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PRIMA is:

COMPLEMENTARY 
Fills the missing 

wavelength gap 
between JWST & 

ALMA

???

JWST

ALMA



              in a nutshell

PRIMA is:

PRIMA is a mission concept proposed to NASA. The information contained in this 
document is of a planning nature and is intended for informational purposes only. It does 
not constitute a commitment on the part of JPL, Caltech, and/or NASA.

PRIMA Website
https://prima.ipac.caltech.edu

PRIMA GO Science Book
https://arxiv.org/abs/2310.20572

PRIMAger (1500 h, 1 sq. deg.)

FIRESS, low-res (reqts. scaled to 1 h)

FIRESS w/ FTM (reqts. scaled to 1 h)

Spitzer IRS
on orbit

Band 1
Band 2

Band 3 Band 4

performance model

model with
protoplanetary disk
continuum photon noise

PHI 1
PHI 2

PPI 1 PPI 2 PPI 3 PPI 4

Instrument performance model (CBE)
Science requirements
Example margin between predicted
performance and PI science requirements
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End-to-End Thermal System
• Multistage passive system building on 

Spitzer and Planck
• >100% margin on each thermal stage
• JWST MIRI flight spare cryocooler (4.5 K)
• Hitomi heritage Continuous Adiabatic 

'emagnetization Refrigerator  (�1 .)

Science Enabled by Sensitive Far-IR Detectors
Kinetic Inductance Detector (KID) Arrays – 0.1 K
• Enabling technology for FIRESS and PRIMAger
• Reaches fundamental photon background limit of 

solar system and galactic dust, with more than 10x 
better sensitivity per pixel than previous far-IR space 
missions

• More than 12,000 total pixels in 6 arrays (3-10 times 
more pixels than previous far-IR space missions)

• KIDs built at JPL and SRON with key contributions 
from GSFC

PRIMAger – Versatile Imager – 1 K
• Hyperspectral imaging (PHI): 24-84 µm with R=10
• Polarimetric imaging (PPI): 4 bands from 80-261 µm

FIRESS – Multimode Survey Spectrometer – 1 K
• 24-235 µm spectral range at R>85
• More than 10x point source sensitivity improvement 

over previous missions, Herschel and SOFIA, and 
1,000-100,000x improvement in spatial-spectral 
mapping speed.

• Dual polarization KID architecture provides best 
possible sensitivity. 

• Slits overlap so that full spectrum is provided in 2 
observations

• High-resolution mode with Fourier transform module 
(FTM) boosts R to more than 2,000 across the full 
band and 4,400 at 112 µm. Maximum R is 4,400 x 
(112 µm / Ȝ)

1.8-m Telescope – 4.5 K
• All-aluminum telescope with 2�-μm diffraction limit
• Enables astrophysical-background-limited observa-

tions
• Cryogenic 2-D steering mirrors with Herschel 

heritage provide fast, high-duty-cycle modulation for 
point source measurements as well as versatile 
mapping capability

KID arrays enable 
breakthrough 

science with both 
instruments. Image 
shows 1008-pixel 
FIRESS subarray 

under test.

Ball BCP Large Spacecraft
• <1 arcsec RMS pointing control
• ASI 2-axis gimbal and HGA support 

observations during communications
• Solar arrays sized to minimize cycling for 

ultra-stable thermal environment
• No cryo consumable

Mission Overview
Launch – June 2031
• AO standard LV & fairing
• Sun-Earth L2  (JWST)
• 5 years on orbit
• 25% PI, 75% GO science

COLD 
multistage 

passive + active 
cooling 

4.5K 1.8m primary
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PRIMA is:

ADVANCED 
State of the art 

large format 
quantum KID 

detectors



Moore’s Law for FIR detectors:  
Sensitivity doubling every 2 years for 75+ years

Probe 
region of 
interest

courtesy J. Zmuidzinas

Herschel 
Photoconductors



              in a nutshell

PRIMA is:

POWERFUL 
• PRIMAGer Imaging:  

R~10 hyperspectral + 
polarimetry 

• FIRESS Spectroscopy:  
R~100 up to >10,000 

• Full decade in 
wavelength: 24–261µm

1. 1.8-m primary telescope
2. Passive thermal shields
3. Metering structure
4. FIRESS objective optics
5–8. FIRESS bands 1–4
9. FIRESS FTM
10. PRIMAger
11. Joule-Thompson cold head
12. CADR
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              in a nutshell

