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contours, superposed on an optical image of the nearest active galaxy Centaurus A. Only the mid-infrared datareveal a warped disk of hot dust near the
nucleus. Spectrataken at different positions can distinguish the energy sourcesresponsible for the emission (Mirabel et al 1999).

Bottom: Images of protoplanetary disks taken with the Hubble Space Telescope in near-infrared light, together with the mid-infrared spectrum of one such
disk obtained with the | SO-Short Wavelength Spectrometer (Malfait et al. 1998). Note the wealth of mid-infrared features and the similarity with the
spectrum of comet Hale-Bopp.
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Top: Left: An optical (R-band) image of thefield centered on the bright infrared source IRS2, in the Flame Nebula in Orion (North to thetop, East to the
left, image obtained from the Digital Sky Survey). Apart from the bright emission from ionized hydrogen, virtually no stars are detected. In particular, the
center of thefield, at the location of IRS2, istotally obscured by surrounding gas and dust. Right: A near-infrared image of the samefield, which reveals

the central cluster of young massive starsincluding |RS2, showing that at infrared wavelengths the extinction is much less severe (L enorzer et al. 2001).

Bottom: The cycle of organic moleculesin the universe. The moleculesformed in interstellar cloudsaretransported through circumstellar disksto small
solid bodiesin new planetary systems such as comets and aster oids. | mpacts of these objects may deliver these species on new planets. In thefinal stages of
stars, dust and elements arereturned to theinterstellar medium (figure by R. Ruiterkamp, based on Ehrenfreund & Charnley 2000).
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Table 1. Overview of the NGST mission

Mission type: Genera purpose astronomical observatory
Telescope: Type Three mirror anastigmat
Primary 6.5 meter segmented mirror
Image quality  Diffraction limited at 2 um (0.08")
Spacecr aft: Orbit Sun-Earth Lagrange 2 halo orbit
Mission
lifetime 5 years — consumables for 10 years
Payload: Wavelengths  0.6-28um
Therma Passively cooled to 50 K
Stray light Sky-dominated below 10 pm
Sky coverage  Instantaneous. >15%; Y early: whole sky
! nstrumgnt Type Near-infrared camera 0.6-5 um
modules:
Near-infrared multi-object spectrometer
1-5 ym, R~1000
Mid-infrared camera/spectrometer 5-28
pum, R~3000 goal
Tota mass <1000 kg
Expected launch 2009

date:

The key aim will be to chart the history of star formation in the universe all the way from the present, where the star- and planet formation
process can be studied in detail, to the dawn of time when the first stars formed and galaxies were assembled. A large space telescope at
infrared wavelengthsis the logical choice for these programs, since for the most distant galaxies, lines such asH Lyman-alpha at 1216 dare
shifted to the red part of the spectrum, where the ground-based sky brightnessis high and the objects themselves are becoming very faint. This
history of star formation is of course intimately interwoven with the origin of the elements in the universe because as stars evolve they enrich
their environment with freshly synthesized elements which then become available for the next generation of stars. Star formation is aso
closely linked to the formation of planetary systems—which are now known to be widespread — and the origin of life thereon.

Much progress in these areas will have to come from the mid-infrared part of the spectrum as the formation of stars and planets occursin the
deeply enshrouded environment of molecular clouds and disks, hidden from visible view by copious amounts of small dust grains. The
observations at long wavelengths allow astronomers not only to lift this obscuring veil (see back-cover), but also to study the dust itself.
Indeed, the mid-infrared wavelength range is particularly rich in diagnostic spectroscopic features and it is the only region where the dominant
molecule H, —the principal ingredient of gaseous giant planets — and the solid state species can be studied directly.

The mid-infrared instrument on NGST is expected to revolutionize our understanding of these problems since it will have unprecedented
sensitivity and spatial resolution. Figure 1 illustrates the expected imaging and spectral sensitivity compared with other facilities. NGST will
be three orders of magnitude more sensitive than any ground-based telescope in the 5-30 um range, alarge part of which (>50%) is
completely inaccessible from the ground due to absorption by the Earth's atmosphere. Moreover, even within the atmospheric windows,
ground-based observations are limited by atmospheric conditions to less than 50% of the night time, even at good mid-infrared sites.
Compared with SIRTF (the 85-cmh NASA Space Infrared Telescope Facility, to be launched in 2002), NGST will have more than an order of
magnitude increase in sensitivity and spatial resolution. Moreover, SIRTF will have only very low resolution spectroscopy R =
lambda/delta(lambda) = 50-100 in the important 5-10 pm range, and only R = 600 in the 10-38 ym range. Such low resolving powers are
insufficient for many key scientific programs (section 11.1). Thus, NGST has the potential to perform unique science in a poorly explored
wavelength range, increasing substantially the discovery space.

file://IC|/jaap/MIRI-NGST/frontpage_miri-website/public/science/phase-a/text-science-case-only.htm (3 of 30) [14-8-2002 20:29:01]



MIRI science case from NWO proposal

]. % T T I T L T | TT T Ilé II:I 4
= - IRAS -
) a1 _ 1Q-e
il = = —
= B ] o
=N - 1 =
5 001 g = 107w &
]
— ]
o B 7 u
Sonool | S 1g-im ¥
— E 3 (o
S - ] g
n i SIRTF A MIPS =
E,I;U ool L £ . 10~
:' - IS0CAM I g
d Fo
= 1078 | S LU
g ESIRT h‘;"l Rac & :
i - 1 »
A4 S 0
T E h
o 1 -
A 4 1|:'_'|—2L
£ z
m]
L) BR
a0

Ao g |

Figure 1. Imaging (left scale) and spectral (right scale) sensitivity of NGST (orange line) compared with previous space missions (IRAS, 1 SO), future space
missions (SIRTF) and future ground-based instruments (VISIR on the 8m ESO-VLT). The | SO-SWS stars (light-blue) refer to the flux scale, all other
facilities refer to the broad-band flux scale.

The mid-infrared instrument will be built jointly by NASA and ESA in a 50%-50% partnership. The European consortium will be led by the
UK and includes at least France, Germany and Italy. At the NGST Mid-Infrared Steering Committee (MISC) meeting in July 2001 in the UK,
the basic instrument characteristics (Table 2) and division of labor were agreed between the US and Europe. Here we request funding for the

Netherlands to make a critical contribution to the European consortium which will ensure that the spectrometer part of the instrument is built
with the desired spectral resolution and integral field capability. Theinitial 7-month instrument design study (phase A) will be partly
financed by ESA and the applicants, and will start in Fall 2001. The subsequent Phase B/CD design and construction will start in the spring of
2003, with instrument delivery planned for 2007/2008.

Table 2. Top-level specifications of the NGST mid-infrared instrument

Mode Requirements

Imaging Wavelength range 5-27 um

Diffraction limited imaging, Nyquist sampled at no longer than
8 um

Minimum field of view of 1.5 arcmin

Filter wheel with at least 8 spectral bands: 4-5 for SED
definition,
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remainder for PAH isolation, brown dwarf atmosphere color
identification
Simple coronograph
Larger imaging field of view agoa

Spectroscopy  Single object, 5-27 um, important goal to extend to 28.3 um
Resolution R ~100 from 5-10 ym
Resolution R ~1000-3000 from 5-28.3um
Resolution close to 3000 (or slightly higher) to be a goal

lI. Science case

The scientific case for the mid-infrared instrument on NGST has been described previously by Serabyn et a. (1999), Wright et al. (1999) and
van Dishoeck (2000). The general NGST science program is contained in the Design Reference Mission, a set of strawman observing
proposals written by the NGST Ad Hoc Science Working Group (ASWG) (see Appendix G). It was most recently summarized in the NGST
proposal to ESA in July 2000 (ESA-SCI(2000)9). This proposal led to the confirmation of the ESA participation in NGST in October 2000.
Dutch astronomers have actively participated in defining these science cases.

