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pre-main sequence star 
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star + planets (?) 
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Protoplanetary vs. Debris Disks"

Protoplanetary "
Pre-main sequence stars!

Gas rich!
Accretion onto star!

Optically thick!

HH 30 (Burrows et al., 1996)!

Debris"
Main sequence stars!
No (or very little) gas!

No accretion!
Optically thin!

Fomalhaut (Kalas et al., 2005)!

MacGregor!



First extrasolar debris disk detected as “excess” infrared emission around 
Vega by the IRAS satellite (Aumann et al., 1984)!

from	
  Herschel	
  DUNES	
  

MacGregor!

Debris Disks: Observables"

Detected at wavelengths from optical (scattered light) to millimeter and 
radio (thermal emission)!

Boccaletti et al (2015), Matthews et al. (2015), MacGregor et al. (2013), MacGregor et al. (in prep)!
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Table 1
Observations Log

Obs. ID Observing date Mode Duration [s] PWV [mm]

Herschel Space Observatory
1342196038 9 May 2010 PacsPhoto 70/160 (scan 135) 5478 �
1342196103 9 May 2010 PacsPhoto 70/160 (scan 45) 5478 �
1342193786 5 April 2010 SpirePhoto 2906 �

James Clerk Maxwell Telescope
SCUBA-2 22 April 2012 daisy scan 850/450 3910 1.06

23 April 2012 daisy scan 850/450 3947 0.83 - 0.92
17 May 2012 daisy scan 850/450 1960 0.92
7 June 2012 daisy scan 850/450 1895 1.4

16 August 2012 daisy scan 850/450 3787 0.86
19 August 2012 daisy scan 850/450 3790 0.83
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Figure 2. Far-infrared and submillimeter maps of AU Mic from Herschel and SCUBA-2. North is up and east is to the left. Di↵erent
surface brightness scales are used for each map, and the pixel scales used are 100 at 70 µm, 200 at 160 µm, and 600, 1000 and 1400 at 250 µm,
350 µm and 500 µm, respectively. The pixel scale of the JCMT maps is 100, and the maps are smoothed to a half- (850 µm) or full-width
(450 µm) Gaussian. The green contours show the 3 � � level in each of the maps. The 1 � � rms levels are 0.9 mJy beam�1, 9.0 mJy
beam�1, 5.8 mJy beam�1, 6.3 mJy beam�1, 6.0 mJy beam�1, 6.8 mJy beam�1 and 0.9 mJy beam�1 from 70 through 850 µm. The rms
levels for the SPIRE data are the confusion limits of the instrument (Herschel Observers’ Manual). The background source, “BG”, is well
isolated from the AU Mic disk emission at 70 µm and surrounded by a 3� � contour at 70 µm and 160 µm (labeled).

age in the central 30 diameter region of a field. The
total integration time was just over 5 hours, split into
10 separate ⇠ 30 minute observations. Observing con-
ditions were generally excellent with precipitable water
vapour levels less than 1 mm, corresponding to zenith
sky opacities of around 1.0 and 0.2 at 450 and 850 mi-
crons respectively (equivalent to JCMT weather “grade
1”; ⌧225GHz of < 0.05). The data were calibrated in flux
density against the primary calibrator Uranus and also
secondary calibrators CRL 618 and CRL 2688 from the
JCMT calibrator list (Dempsey et al. 2013), with esti-
mated calibration uncertainties amounting to 10% at 450
µm and 5% at 850 µm.
The SCUBA-2 data were reduced using the Dynamic

Iterative Map-Maker within the STARLINK SMURF
package (Chapin et al. 2013) called from the ORAC-DR
automated pipeline (Cavanagh et al. 2008). The map
maker used a configuration file optimized for known posi-
tion, compact sources. It adopts the technique of “zero-
masking” in which the map is constrained to a mean
value of zero (in this case outside a radius of 6000 from
the center of the field), for all but the final interation
of the map maker (Chapin et al. 2013). The technique
not only helps convergence in the iterative part of the
map-making process but suppresses the large-scale rip-
ples that can produce ringing artefacts. The data are
also high-pass filtered at 1 Hz, corresponding to a spa-
tial cut-o↵ of ⇠ 15000 for a typical DAISY scanning speed

SPHERE/VLT"

Herschel"
ALMA"

VLA"



1.  How common is our Solar System morphology?!
–  What is the occurrence rate of debris disks around FGK stars?!
–  How do the characteristics of the host star influence disks?!
–  How common are hot inner ‘asteroid belts’?!

