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Far-IR Universe: Dust is Ubiquitous

~ Cosmic backgrounds in nW m=2 srl
+ Hill, Masui, & Scott 2018
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accretion activity emerges in the far-IR.
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~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.
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Far-IR Universe: Dust is Ubiquitous

Energy output from galaxies:

Cgsmic ba.ckgrounds innW m=2srt Lookback time (Gyr)
+ Hill, Masui, & Scott 2018 I I I ' 0 2 4 6 8 10 12
T T T T | ' |
100 pm 1 pm | |

|

"1{‘1&1 ||1| MR
{ | || ' 8 12f i
i LA TN N
1 ]I | 33_1.6 f; o
S i g
>
I 105 > -2 %@ % %i
v [Hz] -
;Elgﬂll% . el . -2.4 Most of energy from star formatton and
mICFOIjIS 0.6-28 microns accretion activity emerges in the far-IR.
R B e S S
¥ [HV‘] Redshift

~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.



Dust present at very early times

ALMA detects dust in UV selected high-z galaxies
Example: REBELS survey z>6.5 Inami et al, 2022
REBELS-12

REBELS-06 REBELS-08

REBELS-19

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

1.11 4 « ALPINE (z~5)
@+ Fudamoto+ 2021 :
1-0 ] $ D REBELS (thOtO) ——f___‘{-_..———-:-—‘:‘—“—"—“:.—.:_—__—':_-
. 0.91 ® » REBELS (?ALMA) v e N
+ L o o
30.8 LT
E 4 ¢ ;";s ; N
U\') 0.7 1 /’,0- <z<1 - :m» ‘ .
& e — Q¥
w 0.6 Whittaker+ 2017 i‘—. D
& "o
0.5 2<2<2.5.- (+ .
0'. {
: "4 p—
0.4 *F.
0.3 — _
101 102

SFRuv + IR [Moyr=1)

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

* Those detected indicate that most of their star
formation is obscured.
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7t Hickox and Alexander 2018
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Observational results
@ X-ray det. (this work)
Vito+16 (all galaxies)

Vito+16
0 (massive galaxies)

--- Ranalli+16

----- Aird+15

— — Georgakakis+15
Delvecchio+14

—— Ueda+14

[777] Vito+14

Bouwens+15
SFRD/3000

O

Theoretical results
—— Volonteri+16

Volonteri+16
(massive DMH only)