In the following, a brief overview of the rich variety of features at mid-infrared wavelengths will be given, followed by a selection of
scientific topics which highlight the spectroscopic applications of interest to the NOV A research program. One of the main benefits of a Dutch
investment in the mid-infrared instrument is that it will allow Dutch astronomers to be part of the mid-infrared science team that defines the
observing programs for the guaranteed time. As always with new instruments, the most exciting science will likely come from unexpected
discoveriesin areas which have not even been considered. The enormous increase in sensitivity and spatial resolution with NGST will
virtually guarantee such serendipitous results.

11.1. Mid-infrared features

In the local universe, the continuum at mid-infrared wavelengths is dominated by thermal emission from warm dust with Ty,g ~ 100-300 K,

such as found in star-forming regions and around late-type stars (red giants, so-called Asymptotic Giant Branch (AGB) stars). The ultraviolet
and optical radiation from these starsis absorbed by the dust and re-radiated at longer wavelengths. In addition, thermal emission from the
atmospheres of cool stars, from brown dwarfs with effective temperatures T ~ 1000 K, and from solar-system objects such as comets and

Kuiper-Belt objectsis significant at mid-infrared wavelengths. Any non-thermal (synchrotron) contribution is generally small.
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Figure2. Complete | SO-SWSgrating spectrum centered at Orion IRc2 at a resolving power R=1300-2500. The principal absor ption and emission features
areindicated. ThelSO-SWSbeam rangesfrom 14" x 20" t0 20" x 27", and encompasses both the IRc2 and BN sour ces (van Dishoeck et al. 1998).

The mid-infrared isrich in spectral features, many of which are unique for this wavelength range. They areillustrated in the | SO Short
Wavelength Spectrometer (SWS) spectrum of one of the brightest mid-infrared sourcesin the sky, the Orion-KL region (Figure 2) and are
summarized in Table 3. Each of the categories of featuresis discussed below, together with their diagnostic value.

Table 3. Some important spectral featuresin the mid-infrared

Wavelength

Category (um) Species Diagnostica
lons 7.0 [Ar 1] Radiation field
9.0 [Ar 1] Shocks
10.5 [SIV] Spectral index
12.8 [Nell] Density
14.3 [NeV] Metallicity
15.6 [Nelll]
18.7 [S1]
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PAHs

Silicates
(Amorphous)

Silicates
(Crystalline)

Oxides

Sulfides

Carbonates

Ices

HD

Gas-phase

Molecules

252
25.9
6.2,7.7,8.6,1.3

12.7,14.2,16.2

9.7

18.0

10.0, 11.3, 16.3,
195

235,275
18.5,21.5, 245

116

23
23

6.8,11.3

6.0

6.8,9.7

7.7

9.7
152

6.9, 8.0,9.7,

12.2,17.0,28.2

19.4,23.0, 28.5

6.0

1.7

13.7

14.0

15.0

[S1]
[01V]

Mg,SiO,4

(Mg,Fe)SIO4

FeO
FeS

XCOs

CH4OH

CH,

NH3

CO,

CH,
CoH,
HCN

CO,

Carbonaceous material,
UV, Redshift obscured
galaxies

Bulk of dust

Mineralogy, Heating
events

Solar system connection

(meteorites, IDP's, ...)

Gas-solid chemistry

Aqueous alteration,
formation large bodies

Volatile solid material

Building blocks complex
organics

Solar system connection
(comets, KBOs)

Thermal history

Mass + temperature of
bulk of warm gas

Photon- vs shock-heating
[DI/[H]

Temperature + density
structure

Building blocks complex
organics

aDiagnostic properties of category of species; individua species or lines probe a
subset of these properties.
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Atomic and ionic fine-structure lines. Fine-structure transitions within the lowest electronic term of most astrophysically relevant atoms and
ions occur in the 5-30 um range. Important examples are the [Ar I1] 7.0, [Ne 11] 12.8, [Ne V] 14.3, [Nelll] 15.6, [S1] 25.2,and [O IV] 25.9
pm lines, but even higher ionization stages (“coronal” lines) can be observed. These features are used as probes of the ionizing source,
especialy the hardness of the radiation field (e.g., starbursts vs. active nuclei), and as diagnostics of heating mechanisms, in particular shock-
vs. photon-heating. The strongest lines can also be used to trace the kinematics of gasin obscured regions.

PAHs. The C—C and C—H stretching and bending modes of polycyclic aromatic hydrocarbons (PAHS) at 6.2, 7.7, 8.6, 11.3, ... pm often
dominate the mid-infrared emission. More recently, new features at longer wavel engths have been found in | SO-SW'S spectra, which contain
important diagnostic information about the mix of speciesinvolved (Tielens et a. 2000). Significant variations of factors of five or more can
occur in the ratios of various bands (e.g. 8.6/7.7 and 11.3/7.7 um), which appear related to differences in the ionization and hydrogenation
state of the carriers. PAHSs contain a significant fraction of the carbon budget and play arole in the energy balance in the interstellar medium.
They are also the best redshift indicators for distant, obscured galaxies.

H, and HD purerotational lines; The lowest transitions of the most abundant molecule in the universe, H,, occur at mid-infrared
wavelengths (see Figure 3). The fundamental J= 2-0 S(0) quadrupole line of para-H, occurs at 28.22 pm, whereas the next transition, the J =
3-1 $(1) line of ortho-H,, liesat 17.03 pm. Since the populations of these levels are thermalized under many conditions, the S(0) and S(1)

lines provide a direct measure of the mass and temperature of the bulk of warm molecular gasat T = 50-200 K. In contrast, the higher pure
rotational lines, as well asthe vibration-rotation lines at 2 um, probe only the small fraction (<1%) of photon- or shock-heated gasin the beam
(Draine & Bertoldi 1999, Wright 2000). The heavier isotope, HD, has a small dipole moment and itslowest J= 1-0 line at 112 ym has been
detected with the ISO-LWS (Wright et a. 1999). The higher J=4-3, 54 and 6-5 lines occur at 28.5, 23.0 and 19.4 um. The latter line was
observed by Bertoldi et al. (1999) in the Orion shock and can, in combination with H, data, be used to determine the [D]/[H] ratio in

star-forming regions, providing constraints on the deuterium destruction in stars since its production in the Big Bang.

Solid-state vibrational bands: The characteristic vibrational bands of ices, silicates and oxides occur uniquely at mid-infrared wavelengths.
Solid-state species can be distinguished from gas-phase molecul es because their bands lack the characteristic ro-vibrational structure and are
broadened (see Figure 4). The presence of H,0O and CO ice mantles surrounding grain cores was established from ground-based observations,

but only ISO reveaed the complete interstellar ice content and the rich spectra detail. Similarly, the Si—O stretching and bending bands of
amorphous silicates at 9.7 and 18 pum were well known, but features of crystalline silicates and oxides at longer wavel engths were discovered
only recently by 1SO in circumstellar matter around young and old stars (Waters et al. 1996, Waelkens et al. 1996). This wealth of
mid-infrared solid-state features was one of the big surprises and legacies of the |SO-SWS. Complete wavelength coverage of the
mid-infrared wavelength range allows the full inventory of ices and silicates to be made, whereas their bandshapes and abundances are
sensitive diagnostics of heating events and the temperature history of the region.
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Figure3. Energy level diagram of the H2 and HD molecules, illustrating the fundamental purerotational transitions

Gas-phase vibrational bands: Fundamental vibrational transitions of key molecules such as H,0, CH, C,Hp, HCN and CO, occur at 6.0,
7.7,13.7, 14.0 and 15.0 pm. Symmetric molecules like CH, and C,H, have no dipole moment and cannot be observed through rotational
transitions at millimeter wavelengths. CO, and H,O are so abundant in the Earth's atmosphere that they can only be detected from space. In
addition to its importance in organic chemistry, CH, is also an excellent diagnostic of the atmospheres of brown dwarfs and giant exo-planets
(Burrows et a. 1997).