PRIMA is:

SENSITIVE & FAST 
>102⨉ sensitivity 
>104⨉ spectral 

mapping speed 
of Hershel

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)

PRIMAger Hyperspectral
Imager (R=10)

PRIMAger
Polarimetric
Imager (R=4)

SOFIA
FIFI-LS

JWST 
MIRI

Spitzer
IRS

Herschel PACS
Herschel SPIRE

ALMA
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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 ECOSYSTEMSDecadal 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.
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PRIMA’s Superpower: Mapping
• Fast slew + steering mirror + large FOVs = very fast mapping —  

PRIMA’s superpower 

• Powerful dust and gas followup with FIRESS spectroscopy. 

• One GO idea: all-sky survey @100⨉ Akari/IRAS depth, comparable 
to Herschel deep fields

D-17
Use or disclosure of information contained on this sheet is subject to the restriction on the Restrictive Notice page of this proposal. 

APEX 23 | AO NNH23ZDA021O 
D | SCIENCE INVESTIGATION 

   
transformative discoveries of unanticipated 
phenomena, e.g., Spitzer’s (§D.4.3) and 
Herschel’s impact. PRIMA is poised to 
revolutionize astronomy in the most unexplored 
region of the electromagnetic spectrum. 

Through GO and GI programs PRIMA expands 
opportunities for the astronomical community, 
including early career astronomers (§J-13). We 
anticipate providing ~32,750 h, or 75%, of 
observing time for GO programs during the 5-yr 
mission (Table E-9), ~2× as many GO hours as 
Herschel. Our PI-led programs exercise every 
PRIMA observing mode within the first 6 
months of science operations (FO F-4), ensuring 
that all GO proposals for Cycle 2 are informed 
by experience with science performance, data, 
and best practices. We deliver algorithms, 
software and data products from the PI-led 
surveys for GI and GO programs (§E.4).  

D.4.1 GO Science Use Cases
To capture and characterize the interest in 
PRIMA’s GO program, we consulted the inter-
national astronomy community. Following mul-
tiple community workshops where we presented 
our predicted performance capabilities, commu-
nity members submitted GO science use cases 
that illustrate PRIMA’s broad science reach. 

Table D-2 PRIMA GO Science Book use cases 
address >70% of key science questions outlined in 
Astro2020 Appx. B–G and Tables 2.1 & 2.2.  

Astro2020 Science Panel 

Astro2020 
Questions 
addressed 

# GO 
Science 

Book cases 
Compact Objects and Energetic 
Phenomena (Appx. B) 

B-Q2, B-Q3, B-Q4,
B-DA

9 

Cosmology (Appx. C) C-Q2, C-Q3, C-Q4 3 

Galaxies (Appx. D) D-Q1, D-Q2, D-Q3,
D-Q4, D-DA

31 

ExoAstroSolar (Appx. E) E-Q1, E-Q2, E-Q3 3 
ISM & Star/Planet Formation 
(Appx. F) 

F-Q1, F-Q2, F-Q3,
F-Q4

25 

Stars, the Sun, and Stellar 
Populations (Appx. G) 

G-Q1, G-Q2, G-DA 5 

Figure D-20 Simulated data for PRIMAger and FIRESS instrument modes illustrate the capabilities that 
PRIMA provides to the astronomical community. Statistics from the GO Science Book show approximately 
equal requests to use PRIMAger (35% of cases), FIRESS (32%) or both instruments (32%).  

water ice
FIRESS

H2O
[O I] Herschel

PACS

H2O

FIRESS

JWST MIRI

Simulated
FIRESS FTM spectrum
of a protoplanetary disk

(25-180 μm)

Simulated 
PRIMAger 
Polarimetric 
Imager map 
of NGC 6946

z=5 z=5
Simulated wide field

PRIMAger Hyperspectral
image (25-80 μm) and

FIRESS spectra of
two galaxies

PRIMAger (35%) PRIMAger and FIRESS (33%)

FIRESS (32%)

Editors compiled 76 cases into the PRIMA 
General Observer Science Book, Moullet et al. 
(Eds.) (2023a); hereinafter GO Science Book). 
The ensemble of cases, while just a snapshot of 
possible proposals that could be submitted to the 
GO program, already totals about ~21,000 h of 
observations, or about 64% of the expected time 
available for GO observations. The cases address 
>70% of Astro2020 science questions
(Table D-2), with equal demand for PRIMAger,
FIRESS and PRIMAger + FIRESS as shown in
Fig. D-20 with simulated PRIMA data. In Table
D-3 and below, we give examples of science that
GO users can perform:
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75% of mission 

dedicated to GO 
science

Moullet+ 2023, eds
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PRIMA 
Science Book 

2nd Edition 
Dropping on 

arXiv Monday!

