
Review ARticle
https://doi.org/10.1038/s41550-020-1106-3

1IPAC, California Institute of Technology, Pasadena, CA, USA. 2Department of Physics, University of Crete, Heraklion, Greece. 3Institute of Astrophysics, 
Foundation for Research and Technology-Hellas, Heraklion, Greece. 4California Institute of Technology, Pasadena, CA, USA. ✉e-mail: lee@ipac.caltech.edu

The Infrared Astronomical Satellite (IRAS) provided the first 
unbiased survey of the sky at mid and far-infrared wave-
lengths, giving us a comprehensive census of the infrared 

emission from galaxies in the local Universe1. One of the major dis-
coveries from IRAS was of a population of extremely luminous, or 
‘ultraluminous’ infrared galaxies (ULIRGs) in the local Universe2 
having infrared luminosities exceeding a trillion times the luminos-
ity of the Sun (LIR > 1012 L☉). ULIRGs have the power output of 
quasars, yet they can emit more than 90% of their luminosity in 
the far-infrared, often showing an enormous peak in their spectral 
energy distributions between 50–100 µm from thermal re-radiation 
of high energy photons absorbed by dust3 (Fig. 1). The implied star 
formation rates in ULIRGs are truly astonishing, reaching levels of 
more than 100 M☉ yr–1 (ref. 4,5), more than two orders of magnitude 
larger than what is seen in a spiral galaxy such as the Milky Way.

Many of the nearest ULIRGs live in well-studied galaxies, but 
until their immense far-infrared power was revealed by IRAS, 
their true nature, and numbers, were unknown. The IRAS Bright 
Galaxy Sample (BGS)6 contained the first statistically complete, 
flux-limited sample of far-infrared selected galaxies. The Revised 
Bright Galaxy Sample (RBGS)7 later extended the sample to 629 
objects covering the entire high Galactic latitude sky. Of the 629 gal-
axies in the RBGS, there are only 22 ULIRGs yet they have a space 
density that is almost twice that of optically selected quasars, the 
only other known objects with comparable bolometric luminosities 
in the local Universe8.

Besides their far-infrared excess, ULIRGs stand out in terms 
of their unique stellar morphologies. Arp 220, the 220th entry in 
the Atlas of Peculiar Galaxies9 and the nearest ULIRG at 82 Mpc, 
is a distorted, late-stage galactic merger, with a double nucleus and  
faint tidal tails. This is common among ULIRGs, which often  
display sweeping stellar tidal tails and double nuclei10,11 (Fig. 2).  
In ULIRGs, the merger of two, gas-rich spiral galaxies has driven 
gas and dust toward the remnant nuclei, fuelling a massive starburst 
and the central supermassive black hole. Models indicate that these 
mergers happen relatively quickly, on the order of a Gyr, as dynami-
cal friction drives two or more galaxies to merge into a single rem-
nant system12.

Because the dust in ULIRGs absorbs most of the ultraviolet (UV) 
and optical light from their nuclei, traditional spectroscopic tools 
are often challenged to answer a fundamental question—what is 
the nature of their immense power. Since the implied star forma-
tion rates are so large compared to normal galaxies, distinguishing 
between hot young stars and an accreting supermassive black hole is 
of primary importance. Optical spectra have often yielded ambigu-
ous results or evidence for young stellar populations and substantial 
obscuration13. Near-infrared imaging from the ground and space 
(for example, with the Hubble Space Telescope (HST))14 revealed 
very red nuclei consistent with either compact starbursts or active 
galactic nuclei (AGNs) hidden behind large columns of dust11,15–17. 
Near-infrared spectroscopy was used to find broad lines and high 
excitation emission features indicative of buried AGNs in some 
ULIRGs, as well as to probe the starburst populations and shocked 
gas in a number of systems18–22. Similarly, L band, 3 μm spectroscopy 
from the ground23–25 and from space using the AKARI telescope26 
was also shown to be effective in classifying starburst and AGN 
emission and studying the interstellar medium (ISM) in dusty gal-
axies and ULIRGs27–29. In the most extreme cases, ULIRG nuclei can 
appear optically thick well into the millimetre regime30, revealing 
the tell-tale signs of a starburst in the radio31. Mid-infrared spec-
troscopy can penetrate the dust, and provides access to a rich suite 
of diagnostic lines of the atomic and molecular ISM. It therefore 
provides a formidable tool for studying the physical properties in 
the obscured regions of galaxies, including their nuclei. In partic-
ular, the ability of mid-infrared spectroscopy to reveal the power 
sources in dusty galaxies was first demonstrated by observations 
from the ground in the 10 μm atmospheric window32,33.

The European Space Agency (ESA)’s Infrared Space Observatory 
(ISO) gave us our first space-based mid-infrared images and spectra 
of ULIRGs. ISO operated from 1995–1998, and employed a suite of 
photometric, imaging and spectroscopic instruments covering 2.5–
240 μm (ref. 34). The power of infrared observations to peer through 
the veil of dust to reveal the structure of merging galaxies was shown 
dramatically with ISO images of the Antennae (Arp 244). A signifi-
cant fraction (~15%) of the mid-infrared emission in the Antennae 
arises from a compact, 50 pc starburst located between the two 
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merging galaxies35. More importantly for this Review, the spectro-
scopic capabilities of ISO were used to measure the fine-structure 
lines and dust features in local ULIRGs, normal star-forming, and 
active galaxies, creating the first mid-infrared spectral diagnostic 
diagrams36–41. However, the ISO spectra were, in many cases, capa-
ble of providing only upper limits for key, faint diagnostic emission 
lines even in low-redshift ULIRGs, limiting estimates of the ioniza-
tion of the gas and the nature of the central power sources.