Red-shifted bands: For objects at high redshifts, the features discussed above are shifted further into the mid-infrared wavelength range, and
the potential of NGST to detect these linesin distant galaxies is mostly limited by the available wavelength range rather than the sensitivity.
For example, the strong [Ne 1] 12.8 um line can be observed for z < 1.4, whereas the 6.2 um PAH band is available for z < 3.8. Strong
near-infrared bands such as Bracket-gamma can be searched up to z ~ 12, whereas Hgphg enters the mid-infrared range at z > 6.6.

The features and science discussed above and in section 11.2-9 lead to the desired instrumental characteristics summarized in Table 2. A brief
summary of the arguments for medium spectral resolution and integral field spectroscopy is given below.

Need for medium spectral resolution: A resolving power R = lambda/delta(lambda) ~ 2000-3000 is required because:

file://IC|/jaap/MIRI-NGST/frontpage_miri-website/public/science/phase-a/text-science-case-only.htm (9 of 30) [14-8-2002 20:29:01]
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() the ro-vibrational bands of gas-phase molecules become apparent only at R >= 2000 (see Figure 4);
(i) sub-structure in the solid-state bands is an important diagnostic tool and requires at least R > 1000. The PAH 7.7 um band, which

separates into at least 5 independent components at R = 2000, isa case in point. Also, many solid-state bands overlap at longer wavelengths
and cannot be distinguished at R < 1500;

(iii) detection of intrinsically weak and unresolved lines such as the H, S(0) and S(1) lines on top of strong mid-infrared dust
continuum emission requires R ~ 3000 to obtain sufficient line/continuum ratio;

(iv) the kinematics of galaxies (e.g., stellar mass determinations from the red-shifted CO 2.3 um band) and outflows from protostars
require velocity resolutions of ~100 km s1, corresponding to R ~ 3000.
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Figure4. 1SO-SWS spectratoward theyoung stellar object Elias 29 in theregion of the CO vibrational band at R = 400 and 2000. At R =400, solid CO at
4.67 um isdetected, but theintrinsically much narrower lines of gas-phase CO between 4.5 and 5 um only become visibleat R = 2000, illustrating the need
for medium resolution spectroscopy (Boogert 1999).

Casefor integral field spectroscopy: While a conventional long-dlit spectrometer is a minimum requirement for the NGST mid-infrared
spectrometer, an integral field unit (in which a spectrum is obtained at each pixel in atwo-dimensiona array) would provide a much more
powerful instrument for addressing the scientific problems. From limited 1SO imaging, it is clear that many objects which appear spherical or
axi-symmetric at optical wavelengths are highly asymmetric and 'blobby' at mid-infrared wavelengths. For example, in the nuclei of galaxies,
PAHs and ionic lines have very different off-center distributions which would be missed in asingle long-dlit spectrometer setting (e.g. Le
Floc'h et al. 2001). Nearby protoplanetary disks often have a clumpy asymmetric distribution (e.g., Greaves et al. 1998). The sizes of these
objects are typically afew arcsec in radius. Thus, along-slit spectrometer covering ~1' would be avery inefficient use of the array, whereas an
integral field unit covering ~ 4" x 4" would be well tailored to the science.
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1I.2. Obscured star formation in galaxies

The major science goal of NGST isto trace the star-formation history of the universe. It is now becoming clear that thisis not a gradual
process, but that most galaxies undergo bursts of intense star formation during their evolution. Extreme starbursts in distant high redshift
galaxies may be responsible for much of the stellar populations of present-day galaxies. Remarkably, such starbursts are totally
dust-enshrouded, and emit most their energy in the mid-infrared. Less extreme starbursts occur during the evolution of galaxies, often asthe
result of interactions with other galaxies. During these episodes, galaxies evolve rapidly in stellar content, in gas content, in
spectrophotometric properties, in metallicity, in luminosity, and often also in morphology. Starbursts are therefore a fundamental driver of the
evolution of the galaxy population, and mid-infrared observations are a key to their study (Genzel & Cesarsky 2000).

NGC 4038/39
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Figure5. Varioustracersin the NGC4038-4039 system (the " Antennag"). In the lower right frame the lar ge-scale structure of the system is shown with

X-ray (red) and H ~ 1 (black) contour s superposed. The other 3 frames show the central 10 kpc of the merger. The underlying HST optical color picture
reveals numerous young blue globular clusters, located mainly in an extended arm around the northern galaxy. However, the 15 pm image from | SOCAM
(contoursin lower left panel, Mirabel et al.1998) showsthat the most intense star formation occursin an optically obscured region wherethe disksinteract.
Oneremarkable cluster in the south-east region generates 15% of the total luminosity but isoptically invisible. The present 15 um image has 6'' resolution,
as have the CO and radio continuum images shown in the other panels. NGST will produce imaging spectroscopy at a factor of 10 better spatial resolution.

At low redshift, the most extreme starbursts are found in mergers of gas-rich galaxies, where the dissipative gas components quickly sink to
the center of the potential well, resulting in an intense burst of star formation. The ultraluminous infrared galaxies discovered by IRAS are a

manifestation of this phenomenon and approach quasar-like luminosities up to 1014 L g, , which is almost entirely emerging in the infrared
regime. Based on these high luminosities, it has been suggested that powerful active nuclel and black holes are born in the obscured cores of
gas-rich mergers.

A dramatic illustration of this effect is found in the nearby merging system NGC 4038-4039 (the "Antennae"). Here HST has produced
spectacular images of the optical emission in the remnant host gal axies (see Figure 5), revealing numerous compact young star clusters. These
sources represent young globular clusters formed as aresult of the merger event. However, mid-infrared images obtained with the camera on
SO, ISOCAM, show that most of the star formation takes place in an optically obscured region where the two disks interact directly. One
spectacular star cluster in this region accounts for more than 15% of the total luminosity, yet istotally invisible optically (Mirabel et al.
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1998). High spatial resolution mid-infrared (10-30 pm) data will thus be needed to study the true, obscured, star formation properties of these
rapidly evolving systems. Starburst phenomena occur even in our nearest neighbours (the Magellanic Clouds), as well asin other nearby
galaxies such as M 33. Well-developed nuclear starbursts are found in very nearby spirals such as NGC 253, NGC 1808 and M 82. The
availability of such local "laboratories’ that can be studied in detail as templates for more distant sources makes this field an important science
goal for NGST. The capabilities of NGST to probe the hot dust emission ideally complement those at longer wavelengths provided by
Herschel and ALMA: whereas the hot dust probes violent (star formation) activity, ALMA and Herschel trace the cool dust, representing the
pre-stellar material in galaxies.