   

 

PRIMA General Observer 
Science Book Volume 2 

Editors: A. Moullet (NRAO) , D. Burgarella (Laboratoire d'Astrophysique de Marseille), T. Kataria 
(Jet Propulsion Laboratory, California Institute of Technology), H. Beuther (Max Planck Institute 
for Astronomy), C. Battersby (University of Connecticut), T. Essinger-Hileman (NASA Goddard 
Space Flight Center), H. Inami (Hiroshima University), E. Mills (University of Kansas), T. Nagao 

(Ehime University), S. Unwin (Jet Propulsion Laboratory, California Institute of Technology) 
(Eds.) 

120 new PRIMA 
GO Science 

Cases 

650+ pages!



PRIMA Origins and Key Science

“Probe Explorers” <$1B





PRIMA      Dust

1. What is the origin of dust in the Universe today?  
Stardust?  ISM dust? 

2. How have dust and metals co-evolved over the past 
10 billion years? 

3. When and where did the first carbon nanoparticles 
emerge in the Universe?



From the Community: Across the Peak

Galliano+ 2023/25, GOB1/2

Probing Dust Properties and ISM Structure of Nearby Galaxies Frédéric Galliano 

PRIMA GO Science Book Vol. 2 - 121 - November 2025 

total dust and multiphase gas properties in extragalactic regions. Such spectra were only 
obtained in the past by combining ISOSWS and ISOLWS (e.g., Peeters et al. 2002), but with poor 
sensitivity, poor spatial resolution, and stitching problems. If we have only a few broadbands, 
scattered over the whole IR domain, as is usually the case, we are unable to solve the degeneracy 
discussed above (e.g., Galliano et al. 2018, for a review). The unique feature brought by PRIMA 
will be consistent maps of the brightest far-IR lines, with the well-sampled dust continuum. 

 
Figure 1. Typical SED of a star-forming region with the brightest gas lines. The magenta error bars correspond to 

broad-band spectrophotometry with R≈3.5 (10σ), and the cyan line is a R≈200 spectrum (5σ) 

Instruments and Modes Used 
This science case 22 hours of FIRESS R~100 mapping and 29 hours of PRIMAger, for a grand total 
of about 50 hours. 



From the 
Community: 
Mineralogy

Bower; Kemper; Galliano 
2023/2025, GOB1+2

Mineralogy of astronomical dust   Janet E. Bowey 

PRIMA GO Science Book - 386 - November 2023 

meteoritic and planetary studies to explore mutually beneficial science in a way that has only 
been touched on in the past. 

  
Figure 1: (a) Room temperature laboratory spectra of crystalline silicates: olivines (forsterite, olivine, fayalite)- Pitman 

et al. 2010; pyroxenes (enstatie, ferrosilite, diopside)- Bowey, Hofmeister and Keppel 2020; hydrous silicates: 
Hofmeister & Bowey 2006. Red curves indicate the more Fe-rich silicates in overplotted pairs, the cyan curve 

indicates the Ca-poor diopside.  (b) Continuum-subtracted ISO spectrum of PN NGC 6302 (grey curves; Molster et 
al. 2001) compared with simulated optically thin emission from crystalline silicates; emission temperatures are 

indicated. Laboratory data were obtained at room temperature, except the 49 and 69 µm peaks of forsterite which 
were measured at ∼ 4 Kelvin. Models are eyeball matches and non-definitive. Hydrated silicates are indicated in blue 

and cyan. Pairs of dotted lines indicate the overlap region between JWST and PRIMA. 

