modes.
• Spectrophotometric imaging and polarimetry.
• 2-3 mechanisms at most

• Envision 5 years life, most of which is for community open time.
• JPL lead, with GSFC contributions, Ball spacecraft.

Spitzer infrared spectrograph  

J. Houck
JPL built SPIRE detector array

Spitzer

JWST



Instrumentation Optimizes Sensitivity (=speed) & Spectral Coverage

Line Surface Brightness Sensitivity
(for mapping ISM in Milky Way & nearby gals., low-
res mode)

300

900

600

Low-res mode

High-Res mode will have 
comparable sensitivity and full 
spectral coverage with R~3000-
5000 at 100 microns

PRIMA-S Wideband Multi-Mode Spectrometer PRIMAGER: Multiband 
Spectro-photometric 
Imaging and Polarimetry

Low-res mode

Imager provided by European 
consortium led by CNES and SRON.   
D. Burgarella, L. Ciesla, W. Jellema leads

Preliminary Specifications
• R~10 at 25 to 80 microns in two 2x2 

arcmin arrays.  (12 filter bands)
• R~4 in four longer wavelength bands 

(each 2x2 arcmin), 3 w/ polarimetry.

Preliminary Performance Estimates
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Detectors for PRIMA
Far-IR detectors and readouts must be built by the science 
community.   We have been working steadily for 2 decades. 

Format
• Herschel – few hundred pixels in each of SPIRE and PACS (non 

multiplexed)
• Multiplexing has emerged in the last 2 decades, uses 

superconductivity 
• We are targeting 2 to 4 thousand pixels for PRIMA.
-> Use Kinetic Inductance Detectors (KIDs)

See FarIR / submm/ mm detectors conference (12190)
Especially R. Janssen Friday afternoon.  PRIMA-like KID arrays

Sensitivity
• Required per-pixel detector sensitivity is determined by the 

backgrounds, not the aperture, so the same for all cold telescope.
• No sub-orbital or ground platform that can serve as sensitivity 

pathfinder for cold space telescope.
-> Demonstrations of basic performance now in hand.

See Baselmans et al (de Visser) Thursday 2:40 in 12190

PRIMA Spectrometer 
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Detectors for PRIMA
Far-IR detectors and readouts must be built by the science 
community.   We have been working steadily for 2 decades. 

Format
• Herschel – few hundred pixels in each of SPIRE and PACS (non 

multiplexed)
• Multiplexing has emerged in the last 2 decades, uses 

superconductivity 
• We are targeting 2 to 4 thousand pixels for PRIMA.
-> Use Kinetic Inductance Detectors (KIDs)

See FarIR / submm/ mm detectors conference (12190)
Especially R. Janssen Friday afternoon.  PRIMA-like KID arrays

Sensitivity
• Required per-pixel detector sensitivity is determined by the 

backgrounds, not the aperture, so the same for all cold telescope.
• No sub-orbital or ground platform that can serve as sensitivity 

pathfinder for cold space telescope.
-> Demonstrations of basic performance now in hand.

See Baselmans et al (de Visser) Thursday 2:40 in 12190

PRIMA Spectrometer 

Flown
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strated 
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Kinetic Inductance Detector – Operational Principle
enables massive multiplexing
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KID arrays fielded in many instruments
NIKA-2 1140 Pix 260 GHz

MAKO - JPL MDL  on CSO

TolTEC
on LMT
1.1 mm, 
1.4 mm, 
2 mm 
7000 
total  
pixels

BLAST – TNG far-IR balloon



j p l . n a s a . g o v

Terahertz Intensity Mapper (TIM) Balloon – a PRIMA Pathfinder

17

864 pixel TIM LW Main quadrant  95% fab yield
Exceeding photon background sensitivity
See R. Janssen 12190-49

Identical 
inductor

Unique 
Capacitor

2 spectrometers covering 240 to 420 microns,  7000 pixels total.  Marrone et al. this conference 

Adapting for PRIMA sensitivities:
-> Smaller KID Inductor.  Use electron 
beam patterning: 7 cubic micron device

-18                     -17                     -16   
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10-19

Pierre Echternach @ JPL
w/ Beyer, Day, LeDuc, Bradford
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TU Delft / SRON (Baselmans et al) Hitting Space NEP Goal

12190-32 tomorrow 2:40 PM 524A



PRIMA The PRobe far-Infrared Mission for Astrophysics

Line Surface Brightness Sensitivity
(for mapping ISM in Milky Way & nearby gals., low-
res mode)

300

900

600

Low-res mode High-Res mode will have comparable 
sensitivity and full spectral coverage with 
R~3000-5000 at 100 microns

PRIMA-S Wideband Multi-Mode Spectrometer PRIMA-I: Multiband 
Spectro-photometric 
Imaging and Polarimetry

Low-res mode

Imager provided by European 
consortium led by CNES and SRON.   
D. Burgarella, L. Ciesla, W. Jellema leads

Preliminary Specifications
• R~10 at 25 to 80 microns in two 2x2 arcmin 

arrays.  (12 filter bands)
• R~4 in four longer wavelength bands (each 

2x2 arcmin), 3 w/ polarimetry.