The key role of the NGST mid-infrared instrument will be in spectroscopy in the 5-30 pum region. The numerous bright forbidden
fine-structure lines of abundant ions (see Table 3) are excellent diagnostics of local kinetic temperatures and gas densities, and of the
temperature of the exciting radiation field. The latter is related to the range of stellar masses present in the galaxy, the so-called Initial Mass
Function (IMF). PAH features are also unique tracers of starbursts. Multi-line spectra can be used to separate the starburst and active nucleus
as the power source. The potential of this approach has been demonstrated with (spatially unresolved) | SO spectra of nearby (up to z ~ 0.1)
ultraluminous infrared galaxies (e.g., Genzel et al. 1998, Lutz et al. 1998, see Figure 6). While thiswork forms one of the principal heritages
of the ISO mission, it aso highlights the most outstanding questions in this field. For instance, many ultraluminous infrared galaxies contain
an extreme starburst as well as an active nucleus (AGN) powered by a black hole. Does the occurrence of an extreme starburst trigger the
formation of an AGN? How does this depend on the parameters of the starburst? Do globular clusters form in these immense compact star
clusters? 1SO did not have the spatial resolution required to separate these components, but NGST can provide spatially resolved information
and probe much more distant galaxies.
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Figure6. Diagnostic diagram showing the extinction-corrected 25.9 um [O 1V]/12.8 um [Nel] lineratios as functions of the strengths of the 7.7 pum PAH
feature. Starburst galaxies are marked as open triangles, ultraluminous galaxies asfilled circlesand AGNs as crossed triangles. I n theleft figure, the
individual galaxies are labeled. In theright figure, the areas of the diagram dominated by star formation and by AGNs areindicated (Genzel et al. 1998)

These projects require spectroscopy at R ~ 3000 in the 10-30 um range, at the spatial resolution provided by NGST. Since the diagnostic
lines are the major cooling lines for active massive star-forming regions, they are very luminous and detectable with NGST out to the redshifts
where they shift out of the spectrometer passband. For instance, the very moderate starburst galaxy M 82 would be detectable in the [Nell]
12.8 um line out to z = 1.3 (where the line shifts beyond 30 pm) at the 20-sigmalevel inonly 1 hour for a6.5m NGST with a50 K focal

plane. The Milky Way would be detectable out to the same redshift to the 5-sigmalevel in 1 hour under the same assumptions. Spatially, a3
kpc starburst ring surrounding an AGN, such as that of the well-known nearby active galaxy NGC 1068 could be separated from the nucleus
for galaxies out to 50 Mpc with NGST.
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11.3. The high-redshift universe

Without observing the universe at wavelengths above 5 um, NGST would miss much of the cosmic star formation history. Several
independent observations show that most of the star formation taking place in early, distant galaxies is dust-enshrouded (Blain et al. 1999,
Chary & Elbaz 2001). A result of paramount importance is the spectrum of the integrated extragal actic background, where the power in the
infrared part due to re-radiation of absorbed starlight by dust exceeds the direct optical starlight by about a factor of 2 (Dwek et al. 1998,
Gispert et al. 2000). Because at low redshifts the integrated infrared light is only ~30% of the optical light, thisimplies that the universe was
much more obscured at high redshift than it is now. Quantitatively, an increase in infrared energy production out to z ~ 2 by afactor 30 is
implied, and the infrared energy production should remain constant from z = 2 out to at least z = 5. Thus, star formation rates at high z derived
from optical data alone will be greatly underestimated.

ISOCAM has lifted the tip of the veil in this spectral region. Deep ISOCAM images of the Hubble Deep Field South — one of the deepest
images ever taken with HST —reveal typically 60 times fewer galaxies per unit area than HST, but these few galaxies produce at least a third
of the integrated optical light (see Figure 7). Clear evidence for an increase in the infrared number countsis seen at the faint end, indicative of
this new dusty population of galaxiesat z> 0.2 (Elbaz et al. 1999). Interestingly, most |ISOCAM-detected galaxies have optical/near-infrared
counterparts that have totally normal optical colors; thus, it would not be possible to select these galaxies from optical/near-infrared data
alone.

Figure7. ISOCAM 15 pum image (color, 7' x 7') of the Hubble Deep Field South (HDF-S) WFPC2 field, with contours of the 6.7 um image super posed
(Oliver et al. 2001). Thisisone of the deepest mid-infrared imagesto date. The objects seen at mid-infrared wavelengths, in particular that indicated with
thewhitearraow, areinconspicuouson the optical HDF-S data. The objects studied spectroscopically so far are classified as dusty starburst galaxies with
redshiftsup to z~1.3. NGST will take the study of distant starbur st galaxies out to much higher z.

A key NGST program beyond 5 pm will be the identification of this new population of galaxies accounting for most of the cosmic star
formation through their dust emission. The mid-infrared spectra of dusty galaxies are dominated by deep silicate and ice absorption features
and broad emission features attributed to PAHs, which are detectable out to high z. A modest 1 x 1011 L g, starburst galaxy would be

detectable out to z ~ 3.5 in the 6.7 um band at 10 sigma in 3 hours.

For a6.5m NGST, the confusion limit at 25 umisat 5 x 10° sources per deg?, which is very close to the optical source density in the Hubble
Deep Field: 1 x 106 per deg?. Current infrared source population models indicate that this source density is reached at the 2 pJy flux density
level at lambda = 25 pm, which takes approximately 100 hours of NGST time. While SIRTF will make efficient large area surveys, its impact

file:/lIC|/jaap/MIRI-NGST/frontpage_miri-website/public/science/phase-a/text-science-case-only.htm (13 of 30) [14-8-2002 20:29:01]



MIRI science case from NWO proposal

will be significantly limited by confusion in the 8 times larger beam.

Mid-infrared observations also offer the unique opportunity of sampling the rest-frame 2 um region at z > 2, which is dominated by an
evolved stellar population with mean age >50-100 Myr that cannot be isolated at shorter wavelengths, but which would trace a previous
episode of star formation. For example, the masses of the so-called Lyman break-galaxies at z ~ 3 are very uncertain since it is not known
whether or not an older underlying stellar population is present (Papovich et al. 2001). NGST will resolve the ambiguity between age and
reddening which plagues the analysis of near-infrared colors. Moreover, spectroscopy of the CO band heads at rest-frame 2.3 pm will
provide a measurement of the velocity dispersions and hence dynamical masses of early spheroids. Thiswill take the study of the cosmic star
formation history from the measurement of light to the measurement of mass, which will be a major breakthrough. Medium spectral resolution
observations at R ~ 3000 are essential for this project.

The lambda > 5 um region al'so gives access to the most important nebular lines at the highest redshifts, in particular Hypng @ 2> 6.6. This
redshift regime corresponds to the epoch of recombination, where cosmic first light ionizes the gaseous universe. The Hy g, lineis crucialy
important since (unlike Lygpng) it is not affected by resonant scattering and therefore forms adirect and quantitative probe of theionizing
flux. The star formation rate of the first galaxies can thus be directly measured using redshifted Hy pn, , @nd any dust extinction can be
corrected using the Hy gna /Hpeta lineratio. Since the epoch of cosmic first light is one of the cornerstone science targets of the NGST, this
application is of key importance to the mission (Haiman & Loeb 1998, Ciardi & Ferrara 2001).

11.4. Star formation

The processes by which stars, protoplanetary disks and planets are formed remain poorly understood. NGST will play avital role inthisarea,
in concert with complementary facilities such as ALMA and Herschel. The tremendous sensitivity of NGST at mid-infrared wavelengthsis
essential because protostars and disks are relatively cool with huge dust extinctions, so that they are impossible to penetrate at shorter
wavelengths. The high spatial resolution of NGST is needed to zoom in on protostellar disk formation, to image gaps in disks around more
mature pre-main sequence stars and to detect faint brown dwarfs and extrasolar giant planets close to their bright parent stars. Because star-
and planet formation is accompanied by huge changesin the physical conditions, with densities ranging 104 to 1013 cm3 and temperatures
from 10 to 10,000 K, there are awealth of atomic and molecular lines available with which to unravel the physical structure and evolution.
Moreover, these lines can be used to trace the chemical composition of gas and dust through the various stages of the star formation process,
thus providing an inventory of the building blocks available for new solar systems (Figure 8).
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Figure8. ThelSO-SWSmid-infrared spectra of newly-formed starsin different stages of formation and circumstellar disks (Gibb et al. 2000, van den
Ancker et al. 2000, Malfait et al. 1998). From top to bottom —in a rough evolutionary sequence— the spectra change from dominated by solid state
absor ption features and gas (shock) emission lines, to featureless, to PAH features and PDR lines, to amor phous and crystalline silicates (F = For sterite)
with H ~ | recombination lines. The | SO-SWS spectrum of comet Hale-Bopp is shown for comparison (Crovisier et al. 1997).