Spitzer, the last of NASA’s Great Observatories, contained instru-
ments covering 3.6–160 μm; the Infrared Array Camera (IRAC)42, 
the Multiband Imaging Photometer for Spitzer (MIPS)43, and the 
Infrared Spectrograph (IRS)44. Spitzer provided a huge leap in capa-
bilities over all previous infrared space missions in terms of sen-
sitivity by combining a cryogenic telescope, large format infrared 
arrays and a unique, Earth-trailing orbit45,46. The use of large format 
arrays, enabled both wide area imaging surveys in the mid- and 
far-infrared, as well as deep mid-infrared spectroscopy of large 
numbers of galaxies. This resulted in a renewed focus on the nuclei 
of the most dusty galaxies in the local Universe, the discovery of 
populations of faint sources at high-redshifts, and our first look at 
their underlying properties47.

In this Review, we focus on the advances in our understanding of 
luminous infrared galaxies (LIRGs) at low and high redshift brought 
about through mid-infrared spectroscopy with the IRS on Spitzer. 
Other articles in this volume explore a range of science topics, as 
well as additional contributions made toward understanding active 
and starburst galaxies with Spitzer, over the course of the mission.

Power sources, the ISm and fast outflows in local uLIrGs
The sensitivity and stability of the IRS and Spitzer provided 
an unprecedented look at the nuclei of dusty galaxies in the 
mid-infrared48–50. The first results from Spitzer on local ULIRGs 
naturally focused on exploiting the sensitivity and wavelength cov-
erage of the IRS to disentangle starbursts from AGNs as the power 
source behind the far-infrared emission. While it was clear from the 
spectral energy distribution (SED) shapes that most of the energy 
in the far-infrared was thermal emission from dust at temperatures 
of ~30–100K, the ultimate source of the high energy photons in 
ULIRGs had always been under debate.

IRS spectra of ULIRGs in the Bright Galaxy Sample51,52 revealed 
a wide range of ionization in the atomic gas around the nuclei, 
with strong atomic emission lines of [OIV], [NeIII], [SIII], [NeII], 
[SiII], [FeII] and others, covering the 5–38 µm range (Fig. 3). In 
some sources (for example, UGC 5101 and NGC 6240), lines from 
extremely highly ionized gas (for example, [NeV]) indicative of 
ionization by a central AGN, were seen for the first time53. Most 
ULIRGs showed strong, resolved emission features of polycyclic 
aromatic hydrocarbons (PAHs) at 6.2, 7.7, 8.6, 11.3 and 12.7 µm, 
with weaker features at 14.2, 16.4, and 17.4 µm. PAH emission arises 
from the bending and stretching modes of small grains with tens to 
hundreds of carbon atoms, stochastically heated by UV photons54–56. 
The broad PAH features are often the strongest emission features in 
the infrared spectra of star-forming galaxies57–59, sometimes respon-
sible for 10% or more of the total infrared emission. The flux ratios 
of various PAH features can reveal trends in the average ionization 
state and size of these grains54,59,60. For the ULIRGs, diagnostic dia-
grams using ratios of pairs of atomic emission lines spanning a range 
in ionization potential (for example, [OIV]/[NeII] or [NeV]/[NeII]) 
together with the strengths of the PAH feature relative to the warm 
dust continuum (the PAH equivalent width) proved extremely 
effective in separating sources powered by young stars from those 
powered by buried AGNs. Estimates of the infrared luminos-
ity contributed by an AGN covered the full range from <10% to 
nearly 100%, immediately showing the diversity of the population. 
Composite sources, where both starbursts and AGNs contribute to 
the far-infrared emission, were common among ULIRGs, suggesting  

that the central supermassive black holes and the host galaxies were 
growing together during the merger process, effectively ruling out 
simple models where the AGN only turns on at the latest stages after 
the merger-induced starburst is in decline.

Much larger samples of low-redshift ULIRGs studied with the 
IRS confirmed these initial impressions, showing that while star for-
mation was the dominant power source in most (~70–80%), AGNs 
were evident in nearly half of the sources studied61 and in significant 
numbers of sources not classified as AGNs via their optical spec-
tra62,63. In many cases, the PAH feature strengths and the spectral 
shapes were sufficient to classify ULIRGs in terms of the dominant 
power source, a property found to be crucial for studies of high-z 
sources. Far-infrared cold ULIRGs (those with IRAS flux densities 
S25/S60 < 0.2), tended to have larger PAH equivalent width than 
far infrared warm sources64, yet, on average, they had values that 
were only about 50% of those seen in pure starburst galaxies58. In 
some cases, these far-infrared cold ULIRGs also had LINER or 
Seyfert-like optical spectra, and many had deep, 9.7 μm silicate 
absorption features. Using multiple line and continuum diagnostics, 
the average AGN contribution in ULIRGs was estimated at 30–40% 
(ref. 65), showing that both rapid star formation and feeding of the 
supermassive black hole were common, but that the AGN activity 
was stochastic in nature.