Instruments Required: 
PRIMA FIRESS: Pointed Low-res, R∼130 

Program Size:   
●  Small (<10 hr) 

●  Medium (10–100 hr) 

●  Large (100 + hr) 

 



From the community: Dust Heating 
in z>5 AGN

Dust Heating in High-Redshift Quasars  Manuela Bischetti 

PRIMA GO Science Book Vol. 2 - 53 - November 2025 

 
Figure 1. Adapted from Di Mascia et al. 2022. SED of a simulated massive galaxy at z=6, massive with no active 
black hole (grey curve). The solid red line shows the flux increase obtained by including the contribution from a 
luminous quasar out to 6 kpc via radiative transfer (red curve). Adapted from Di Mascia et al. (2022). The black 

dashed line indicates the SED fit of the millimeter part of the SED performed according to the modified black-body 
function (e.g., Salvestrini et al. 2025), from which the vast majority of SFR measurements in high-redshift galaxies 

are inferred. Blue arrows show the spectral range sampled by JWST and ALMA, which fall short in sampling the peak 
of the galaxy-scale dust emission in the hosts of luminous quasars. PRIMA will be key to robustly detecting the mid-

IR band emission and providing a robust measurement of quasar contribution to dust heating in massive host 
galaxies in the first 3 Gyr of cosmic time, breaking down systematics on SFR measurements at these epochs.  

Instruments and Modes Used 
This observing program requires 2.2’x2.2’ maps in the PRIMAger hyperspectral bands (PHI1 and 
PHI2) towards 20 targets, listed in the Description of Observations section. 

Approximate Integration Time 
We expect to conduct the survey in a total time of ~600 hours: ~10 hr per pointing per target, 
considering 3 pointings for each target. Three pointings are needed for each target to obtain 
three photometric points (roughly 30, 55, and 80 microns) with the hyperspectral mode to cover 
the requested field of view (~2.2x2.2 squared arcmin, the same as that of JWST/NIRCam) in each 
photometric band. The requested 5sigma sensitivities at 30, 55, and 80 microns are 100, 200, and 
300 microJy, respectively. The sensitivities were estimated based on the available modeling for 
the spectral energy distribution (SED) of quasars at similar redshifts and luminosities.  

Bischetti+ 2025



From the community: 
How much dust 

production in SNe??

Matsuura 25, GOB2

Supernovae and Supernovae Remnants in the FIR  Mikako Matsuura 

PRIMA GO Science Book Vol. 2 - 593 - November 2025 

 
Figure 1. The pathway to form the first dust in the universe: after the Big Bang, the first generation of stars are 

formed, and high mass stars die as supernovae. These SNe synthesize elements, and some of refractory elements 
condense into dust grains. 

 
Figure 2. Dust masses measured in SNe, as a function of epoch since the SN explosion (Revised from Niculescu-

Duvaz et al. 2022; https://nebulousresearch.org/dustmasses/) 



Interstellar Dust Grain Structure and Origins 
How does the structure of interstellar dust change across 

environments in the local universe?

• Polarization holds the key to 
understanding the origin of dust 
grains. 

• Polarization SED should rise 
sharply with wavelength if C & Si 
populations remain separated. 

• PRIMA will directly test ISM grain 
growth and see if it is 
suppressed at low-metallicity by 
polarization imaging of local 
galaxies (91-232 µm).

see Hensley+Draine 2023

more  
Silicates

more  
Carbon grains



Brandon Hensley

• If Herschel could measure dust emission, PRIMA can measure 
its polarization (p > 2%)! Dowell, BH, & Sauvage 2024



Brandon Hensley

One possible 
scenario



•Hyper-spectral imaging + 
FIR spectra and provide 
crucial diagnostics of: 

•Dust emission in the form 
resolved PAHs 

•Temperature-insensitive 
metal-sensitive fine 
structure lines 
[NIII]/[OIII] = N3O3

How have dust and 
metals co-evolved over 
the past 10 billion years?



Spitzer’s M101, K. Gordon



Spitzer’s M101, K. Gordon
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Figure 1. Top: PAH 3.3µm emission isolated from F335M with the method adopted in this work (see § 3). Note the apparent ‘cli!’ at the right of the image
where galaxy structure seems to end abruptly (see § 4.2). Bottom: three-color image with PAH 3.3µm in red, F360M+PAH 3.3µm in green, and F300M in blue.
Apertures defined in Paper I are indicated in green, the apertures used to study the cli! are shown in cyan, and the o!-galaxy aperture discussed in § 2.3 is shown
in magenta.

PAH3.3 
NIRCAM

See also 
posters/talks by 
Tarantino, Lai, 

Chown, 
Sandstrom …

difference may be a result of sample variations since Rémy-
Ruyer et al. (2015) compares photometric integrated galaxy
measurements for the PAH fraction, while in this work we
study the PAH fraction from spectroscopy within individual
galaxies. Future studies in this series with a significantly
larger sample will allow us to place better constraints on the
power-law index and scatter of the ΣPAH/TIR-metallicity
relationship.