Deeply-embedded protostars. Mid-infrared observations with NGST will be particularly powerful to provide insight into the physical
processes occurring in the deeply embedded protostellar phase when the star is still being assembled through accretion of material from the
circumstellar disk. The fragmentation of the collapsing cloud into binary or multiple star systems and the formation of the disk itself are key
guestions, which can likely only be addressed properly through combined NGST mid-infrared and ALMA data. Mid-infrared continuum
images at >20 um probe the warm part of the accretion disk and the inner envelope, constraining the geometry and the elusive massinfall rate
(see simulations in Serabyn et a. 1999). Imaging in different spectral features such as the H, pure rotational lines and the [S1] 25.2 um line
probe the physics of the accretion shock at the disk surface, as well as the interaction of the outflow with the inner envelope asiit startsto clear
the surroundings (van den Ancker et al. 2000, Figure 8). Periodic structures in the outflow jets may be used to trace the recent accretion
history of the central protostar. The PAH features track the importance of ultraviolet radiation in dispersing the envelope. Together, such data
can trace the protostellar evolution from the earliest collapse to the phase where the young stars emerge from their natal cocoons.

The high sensitivity and spatial resolution of NGST are essential for these projects, since the youngest protostars have mid-infrared continuum
fluxes of lessthan amJy (see Fig. 2 in André et al. 2000) and the disks have sizes of at most afew arcsec (afew hundred AU) for typical
distances of 150-300 pc. The SIRTF legacy program of Evans et a. (2001) (including van Dishoeck as co-1) will detect al protostars with
luminosities down to 1.5 x 1073 Lg,, aswell as young stars and substellar objects down to 5 M in five nearby molecular clouds, providing a

prime database for NGST high-resolution imaging and spectroscopy follow-up.

Massive young stars: More distant, massive protostars are also prime targets for NGST mid-infrared observations. Little is known about the
earliest stages of massive stars, for example whether their formation is accompanied by circumstellar disks asin the case of low-mass stars.
Also, traditional models of massive star formation through the collapse of a single cloud core are being challenged by alternative models of
merging of lower-mass starsin the central potential of very dense clusters (Stahler et al. 2000). Since this latter mechanism would occur in the
deeply embedded phase, only sensitive high spatial resolution NGST observations, combined with ALMA data, will be able to resolve such
clusters of ~10-100 low-mass stars crammed into a ~1000 AU region out to afew kpc. Once formed, the massive young stars enter the
ultra-compact H 11 region phase, in which they ionize the surrounding gas. A circumstellar disk consisting of hot dust and gas (~4000 K) may
till exist in regions shielded from the intense ultraviolet radiation of the central star (Hanson et a. 1997, Lenorzer et a. 2001). High-spatia
resolution infrared spectra are required to study the distribution and physical nature of this hot dust and gas and confirm the presence of disks.
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II.5. Protoplanetary disks

One of the most exciting developments in astrophysicsin the last decade has been the definite detection of extrasolar planets around nearby
stars viathe radial velocity technique (Mayor & Queloz 1995, Marcy& Butler 1996). More than 60 of these exo-planets are now known,
showing that planet formation is common and reviving age-old questions about their formation. The planets are thought to have originated in
the disks or 'pre-solar nebulae’ around young stars, first postulated by Kant in 1755 for the origin of our solar system. The existence of such
disks was inferred from pioneering infrared and millimeter observationsin the early 1990's and it is now commonly accepted that more than
50% of young stars have disks (see Beckwith & Sargent 1996 for areview). Disks are also beautifully seen as silhouettes against a bright
background in HST optical (e.g., McCaughrean & O'Dell 1996, Burrows et a. 1996), and near-infrared images (e.g., Padgett et al. 1999). The
sizes of the disks are typically afew hundred AU, comparable to that of our own solar system.

Toward the end of the star formation process, the accretion of matter onto the star through the disk stops and the dust in the disk beginsto
coagulate to form larger and larger bodies, becoming the seeds for planetesimal formation. Once these are self-gravitating, they accrete even
faster and may develop into proto-planets. However, a detailed understanding of the processes by which disks turn into planets, the time
scales involved, the frequency of planet formation and its dependence on external influences, and the evolution and dissipation of the
primordial gas and dust in the disk, is still lacking. The fact that none of the known exo-planetary systems resembles our own solar system
indicates that existing theories need to be revised (e.g. Artymowicz 2001). The combination of NGST mid-infrared and ALMA submillimeter
datawill allow major steps forward in our understanding of protoplanetary disk evolution.

Young massive disks: The gas-rich disks seen around pre-main sequence T Tauri and Herbig Ae stars with ages of afew Myr have gas +
dust masses of 0.01 Mg, , Similar to that of our primitive solar nebula. Once accretion stops and the dust starts to coagul ate, both the
geometry and composition of the disk undergo substantial changes. These changes can be studied best in the mid-infrared spectral region,
since at these wavelengths the inner disk, where planet formation is expected to occur, dominates the spectrum. In particular, changes in dust
scale height affect the strength of the mid-infrared flux emerging from the disk, while structural modifications in the dust grains result in
mineral formation traced by mid-infrared spectra (e.g. Chiang et a. 2001, Meeus et a. 2001, Dullemond et al. 2002, see section [1.7). The
possibility of obtaining spatially resolved images with NGST and ALMA down to ~10 AU will alow not only the dust settling, but also the
relative settling of the dust versus the gasin gas-rich disks to be determined and the earliest stages of planetesimal formation to be followed
up to roughly millimeter sizes. Indirect evidence for planet formation will be provided by observations of gapsin disks, where an unseen giant
planet has cleared out aring of material. The power of mid-infrared data for these studies was demonstrated by Koerner et al. (1998) for
HR4796A. For the brightest systemsin the nearest star-forming regions, MIDI on the VLTI can zoom in even closer and detect the warm
material in the 1-10 AU range.

Most disks have been studied through their dust emission, but 99% of the massisin H, gas. Not only does this gas affect the dynamics of the

dust, but it isaso the principal ingredient for giant Jovian planet formation. It has recently become clear that CO is not a good tracer of the
gasin disks due to the combined effects of photodissociation in the surface layers and freeze out in the cold midplane (van Zadelhoff et al.
2001, Aikawaet al. 2001). In contrast, H, traces the bulk of thewarm gasat T > 50 K directly. The ISO-SWS provided the first opportunity
to search for the principal H, J=2-0 S(0) and 3—1 S(1) lines at 28 and 17 um, and detected lines not only from disks around young pre-main
sequence stars (Thi et a. 1999), but also tentatively from disks around 1020 Myr old stars such as Beta Pictoris (Thi et al. 2001a,b, see
Figure 9). Thiswould indicate that these latter objects are better thought of as the final stages of gas-rich accretion disks. The time scale over

which this gas clearing occurs and the mechanisms by which it operates are critical to both planetary formation and migration models.
Currently thereis till no consensus whether giant planets originate through the formation of arock-ice core followed by gravitational gas
accretion or by instabilities in the outer disk and fragmentation. Combined spatially resolved observations of both the dust and H, as

functions of age over the 1-100 Myr range will be powerful tools to distinguish between these models.
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Figure9. 1SO-SWS observations of H2 toward the'debris disks around Beta Pictoris, 49 Ceti and HD 135344 (Thi et al. 2001a,b). The Beta Pictoris 1.25
pm scattered light imageis based on Mouillet et al. (1997). The 20 um thermal emission image of 49 Ceti isfrom Koerner (priv. comm.) and that at 12 ym
of HD 135344 from Blake & Kessler (priv. comm.).