The classical emission line ratio and PAH equivalent width 
classification diagrams were extensively used to understand local 
ULIRGs with the IRS. Furthermore, the quality of the data and the 
large samples available for study, spawned new tools and methods 
to diagnose ULIRGs. The fact that most ULIRGs were distributed 
along one of two branches of a diagram involving silicate absorp-
tion depth and PAH equivalent width66 is consistent with the pres-
ence of a smooth distribution of circumnuclear dust, in addition to 
a clumpy medium surrounding the central power source67,68.

While a quantitative understanding of the nuclear power sources 
within large samples of ULIRGs was a triumph of Spitzer, the rich-
ness of the data led to many other discoveries about the proper-
ties of the gas and dust in the circumnuclear ISM of these galaxies. 
Emission lines from warm (>200 K) molecular gas were abundant 
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Fig. 1 | multicomponent fit to the infrared spectral energy distribution 
(SeD) of the nearest uLIrG, Arp 220. Spitzer IRS spectra (black line) are 
combined with ground and space-based photometry (black points), with 
1σ error bars shown. Dust and stellar components are highlighted, as is the 
total fit in orange. The dominant, broad peak from warm dust centered at 
~80 μm is typical of many ULIRGs. Figure adapted with permission from  
ref. 52, AAS.
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in ULIRG spectra, with most galaxies exhibiting multiple pure rota-
tional H2 lines in the mid-infrared. Multi-temperature fits were 
often required to fit the line ratios, indicating large reservoirs, 
~108–109 M☉ of warm (300–500 K) molecular gas52,53,69,70. That 
ULIRGs contained abundant cold molecular gas (above 109–1010 
M☉ in some cases) had been known11,71, but the detection of large 
amounts of warm H2, sometimes a significant fraction of the cold 
gas within the central kpc, was an indication that young stars and an 
AGN were depositing a significant amount of energy back into the 
star-forming ISM.

The IRS spectra also revealed that the apparent optical depths 
towards the central sources in ULIRGs, as measured from the sili-
cate absorption features at 9.7 and 18 μm, varied among ULIRGs 
but could be quite large, ranging from a few to nearly 100 mag-
nitudes in AV (an optical depth of unity at 9.7 μm corresponds to 
an AV ≈ 19 mag (ref. 72). Modelling of the IRS spectra suggested 
that ULIRGs with deep silicate absorption were likely harbouring 
nuclear sources that were both optically and geometrically thick73, 
and that the strength and ratio of the 9.7 and 18 μm features could 
help constrain the geometry and the dust chemistry74. Water ice, 
CO, CO2, C2H2, HCN and hydrocarbon absorption features were 
seen to be common50,52 and indicative of a warm and extremely 
dense molecular ISM—a high-pressure phase of massive star forma-
tion75 seen over kpc scales. In some deeply obscured local ULIRGs, 
detailed fitting of the silicate absorption profiles showed evidence 
for large ratios of crystalline to amorphous silicates74,76. Since crys-
talline silicates are injected into the ISM by massive evolved stars, 
yet undergo rapid transition to an amorphous phase from interac-
tions with cosmic rays in the ISM77, these detections suggested a 
high rate of crystalline silicate injection and relatively young star-
bursts, and an interesting ‘spectral clock’ against which to track the 
merger-induced star formation in these galaxies.

Despite a relatively modest spectral resolving power and the lim-
ited spatial resolution of Spitzer, in some cases the IRS was effective 
at probing the kinematics of the ionized atomic gas in the circum-
nuclear environments of local ULIRGs. In particular, studies of the 
Ne fine structure lines in high resolution IRS data provided evi-
dence for high velocity gas, in the form of blueshifted line centroids 
and/or broad blueshifted line wings, in a significant fraction of local 
ULIRGs (Fig. 4,78,79). In some cases, the gas was shown to reach 
velocities of up to ~3,000 km s–1 with respect to the systemic velocity 
of the galaxy. The blueshifted gas was most evident in higher ioniza-
tion species ([NeIII] and [NeV]) in the AGN-dominated sources, 
suggesting AGN-powered outflows. The ubiquity of evidence  

for feedback on the molecular ISM in LIRGs also became obvi-
ous through observations of significant numbers of sources with 
enhanced warm molecular gas (H2) emission above and beyond that 
expected from heating by young stars80. Correlations between excess 
H2 emission and optical and near-IR shock tracers in ULIRGs81 fur-
ther strengthened this link. In fact, the most striking feature of the 
Spitzer spectrum of the nearby merging ULIRG NGC 6240, which 
is known to harbour a starburst-driven outflow and widespread 
shocks82,83, is the strength of the seven H2 emission lines seen in the 
IRS data53. While NGC6240 has unusually luminous H2 emission 
for a galaxy, the most extreme example of a nearly pure H2 spectrum 
was seen in the IRS spectrum of the intergalactic shock in the merg-
ing group, Stephan’s Quintet84. Some of the enhanced H2 emission 
seen in nearby galaxies also seemed to be tied to the presence of 
an AGN, since warmer molecular gas and broader lines were asso-
ciated with galaxies showing AGN signatures in their spectra85,86. 
Regardless of the source, the excess H2 emission was evidence for 
direct energetic and mechanical feedback on the circumnuclear 
star-forming ISM.

