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1. How did the first stars and 
black holes form?

2. How are metals formed and 
distributed in galaxies?

3. How do galaxies and 
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Origins Space Telescope mission 
concept study report, 2019



Three outstanding questions 

1. How did the first stars and 
black holes form?

2. How are metals formed and 
distributed in galaxies?

3. How do galaxies and 
supermassive black holes 
coevolve?

Origins Space Telescope mission 
concept study report, 2019

What role should IR astronomy play in answering these questions?



The interstellar medium: 
Gateway to understanding galaxy evolution 

Figures adapted from Roebuck et al. 2016 and Goicoechea et al. 2016
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ALMA detected [OIII] at z=9.1!
(Hashimoto+2018)

1. How did the first stars and black holes form?

Most predictions suggest1 that the direct detection of H2 line luminosities for realistic halos
would be challenging, but not impossible, for future cold, large IR telescopes like OST, especially
with gravitational lensing. For example, utilizing strong lensing clusters to provide lensing am-
plifications factors of 6-10 for H2 point-like cores, we have identified a range of DM halo masses
(Fig. 4a) that are common enough at z = 8 to fall within the lensing volume of a small sample of
bright lensing clusters. In such cases, lensing can potentially provide a strong enough H2 signal
to be detectable with currently envisaged large cold FIR sensitive telescopes (Fig. 4b). Finally,
we emphasize that the proposed deep FIR spectroscopic observations will also naturally address
the onset of heavy elements. Small amounts of metal enrichment can shift the cooling from H2 to
metal fine-structure lines (e.g., [Si II]34.8µm, [Fe II]25.99/35.35µm; [CII]158µm; Santoro & Shull
2006), many of which are also observable in the FIR at high-z.

Figure 4: (Left) Dark matter mass function for �-CDM showing the target mass range that provides (at z = 8) approximately 1 halo per 133 Mpc3.
This is ⇠ the co-moving z = 8 sample volume if the lensing caustics of a single rich lensing cluster is observed. (Right) Predictions for 6 and 10 x
lensed (colored lines) and un-lensed (grey lines) for H2 line emission as a function of redshift for a halo of mass 6.9 x 1010 M, extrapolated from the
models of Liu et al. (2019) and Omukai & Kitayama (2003). Also shown is the 5� sensitivity threshold for the Origins Space Telescope concept.
Detection may be possible around z = 8 with lensing.

In summary: The direct detection of H2 in the Universe is vital for the following reasons:
• H2 is an important coolant of shocked gas, including the virialized gas that cools to form

early galaxies. To fully capitalize on this potential, we need to harness both UV absorption from
cool H2, and rotational emission from warm H2 for which models have already proven successful
locally. This exciting science cannot be done with currently planned telescopes.
• The excitation conditions of H2 are strikingly variable in the local Universe, encoding in-

formation on the accretion modality, heating conditions, AGN-driven feedback, and star-forming
molecular reservoirs that is robust against the changing metal and dust abundance in the early Uni-
verse. Full exploitation of the information contained in the multiple H2 cooling lines requires a
very broad, sensitive, spectroscopic FIR wavelength coverage.
•H2 emission/absorption may be the only way to directly probe the gas cooling and feeding the

most massive metal-free dark matter halos and to assess the molecular reservoirs inside dust- and
metal-free star forming regions at the earliest epochs. This goal is within reach for lensed regions
for the next generation of cryogenic FIR telescopes like OST.

1except for very rare DM halo masses in excess of 1012 M� (Liu et al. 2019)
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“H2 emission/absorption may be the only way to directly 
probe the gas cooling and feeding the most massive metal-
free dark matter halos and to assess the molecular 
reservoirs inside dust- and metal-free star forming regions 
at the earliest epochs.”