NGST will be sensitive to gas with masses of 10-3-107 Mg, a Tgas = 50-200 K (see Figure 12 of van Dishoeck 2000). The high spectral

(R ~ 3000) and spatial resolution of the NGST mid-infrared instrument is essential for this project: even though SIRTF will attempt to observe
H, from disks, the low line/continuum ratio at R = 600 will prevent detection in most cases.
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Figure 10. Left: Flux density distributionsfor model debrisdisksaround stars of various spectral typesin nearby star-forming regions. The models assume
0.1 M gon Of 30-um-sized dust grainsin a zone extending from 30 to 60 AU radius, using the Draine & Lee (1984) dust properties. The NGST 5-sigma

sensitivity in 0.7 hr isindicated. Right: Flux density distributionsfor zodiacal dust (1 um-sized grains between 3-5 AU) around a G-type star at 25 pc. The
masses are 10-5, 3 x10'5, 104 and 5 x 104 My; ooy (Dominik, priv. comm.).

Debrisdisks. Current near-infrared surveys for excess emission indicate that the massive disks disappear in afew Myr (Haisch et al. 2001).
However, these data are only sensitive to very warm dust close to the star. Longer wavelength observations are needed to trace the evolution
of the bulk of the dust beyond the classical T Tauri stage. The SIRTF guaranteed and legacy programs of Meyer et a. and Evans et a. will
survey several hundreds of young stars with ages ranging from a few to several hundred Myr, including weak-line T Tauri stars associated
with the closest star-forming clouds (ages 1-20 Myr), X-ray bright young starsin the solar neighborhood for which accurate distances are
known from Hipparcos (ages ~10-100 Myr), and young main sequence stars in open clusters with age >30 Myr. Together, they will produce
a phenomenal database for subsequent NGST spectral imaging of disk evolution around solar-type stars in the planet-forming phase. NGST
can detect disks with only afraction of alunar mass throughout the solar neighborhood (see Figure 10).

Eventually, the original gas and dust in the disk will have dissipated and/or coagulated into larger bodies. The disk will then continue to
evolve collisionally over a period of typically 400 Myr, resulting in the destruction of larger bodies and the production of new so-called
‘debris dust, first detected by IRAS (Aumann et al. 1984) and surveyed by |SO (Habing et al. 1999). A similar period of collisions occurred
in the early solar system, as evidenced from, for example, the formation of the Moon and the impact record of asteroids on the Moon. The
zodiacal dust in the inner regions of the solar system is the result of fairly recent collisions of asteroids in the asteroid belt, whereas a colder
component resides in the Kuiper belt. Such exo-Kuiper belts have been imaged in afew cases at submillimeter wavelengths by SCUBA on
the JCMT (Holland et al. 1998, Greaves et al. 1998), but those data are not sensitive to the warm inner solar system dust. Even though the
zodiacal grains compose only avery small fraction of the massin our solar system (<10-19, they intercept and re-radiate effectively afraction
~107 of the Sun's energy and therefore account for the lion's share of its far-infrared radiation. Thus, even 4.5 Gyr after its formation,
zodiacal dust provides the more readily detectable indirect evidence of a solar system like our own.

NGST will have the sensitivity to study the composition and geometry of exo-zodiacal dust near other starsin great detail (Figure 10). IRAS
and | SO showed that ~15% of stars have more than 100 x the amount of cold dust in our own solar system, but these statistics are based on a
small sample and limited entirely to the more massive A-type stars. NGST would allow solar-system levels of zodiacal dust to be detected
around Sun-like stars out to distances of at least 25 pc. More importantly, its high spatial resolution will allow the disk to be distinguished
from the stellar photospheric emission and the surrounding interstellar ‘cirrus’ emission. Knowledge about exo-zodiacal mid-infrared dust
emission will also be essential for planning future missions such as IRSI-DARWIN and TPF, since a strong exo-zodiacal light component will
severely restrict the possibilities to detect Earth-like planets in habitable zones.
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11.6. Giant exo-planets and brown dwarfs

The primary goal for future space missions such as ESA's DARWIN/IRSI and NASA's TPF in the middle of the next decade is the direct
detection of Earth-like planets and the probing of their atmospheres for signs of life. NGST will form an important bridge toward this aim, not
only by enhancing our understanding of the mechanisms by which planets form from disks (see section 11.5), but also by allowing detection
and characterization of extrasolar giant planets and their atmospheres.

The spatia resolution and sensitivity of NGST will allow a direct spectroscopic detection of Jupiter-like giant planetsin wide (>5 AU) orbits
around the nearest stars (<10 pc). These observations are best done near 5 um, where the molecular opacity in the outer atmosphere of agas
giant islow so that warm thermal emission can emerge. Searches for these objects may be carried out with a coronograph in the NGST
near-infrared camera, but a simple coronographic option in the mid-infrared camerais being considered as well. Once found, follow-up
mid-infrared spectroscopy can characterize the planetary atmospheres and study their chemistry as a function of mass, age and temperature
(Figure 11). With large enough statistics, such observations may also give insight into the formation history and possible migration of giant
gas-rich planets. For instance, planets formed late in the evolution of the protoplanetary disk are expected to have less gas and a different
composition.
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Figure1l. Mode atmospheresof a5 M j exo-solar giant planet at a distance of 10 pc at different ages. Note the strong spectral evolution with timein the
mid-infrared part of the spectrum. Only NGST has the sensitivity to follow thisevolution for Jupiter-type objects (based on Burrowset al. 1997).

NGST will also be enormously powerful for studying other substellar objects such as brown dwarfs with massesin the 0.01-0.07 Mg, range.

Thanks to the 2MASS, DENIS and SL OAN surveys, more than a hundred of these objects have now been discovered (e.g., Kirkpatrick 2001),
and ground-based surveys with large optical telescopes will pin down the initial mass function in this regime in young clusters. However,
several questions can only be addressed by space-based mid-infrared imaging and spectroscopy. For example, are young brown dwarfs
surrounded by their own disks during formation, i.e., do they indeed form as stars do, or do they form as companions to stars? Also, are their
atmospheres dusty, i.e., can we see 10 um silicate emission? Theoretical models predict significant changes in the atmospheric composition
with age and mass, especially around 8 pm due to NH5 formation (Burrows & Sharp 1999). SIRTF will provide afirst glimpse of these
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spectra, but lacks the sensitivity and spectral resolution for a proper survey.

II.7. Tracing the astrochemical evolution

Generations of low- and high-mass stars have converted the primordial hydrogen and helium into successively heavier elements including
carbon, oxygen and nitrogen (see section 11.8). These elements are mixed into the diffuse and dense interstellar medium and may eventualy
end up in the envelopes and disks around young stars. Tracing the lifecycle of the gas and dust from the pre-stellar cores to their eventual
incorporation into planetary systems where they may be the stepping stone toward prebiotic molecules, isamajor goal of astrochemistry and
the new discipline of astrobiology (see reviews by van Dishoeck & Blake 1998, Waters 2000, Ehrenfreund & Charnley 2000, van Dishoeck &
Tielens 2001).