Large-scale galactic outflows have been measured in LIRGs 
through spatially and spectrally resolved studies of atomic optical 
emission and absorption features13,83,87–90. Similarly, integral field 
studies with large ground-based telescopes have resolved outflows 
and shocks in the near-infrared91–93, and interferometric observa-
tions have revealed outflows in the cold, dense ISM probed in CO 
and other tracers94–96. The discovery of massive, fast-moving molec-
ular outflows in local ULIRGs, most with implied outflow rates well 
over 100 M☉ yr–1 as estimated from blueshifted molecular absorption 
lines, were a signature result of ESA’s Herschel Space Telescope97–102. 
Herschel, which operated from 2009–2013, coincident with the 
Spitzer Warm Mission, carried a suite of powerful far-infrared and 
submillimetre instruments103, and made groundbreaking discover-
ies in a wide range of areas from the Solar System to star formation in 
the Milky Way to the nature and distribution of the dusty, luminous 
galaxies at cosmic noon. These results, along with other detailed 
studies of low-redshift starbursts104–106 and nearby AGNs107 together 
with studies of high-z quasars108 have shown that outflows may be a 
key component of galactic evolution, important for quenching star 
formation and for distributing dust and metals inside galaxies, and 
into the circumgalactic and intergalactic medium109. Spitzer played 
a key role in the study of these multi-phase winds, and showed that 
mid-infrared spectroscopy was a valuable tool for penetrating the 
dust, and probing the high velocity atomic and warm molecular gas, 
as well as the dust in the cores of local ULIRGs.

a b c

5 kpc 5 kpc 5 kpc

Fig. 2 | Hubble Space Telescope images of three nearby uLIrGs. a–c, These B and I-band colour composite images display the stellar tidal tails and 
complex morphologies indicative of late-stage galactic mergers in Arp 220 (a), NGC 6240 (b) and Mrk 273 (c). All images are north up, east to the left. 
Projected linear scales of 5 kpc are indicated in each frame. Credit: Mikulski Archive for Space Telescopes.
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Connecting uLIrGs to normal galaxies
In the local Universe, ULIRGs are quite rare. However, LIRGs (with 
LIR > 1011 L☉), while still energetic compared to most normal galax-
ies, are much more common. Nearly a third of the brightest infrared 
galaxies in the sky are LIRGs. The space density of LIRGs is well 
in excess of what is found in the optical for normal galaxies110 of 
comparable luminosity, but is comparable to that of local Seyfert 
galaxies. Major mergers are common among LIRGs, accounting for 
~60% of the systems111,112. LIRGs also play an important role in the 
infrared emission from galaxies at z ≈ 1–2. From deep and wide 
surveys with Spitzer and Herschel, it has been shown that LIRGs 
dominate the far-infrared background by z ≈ 1 (refs. 113–115). LIRGs 
provide a link between ULIRGs and normal galaxies, and a way to 
understand the range of processes operating in the majority of dusty 
galaxies when the Universe was about half its current age.

The Great Observatories LIRG Survey116 was a Legacy program 
designed to obtain Spitzer IRS spectroscopy (to be combined with 
complete IRAC and MIPS imaging) of all 202 far-infrared selected 
LIRGs (consisting of 244 individual nuclei) in the RBGS. Critical 
for GOALS was the direct comparison of the Spitzer data to a wide 
range of ancillary data from the X-ray through to the millimetre 
regimes from NASA’s Great Observatories, as well as other space 
missions (for example, GALEX117), as well as powerful telescopes 
on the ground. As had been done with ULIRGs, the first LIRG 
studies with Spitzer focused on measuring the source of their infra-
red power. Most of the energy in LIRGs appeared to come from 
young stars—a minority (<20%) had direct signatures of AGNs 
and less than 10% appeared to be AGN-dominated118. The IRS 
high-resolution data provided key parameters of the enhanced star 
formation occurring in LIRGs, suggesting young 1–5 Myr starbursts 
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with near Solar metallicities and average gas densities of about 300 
cm–3 (ref. 119). As had been shown for low-luminosity galaxies120, 
emission from the mid-infrared neon and sulfur fine structure 
lines provided accurate measures of the total star formation rates in 
LIRGs, which ranged from ~10–100 M☉ yr–1. Both the silicate opti-
cal depth and the fraction of hot dust were seen to rise among late 
stage mergers as were the number of LIRGs with both starburst and 
AGN signatures112. The former is consistent with the merger driving 
gas and dust towards the remnant nuclei, while the latter shows that 
the merger process is important for the co-evolution of galaxies and 
their central black holes.