Some of the H II regions are notably offset below the overall
ΣPAH/TIR trend with metallicity. Since these regions have a
lower ΣPAH/TIR than their metallicity would otherwise imply,
this may be evidence of a local PAH luminosity deficit inside
ionized gas within H II regions. Previous works have proposed
that the hard radiation environment near young O and B stars
destroys small dust grains (Povich et al. 2007; Chastenet et al.
2019; Egorov et al. 2023). In the UV-illuminated neutral and

Figure 11. Inhibited grain growth model summary, as in Figure 10. Top left: GSDs as a function of metallicity. Top right: mapping between average PAH size a01
(black) and GSD rescale factor Br (pink) and metallicity. Bottom: comparisons between six observed PZR trends (black) and our best inhibited growth model (red).
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Figure 1. Top: PAH 3.3µm emission isolated from F335M with the method adopted in this work (see § 3). Note the apparent ‘cli!’ at the right of the image
where galaxy structure seems to end abruptly (see § 4.2). Bottom: three-color image with PAH 3.3µm in red, F360M+PAH 3.3µm in green, and F300M in blue.
Apertures defined in Paper I are indicated in green, the apertures used to study the cli! are shown in cyan, and the o!-galaxy aperture discussed in § 2.3 is shown
in magenta.

PAH3.3 
NIRCAM

See also 
posters/talks by 
Tarantino, Lai, 

Chown, 
Sandstrom …

Grains get 
smaller as 
metallicity 
declines… 

inhibited growth.

difference may be a result of sample variations since Rémy-
Ruyer et al. (2015) compares photometric integrated galaxy
measurements for the PAH fraction, while in this work we
study the PAH fraction from spectroscopy within individual
galaxies. Future studies in this series with a significantly
larger sample will allow us to place better constraints on the
power-law index and scatter of the ΣPAH/TIR-metallicity
relationship.

Some of the H II regions are notably offset below the overall
ΣPAH/TIR trend with metallicity. Since these regions have a
lower ΣPAH/TIR than their metallicity would otherwise imply,
this may be evidence of a local PAH luminosity deficit inside
ionized gas within H II regions. Previous works have proposed
that the hard radiation environment near young O and B stars
destroys small dust grains (Povich et al. 2007; Chastenet et al.
2019; Egorov et al. 2023). In the UV-illuminated neutral and

Figure 11. Inhibited grain growth model summary, as in Figure 10. Top left: GSDs as a function of metallicity. Top right: mapping between average PAH size a01
(black) and GSD rescale factor Br (pink) and metallicity. Bottom: comparisons between six observed PZR trends (black) and our best inhibited growth model (red).
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FIR

Local 
ULIRGs

“N3O3”  
metallicity 
diagnostic



The Rise of Dust and Metals:  PAHs and 
heavy elements since beyond cosmic 

noon

PRIMA/FIRESS will observe 
hundreds of galaxies up to 
z=2.5 to measure: 

• Gas-phase metal 
abundances of O and N via 
[O III], [NIII] (aka “O3N3”) 

• Direct PAH abundance 
relative to dust (qPAH) from 
rest-frame PAH emission 
bands

see Whitcomb, JDS, + 2024

≈ 
q P

A
H



The Rise of Dust and Metals:  PAHs and 
heavy elements since beyond cosmic 

noon

see Whitcomb, JDS, + 2024

≈ 
q P

A
H



Narayanan, JDS+ 2023

Cosmological simulation with dust 4913

the dust abundance in the cosmic volume can be broadly understood
by the processes that we included in the simulation (mainly stellar
dust production and dust growth by accretion).

In Fig. 5, we show the time evolution of small and large grains
for galaxies and the IGM. To clarify the relative abundance, we
also show the small-to-large grain abundance ratio, !S

dust/!
L
dust.

The dust abundance in the Universe is always dominated by large
grains. In galaxies, the redshift dependence of the small-to-large
grain abundance ratio is flat. The large grain formation is dominated
by stellar dust production and coagulation while the small grain
formation is governed by shattering and accretion. If we sum up all
galaxies, the statistics is dominated by small galaxies in which the
major part of the dust is produced by stellar sources. The abundance
of small grains is significant only in massive (M∗ ! 1010 M")
galaxies where shattering and accretion are efficient because of
their high metallicity (Hou et al., in preparation).