Appleton et al. 2019, Astro2020 whitepaper



2. How are metals formed and distributed in galaxies?

The Chemical Enrichment History of the Universe 4

employed by current and planned abundance surveys retain the same decades-old systematic uncer-
tainties impacting their conversion to underlying metal abundances. Figure. 1 illustrates this point
dramatically. The celebrated relationship between stellar mass and metallicity in galaxies — which
provides deep insights into the interplay between metal production in stars, metal-rich outflows, and
pristine inflows of fresh material across a wide range of galaxy mass — suffers major systematic
abundance uncertainties depending on the adopted calibration. This results in a nearly unbelievable
situation. We do not yet know whether the gas in the galaxies of today’s Universe is predomi-
nantly super- or sub-solar in its heavy element abundance (e.g., López-Sánchez et al., 2012).

caused by the different H ii region abundance sets that were used
to calibrate the original P01 method and the updated version in
P05.

The direct Temethod is available for only 546/27,730 (2%) of
the galaxies in our SDSS sample. The [O iii] k4363 line is weak
and is usually only observed in metal-poor galaxies. The SDSS
catalog contains very few metal-poor galaxies because they are
intrinsically rare, compact, and faint (e.g., Terlevich et al. 1991;
Masegosa et al. 1994; van Zee 2000). Panel (10) of Figure 1
shows that a total of 477 Temetallicities is insufficient to obtain a
clear M-Z relation. Because we are unable to fit an M-Z relation
using Temetallicities, we do not consider the Temethod further in
this work.

The scatter in the M-Z relation is large for all metallicity cal-
ibrations; the rms residual about the line of best fit is 0.08–0.13.
The cause of the scatter in the M-Z relation is unknown. Our
comparison between the different metallicity calibrations shows
that differing the ionization parameter among galaxies does not
cause or contribute to the scatter. The ionization parameter is
explicitly calculated and taken into account in some metallicity
diagnostics (KD02; KK04; M91), but we do not see a reduction
in scatter for these methods. A full investigation into the scatter
in theM-Z relationwill be presented in S. L. Ellison et al. (2008, in
preparation).

We directly compare the best-fit M-Z curves for the nine
strong-line calibrations in Figure 2, including both P01 and P05.
The top panel shows the rms scatter in metallicity about themean
inmass bins of width!log (M /M!) ¼ 0:2. Themajor difference
between the M-Z curves is their position along the y-axis. The
curves with the largest y-intercept are all photoionization model
based (KK04; Z94; KD02; T04; M91). Among these photo-
ionization model metallicities, the agreement is #0.2 dex. This
agreement is within the margin of error typically cited for these
calibrations (#0.1–0.15 dex for each calibration). Some calibra-
tions consistently agree to within 0.1 dex (e.g., KK04 and Z94;
KD02 and M91). Comparisons between metallicities calculated
using these consistentmethods, such asKD02 andM91, are likely
to be reliable to within 0.1 dex. However, comparisons between
methods that show large disagreement (such as KK04 and P05)
will be contaminated by the large systematic discrepancy between
the calibrations.

The lowest curves in Figure 2 are the M-Z relations derived
using the empirical methods (i.e., P01, P05, and the two PP04
methods). These empirical methods are calibrated predominantly
via fits of the relationship between strong-line ratios and H ii re-
gion Te metallicities. There is considerable variation among the

y-intercept of these Te-basedM-Z relations; the P05method gives
metallicities that are #0.4 dex below the PP04 methods at the
highest masses, despite the fact that both methods are predom-
inantly based on H ii regions with Te metallicities. At the lowest
stellar masses, this difference disappears. The difference between
the empirical methods may be attributed to the different H ii re-
gion samples used to derive the calibrations. At the highest met-
allicities, the PP04methods utilize four H ii regions with detailed

TABLE 2

Robust Fits to the M-Z Relations for the Nine Strong-Line Metallicity Calibrations

ID a b c d rms Residuals

T04 ........................ $0.694114 1.30207 0.00271531 $0.00364112 0.12

Z94 ........................ 72.0142 $20.6826 2.22124 $0.0783089 0.13

KK04..................... 27.7911 $6.94493 0.808097 $0.0301508 0.10

KD02..................... 28.0974 $7.23631 0.850344 $0.0318315 0.10

M91....................... 45.5323 $12.2469 1.32882 $0.0471074 0.11

D02........................ $8.71120 4.15003 $0.322156 0.00818179 0.08

PP04 O3N2........... 32.1488 $8.51258 0.976384 $0.0359763 0.10

PP04 N2................ 23.9049 $5.62784 0.645142 $0.0235065 0.09

P01 ........................ 91.6457 $25.9355 2.67172 $0.0909689 0.12

P05 ........................ 41.9463 $10.3253 1.04371 $0.0347747 0.13

Note.—Robust fits are of the form y ¼ aþ bxþ bx2 þ bx3, where y ¼ log (O/H)þ 12 and x ¼ logM , whereM is the
stellar mass in solar units.