While the Spitzer data provided only modest spatial resolution at 
the distances of local ULIRGs, it was possible to measure the extent 
of the mid-infrared emission as a function of wavelength, merger 
stage and bolometric luminosity using the two-dimensional IRS 
spectra of the GOALS sample121–122. In the mid-infrared, ULIRGs 
showed spatial extents that were 2–3 times smaller than in LIRGs, 
with core sizes of less than 2 kpc, implying extremely high lumi-
nosity densities. These same authors also found that most of the 
diversity seen among LIRGs and ULIRGs is restricted to the nuclear, 
core emission, both in terms of emission lines and warm dust, and 
that the extended, several kpc emission, including the PAH emis-
sion, was comparable to the quiescent star formation seen in normal 
spiral galaxies. The disk spectra also resembled high-z star-forming 
galaxies studied with Spitzer. The extremely compact nature of the 
infrared emission in some local ULIRGs was previously known 
from mid-infrared images taken with large ground-based tele-
scopes123,124. These authors were able to identify a number of local 
ULIRGs where the extreme luminosity density and increase of the 
apparent size versus wavelength strongly suggested an unresolved 
heating source, that is, an AGN. The Spitzer data were not able to 
strongly constrain the energy sources directly, but these data did 
confirm the correlation with IR luminosity, merger stage and spec-
tral type. This connection between compactness, luminosity and 
spectral shape for low-redshift LIRGs and ULIRGs also played an 
important role in helping to understand the properties of LIRGs, 
measured with Spitzer and Herschel, at high redshift125.

Spitzer was not equipped with a set of narrow band filters in the 
mid-infrared, but IRS spectral mapping mode was effectively used 
to create images of merging LIRGs and ULIRGs in key diagnos-
tic features by using the telescope to step the IRS long-slit spectra 
across a target and build up a three-dimensional spectral cube. IRS 
spectral mapping of a 9 kpc region in the merging LIRG, Arp 299 
(IC 694 + NGC 3690)126, showed clear spectral variations across the 
system, pinpointing a compact, highly obscured starburst in IC 694, 
star formation in the overlap region between the merging galax-
ies, and the location of a buried AGN in NGC 3690. Similarly, an 
IRS mapping study of a sequence of major mergers127 found buried 
starbursts in the disk overlap regions, and large spatial variations 
in the warm molecular gas to dust content and PAH band ratios 
within LIRGs, suggesting a range of heating conditions. Imaging 
with IRAC and MIPS coupled with IRS spectroscopy of the merging 
LIRG, II Zw 096 (ref. 128) showed that nearly 80% of the total infra-
red emission was coming from an extremely compact source, less 
than a few hundred parsecs across. This emission region was not 
associated with either galactic nucleus, and was completely hidden 
from view in the UV. It was reminiscent of the off-nuclear starburst 
seen in the Antennae galaxies with ISO35, but more than an order 
of magnitude more luminous. These spectacular examples showed 
that rapid gas accretion and the evolving dynamical forces in merg-
ing galaxies could lead to complex environments of dust and gas 
best traced in the infrared.

That the UV is a poor tracer of the global star formation in 
LIRGs and ULIRGs is well known, but the combination of data from 
Spitzer and the Galaxy Evolution Explorer (GALEX)129 allowed for 
the first robust, quantitative estimate of the magnitude of this effect 

in a large galaxy sample spanning more than an order of magnitude 
in IR and UV luminosity. These authors found that among local 
LIRGs and ULIRGs, the contribution of the far-UV flux to the star 
formation was, on average, less than 5% of the star formation seen in 
the far-infrared. Surprisingly, about 30% of the resolved galaxy pairs 
showed one galaxy producing nearly all of the infrared emission, 
with the other producing most of the UV light (an example of one 
such system, VV340, is highlighted by Armus et al.116). This has pro-
found implications for interpreting the combined spectral energy 
distributions of merging galaxies at high redshift, where measure-
ments over large projected areas can produce misleading results by 
mixing distinct stellar populations both spatially and spectrally into 
a single beam130.

With the IRS on Spitzer it was possible to push the study of 
LIRGs beyond the local Universe to reach redshifts of z ≈ 0.5–1, 
where LIRGs begin to dominate the far-infrared background. 
In a sample of over 300 LIRGs selected to have S24 > 5 mJy from 
a number of Spitzer survey fields (the 5 mJy Unbiased Spitzer 
Extragalactic Survey (5MUSES)131) nearly equal numbers of star-
burst and AGN-dominated sources and evidence for a large scat-
ter in the 7.7/11.3 PAH ratios among the AGNs, perhaps indicating 
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the [NeII] line is asymmetric, with a broad component having a FWHM 
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velocity of the galaxy. This high-velocity gas is not seen at shorter 
wavelengths suggesting a fast, highly obscured outflow. The broad Ne 
lines are not seen in the star-forming galaxy NGC 2146 or the ULIRG IRAS 
08572+3915. Figure reproduced with permission from ref. 78, AAS.
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preferential destruction of small grains by the central source, were 
found. This was also seen in a large sample of local AGN-powered 
LIRGs80. A sample of 24 μm selected LIRGs to z ≈ 0.6 (ref. 132) were 
found to have a mix of starburst and AGN-powered sources, but 
also clear signs of star formation in most of the AGN-dominated 
galaxies, strengthening the evidence for co-evolution in this impor-
tant population. Both teams showed that the PAH emission could 
be used to directly trace star-formation rates and they provided 
templates and prescriptions for estimating accurate star formation 
rates in high-redshift galaxies from limited mid-infrared data sets.