Preliminary Performance Estimates

Contact with questions: 
Jason Glenn   (jason.glenn@nasa.gov),
Matt Bradford   (matt.bradford@jpl.nasa.gov)
Alexandra Pope (pope@umass.edu)

Contact with questions: 
Denis Burgarella (LAM Marseille)  denis.burgarella@lam.fr
Laure Ciesla (LAM Marseille) laure.ciesla@lam.fr
Willem Jellema (SRON)  W.Jellema@sron.nl

mailto:jason.glenn@nasa.gov
mailto:matt.bradford@jpl.nasa.gov
mailto:pope@umass.edu
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Figure 14
Mean metallicity of the Universe (in solar units): (solid curve) mass of heavy elements ever produced per
cosmic baryon from our model SFH, for an assumed IMF-averaged yield of y = 0.02; (turquoise square)
mass-weighted stellar metallicity in the nearby Universe from the SDSS (Gallazzi et al. 2008); ( green
triangles) mean iron abundances in the central regions of galaxy clusters (Balestra et al. 2007); (red pentagons)
column density-weighted metallicities of the damped Lyα absorption systems (Rafelski et al. 2012); (orange
dot) metallicity of the IGM as probed by OVI absorption in the Lyα forest (Aguirre et al. 2008); (black
pentagon) metallicity of the IGM as probed by CIV absorption (Simcoe 2011); (magenta rectangle) metallicity
of the IGM as probed by CIV and CII absorption (Ryan-Weber et al. 2009, Becker et al. 2011, Simcoe et al.
2011). Abbreviations: IGM, intergalactic medium; IMF, initial mass function; SDSS, Sloan Digital Sky
Survey; SFH, star-formation history.

determined with the highest confidence from elements such as O, S, Si, Zn, and Fe and decreases
with increasing redshift down to ≈1/600 solar to z ∼ 5 (e.g., Rafelski et al. 2012). The enrichment
of the circumgalactic medium, as probed in absorption by CIII, CIV, SiIII, SiIV, OVI, and other
transitions, provides us with a record of past star formation and of the impact of galactic winds on
their surroundings. Figure 14 shows that the ionization-corrected metal abundances from OVI

absorption at z ∼ 3 (Aguirre et al. 2008) and CIV absorption at z ∼ 4 (Simcoe 2011) track well the
predicted mean metallicity of the Universe, i.e., that these systems are an unbiased probe of the
cosmic baryon cycle.

The Universe at redshift 6 remains one of the most challenging observational frontiers, as the
high opacity of the Lyα forest inhibits detailed studies of hydrogen absorption along the line-of-
sight to distant quasars. In this regime, the metal lines that fall longwards of the Lyα emission take
on a special significance as the only tool at our disposal to recognize individual absorption systems,
whether in galaxies or the IGM, and probe cosmic enrichment following the earliest episodes of
star formation. Here, we use recent surveys of high- and low-ionization intergalactic absorption to
estimate the metallicity of the Universe at these extreme redshifts. According to Simcoe et al. (2011)
(see also Ryan-Weber et al. 2009), the comoving mass density of triply ionized carbon over the
redshift range 5.3–6.4 is (expressed as a fraction of the critical density) "CIV = (0.46 ± 0.20)×10−8.
Over a similar redshift range, CII absorption yields "CII = 0.9 × 10−8 (Becker et al. 2011). The
total carbon metallicity by mass, ZC, at 〈z〉 = 5.8 implied by these measurements is

ZC = "CIV + "CII

"b
× C

CII + CIV
' 3 × 10−7 C

CII + CIV
, (19)
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SFRD

Galaxy clusters

Stars in the local Universe

Complete Census of Heavy Elements in the Universe
Galaxies, though a small fraction of the baryons, are an important part of Universe’s metal budget.

Madau & Dickinson 2014

Heavy element contents 
typically measured with 
nebular spectroscopy in the 
optical.

But optical measurements are 
limited by dust to unobscured 
regions, and regardless of dust, 
suffer from degeneracies with 
temperature (ionization state).

