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4 What is the big-picture billion dollar question?

4 What instrument capabilities are needed to address the above?

4 What current or planned missions are needed to complement the above?
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Cosmic Origins & Physics of the Cosmos Roadmaps

How Dip WE GET HERE? How DoOES OUR UNIVERSE WORK?
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Figure 3.16 Schematic of the Cosmic Ormgins Roadmap, with science themes along the to :
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and a possible mission sequence across the bottom. Credit: F. Reddy (NASA/GSFC)
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Cosmic Origins Physics of the Cosmos Roadmaps
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JWST Discovery of Little Red Dots

—— Local relation, Reines & Volonteri 2015
- Local relation, Greene+2020
Harikane+ 2023, z~4-7
Maiolino+ 2023, z~4-7
+ Ubler+ 2023, z~5.5
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(see Matthee+24, Greene+24, and others) (see Pacucci+23, Bogdan+24, and others)

[ RDs have exposed just how incomplete our picture of black hole growth really is.
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Black Hole Demographics

...and the missing populations

o ———
. g

SDSS DR16 quasars (N=750,414) DESI DR1 BL-AGN (N=17,949) GWTC-5 progenitors (N=780) GWTC-5 remnants (N=390)
Dynamical SMBH (N=117) Dynamical IMBH (N=13) RV/wide-binary BH (N=9) Dynamical XRB (N=21) This work (N=915)

stellar-mass BH IMBH SMBH
Mgy < 102 M 10%--10°M ¢ Mgy > 10°M

GW150914 S5 0014+81
Cyg X-1 RGG 118 M87

10° 10 10° 10 10¢ 10° 10+° 10
Black hole mass, Mgn/M 4
(Guo+ including VU, to be submitted; also see Burke and Natarajan 2026)
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Bridging the Gaps

Tk

BH Source

IMBHs

Obscured AGN

Binary SMBHs

Evolutionary Stage

Missing Seeds

Hidden Accretion

Dynamical Endpoint

Challenge

Low-luminosity signature

Shrouded in dust

Close separation

High spatial & spectral

Required Capability th/ﬁr%t:]c?: tLTz_i%:r;g'San high resolution mid-/far-IR (and I\/Iultlmesgﬁg\glyve_LGW/ =M
JNpULSp 24 sensitive hard X-ray) P
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A Multiwavelength Perspective of Obscured AGN

* Host starlight dominates UV /

optical in high obscuration cases

 Hard X-rays penetrate gas; mid/far-

Obscuration —

IR traces reprocessed dust

continuum

* Far-IR is essential for uncovering

AGN dominance ——

the most heavily dust-enshrouded

AGN dominance AGN dominance AGN dominance AGN dominance (Hickox and Alexander 2018)

Obscuration
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STM: Recovering Obscured AGN in the FIR

* Science Objective: Identify obscured AGN to

complete the BH census across cosmic time

 Physical Parameters: Detect and resolve compact

sources to measure size, mass, humber density, and

kKinematics

* Observables: IR continuum and high ionization

emission lines (e.g. [O IV], [Ne V]) via line fluxes and

: : (Ramos Almeida and Ricci 2017)
velocity profiles

 Potential Challenges: Far-IR observations suffer

source confusion driven by the diffraction limit
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From Mid-IR Breakthroughs to Far-IR Frontiers

Vivian U

/ The Mid-IR Benchmark

e JWST uncovered LRDs

* High spatial resolution isolates
compact nuclear sources

Qnd kinematic diagnostics

~

e High spectral resolution (R = 3000)
enables line width characterization

/

/ The Far-IR Imperative \

* Probes cold dust and peak continuum

* Extends local studies to higher
redshifts

* Motivates technical capabilities to
enable high spatial and spectral

Qesolution in the long wavelengths J

Quantify FIR detection limits and AGN recovery rates to
Inform the design and requirements of future missions
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@ Far-InfraRed Extragalactic Survey and Instrument Design Exploration
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Tools