— — Sijacki+15
--- Bonoli+14
—-- Shankar+13

N
4
1
2 3 4 5 6

Redshift

0 1

~~~~~ Volonteri+10
- Lodato+06

* Most models require AGN feedback at levels greater than

observed.

* Typically attributed to obscured AGN — obscured AGN may

well be the dominant mode.

e Obscuration can occur in the torus or in the host galaxy

material — obscures optical, UV, and X-ray.

Obscuration

lonization

= 88

®
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®
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UV/Optical/NIR

Photometry

Spectroscopy

" Obscured AGN? Unknown

Hard X-rays

Soft X-rays

Spectroscopy

Photometry

AGN dominance

AGN dominance

AGN dominance



Historical role of Obscured AGN? Measure with far-IR

Flux (Arbitrary)

T

20
Rest Wavelength (um)

30

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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[O IV] Luminosity
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Mid-IR AGN Fraction

MBH(MQ/yT) =6.44 x 10_15 <L[Olv]meas
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1.0

1.69



PRIMA Far-IR Spectroscopy Sees Through Dust, O\@Fcomes Eon}’usion

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.

L

—

Spitzer MIPS 24 micron i

L
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.

Circinus Galaxy

T T T T T T 17

PRIMA z=0

I T |

100




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.

IIIII I 1 IIIIIII 1 I IIIIIII 1 1 IIIIIII

Miotello+ 2022 & refs therein

CO-based gas-to-dust ratio
2
o
| e
-
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fre- |
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o o0 —
—oH — 0
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-
oo
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(0] I —
10 T Tauri (Lupus)
T Tauri (Cha l) ¢$
IlIlI 1 1 lIlIllI 1 1 IllIIII 1 1 lllllll
10~" 16~° 10~ 10~°
Mdust [Mo]
: e ’ o * HD rotational fundamental at 112 pm provide

' an excellent H, mass proxy measurement.
S. Andrews et al.; NRAO/AUI/NSF, S. Dagnello PRIMA will measure HD in hundreds of disks.




Flux density (Jy)
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Pontoppidan for PRIMA

Water In Disks

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.
10




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 pm.

* Sensitive Long-slit spectroscopy with low (R~few x 100) and high (R~few x
1000) modes.

* Spectrophotometric imaging and polarimetry.
e 2-3 mechanisms at most

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

i

20N -/

JPL built SPIRE detector afray
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Instrumentation Optimizes Sensitivity (=speed) & Spectral Coverage

5

-19

'PRIMA-S WIDEBAND MULTI-MODE SPECTROMETER
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High-Res mode will have
comparable sensitivity and full
spectral coverage with R~3000-
5000 at 100 microns

PRIMAGER: MULTIBAND
SPECTRO-PHOTOMETRIC
IMAGING AND POLARIMETRY

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~4in four longer wavelength bands
(each 2x2 arcmin), 3 w/ polarimetry.

100 Filters from PRIMA imager Band Band Banh Band| [Band| |Band|
as of 3 June 2022 1-A 1B j 2B | [2¢{{2D
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Far-IR Detector Requirements
Photon Background NEP)

Spectrometer on Warm Tel.
e.g. balloon: T, =270 K, £=2%, R=1000

PRIMA Spectrometer ~.

i T, 45K, ¢=3% S~
| I ‘ d/ ) K S I | ‘
100 1000

Wavelength [pm]

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
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100
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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



Kinetic Inductance Detector — Operational Principle

Superconducting

resonator

Q~104-10°

Fres~ 0.1 -10 GHz
[
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KID arrays fielded in many instruments

e

-------------------------------------------

Pix 260 GHz
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BLAST — TNG far-IR balloon

/ 4

250 pm Array 350 pm Array 500 pm Array
1836 Detectors 938 Detectors 544 Detectors



Terahertz Intensity Mapper (TIM) Balloon — a PRIMA Pathfinder

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

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

Unique Identical
Capacitor inductor

Adapting for PRIMA sensitivities:

-> Smaller KID Inductor. Use electron
beam patterning: 7 cubic micron device

O

Pierre Echternach @ JPL  _°
w/ Beyer, Day, LeDuc, Bradford

gov

Log P [W]



TU Delft / SRON (Baselmans et al) Hitting Space NEP Goal
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Netherlands Institute for Space Research
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50 1-hour Line Sensitivity [Wlmz]

Surface Brightness Sensitivity [W m” sr’]

I R l M A THE PROBE FAR-INFRARED MISSION FOR ASTROPHYSICS
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PRIMA- S WIDEBAND MULTl MODE SPECTROMETER

Low-res mode

Spectral Sen3|t|V|ty SOFIA 7
(point source) SPIRE

Preliminary Performance Estimates

High-Res mode will have comparable
sensitivity and full spectral coverage with
R~3000-5000 at 100 microns
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PRIMA-I: MULTIBAND
SPECTRO-PHOTOMETRIC

IMAGING AND POLARIMETRY

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~4in four longer wavelength bands (each
2x2 arcmin), 3 w/ polarimetry.

100 Filters from PRIMA imager Band Band o and| [Band|
as of 3 June 2022 14 1-B |28 [z 12 |
| il | 1<
S JL -
> I
-
© :h 1
5 m Ir
= . S
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= 4
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f z=8 Polar| |Polar| |Polar|
10735

102
Rest-frame Wavelength (um)

10!

100 300
Wavelength [pm]

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
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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.

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.

Stars in the local Universe Age of the Universe (Gyr)
\ 1M1 7 5 3 2
=L T T T T ]
: < Galaxy clusters
1k }_ﬂh Damped Ly-alpha absorption | —
0 oL S .
N verage
° 7
N -2 B l:GM expected |]
g’ | based on |]
- L SFRD i
-3+ L\—
_4 C 1 l 1 l 1 l 1 1 .
0 1 2 3 4 5 6 7
Redshift

Madau & Dickinson 2014



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.

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.

Stars in the local Universe
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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

Olll and NIl fine-structure lines share
ionization state dependence.

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

Form density independent O3N3 diagnostic
with 2 Olll lines and one NIl 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)

Element production rate
— 0
—C

— N

— Fe

10-1 10° 10
Time after star formation (Gyr)

1072

Cumul. mass norm. to Hubble time |
— 0 — N
— C — Fe

10-1 10° 10
Time after star formation (Gyr)

1072

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

the Habitable Zone

Disk Detection Statistics
100 I l 'All |IRACI: 0 NCIBC13133
_+_ ‘@ Taurus
— 80T @ Cha |
S #__ © (G348
- o o Ornl -
§ % % S Cha
S 40} i OAOri
© o :65 Or|S
ersco
L 20 9 '®) ?. PP g

Disk Dust Mass Measurements

Age (Myr)

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?

oL .
0 2 4 6 8 10 12 14 16 18

— 10_2__ I I T I I I
E® ®p Oph ®Chal
= 0 e Lupus 0o Ori
w 107¢ B Upper

© i Sco .
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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 Detector Requirements

Spectrometer on Warm Tel.
e.g. balloon: T, =270 K, £=2%, R=1000

Origins / PRIMA Spectrometer

tel

Photon Background NEP) 1

=40 K, e=3%

.
~
~
~
~
~
~
~
\\\\‘ | | \\\\\\‘

100 1000
Wavelength [pm]

Detectors for the Far-IR

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.
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TIM KID Array

Easily meets sensitivity needs of
balloon platform.
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12 + log(O/H)

Charting Nucleosynthesis Where It Happens

Most SF at Cosmic Noon happens in high extinction regions =2 use extinction-free far-IR lines!

55100
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03N3 = (2.2 x [Olll] 88 + [OIII] 52)/[NIlI]
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O/N calibrated as a
function of
metallicity in local

galaxies with Sloan:
~ 0.1 dex scatter ‘

L(ONN88) [L.] = 2.17 x 107 x SFR Moy \

[OI]52/[O111]88 = 0.56 (low-p limit) -
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0<z<12

* Nitrogen is special as a secondary
nucleosynthesis product — comes
on later in stellar processing.

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

* Olll and NIll: same ionization state,
dust-immune, T insensitive

» Density-independent O3N3
diagnostic (2 Olll lines, 1 NIl line;
Nagao et al. 07, Periera-Santella, et
al. 2013)

1.5 <z<3
* Neinert, abundance tracks
metallicity

* S partially depleted onto dust
grains; tracks < linearly with
metallicity

» [Ne ll]+[Ne 1] / [S ]+[S IV] (e.g.,
Fernandez-Qntiveros et al. 2021)



Cryogenic telescope is a powerful opportunity
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Comparing low-emissivity 300 K system to zodiacal light Daytime to darkest 20% at Mauna

background is about a factor of 1 million, e.g. at 60 microns. Kea: V-band brightness ratio is 30
Sensitivity is the square root of brightness, speed is this ratio. million