Far-IR measurements are not 
susceptible to these effects, so 
complement other measures.
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Figure 14
Mean metallicity of the Universe (in solar units): (solid curve) mass of heavy elements ever produced per
cosmic baryon from our model SFH, for an assumed IMF-averaged yield of y = 0.02; (turquoise square)
mass-weighted stellar metallicity in the nearby Universe from the SDSS (Gallazzi et al. 2008); ( green
triangles) mean iron abundances in the central regions of galaxy clusters (Balestra et al. 2007); (red pentagons)
column density-weighted metallicities of the damped Lyα absorption systems (Rafelski et al. 2012); (orange
dot) metallicity of the IGM as probed by OVI absorption in the Lyα forest (Aguirre et al. 2008); (black
pentagon) metallicity of the IGM as probed by CIV absorption (Simcoe 2011); (magenta rectangle) metallicity
of the IGM as probed by CIV and CII absorption (Ryan-Weber et al. 2009, Becker et al. 2011, Simcoe et al.
2011). Abbreviations: IGM, intergalactic medium; IMF, initial mass function; SDSS, Sloan Digital Sky
Survey; SFH, star-formation history.

determined with the highest confidence from elements such as O, S, Si, Zn, and Fe and decreases
with increasing redshift down to ≈1/600 solar to z ∼ 5 (e.g., Rafelski et al. 2012). The enrichment
of the circumgalactic medium, as probed in absorption by CIII, CIV, SiIII, SiIV, OVI, and other
transitions, provides us with a record of past star formation and of the impact of galactic winds on
their surroundings. Figure 14 shows that the ionization-corrected metal abundances from OVI

absorption at z ∼ 3 (Aguirre et al. 2008) and CIV absorption at z ∼ 4 (Simcoe 2011) track well the
predicted mean metallicity of the Universe, i.e., that these systems are an unbiased probe of the
cosmic baryon cycle.

The Universe at redshift 6 remains one of the most challenging observational frontiers, as the
high opacity of the Lyα forest inhibits detailed studies of hydrogen absorption along the line-of-
sight to distant quasars. In this regime, the metal lines that fall longwards of the Lyα emission take
on a special significance as the only tool at our disposal to recognize individual absorption systems,
whether in galaxies or the IGM, and probe cosmic enrichment following the earliest episodes of
star formation. Here, we use recent surveys of high- and low-ionization intergalactic absorption to
estimate the metallicity of the Universe at these extreme redshifts. According to Simcoe et al. (2011)
(see also Ryan-Weber et al. 2009), the comoving mass density of triply ionized carbon over the
redshift range 5.3–6.4 is (expressed as a fraction of the critical density) "CIV = (0.46 ± 0.20)×10−8.
Over a similar redshift range, CII absorption yields "CII = 0.9 × 10−8 (Becker et al. 2011). The
total carbon metallicity by mass, ZC, at 〈z〉 = 5.8 implied by these measurements is

ZC = "CIV + "CII

"b
× C

CII + CIV
' 3 × 10−7 C

CII + CIV
, (19)
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Damped Ly-alpha absorption

Cosmic 
average, 
expected 
based on SFRD

Galaxy clusters

Stars in the local Universe

Complete Census of Heavy Elements in the Universe
Galaxies, though a small fraction of the baryons, are an important part of Universe’s metal budget.

Madau & Dickinson 2014

Dust-obscured galaxies
Heavy element contents typically 
measured with nebular 
spectroscopy in the optical.

But optical measurements are 
limited by dust to unobscured 
regions, and regardless of dust, 
suffer from degeneracies with 
temperature (ionization state).

Far-IR measurements are not 
susceptible to these effects, so 
complement other measures.



Nucleosynthesis History via O, N Fine-Structure Transitions

Absolute metallicities not well measured in dusty 
galaxies.   Use far-IR lines to access the bulk.
• Nitrogen is special as a secondary 

nucleosynthesis product.  Comes on later in 
the arc of stellar processing.

• O/N ratio thus measures stellar processing, a 
proxy for metallicity. E.g. Pilyugin + 2014

• OIII and NIII fine-structure lines share 
ionization state dependence.

• Far-IR lines are both dust-immune and 
temperature insensitive.

