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Astrophysics Probed with Far-IR Observations

Astro 2020 Fig. 7.1

& 
Planet!

• Uniqueness:  Dust-
obscured star formation 
and AGN; 
protoplanetary disk 
masses & chemical 
abundances

• Complementarity:  
Cooler gas than JWST 
can access (e.g., < 150 
K H2O in protoplanetary 
disks)



Discovering how black holes & galaxies evolved together and how planet got their atmospheres



Why Now?  
→ Far-IR Detector 
Technological 
Readiness

Sensitivities of far-IR 
detectors have doubled 
approx. every two years 
for 75 years!

Probe region 
of interest

Figure by J. 
Zmuidzinas



PRIMA Telescope 1.8-m, all aluminum, 4.5 
Kelvin

PRIMAger
Imager & 
polarimeter

R = 10 hyperspectral imaging 
25-80 𝜇m
R= 4 imaging & polarimetry 
91-261 𝜇m

FIRESS
Spectrometer

R > 85 spectroscopy 
24-235 𝜇m
High-Res mode 
R = 4,400 x (𝜆/112𝜇m)-1

Detectors 100 mK KID arrays (~11k 
total)

Data IPAC

Orbit Earth-Sun L2

Launch 2032

Observations 75% GO, 25% PI (→ GI)

• 25% is for Principal Investigator science

• 75% of observing time is for Guest Observers

• PI data will be available quickly for Guest 

Investigator science



Large Gains and New Capabilities from Sensitive KID Arrays

In 1200 hours: PRIMA can

measure the D/H isotopic ratio of

water in a statistically-significant

sample of solar system comets - 

a key constraint to the origin of

water on Earth

In 100 hours: PRIMA can map

magnetic fields in the diffuse gas

in many local galaxies, revealing

their role in how star-forming

clouds are born

In 5000 hours: PRIMA can

survey the entire sky to a

sensitivity 100x deeper

than IRAS and Akari that

would engender a legacy

of discovery

PRIMA

Gain
FIRESS 
(R=100)
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Imager (R=10)
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PRIMA's 3-5 orders of magnitude gain in spectral mapping speed

unlocks science discovery space between JWST and ALMA. With

75% of observing time dedicated to GO science, PRIMA can obtain

spectra of hundreds more protoplanetary disks, young stars, and

distant galaxies than Herschel. See the PRIMA GO Science Book

(https://arxiv.org/abs/2310.20572) for cases already identified by

the community.

GENERAL OBSERVER SCIENCE

ALL PI-SCIENCE DATASETS WILL BE RAPIDLY AVAILABLE TO THE COMMUNITY

PRIMA Objective: Compare the dust properties and metal

content of dusty galaxies from cosmic noon to the present

day and quantify the diversity of dust environments in the

local universe.

BUILDUP OF DUST AND METALS

Decadal Goal: Measure the buildup of heavy elements

and interstellar dust from early galaxies to today.

ORIGINS OF PLANETARY
ATMOSPHERES

PRIMA Objective: Determine abundances in protoplanetary 

disks for comparison with exoplanet atmospheres and

reveal whether water is essential to planet assembly.

Decadal Goal: Trace the astrochemical signatures

of planet formation. 

Decadal Goal: Trace the astrochemical signatures

of planet formation. 

PRIMA Objective: Provide a simultaneous measurement of black hole

and galaxy growth from the peak of their development at z=2 (cosmic

noon) up to the present day, and determine if winds in luminous

galaxies quench star formation. 

EVOLUTION OF GALACTIC ECOSYSTEMS
Decadal Goal: Probe the co-evolution of galaxies and

their supermassive black holes across cosmic time.

z=2 Today

UNVEILING OUR COSMIC ORIGINS IN THE FAR INFRARED

PRobe far-Infrared Mission for Astrophysics
PRIMA provides broad continuous spectral coverage from 24 to 261µm, a critical 

region of the spectrum that reveals the origins of planetary atmospheres, evolu-

tion of galactic ecosystems, and the buildup of dust and metals over cosmic time.