In contrast, the small-to-large grain abundance ratio in the IGM
monotonically increases from high redshift down to z ∼ 0. The dust
abundance in the IGM is fully dominated by large grains at high
redshift because dust grains are ejected into the IGM before being
processed by shattering and accretion, as discussed in Hou et al.
(2017). The increase of the small-to-large grain abundance ratio in
the IGM is due to the supply of small grains formed by shattering
and accretion. Massive galaxies are assembled at low redshift (z "
2), and the ISM in massive galaxies contains a large amount of small
grains. As a consequence, more small grains are supplied at lower
redshift. In situ small grain formation in the IGM by shattering may
also be possible. However, we find that this path of small grain
formation is negligible because the grain–grain collision time-scale
is longer than the cosmic age in the IGM. Indeed, we do not see any
enhancement of the small grain abundance relative to the large grain
abundance in the CGM as we see in Section 3.4 (Fig. 7). As shown
later in this section, sputtering decreases both small and large grain
abundances almost equally. Thus, the processing in the IGM is not
important in determining the grain size distribution in the IGM.

There are no observational data to compare for the grain size
distribution in the IGM, while there are some observational clues in
the CGM. Thus, the dust properties in the CGM may provide some
insight into the IGM dust. As mentioned above, the dust properties
in the CGM could be traced by MgII absorbers as argued by Ménard
& Fukugita (2012), who analysed the background quasar (QSO:
quasi-stellar object) data taken by the Sloan Digital Sky Survey
(SDSS; York et al. 2000) in combination with Galaxy Evolution
Explorer (GALEX; Martin et al. 2005) data. The reddening curves
of Mg II absorbers are well fitted with the Small Magellanic Cloud
(SMC) extinction curve, which indicates that dust grains smaller
than 0.03 µm are abundant (Pei 1992; Weingartner & Draine 2001).
However, our result shows that large grains dominate the IGM dust
abundance (Fig. 4). Thus, there is a tension between our simulation
results and the observed reddening curves for Mg II absorbers. We
discuss this further in Sections 3.4 and 3.5.

We show the significance of sputtering in the hot gas (not associ-
ated with SNe) on the time evolution of the cosmic dust abundance
in Fig. 5. As explained in Section 2.3, we select the hot gas not
associated with SNe (mainly associated with the CGM and IGM)
with the criterion ngas < 0.01 cm−3 and Tgas > 106 K. In Fig. 5,
we indeed confirm that sputtering in the diffuse hot gas little affects
the dust abundance in galaxies. In the IGM, in contrast, 70–80 per
cent of the IGM dust could be destroyed by sputtering. Although
small grains are more sensitive to sputtering than large grains, the
ratio !S

dust/!L
dust is not significantly affected by sputtering, as we

observe in Fig. 5(c). This is because the sputtering time-scales for

Figure 5. Panels (a) and (b): time evolution of cosmic dust abundance of
large (thick solid line) and small grains (thick long-dashed–short-dashed
line) in galaxies and in the IGM, respectively. The sum of large and small
grains (‘Total’) is shown by the red thick dashed line in each panel. Panel (c):
small-to-large grain abundance ratio for galaxies (blue long-dashed–short-
dashed line), the IGM (red solid line), and the total (black dotted line). Thin
lines in each panel represent the time evolution of each component without
sputtering (i.e. τ sp(a) → +∞).

both large and small grains are much shorter than the hydrodynami-
cal time-scale, and almost all dust grains that suffer from sputtering
are destroyed on the spot regardless of the grain size.

3.3 Dust mass function

The dust abundance in galaxies can also be expressed in the form
of the dust mass function, which is the distribution function of dust
mass in galaxies, as shown in Fig. 6. We compare the dust mass
function of the simulated galaxies with observed dust mass func-
tions. We have to keep in mind that observational estimates of dust
mass depend on the adopted dust mass absorption coefficient (dust
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PRIMA’s 
PAH range

PRIMA will trace the enrichment history of hydrocarbons in the 
Universe from early appearance to steady state abundance

“First fully self-consistent 
PAH emission in 

hydrodynamical galaxy 
simulations.”



Wistok+ 2023

variations we observe suggest either a physical offset be-
tween the PAHs and large dust grains or wide variations
in the local ultraviolet radiation field. Our observations
demonstrate that differences in the emission from PAH
molecules and large dust grains are a complex result of
localized processes within early galaxies.