In the cold quiescent clouds prior to star formation, gas-phase molecules collide with the grains and stick, forming icy mantles around the
silicate cores. Indeed, this freeze-out is predicted to be so efficient that it has been a puzzle for decades why any gas-phase molecules are seen
at all in cold regions. Recent indirect evidence based on near-infrared star counts and millimeter data suggests that the amount of depletion
inside dense cores can be substantial, with more than 90% of the heavy elements (including oxygen and carbon) frozen out onto the grains
(Ladaet al. 1999, Kramer et al. 1999). NGST will be the first instrument capable of probing this depletion process directly, through near- and
mid-infrared observations of solid-state absorption bands toward hundreds of background stars located behind dark clouds, providing "“maps"
of the freeze-out process.

Theicesin the cold outer envelopes around protostars can be observed through medium-resolution absorption spectroscopy. Inthe earliest
collapse stages, more of the heavy elements are frozen out and the chemical composition is modified through grain-surface reactions. Asthe
surroudings are heated by the protostar, the ices gradually evaporate back into the gas phase (Figure 4). Figure 8 includes the | SO-SWS
mid-infrared spectrum toward the embedded massive protostar W33A, which is particularly rich in various (organic) features (Gibb et a.
2000). 1SO has been able to obtain such high-quality spectrafor only a dozen massive protostars with luminosities of 103-10° L, , but
information on low-mass protostarsis lacking almost entirely. Since SIRTF lacks the required spectral resolution, only NGST will be able to
perform a complete census of solid-state material asit enters the planet-forming disks around solar-type stars.

Theice and gas-phase data also reveal the thermal and irradiation history of the protostellar envelope. The solid CO, bending mode at 15 pm
isaparticularly sensitive diagnostic of the ice environment, with a characteristic double-peaked structure appearing upon heating by the
young star (Ehrenfreund et al. 1998, Gerakines et a. 1999). Other features, such as the OCN-band at 4.62 um and the unidentified 6.85
feature, are sensitive to ultraviolet irradiation (Schutte & Greenberg 1997, Schutte et a. 2001). Since the changes in the band profiles are
irreversible, they record the cumulative events experienced during the protostellar phase such as FU-Orionis-type outbursts related to disk
accretion. The analysis of the NGST data will greatly benefit from the involvement of the Raymond & Beverly Sackler/NOVA Laboratory
for Astrophysics at Leiden.

Part of the gas and dust from the protostellar envelope will be incorporated into the circumstellar disk, where it can be further processed by
ultraviolet radiation, X-rays and thermal processes. In the cold midplane, most molecules are expected to be frozen out on the grains and
NGST will have the sensitivity to probe these ices in absorption against the star in edge-on geometries. Emission from gas-phase molecules
such as H,, CO, CH, and C5H,, from the warm inner regions can be searched for at the highest spectra resolution.

The dominant spectral emission features from disks are expected to be due to PAHS, ices and silicates, both in amorphous and crystalline
form. These dust particles are the building blocks of planets, asteroids and comets. Our solar system has a very rich mineralogy which holds
the formation record of its solid bodies; examples are the olivines (one of the major constituents of the Earth' crust), silica, iron sulfide and
carbonates. The latter material is linked to the presence of liquid water on large parent bodies. The minerals are believed to have played a key
rolein the formation of life on Earth through their ordered lattice structure. In contrast, interstellar clouds have so far revealed only alimited
number of fairly simple materials such as amorphous silicates and carbon, demonstrating that substantial processing of the dust must occur as
solar system planetesimals are formed. Grains can stick together, they can be heated by electric current discharges or by stellar radiation
which aters their lattice structure, and gas-solid reactions can modify their chemical composition. Mid-infrared spectroscopy of
protoplanetary disks with NGST can probe these changes and trace the formation of planetesimals and other solid bodies that would be
undetectable directly due to their small radiating surfaces. In combination with laboratory light scattering experiments of cosmic dust

anal ogues, both the composition and size of the dust particles can be established. Such light scattering measurements are being performed
using the University of Amsterdam-NOVA/FOM-AMOLF light scattering experiment.

The ISO-SWS has alowed afirst glimpse of the rich mid-infrared spectra of disks around pre-main sequence stars. Indeed, one of the mgjor
resultsisthat solid-state evolution of grain mineralsis observed (e.g., Malfait et al. 1998, Meeus et al. 2001). Some objects show only
amorphous dust emission, whereas others have clear signatures of crystalline silicates and/or PAHs similar to those found in comets (see
Figure 8 and front cover). These variations appear related to the processes in grain coagulation, settling and thermal annealing in the disk
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(Bouwman et a. 2001). The ISO-SWS did not have the sensitivity to probe disks around solar-type stars. SIRTF will provide the first data on
lower-mass objects, but will be spatially unresolved and has the sensitivity to do only R = 100 spectroscopy on the more evolved debris disks.
Only NGST will be able to follow the entire dust evolution in the 1-600 Myr range for Sun-like stars.
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Figure12. The12-17 um spectrum of CRL 618 — obtained by the SWSon 1SO —illustrating the molecular complexity of AGB gjecta. Themodel (red)
includes thero-vibrational transitions of acetylenic chains (C,H, and C4H>) and their nitrile derivatives (HC3N, HCgN), hydrogen cyanide, and benzene

(CgHpg) (Cernicharo et al. 2001).}

11.8. The death of low mass stars

Low mass stars such asthe Sun (<8 Mg,,) end their lives by returning most of their mass to the interstellar medium in the form of agentle

wind (velocity ~10 km s'1) while evolving on the so-called Asymptotic Giant Branch (AGB). At that point, all of their hydrogen in the core
has burned to helium during the main sequence stage of evolution, and subsequently to carbon and oxygen during the horizontal branch stage
of evolution. The central core isthen essentially awhite dwarf surrounded by a large convective envelope. While these stars derive their
energy from burning alternatingly hydrogen and helium in a shell around the core, stellar evolution during this stage is driven by mass loss
from the star rather than nuclear burning. Eventually, when the whole envelope is lost, the central white dwarf will evolve rapidly to the blue
and ionize and heat the previously gjected material. Thiswill set it aglow, forming a planetary nebula. The dust and gasin the gjecta absorb
much of the visible and near-infrared radiation from the star and reradiate it in the mid-infrared, so NGST is particularly well suited to study
the death struggle of stars.
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Studies of the mass loss during the AGB phase are important not only to study stellar evolution, but also because these stars dominate the
mass budget of the interstellar medium. The gasin AGB winds consists largely of molecules ranging from the mundane H, and CO to the
exotic HCgN and PAHSs. The gjecta from these stars are a major source of carbon as well as the source of all the s-process elementsin the
interstellar medium. Most of the heavy elements are returned to the interstellar medium in the form of small dust grains, which then form the

building blocks of new stars and planets. Indeed, even in the heavily processed environment of the inner solar system, relic stardust grains
have been recovered (Bernatowicz et a. 1996, Tielens 2001).

During this mass loss phase, the mid-infrared spectra of AGB stars are dominated by the vibrational signatures of the surrounding dust and
gas. Asan example, Figure 12 showsasmall portion of the infrared spectrum of the heavily enshrouded source, CRL 618, which hasjust left
the AGB, illustrating the molecular richness of the envelope. The composition of the dust is set to alarge extent by the elemental composition
of the gjecta. If the star is oxygen-rich, silicates and oxides are formed. In carbon-rich gecta, carbonaceous materials, such as carbides and
hydrogenated amorphous carbon grains condense. The dust formed also depends on the density and temperature in the condensation zone.
Hence, AGB stars and their descendants show a bewildering zoo of dust types. Figure 13 illustrates the spectral richness of stardust. While
most spectrafollow this dichotomy of O- versus C-rich dust, an increasing number of objects shows evidence for mixed chemistry. It it
generally thought that the O-rich material represents dust formed during an earlier evolutionary phase of the star, possibly stored in a
long-lived circumstellar disk.
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Figure 13. 1SO-SWSspectra of a variety of objectsillustrating the spectral diversity of stardust formed in the gjecta of AGB stars (Molster 2000).