Newly enabled
• Extended-source 

and line intensity 
spectral mapping

• Extensive 
polarimetric 
mapping

• Deep all-sky far-IR 
survey



Planet Growth 
in Disks

Unknowns and uncertainties
• Disk masses uncertain to an 

order of magnitude due to CO 
depletion → HD

• Disk C and O abundances – 
do they map to stellar 
metallicities?

• Icy pebbles probably drives 
planetesimal accretion → 
water vapor content and 
distribution



Is there enough water mass to drive the formation of planetesimals near the water 
snowline?

PRIMA FIRESS FTM will measure the level of 
water enhancement in 200 disks of various ages 
and masses (point size ∝ line flux).

Water likely dominates the solid disk mass outside the 
snow line and coagulates via ice pebble drift to form 
planetesimals.  PRIMA measures NH2O(T) to test models.

Enhancement
?

(1) Gas-phase 
planet 
formation

Or (2) 
Formation by 
pebble drift



Background:  
Mid- and Far-IR 
Galaxy Spectra

• Simultaneous black 
hole accretion rates and 
star formation rates

• Metallicities
• PAHs



Galaxy Evolution:  What is the relation between black-hole accretion rate and star-formation 
rate in luminous galaxies since the peak epoch (z ~ 2)?

Santa Cruz Semi-
analytic model: 
more black hole 
growth at cosmic 
noon.

SPRITZ – star-
formation based 
model linked to 
Spitzer, Herschel 
datasets (Bisigello 
et al. 2021).

2 example 
histories

• 42k galaxies in 1 sq deg (Donnellan+ 2024)
• Spectroscopic sub-samples of 160 z = 1.0-2.5 galaxies 

using [O IV] and [Ne II] (rest frame 26 & 12.8 𝜇m)
• Measure cool mass outflow rates of 50 z = 1-2 galaxies 

with OH (R = 900 @ 84 𝜇m) absorption to test if they are 
consistent with quenching



The Rise of Dust and Metals:  Has the relationship between PAHs and 
metals evolved since cosmic noon?
In the local universe, there a reduction in PAH 
emission with reduced metallicity.

For 100 1.75 ≤ 𝑧 ≤ 2.25 
galaxies in 5 qPAH bins, PRIMA 
will measure
• Gas-phase abundances of 

O and N via [O III], [NIII]
• qPAH from rest-frame 11.3 

and 12.7 𝜇m bands



GO Science:  High-z PAHs 

The rise of dust   Grant Donelly 

PRIMA GO Science Book - 107 - November 2023 

of the infrared luminosity of typical galaxies (Smith et al. 2007). As the smallest of dust grains, 
PAHs are especially sensitive to the production, growth, and processing factors that alter the 
grain size distribution and overall dust abundance. Given these properties, observations of PAH 
emission at high redshifts will be a powerful approach to inferring the physical characteristics of 
dust at different stages within the developmental history of galaxies. 

 
Figure 1: Luminous systems in the early Universe may host hydrocarbon abundances similar to that of local galaxies 

(black dashed line). Projections from the hydrodynamic simulations of Davé et al. 2019 (SIMBA, blue band), and 
coarse stacking analyses from Spitzer and Herschel (pink band) are shown. At high redshift, little is known about the 

emergence of PAHs and whether they will track expected metal abundance (blue) or suffer time-delays due to the 
stellar evolution injection (orange). 

While Spitzer has tracked the abundance and conditions of PAHs in the modern Universe, there 
have been just a handful of detections of PAHs at higher redshifts up to z ~ 4, (Riechers et al. 
2014). JWST has pushed this even farther, with the current record of PAHs observed in a strongly 
lensed galaxy at z = 4.2 (Spilker et al. 2023). Where PAH spectra have been observed (z <= 3), the 
band positions, shapes and strengths appear similar to those of modern galaxies, potentially 
indicating that processes controlling PAH formation developed much earlier. However, despite 
JWST’s high sensitivity, the red cutoff for JWST at 28 µm limits observations of PAHs during the 
critical first stages of galaxy evolution, as even at z=4.2 only 6% of the power within PAH features 
is still in the JWST spectral window (see Figure 2). Furthermore, the long wavelength sensitivity 
of JWST has dropped substantially from launch levels >20 µm. Constraining PAH abundance and 
physical properties at earlier times is not possible with present facilities.  