Luminous dusty AGNs and starbursts at cosmic noon
Through targeted spectroscopic follow-up, Spitzer was able to 
obtain the first rest-frame, mid-infrared spectra of ULIRGs at z ≈ 
2–3. These studies typically focused on measuring redshifts, via the 
unique PAH and silicate spectral fingerprints, and star formation 
rates, something that could not be reliably done in the rest-frame 
optical or UV. In some cases, it was possible to infer properties of the 
ISM via spectral shapes, absorption feature strengths, or the ratio of 
silicate and PAH feature emission. The earliest wide-area surveys 
with extensive IRS follow-up spectroscopy were the National Optical 
Astronomy Observatory Deep Wide-Field Survey (NDWFS)133, the 
Spitzer Extragalactic First Look Survey (FLS)134 and the Spitzer 
Wide Area Infrared Extragalactic Survey (SWIRE)135.

The brightest sources in the 9.0 square degree NDWFS with S24 
> 0.75 mJy and extreme 24 μm-to-I-band flux density ratios had 
IRS redshifts 1.7 < z < 2.8, bolometric luminosities of ~0.6–6 × 
1013 L☉ and AGN-like spectra136–138. Similarly, most of the bright 
sources in the 3.7 square degree Spitzer FLS selected to have S24 > 
0.9 mJy and large 24 to 8 µm and 24-μm-to-R-band flux density 
ratios, had IRS based redshifts of 1.5 < z < 3.2, infrared luminosities 
LIR ≈1013 L☉ and a preponderance of AGN-dominated galaxies139,140.  
In fact, the IRAC colour alone was shown to be an extremely effective  

method at isolating luminous and obscured AGNs141–145. Other 
selection techniques, for example, those involving IRAC together 
with near-infrared photometry146,147, or other multi-wavelength 
data148 were also used to select samples of ULIRGs at z ≥ 2–4. These 
wide-area surveys demonstrated the unique ability of Spitzer to iso-
late and obtain spectra of ULIRGs at z ≈ 2, as well as the biases 
inherent in flux limited samples of high-luminosity galaxies. 
However, the AGN-dominated sources also frequently showed evi-
dence for vigorous star formation, as was often the case for local 
ULIRGs and LIRGs. This abundance of composite sources among 
infrared galaxies over a wide range of redshift seen with Spitzer 
suggests that supermassive black holes and bulges grow together in 
dusty galaxies, with important implications for understanding the 
black hole—stellar bulge mass correlation seen at low-redshift149,150.

That Spitzer could also be used to find and study starburst- 
dominated ULIRGs at z ≈ 2 was shown via IRS spectroscopy of 
galaxies selected using infrared or infrared-to-optical colours from 
some of the same wide-area Spitzer surveys that detected luminous, 
dusty AGNs151–155. While the brightest and most luminous Spitzer 
sources typically displayed power-law spectra in the IRAC bands 
and AGN-like IRS spectra, fainter sources with curved SEDs, or 
‘bumps’ in the IRAC data, tended to have a much higher fraction 
of starburst-dominated spectra. They also showed a correspond-
ingly narrow distribution in redshift, peaking near z ≈ 2. Both of 
these properties were consistent with strong 7.7 and 8.6 µm PAH 
features dominating the MIPS 24-µm emission, and it pointed to a 
large, underlying population of dusty, extremely luminous starburst 
galaxies at z ≈ 2. The space density of these star-forming ULIRGs, 
known as Dust Obscured Galaxies or DOGs152 was comparable to 
submillimetre galaxies (see below) at the same redshifts, suggesting 
a link between the two populations153. Similarly, samples of galaxies 
selected to have bright MIPS 70 µm emission and be optically faint in 
the NDWFS and SWIRE surveys, contained a mix of powerful star-
bursts, as well as highly obscured sources with steeply rising spec-
tra that were likely buried AGNs156,157. Deep, targeted surveys with 
the IRS also suggested a hidden population of starburst-dominated 
sources at faint 24 µm flux density levels that might elude selection 
via the IRAC bump158, due to small amounts of hot dust, presumably 
from a buried AGN which nonetheless did not contribute signifi-
cantly to the bolometric luminosity.

Submillimetre galaxies (SMGs), first discovered with the 
Submillimetre Common User Bolometer Array (SCUBA) on the 
James Clerk Maxwell Telescope159 and suspected of being the dusty 
progenitors of some of the most massive galaxies at low-redshift160, 
provided another ready sample for Spitzer/IRS spectroscopy. 
Penetrating the cold dust in SMGs was extremely important—even 
if optical spectral classification suggested young stars as the source 
of ionizing photons, a central AGN could easily be hidden from 
view. Simply put, the IRS spectra provided an independent, and 
sometimes the only means, to obtain a redshift for these galaxies.

The first IRS spectra of z ≈ 2 SMGs with known redshifts 
showed sources with strong PAH features and rising spectra, with a 
small amount of excess warm dust160,161. The majority of the SMGs 
appeared starburst-dominated, unlike bright 24 µm selected sources. 
Their spectra resembled low-luminosity starburst galaxies like 
M82, or starburst-dominated LIRGs112 much more than ULIRGs at 
low-redshift162 (Fig.5). Larger samples selected from deep surveys 
with copious amounts of multi-wavelength data (for example, the 
Great Observatories Origins Deep Survey, or GOODS163), strength-
ened these initial results and also confirmed that the mid-infrared 
spectra could be used to measure accurate redshifts136. Furthermore, 
the PAH features provided effective quantitative estimates of the 
extremely large star formation rates, up to 500 M☉ yr–1 or higher 
in many systems162. Multi-wavelength imaging and SED fitting, 
together with Spitzer/IRS spectroscopy, of DOGs and SMGs in 
GOODS allowed for a direct comparison of the two populations164. 
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The bright DOGs were less luminous but more numerous than 
SMGs, with star-forming DOGs estimated to contribute ~5–10% of 
the star formation rate density at z ≈ 2.