After the AGB phase, as the central object evolves to the blue, the increased far-ultraviolet radiation and the strong outflows driven by its
powerful winds process the envel ope so that the spectral signatures of the dust and gas change. At this point, the infrared features of PAH
molecules start to dominate the near- and mid-infrared spectra of C-rich objects. Many O-rich objects start to show evidence for crystalline
silicates in their spectra (Figure 13).

Mid-infrared spectroscopy with NGST will revolutionize our understanding of the composition and evolution of the gjecta of AGB stars.
Ground-based studies are limited to two atmospheric windows which miss much of the spectral richness. 1SO studies of (post-)AGB objects
have been limited to bright objects in the solar neighborhood, whereas SIRTF lacks spectral and spatia resolution. The mid-infrared
instrument on NGST will be able to survey alarge sample of late-type objects in galaxies from the local group out to the Virgo cluster. In this
way a census of stardust can be built up and its dependence on the physical conditions (effective temperature, mass loss rate) including
metallicity can be determined. These spectral characteristics can then also be compared to those of the interstellar medium in the host galaxy
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to determine their interrelationship and investigate the dust mass balance of the galaxy.

High-mass stars evolve much more quickly and end their lives through a spectacular supernova explosion, expelling many heavy elements.
NGST will have the sensitivity and spatial resolution to observe the in-situ formation of dust in knots with greatly different elemental
abundances, such as the famous SN 1987A in the Large Magellanic Cloud.

11.9. Outer solar system: comets and KBOs

Comets are the most primitive objects in the solar system, formed in the outer regions of the solar nebula (see reviews by Irvine et a. 2000,
Ehrenfreund & Charnley 2000). They therefore contain a precious record of the conditions that prevailed in the primitive solar nebula. These
initial conditions are important constraints on models that describe the evolution of the solar nebula and the formation of the planets. So far,
only limited information about the gas-phase and solid composition of comets has been obtained from mid-infrared observations, because of
lack of instrumentation.

Infrared observations of comet Hale-Bopp with SO provided CO, outgassing rates at different heliocentric distances, as well as data on the

silicate emission (Crovisier et a. 1997). The dust shows (sometimes strong) evidence for substantial processing, and the mineral formation
may point to complex radial mixing or heating processes in the solar nebula. New ground-based high spectral resolution near-infrared
instruments are starting to provide information on minor organic species in comets, and it is becoming apparent that chemical differentiation
exists amongst the comet population. For example, recent data from comet C/1999 4 (LINEAR) show a greatly different composition
compared with that of comets Halley, Hyakutake and Hale-Bopp (Mumma et al. 2001). Understanding this differentiation can put constraints
on the place of cometary origin and on the chemical history of the organic material which formed them.

The NGST mid-infrared instrument will be able to observe comets when still far from perihelion when most volatiles are still in the cometary
nucleus, and it will be able to monitor the development of the cometary tail as the temperature of the comet increases and dust and gas are
released. It will have the sensitivity to obtain spectra of comets whose emission is afactor of 1000 times weaker than that of comet
Hale-Bopp; several such comets will be visible to NGST each year.

The outer regions of the solar system are densely populated by alarge number of bodies orbiting the Sun beyond Neptune. Up to 105 objects
are estimated to orbit in a distance of 30-50 AU from the Sun. Currently more than 400 Kuiper belt objects (KBO's) are detected and most of
them have a diameter between 100 and 1200 km. These size estimates of KBO's are based on an assumed albedo of 0.04 (as for cometary
nuclei) and those estimates may be considerably in error. The combination of optical data with simultaneous measurements of the thermal
emission in the mid-infrared can determine both their size and albedo (Jewitt et al. 2001).
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APPENDIX F. Abbreviations

AGB Asymptotic Giant Branch

AGN Active Galactic Nucleus

AIT Assembly, Integration and Testing

ALMA Atacama L arge Millimeter Array

AMOLF Institute for Atomic and Molecular Physics

ASTRON Stichting ASTRonomisch Onderzoek in Nederland

ASWG Ad-Hoc Science Working Group of NGST

ATC Astronomy Technology Centre in Edinburgh, UK

AURA ﬁstssrtz)crig[ri:; of Universitiesfor Research in

AWG Astronomy Working Group of ESA

AU Astronomical Unit

BD Brown Dwarf

BRDF Bidirectional Reflection Distribution Function

CAD/CAM K:Acz)arnnlrj)fuat;ruﬁir%ed Design / Computer Aided

CNC Computer Numerically Controlled

CSA Canadian Space Agency

DARWIN Er?kosﬁ i ggrﬁgasc:)space interferometry mission (also

DENIS Deep Near Infrared Southern Sky Survey

DRM Design Reference Mission of NGST

ECF European Coordinating Facility

EGP Extrasolar Giant Planet

EOS Earth Observing System

ESA European Space Agency

ESO European Southern Observatory

ESTEC Eulr\log)oere(\jnw ?jpl)(ace Research and Technology Centre

FIRST Far-Infrared and Submillimeter Space Telescope
(renamed to Herschel)

FOM Fundamenteel Onderzoek der Materie

GSFC Goddard Space Flight Center

GOME Global Ozone Monitoring Experiment

HDF Hubble Deep Field

HIEl Heterodyne Instrument for the Far-Infrared on

Herschel
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HST

HSO

IDP
IFU
IMF
IRAC
IRAS
IRS

IRSI

ISO
ISOCAM
ISOSWS
ISWG
JCMT
KBO
KMWE
LMC
LRS
LWS
2MASS

MICHELLE

MIDI

MIPS

MIRPPG

MISC

METOP

NASA

NGST

NICMOS

NLR
NOVA
OGSE
OMI

Hubble Space Telescope

Herschel Space Observatory (formerly known as
FIRST)

Interplanetary Dust Particle
Integral Field Unit

Initial Mass Function

InfraRed Array Cameraon SIRTF
InfraRed Astronomical Satellite
InfraRed Spectrograph on SIRTF

InfraRed Space Interferometry mission of ESA
(also known as DARWIN)

Infrared Space Observatory

CAMeraon ISO

Short Wavelength Spectrometer on 1SO
Interim Science Working Group of NGST
James Clerk Maxwell Telescope

Kuiper Belt Object

Klein Mechanische Werkplaats Eindhoven
Large Magellanic Cloud

Low Resolution Spectrometer (IRAS)
Long Wavelength Spectrometer (1SO)

2 Micron All Sky Survey

MIdinfrared eCHEL L E spectrometer on
UKIRT/Gemini

MID-infrared Interferometric instrument for the
VLTI

Multiband Imaging Photometer on SIRTF

Mid-InfraRed Partnership Planning Group of
NGST

Mid-Infrared Steering Committee of NGST

Meteorological Operationa polar satellites of
EUMETSAT

National Aeronautics and Space Administration of
the USA

Next Generation Space Telescope

Near Infrared Camera and Multi-Object
Spectrometer on HST

Nationaal Lucht en Ruimtevaartlaboratorium
Nederlandse Onderzoekschool voor Astronomie
Optical Ground Support Equipment

Ozon Monitoring Instrument
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