Simulated FIR lines
for a range of AGN
and galaxy properties

from Powdery + Slick
Line detectability for

&
<
i y , obscured AGN, gas,
Empirical galaxy+AGN Empirical IR line LFs dust, and metals

IR LFs from scaling relations

Photoionization
model grid based on
empirical limits for
FIR lines

Cosmological Sims of
FIR skies from S
enhanced SIDES

Mock FIR galaxy
catalogs (with AGN)
and sky images

Future FIR telescope /

> Instrument model

Empirical

Sajina (Tufts/Toronto), Vidal (Tufts), Patil (JHU/NRAO),
Petric (STScl), Yung (STScl/NTHU), Kader (Caltech/
IPAC), Ferkinhoff (WSU), Pohl (WSU), Garcia (UIUC),
and the FIRESIDE Collaboration
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(, FIRESIDE enables FIR mission concept tradeoff studies

FIR lines probe understudied regimes of SF and SMBH growth across cosmic time.
FIRESIDE will provide FIR predictions for various mission concepts & survey designs.

Arp 220 ULIRG template - z=2 - PRIMA instrument coverage

Rest-frame wavelengtl M

FIRESS

PRIMAger LW

PRIMAger SW O =

O
Herschel SPIRE

'Hepethel PACS

F, (Jy, local Arp 220)

—— Spitzer/IRS (Brown+2014) Herschel PACS (55-210 um) PAH features
] IRAS phot. Herschel SPIRE (194-672 um) lonized fine-structure
® Herschel PACS (Rangwala+2011) PRIMAger SW (25-80 um) Neutral / low-ion.
& Herschel SPIRE (Rangwala+2011) PRIMAger LW (80-264 um) Molecular (H:20)
2-T MBB fit to phot. (T=51+20 K, B=2) FIRESS (26-235 um)
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Observed wavelength (um) at z=2
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A New Approach toward Line LF: Joint Multi-line Lum per Galaxy

N galaxies per cell,
each w/ library of L

line

(L., L L L z)

IR” “AGN’ "~ line,IR” " line,AGN’ 1

L., L L L , Z
Step 3: calculate L. from AGN ( IR” “AGN’ " line,IR” " line,AGN )
and SF, using line-luminosity

relations:

2

Lgal,[CII] = LIR T Cgal,[CII]

: =L +cC
Step 1: each cell contains mean L ,L AGN,[CII] AN AGN,[CII] L1 /i /i

IR “AGN’ "~ line, IR’ "~ line,AGN’ Z)

N

= +
(SLe> <Ly o> ZIM, ., 2, ) Lines = Lie * Cine, .

Step 2: Take galaxy w/ (L, L, ), randomly drawn
from joint distribution P(logL _,loglL

AGN)ceII
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logyp (® [Mpc—3 dex~1])

Preliminary Results: MC-sampled (correlated) line LFs
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e PAH 7.7 pm
[S V] 10.49 pm

— Hz 12.28 pm
== [O 11I] 51.81 pm

— [0 Ill] 88.36 um
e [C 1] 157.7 pm

[Ne V] 14.32 um - [0 IV] 25.89 pm

Vivian U Ad ASTRA

vivianu@ipac.caltech.edu


mailto:vivianu@ipac.caltech.edu

Preliminary Results: N sources detected w/ F,. > Fs,

Line detections vs integration time (rows = telescope; galaxies detected per line >50)
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@% Preliminary Results: N sources detected in ALL lines of a set S

PRIMA / FIRESS: Nget(S) Origins / OSS: Nget(S)
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- The 2030s Multi-Messenger and Multi-Wavelength Landscape

= = e e —— pE— _—a——m—— —— —=

4 What is the big-picture billion dollar question?
How do SMBHs seed and grow?

4 What instrument capabilities are needed to address the above?

The synergy of gravitational wave detectors, high UV sensitivity large
aperture-mirror with stable PSF, high spatial and spectral resolution in the FIR

4 What current or planned missions are needed to complement the above?
LISA / PTA, HWO, and a far-infrared flagship mission
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