Fig. 2.—Robust best-fitM-Z relations calculated using the different metallicity
calibrations listed in Table 1, except the Te method. The top panel shows the rms
scatter inmetallicity about the best-fit relation for each calibration in 0.1 dex bins of
stellar mass. The y-axis offset, shape, and scatter of the M-Z relation differ sub-
stantially, depending on which metallicity calibration is used.
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Figure 1: The central locus of the modern day mass-
metallicity (MZ) relationship derived from >104 SDSS
galaxies, using a variety of different strong line optical
metallicity measures (colored lines). Abundances tied
to photoionization models are highest, with empirically-
tied calibrations lowest. The gray horizontal line shows
the solar oxygen abundance1, and demonstrates the cur-
rent factor of ⇠3–5⇥ uncertainties in assessing gas phase
metal abundance in the Universe. Adapted from Kewley
& Ellison (2008).

Much of this gross ambiguity in the absolute
abundance scale of the Universe arises from un-
known temperature structure in ionized regions.
Varying assumptions of thermal structure result in
significantly different interpretations of the same
observational inputs. The so-called direct abun-

dance method attempts to address these issues by
utilizing faint “auroral” lines (e.g. [O III]�4363)
to directly assess gas temperature. However,
these lines are rarely detected and disappear al-
together at higher metallicity. They also as-
sume a homogeneous temperature throughout the
nebula, whereas observations of HII regions re-
veal systematic temperature gradients and inho-
mogeneities (see Kewley, 2019 ARAA for a re-
view). At high redshifts, observing optical auro-
ral lines becomes even more challenging, as the
lines move into near-IR windows with high ter-
restrial background. This major ambiguity among
the prevailing optical abundance methodologies
confounds attempts to track the evolving metal
content of galaxies. These issues become partic-
ularly severe when attempting to piece together
evolutionary trends with a patchwork of different
calibrations, as is common.

Rest-frame UV and optical metallicity mea-
sures are also susceptible to dust extinction, lead-
ing to incorrect results and biases against dusty
sources (e.g., Zahid et al., 2014). For tracking the Universe’s enrichment history, this limitation is
compounded by the fact that during the peak of star forming activity (z⇠1–3), most star formation
occurred in dusty, luminous galaxies (e.g., Elbaz et al., 2018). Upcoming and planned facilities will
extend the study of galaxy metal abundance to early epochs, but will necessarily be limited in scope
in terms of numbers, luminosity/mass ranges, and available diagnostic tools. Spectroscopic surveys
with Euclid and WFIRST will assess metallicity in galaxies to z⇠4 using traditional optical and new
UV nebular line tracers (e.g. Byler et al., 2018). JWST, with its highly sensitive mid-infrared spec-
troscopic coverage, will probe galaxy metallicities using these same indicators at faint luminosities

1Assuming 12+log(O/H)�=8.69 (Asplund et al., 2009)

Kewley & Ellison 2008
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Method Name Observations Features z Facilities
Strong UV UV Strong (C,N,O), H/HeRec Ionbal 2–7 Ground 8–30m, JWST

Direct Optical Opt Strong+Weak (O,N), HRec TempIns, Ionbal, ModInd 0–3 Ground 8–30m, JWST
Strong Optical Opt Strong (O,N), HRec Ionbal 0–8 Ground 4–30m, JWST

Direct FIR FIR Strong (O), HRec/FF TempIns, DustIns, ModInd 0–8 FIRSurv/ALMA, JWST/ngVLA
Modeled IR IR Strong (O+N,Ne+S) TempIns, DustIns 0–6 JWST, FIRSurv