The rise of dust   Grant Donelly 

PRIMA GO Science Book - 108 - November 2023 

The Astro2020 decadal report tasks far-infrared probes with “measuring the formation and 
buildup of galaxies, heavy elements, and interstellar dust from the first galaxies to today.” PRIMA 
is uniquely capable of addressing the key related questions: What are the conditions of dust in 
the early Universe? When did hydrocarbons emerge in star-forming galaxies? 

PRIMA will be the first facility capable of spectroscopically and photometrically observing PAHs 
and the processes of dust growth in the first Gyr of the Universe through Cosmic Noon; a 
transformational time in cosmic history where constraints on dust growth are badly needed. By 
observing the 7.7 and 11.3 µm bands (rest frame), which account for more than half of PAH 
power, PRIMA will measure the variation in PAH mass fraction as a function of redshift using the 
methods of Draine et al. (2021). This will serve as an important indicator for the grain properties 
and abundance in the early Universe. 

 
 

Figure 2: Left: The SED of a typical star-forming galaxy, demonstrating the shift of PAH emission into the PRIMA 
bandpass at z > 2. Right: PRIMA’s spectral coverage compliments that of JWST. The majority of PAH power shifts 

into PRIMA at z ~ 2. By z > 4, PRIMA covers >95% of PAH emission, while JWST bands captures <5%. 

Instruments Required: 

●  FIRESS low-resolution maps 

●  PRIMAGer small maps in both bands 

Program Size:   

●  Large (100 + hr) 

Approximate Integration Time: 

●  200 hr 

Special Capabilities Needed:  

●  None 

Synergies with Other Facilities: 

Building on results JWST will deliver at lower redshifts, the PAH mass fraction and dust conditions 
can be constrained through all of cosmic time back to z > 6 (<1 Gyr). We anticipate producing 

An exciting and unique opportunity to observe hydrocarbons in the early universe, complementary 
to JWST (Donnelly et al., PRIMA GO Science Book)



• Simulations of polarimetric capability:  Dowell+ 
2024

• Magnetic fields (Lopez-Rodriguez; Louvet; Paré; 
Pattle)

─ Galactic clouds:  The role of magnetic fields 
in cloud dynamics

─ Nearby, resolved galaxies:  Do molecular 
cloud fields generally align with and reflect 
radio (cosmic ray) derived fields on larger 
scales?

GO Science:  Polarimetry and Magnetic Fields in Galaxies
(In PI science, PRIMA will test dust models with far-IR polarimetry.)



GO Science:  How do stars get their mass?

Extinction & 
orientation 
dependent

Reliable tracer 
of accretion 
rate

Luminosity 
temperature 
dependent

• Mass:  The fundamental 
property of stars, but we do 
not know how they accrete 
their mass.  Quiescent or 
episodic?

• Far-IR:  Only wavelength for 
which luminosity correlates 
tightly with accretion rate.

• Test:  >50% of mass is 
derived from rare events?

• Survey:  2000 protostars with 
cadences of 2 wks to 5 yrs (& 
back to Herschel) 

• Archival value:  Huge, plus 
polarimetry!

Battersby, et al., (2023, 

PRIMA GO Science Book)



KID Principle of Operation 

Superconducting 
resonator

𝑄 =
𝑓0

∆𝑓
 104 to 106

𝑓0 = 0.1 – 10 GHz

Day et al. 2003



3

KIDs: Culmination of 2 Decades of Technology Investment

25 𝜇m result:  Day+ 2024, Phys Rev X 

84 Spectral

24
 s

pa
tia

l

JPL FIRESS 

prototype KID arrays 

with GSFC 

microlenses

SRON polarimetric 

KIDs (derived from 

SPACEKIDs effort 

for SPICA)

Prototype KIDs meet PRIMA requirements



Getting Involved

Screenshot from a breakout session of the March 2022 GO 

science white paper early career scientist mentoring 

workshop.

• See website for news, events, papers, etc.
• Join the mailing list
• Submit an application to join a working 

group
• Next scientific conference in Marseille 

March 31 – April 2 Dusting Off the Secrets 
of the Cosmos with PRIMA

https://primaconf.sciencesconf.org/

Website GO book v1
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