As high-redshift samples of SMGs and DOGs with IRS spectra 
across multiple deep fields grew comparable to the low-z samples 
of ULIRGs and LIRGs observed with Spitzer, it became possible to 
investigate variations of mid-infrared spectral properties and infrared 
spectral energy distributions with redshift, mass and AGN power, by 
combining Spitzer with ground-based, HST, Chandra165 and Herschel 
data. Flux-limited samples of ULIRGs at cosmic noon formed a mix 
of starburst and AGN-dominated sources with a significant number 
of galaxies showing evidence for both buried AGNs and powerful 
starbursts166,167. Larger samples confirmed what had been hinted at 
earlier, that star-forming ULIRGs at z ≈ 2 had greater PAH emis-
sion, shallower silicate depths and larger fractions of cold dust, on 
average, than local ULIRGs168. The combination of deep photometry 
and spectroscopy with Spitzer and Herschel not only revealed details 
about the inner workings of local ULIRGs, but showed how different 
the average z ≈ 2 ULIRG was from its local counterpart.

The existence of a ‘main sequence’ of star forming galaxies to 
z ≈ 1 was first established using GALEX, Spitzer and HST data169. 
On the main sequence, star formation rates and stellar mass are 
tightly correlated. This relation was found to already be in place at 
z ≈ 2 using galaxies detected in GOODS at 24 μm with Spitzer170. 
This was extended to z ≈ 3 in the mid and far-infrared, using deep 
Spitzer and Herschel photometry125, establishing the connection 
between spectral type, and infrared compactness first seen at low 
redshift121,122. Even though a large fraction of low-redshift LIRGs 
and ULIRGs lie well above the main sequence, this population lies 
on the main sequence at z ≈ 2. Galaxies on the star forming main 
sequence, tend to have cooler dust temperatures and more extended 
emission regions than the powerful starbursts lying off the main 
sequence. At low redshift, when most galaxies are mature and have 
already processed most of their gas into stars, mergers are needed to 
compress the remaining gas and trigger an ultraluminous phase. At 
z ≈ 2, these star formation rates are found in normal galaxies that 
tend to lie on the main sequence. These spectroscopic results from 
studies of z ≈ 2 DOGs and SMGs with Spitzer were consistent with 
this picture. Although extremely luminous by today’s standards, the 
majority of these sources were star- forming galaxies with spectral 
signatures, and hence ISM properties, more similar to local star-
burst galaxies and LIRGs, rather than ULIRGs.

The highest redshift ULIRG observed with Spitzer/IRS was the 
z = 4.055 SMG, GN20 (ref. 171). GN20 is one of the most luminous 
known SMGs, with a massive (more than 1011 M☉) rotating disk of 
molecular gas feeding a highly obscured starburst galaxy within a 
protocluster172,173. With a total Spitzer/IRS integration time of 24 h 
spread over three days, GN20 was the deepest IRS integration, and 
became the first source at z > 4 with a spectroscopic PAH detection. 
Fits to the IRS spectra and the SED of GN20 (Fig. 6) revealed a star 
formation rate of ~1,600 M☉ yr–1, implying a rapid gas consumption 
timescale of only ~108 yrs, together with a weak power-law contin-
uum suggesting the presence of a Compton-thick AGN. This study 
highlighted the power of using mid-infrared spectroscopy, even 
with a relatively small telescope like Spitzer, to understand the early, 
formative stages of the most massive galaxies at the present epoch. 
Together, the detailed studies of local and distant LIRGs and ULIRGs 
proved that mid and far-infrared photometry and spectroscopy 
could be used to disentangle and measure star formation and black 
hole growth in even the most obscured galaxies, setting the stage for 
the next generation of infrared space observatories to explore the 
hidden Universe of galaxies into the epoch of re-ionization.

From Spitzer to JWST and beyond
Studies of low-redshift LIRGs and ULIRGs with Spitzer pro-
duced powerful new infrared tools and spectral templates for  

understanding the energy sources, dynamics and multi-phase inter-
stellar media in normal and active galaxies at all redshifts. The rise 
of composite starburst and AGN sources in galactic mergers, direct 
evidence for energetic feedback on the host ISM, and connections 
between infrared source compactness and the galaxy main sequence 
were all Spitzer successes. However, limitations in the spatial and 
spectral resolution of Spitzer left many questions unanswered about 
how star formation proceeds under such extreme conditions, and 
how supernovae and AGNs interact with gas on sub-kpc physical 
scales. Even using the high-resolution IRS spectra, dynamic stud-
ies were restricted to extremely fast-moving gas, giving us a rather 
biased view of feedback. The spatial resolution, even in the nearest 
ULIRGs, was ~1–2 kpc at best, averaging over tens or hundreds of 
star forming regions and providing limits to the sizes and energy 
densities in the centres of these galaxies. At high redshifts, estimates 
of the power sources in SMGs and DOGs were often based on single 
dust features or spectral slopes in the IR, averaged over entire galax-
ies, and many with relatively low signal to noise.