We observed the galaxy SPT0418-47 (SPT-S J041839-
4751.9) as part of the Targeting Extremely Magnified
Panchromatic Lensed Arcs and Their Extended Star for-
mation (TEMPLATES) Early Release Science program on
JWST . This galaxy was selected from the 2,500-deg2 South
Pole Telescope catalog8, 9 of sources with dust-like spectra at
millimeter wavelengths. Subsequent observations with the
Atacama Large Millimeter/submillimeter Array (ALMA)
confirmed SPT0418-47 as a z = 4.2248 galaxy magni-
fied by a factor of ⇠30–35 by strong gravitational lensing
into a hallmark Einstein ring morphology by a foreground
galaxy at z = 0.26310–12. Observations of the 158µm fine-
structure line of ionized carbon suggested that this galaxy
is isolated, with kinematics strongly dominated by rota-
tional motions,13 though a re-analysis of existing data and
new JWST imaging14 have identified a merging companion
galaxy with a mass ratio of ⇡1:5. JWST and additional sub-
millimeter wavelength observations both suggest that the gas
in SPT0418-47 has already been enriched in heavy elements
to nearly the solar abundance.15 After correction for the lens-
ing magnification, the star formation rate of SPT0418-47 de-
rived from its infrared (IR) luminosity is 350 ± 60M�/yr
(here and elsewhere the error range quoted corresponds to
a 1� uncertainty), sufficiently high to drive a galaxy-scale
outflow of cold molecular gas from the galaxy.16

We used JWST’s Mid-InfraRed Instrument (MIRI) in
its Medium Resolution Spectroscopy (MRS) mode to ob-
serve the redshifted 3.3µm PAH feature. The 3.3µm
line, the shortest-wavelength PAH feature, arises due to
carbon–hydrogen vibrational modes in the PAH molecules
and is preferentially emitted only by the smallest neutral
PAH molecules (less than ⇡100 carbon atoms).17, 18 The
MIRI/MRS operates as an integral field spectrograph, allow-
ing the PAH emission to be spatially resolved. We processed
the JWST data with the JWST pipeline software, including
additional background subtraction and data artifact removal
techniques (Methods).

Fig. 1 shows the spectrum extracted from the MRS data
cube over an annular aperture matched to the Einstein ring
morphology seen at far-infrared wavelengths. Continuum
emission arising from some combination of starlight and/or
hot dust illuminated by an active galactic nucleus (AGN) is
detected across the bandpass. We identify PAH emission
at rest-frame 3.3µm, detected at integrated signal-to-noise
⇡20. A possible second feature is detected at rest-frame
3.4µm, but the lack of spectral coverage redward of this
feature makes its detection more tentative because the un-

Fl
ux

 D
en

si
ty

 (m
Jy

)

SPT0418-47, z = 4.22

Figure 1: PAH 3.3µm emission from SPT0418-47. The MRS
spectrum is shown at both the native spectral resolution (thin gray
line) and after smoothing to R ⇡ 600 (navy). As a comparison, the
JWST/NIRSpec spectrum of the star-forming nucleus in the low-
redshift merger VV 114 is shown in magenta,23 re-scaled in ampli-
tude to match the MRS spectrum at rest-frame 3.2µm. The dotted
line shows the estimated continuum level, and the shaded channels
illustrate the wavelength range used to create the integrated map of
the PAH emission in Fig. 2.

derlying continuum is poorly constrained. If real, this fea-
ture likely arises from PAHs with an aliphatic (i.e. lacking
aromatic hydrocarbon rings) subgroup, although its origin is
debated.19–21 We see no evidence of absorption due to the
3.1µm water ice feature detected in 30% of low-redshift
IR-luminous galaxies,22 though the limited bandpass again
precludes strong conclusions on this point. We compare to
recent JWST/NIRSpec observations of the star-forming nu-
cleus in the z = 0.02 galaxy merger VV 114, which also
shows strong 3.3µm PAH and 3.4µm aliphatic emission in
addition to strong water absorption.23

As the first space-based mid-infrared integral field unit,
the MIRI/MRS allows the PAH and underlying continuum
emission to be spatially resolved at diffraction-limited 0.6500
angular resolution. We collapsed the MRS data cube over
the line-free spectral channels to create a map of the contin-
uum emission, and used this image to subtract the contin-
uum emission from the channels containing PAH emission
(Methods). Fig. 2 shows the continuum-subtracted 3.3µm
PAH emission and the underlying rest-frame 3.1µm contin-
uum emission. We also compare to archival ALMA imag-
ing of the rest-frame 160µm dust continuum emission at
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Spilker+ 2023 
3.3µm at z=4.2

The Rise of 
Dust in the 

First Few Gyr

@z=6.7!