• Form density independent O3N3 diagnostic 
with 2 OIII lines and one NIII line. Nagao+ ’07, 
Periera-Santella+ 2013

• Added calibration of N/O ratio as a function of 
metallicity in local (relatively unextincted) 
galaxies with Sloan.  Find 0.1 dex scatter.  (JD 
Smith)

De re metallica: the cosmic chemical evolution of galaxies Page 9 of 187     3 

Fig. 1 Timescales of production of various elements after a single episode of star formation (a single stellar
population, SSP) of solar metallicity, based on the model by Vincenzo et al. (in prep.), see text for details.
The upper panel shows the production rate in M! Gyr−1 normalized to 1 M! of formed stars. The lower
panel shows the cumulative mass produced, normalized to the amount after 1 Hubble time. Oxygen (red
line) is mainly produced by CC SNe and, therefore, has the shortest formation timescales. Iron (blue line) is
dominated by type Ia SNe, Carbon (black) has contributions from both kinds of SNe and from AGB stars.
The production of Nitrogen (green) is dominated by AGB stars. In this plot, the production of elements
before 30 Myr is due to CC SNe, type Ia SNe are described by a power-law t−1 after 40 Myr and up to
the Hubble time, and AGB stars give additional contributions above this power-law at intermediate ages of
∼ 0.04 to 5 Gyr

than its gravitational binding energy, Leibundgut 2001). The resulting nucleosynthesis
produces elements primarily not only around the iron peak, but also silicon, argon,
sulfur, and calcium. Clearly, since SNe Ia require first the formation a white dwarf
from a low-mass (less than 8 M!) star, and then a significant mass transfer from a
companion star, the production of the SNIa is delayed with respect to the onset of
star formation. Specifically, the first SNe requires a minimum timescale of 30 Myr
(Greggio and Renzini 1983), although the bulk of SNIa explodes on longer timescales,
due to the longer timescales associated with lower-mass stars and mass transfer, see
Maoz and Mannucci (2012) and Fig. 1.

Finally, the merging of binary neutron stars is an additional source of elements
beyond the iron peak, driven by the r-process.

123

Model of elemental yields, Vincenzo et al., 2019
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Origin of Planetary Systems and Water Transport to 
the Habitable Zone

Left:  Fraction of stars with detected IR 
excesses in various star formation sites 
as a function of age.  (Ribas et al. 
2014).
Suggests some evolution / dispersal, 
but maybe just inner disk?

ALMA dust mass (compiled from 
archive by Ted Bergin).  This serves as 
ballpark gas mass estimate when 
multiplied by the typical ISM gas to 
dust ratio of 100.   
True gas mass unknown by orders of 
magnitude.
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Far-IR detectors and readouts must be built by the science 
community.   We have been working steadily for 2 decades. 

Investment is paying off

Format
• KIDs now being fielded in arrays of several thousand in ground-

based and balloon-borne missions.

Sensitivity
• Sensitivities for spectroscopy with Origins or PRIMA have now been 

demonstrated in multiple devices, compatible with the same 
readout / multiplexing as the ground/suborbital demonstrations.

We are ready to build our Probe.

Origins / PRIMA Spectrometer New SRON Al KID

Detectors for the Far-IR
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TIM KID Array

26

Easily meets sensitivity needs of 
balloon platform.

1 resonance =  1 detector

2 resonances =  2 detectors

Identical 
inductor

Unique 
Capacitor

Reinier Janssen et al. @ JPL / Caltech



Charting Nucleosynthesis Where It Happens

𝟎 ≤ 𝒛 ≤ 𝟏. 𝟐
• Nitrogen is special as a secondary 

nucleosynthesis product – comes 
on later in stellar processing.

• O/N ratio measures stellar 
processing à proxy for metallicity 
(e.g. Pilyugin, et al. 2014)

• OIII and NIII:  same ionization state, 
dust-immune, T insensitive

Ø Density-independent O3N3 
diagnostic (2 OIII lines, 1 NIII line; 
Nagao et al. 07, Periera-Santella, et 
al. 2013)

𝟏. 𝟓 ≤ 𝒛 ≤ 𝟑
• Ne inert, abundance tracks 

metallicity
• S partially depleted onto dust 

grains; tracks < linearly with 
metallicity

Ø [Ne II]+[Ne III] / [S III]+[S IV] (e.g., 
Fernández-Ontiveros et al. 2021)

  PROPOSAL SENSITIVE 

APEXMO 2019 AO NNH17ZDA004O Section D—Science Investigation 

D-3 

Use or disclosure of information contained on this sheet is subject to the restriction on the Restrictive Notice page of this proposal. 
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measurements and the extinction-insensitive far-IR metal 
diagnostics that we use with SAFARI (Figure D.2-1 left). In this 
small local sample, the far-IR measurements show a fairly tight 
distribution, while the optical metallicities show scatter and trend 
low. This discrepancy is attributed to the fact that the optical 
transitions only probe a low-extinction outer skin and not the 
enriched core of these systems where the bulk of the star 
formation takes place.(e.g. Veilleux et al. 2009b; Santini et 
al. 2010).  
 