The James Webb Space Telescope is now poised to provide our 
clearest view yet at the detailed physics operating inside LIRGs and 
ULIRGs, enabling us to build and study samples of infrared lumi-
nous galaxies from cosmic noon to the epoch of reionization. The 
Mid-Infrared Instrument (MIRI) which provides 9-band imaging 
from 5–28 μm, a low-resolution spectrometer covering 5–12μm, 
and four medium resolution integral field units (IFUs) covering 
4.9–28.8 μm will observe the same spectral diagnostics at the core 
of much of the science done with Spitzer/IRS. However, MIRI will 
be roughly fifty times more sensitive and have a spectral resolving 
power nearly five times higher than the IRS, coupled to the order 
of magnitude higher spatial resolving power of JWST compared 
to Spitzer. The Near Infrared Spectrograph, NIRSpec, will extend 
spectral coverage from the optical through the near-infrared (0.6–
5.3 μm), employing fixed slit, IFU and multi-object spectroscopic 
modes with resolving powers ranging from R ≈ 100–2,700. Using 
NIRSpec and MIRI together, it will be possible to generate spatially  
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Fig. 6 | IrS spectrum of the z = 4.055 SmG, GN20. The best fit SED (red) 
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resolved spectra with JWST that cover well over a decade in wave-
length, building upon the solid framework of ground-based infrared, 
Spitzer and AKARI spectroscopy to measure direct and reprocessed 
emission from forming stars and accreting supermassive black holes 
and probe the physical conditions in nearby and distant LIRGs and 
ULIRGs in unprecedented detail. Just as they were for Spitzer, the 
JWST photometric bands themselves will be extremely powerful for 
identifying AGNs and star-forming ULIRGs to high redshift28.

Low-redshift studies will use the spatial and spectral resolving 
power of MIRI and NIRSpec to isolate faint AGNs in the centres 
of starburst-dominated ULIRGs, measure their black hole masses 
and gas accretion rates174,175, and isolate fast moving atomic and tur-
bulent molecular gas and the sites of energetic feedback, in LIRGs 
and ULIRGs on 50–100 pc scales. These studies will be extremely 
important for measuring the physical conditions in the gas and 
for understanding the role of feedback from AGNs and superno-
vae in regulating galactic growth on the scales that stars and star 
clusters are actually forming. Just as importantly, observations of 
LIRGs and ULIRGs with JWST will be directly compared to ongo-
ing high-resolution studies with ALMA, enabling a full assessment 
of the atomic and molecular gas that feeds star formation and super-
massive black holes. Similarly, sources discovered with ALMA at 
high redshift that are undetected at shorter wavelengths, such as the 
massive, z ≈ 4 galaxies recently detected176, will be prime targets for 
follow-up with JWST.

Future infrared telescopes are currently being studied that would 
significantly extend the wavelength coverage beyond that of Spitzer/
IRS, and JWST, into the far-infrared, where substantial improve-
ments have been made in detector technologies since the time of 
Spitzer. These observatory concepts feature telescopes cooled by 
closed-cycle coolers, so they do not have the lifetime limitations of 
Spitzer and Herschel. The combination of the cold telescope and 
far-infrared detectors capable of reaching the background limit 
offers sensitivity gains of up to three orders of magnitude over the 
performance of Herschel, which was limited by the warm telescope 
emission. Such a sensitive far-infrared mission is essential for apply-
ing the rest-frame mid-infrared diagnostics developed with ISO and 
Spitzer to galaxies beyond z ≈ 4, as well as extending the discov-
ery range of Herschel to uncover populations of galaxies hidden 
from view in the UV. The Space Infrared telescope for Cosmology 
and Astrophysics (SPICA) concept being developed by the ESA 
and the Japan Aerospace Exploration Agency177, currently under 
review for ESA’s Cosmic Visions M5 opportunity, employs a 2.5 m 
diameter cooled primary with spectroscopic and imaging capabili-
ties covering 12–350 μm. The Origins Space Telescope (Origins), a 
NASA flagship concept under consideration by the 2020 National 
Academies Decadal Survey, would combine a 5.9 m diameter cooled 
telescope with a suite of wide-field imagers and spectrometers to 
create a powerful infrared observatory covering 2.8–600 μm178. 
Through large-area imaging and spectroscopic surveys and dedi-
cated follow-up spectroscopy, these future far-infrared telescopes 
would discover new populations of star- forming galaxies and AGNs 
at all epochs, providing valuable insight on the co-evolution of stars 
and supermassive black holes in dusty environments, and revealing 
important links between these populations and large-scale struc-
ture. In each galaxy, measurement of the key rest-frame mid- and 
far-infrared features will provide a full accounting of the heating 
and cooling of the atomic and molecular ISM. The gain in sensi-
tivity afforded by these new cryogenic far-infrared missions will 
enable spectroscopic studies well into the Epoch of Reionization, 
finally unlocking the hidden Universe of star and galaxy formation 
first glimpsed with Spitzer and previous generations of space infra-
red missions.
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