The “P” in PRIMA is for PAH†

(a) lognormal: N̄H = 2.5× 1022cm−2 (b) lognormal: N̄H = 1× 1023cm−2

Fig 7 Model spectrum of the PAH bands in the PRIMA/FIRESS observing bands at z = 2, 3, 5, 7, 10. The spectrum

is computed from three different lognormal distributions with the same variance (σs = 0.7) and different means.

qPAH= 0.038 is used for all spectra. The purple dashed line and the purple dot-dashed line indicate a 5σ sensitivity

of the PRIMA/FIRESS from 1-hour and 10-hour integration, respectively.

spectrum in Fig. 3 and Fig. 4, respectively. In Panel (a) and (b), two additional spectra with low and
intermediate qPAH value (blue and red solid lines) are shown. As expected, the resulting spectrum
with lower qPAH value has weaker PAH emission in both line and continuum.

2.6 Simulation of the PRIMA/FIRESS spectrum with noise realization

For investigating the science case of the PRIMA/FIRESS to observe PAH emission spectrum from
high-redshift galaxies, we simulate the noise-added spectrum with the spectral channel width spec-
ified in Table 1. A 1σ Gaussian noise based on the 5σ point source sensitivity curve with 1-hour

integration (thick gray dashed lines in Fig. 2(b)) is added to the noiseless model spectrum. Ad-
ditionally, we convolve the model spectrum with the PRIMA/FIRESS spectral response function
(i.e., Gaussian with a finite FWHMix from Bradford et al. (this volume)) to consider a proper

instrumental effect. Here we assume that the noise due to the PRIMA/FIRESS point source sen-
sitivity is larger than a systematic noise due to the effect of slit width (less significant for a point

source) and the background flux confusion noise primarily due to PRIMA’s small (1.8m) mirror
diameter is less significant for the FIRESS spectroscopy because of an additional velocity dimen-
sion as discussed in the conceptual study of the previous FIR spectrometer mission, Origins Space

Telescope.69 All synthetic spectra (Fig. 8) presented in Section 3.2 are the simulations of PAH
emission from a model galaxy with log(LIR/L")= 13.6 (Fig. 7(b)) observed by PRIMA/FIRESS
with 1-hour integration.

ixFWHM for the spectral response function is specified per spectral channel with very small difference between
adjacent channels. However, for simplicity, we use a single averaged value for each band: 0.186, 0.427, 0.761, and
1.32µm for Band 1, 2, 3, and 4, respectively.
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PRIMA will be a high-z PAH machine

Donnelly+ 2024

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: 7KH�6('�RI�D�W\SLFDO�VWDU-IRUPLQJ�JDOD[\��GHPRQVWUDWLQJ�WKH�VKLIW�RI�3$+�HPLVVLRQ�LQWR�WKH�35,0$�
EDQGSDVV�DW�] > �� Right: 35,0$¶V�VSHFWUDO�FRYHUDJH�FRPSOLPHQWV�WKDW�RI�-:67��7KH�PDMRULW\�RI 3$+�SRZHU�VKLIWV�

LQWR�35,0$�DW�] ~ ���%\�] > ���35,0$�FRYHUV�!����RI�3$+�HPLVVLRQ��ZKLOH�-:67�EDQGV�FDSWXUHV����� 

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 

JWST PRIMA

Fraction of PAH power covered



PRIMA will be a high-z PAH machine

Donnelly+ 2024

The rise of dust   Grant Donelly 

PRIMA GO Science Book - 110 - November 2023 

FIRESS follow-up spectroscopy will yield high quality, full-band spectra of 50 luminous galaxies; 
Figure 4 shows two simulated PRIMA/FIRESS detections with realistic noise for two example 
CIGALE model spectra with low and high PAH abundance. 

 

 
)LJXUH����6LPXODWHG�35,0$�),5(66�VSHFWUD�RI�WZR�OXPLQRXV�JDOD[LHV�DW�]�!������ZLWK�UHDOLVWLF�QRLVH�PRGHO�UHIOHFWLQJ�
FXUUHQW�EHVW�HVWLPDWH�),5(66�VHQVLWLYLW\��7KH�RYHUODLG�SRLQWV�LOOXVWUDWH�VHOHFWHG�5������35,0$JHU�K\SHUVSHFWUDO�
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