Metallicity Investigation Requirements Flow 
Our science goals impose three requirements on the survey: 

 Coverage over 70% of cosmic time, looking back 9.5 billion years, to redshift (z)=1.6.  
 Representative galaxies: At each time, it must go deep enough to access galaxies 

responsible for at least 50% of the total star formation at that time. According to the model 

(below, Left), this is the suite of red circles. At z=1.6, it is a 6×1011 L⊙ galaxy. 

 Low metallicity: For any time and luminosity bin, it must allow detection down to 0.5-solar 

metallicity to capture the diversity in the populations and test predictions such as those in 

Illustris (Figure D.2-1). 

The measurement requires three fine-structure transitions: [OIII] 88 and 52 µm, and [NIII] 57 

µm. The line fluxes are estimated with the O3N3 far-IR abundance diagnostic of Pereira-

Santaella et al. (2017) shown below at right (colored lines; double power-law fit in gray) with 

our local galaxy additions, as well as relations between line luminosities and galaxies’ star 
formation rates (inset text, right) from an ensemble of Herschel measurements (§J.9.1.2). 

While more data will provide a better estimate, the fit residuals have an RMS scatter only 0.1 

dex. 

[NIII] drives requirements; it is generally weakest, and decreases as metallicity goes down. 

(The [NIII] metallicity-dependence is what produces the diagonal shape for the performance 

curves in Fig D.2-1.) Applying the 0.5 Z⊙  [NIII] limit to the fiducial z = 1.6, L = 6 × 1011 L⊙, 

source requires a minimum detectable line flux of 7 × 10-20 W/m2. To allow for uncertainties in 

the scientific estimates, we apply an additional 30% science margin, giving 5.4 × 10-20 W/m2. 

For these faintest bins, we require a 5V detection in eight hours of integration per source, 

enabling 10 sources in the low-luminosity bins at each of the five redshift bins (Table D.2-1). 

  

Figure D.2-2. Left: Luminosities of star-forming galaxies through time. Quartile 

ranges of star-formation activity per Gruppioni et al. 2013, based on Herschel data. 

Red circles indicate the luminosity threshold above (or below) which the galaxies 

account for 50% of the total star formation activity in the Universe at each time. The 

metallicity survey targets sources at this 50% level. Right: O3N3 diagnostic with our 

calibrations using the latest data on local galaxies (§J.9.1.2). 

 

Figure D.2-1. The mass metallicity relationship (MZR) is a key diagnostic of 

the evolution of elemental abundances and can be compared with 

theoretical predictions to constrain galaxy evolution models. Left: Metallicity 

measurements using our dust-penetrating far-IR diagnostic (circles) show 

local ULIRGs are closer to the z=0 mass-metallicity relation while the 

optical measurements (crosses) scatter low (Herrera-Camus et al. 2018). 

Right: Predicted MZR from the Illustris simulation (Torrey et al. 2019) for 

z = 1, with SLOAN measurements at z = 0.7 and 1.3 overlaid in cyan and 

black (Zahid et al. 2014) showing the discrepancies between the optical 

measurements and Illustris. BLISS/SAFARI will measure hundreds of 

galaxies to map out the true MZRs with a dust-immune tool (measurements 

populating above and right of the performance curves), tracking its 

evolution with five redshift bins reaching z = 1.6. 

JD Smith

16 March 2022 27

O/N calibrated as a 
function of 
metallicity in local 
galaxies with Sloan:
~ 0.1 dex scatter

Most SF at Cosmic Noon happens in high extinction regions à use extinction-free far-IR lines!

Herrera-Camus 
(2018) SHINING 
results



Cryogenic telescope is a powerful opportunity

Comparing low-emissivity 300 K system to zodiacal light 
background is about a factor of 1 million, e.g. at 60 microns.  
Sensitivity is the square root of brightness, speed is this ratio.

Daytime to darkest 20% at Mauna 
Kea:  V-band brightness ratio is 30 
million

188 D.J. BENFORD ET AL.

Figure 7. Intensity of natural sky background in a diffraction limited beam of unity bandwidth; the
region from 50–500 µm is particularly dark.

Figure 8. The total sky background compared with the emission of telescopes of 5% emissivity.

this intensity limit, the telescope must be cold: 4 K to be equal to the sky background
(Figure 8). An optimally sensitive telescope for operation in the far-infrared such
as SAFIR must be this cold.

Of course, there are other limits to ultimate sensitivity besides the photon noise
limit presented above. In the case of broadband observations in the far-infrared,

Benford et al. 2004
SAFIR study