Dust-Metals IR Dust (PAH) DustIns 0–6 JWST, FIRSurv

Strong=Strong Collisional Lines, Weak=Weak/Auroral Collisional Lines, HRec=Hydrogen Recombination Lines, HeRec=Helium Recomb.
Lines, FF=Free-Free Continuum Emission, Ionbal=Directly measures Ionization Balance, ModInd=Independent of Photo-ionization Models,
TempIns=Insensitive to Unknown Temperature Variations, DustIns=Insensitive to Moderate Dust Extinction, FIRSurv=A Space Far-Infrared Spec-
troscopic Survey Facility, PAH=Polycyclic Aromatic Hydrocarbon Bands and Band Ratios

Table 1: A suite of UV-FIR abundance measurements for the gas within galaxies applicable to studying the chemical
enrichment history of the Universe. Key features, observational inputs and approximate observable redshift range for
the associated facilities are included.

to higher redshifts over limited areas (Windhorst & Cohen, 2010). Moreover, JWST will be able
to observe faint optical auroral lines to z⇠ 3 in bright sources and determine direct metallicities to
help validate strong-line calibrations at high redshifts, where ISM conditions may vary significantly.
These missions will provide an important and powerful first glimpse of the relative trends of metal
content in modest samples of galaxies across cosmic time.

Towards a Complete Metal Enrichment History of the Universe
There remain significant hurdles in our attempts to chart the rise of metals from the nearly pris-
tine proto-galaxies driving the epoch of reionization to the massive and metal rich galaxies where
most stars reside today. Maiolino & Mannucci (2019) present a recent and comprehensive review of
metal abundance methodologies for stars and gas in galaxies as well as the CGM, and emphasize the
need for unbiased absolute abundances in charting cosmic chemical evolution. Fulfilling this need
requires a suite of tools that 1) overcome temperature, ionization, and other sensitivities to target
absolute abundances that relate to well-determined reference values like the solar oxygen abun-
dance; 2) are inter-comparable, using cross-calibration to control for, e.g., variability in relative
abundances between atomic species that can result from differences in star formation history, etc.;
and 3) are insensitive to dust absorption by penetrating moderate to large dust columns or through
self-assessing the impact of attenuation on the reliability of their results. Furthermore, while in the
local universe at Z&1/5Z� a constant ⇠40% of metals are depleted onto dust grains, there is grow-
ing evidence of non-linearity in the dust-to-metal ratio at low abundance (e.g. Rémy-Ruyer et al.,
2014; De Vis et al., 2019), so independent assessment of metal depletion through dust emission
modeling will be important as well. Here we outline new methods which can meet these needs.
Table 1 summarizes a suite of UV to FIR abundance tools applicable to cosmic enrichment.

Infrared Diagnostics: Since they arise from low-lying states that are readily excited in the
ionized gas of galaxies, and are thus temperature-insensitive, the far-infrared ground-state fine
structure transitions of the dominant ionized coolants can sidestep the long-standing impact of
temperature uncertainty on gas metal-abundance measures. The fine structure ground-state levels
of an ion like O++, for example, produce similar line emission for any gas temperature above a

few 100K.2 This is an incredibly powerful property of the FIR lines, and is the key to their potential
as metal abundance tracers (see, e.g., Croxall et al., 2013; Rigopoulou et al., 2018). Addition-
ally, these infrared lines are typically among the most luminous, or even the brightest line a galaxy

2H II regions range in electron temperature from 5–20 kK.

Smith et al. 2019 Astro2020 whitepaper

Compilation by J.D. Smith



3. How do galaxies and supermassive black holes coevolve?

Need to make simultaneous 
measurements of the SFR and 
the BHAR in the same galaxies.

Only the infrared can do this!

Pope et al. 2019 Astro2020 whitepaper



JWST will extend these powerful MIR diagnostics to 
z~1-2 and begin to spatially resolve 

NGC 1068, Le Floc’h et al. 2001
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Order-of-magnitude gap in 
wavelength coverage 

between JWST and ALMA 
hiding the rich array of 

spectral lines.

Small probe missions such 
as GEP can make

important progress on 
these outstanding science

questions.

Origins Space Telescope
has the sensitivity to 

follow these diagnostics 
over all cosmic time. 
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