2.  What can we learn from the structure of debris disks?!
–  How do planets affect disk structure?!
–  How does disk structure vary with wavelength?!

3.  What role does atomic and molecular gas play in the 
evolution of circumstellar disks and planetary systems?!
–  How common is gas in debris disks?!
–  Is the gas we see primordial or secondary?!

4.  What is the composition of disk material (mineralogy)?!
–  What is the distribution of water and water ice in disks? !

Key Science Questions"
MacGregor!



•  Want to understand the incidence and correlation of debris disks with stellar 
properties (age, spectral type, metallicity, stellar/planetary companions)!

•  By understanding the diversity, we can place our own Solar System in context!
•  Some progress with previous IRAS, Spitzer, and Herschel surveys!

over a range of temperature (or emitting radii).

2.1. Far-Infrared to Millimeter Observations
Many debris disks are detected only at long wavelengths

(� 60µm), corresponding to cold (<
⇠

100 K) dust orbiting
at 10s to 100s of AU. The debris disks detected with IRAS
were Kuiper belt analogues seen around ⇠ 15% of main
sequence stars (Aumann 1985). Rhee et al. (2007) have
reanalyzed IRAS data and found the detection rate around
nearby A stars to be 20%. In the past decade, Spitzer A
stars (Rieke et al. 2005) and FEPS1 (Meyer et al. 2006) sur-
veys and Herschel DEBRIS2 (Matthews et al. 2013b) and
DUNES3 (Eiroa et al. 2013) surveys have measured the in-
cidence of debris disks for spectral types A through M at 70
– 160 µm.

Keeping in mind the relative sensitivities of the various
surveys (Fig. 2), the highest detection rates are measured for
A stars: 33% and 25% at 70 µm (Su et al. 2006) and 100
µm (Thureau et al. 2013), respectively. For solar type stars
(FGK), the FEPS survey detected disks around 10% of stars
(Hillenbrand et al. 2008), while Trilling et al. (2008) mea-
sured a rate of 16% in the field, comparable to the rate de-
tected by the DEBRIS survey (17%, Sibthorpe et al. 2013).
The DUNES data yield an increase in the debris disk detec-
tion rate up to ⇠20.2% (in contrast to the Spitzer detection
rate of ⇠12.1% for the same sample of FGK stars, Eiroa
et al. 2013). Although there is an apparent decrease of ex-
cess rates from A to K spectral types, this appears to be
largely an age effect (Su et al. 2006; Trilling et al. 2008). In
this respect, Trilling et al. (2008) note that there is no trend
among FGK stars of similar age in the FEPS survey and that
the rates for AFGK stars are statistically indistinguishable,
a result supported by DUNES data (Eiroa et al. 2013).

The amount of dust in debris disks is frequently quan-
tified in terms of the fractional luminosity of the dust,
f
d

⌘ L
d

/L?, which is usually estimated assuming that the
dust behaves as a pure or modified blackbody (see §3.5)
emitter. f

d

values are found in the range of ⇠ 10�3–10�6

with a clear decrease towards older systems, although with
a large dispersion at any given age (e.g., Siegler et al. 2007;
Hillenbrand et al. 2008; Moór et al. 2011b). (The evolu-
tion of debris disks is discussed in more detail in § 4.4 be-
low.) There is however no clear dependence of fractional
luminosity on spectral type from late B to M, as shown in
Figure 3, although the is high for all spectral types.

In spite of the remarkable contribution of Spitzer, its
moderate sensitivity in terms of the dust fractional lumi-
nosity (f

d

⇠ 10�5, Trilling et al. 2008) makes elusive the
detection of debris disks with levels similar to the EKB
(⇠ 10�7, Vitense et al. 2012). This constraint is somewhat
mitigated by the Herschel surveys, which observed closer
to the peak of the SEDs and therefore could detect fainter
disks, e.g., DUNES observations of 133 FGK stars located

1Formation and Evolution of Planetary Systems
2Disk Emission via a Bias-free Reconnaissance in the Infrared/Submillimetre
3DUst around NEarby Stars

Fig. 3.— Fractional luminosity of dust versus effective
stellar temperatures for main-sequence stars. Squares: A
stars (Su et al. 2006); triangles: FGK stars (Trilling et al.
2008); diamonds: FGK stars (Eiroa et al. 2013); asterisks:
AFGKM stars (Matthews et al. 2013b).

at distances less than 20 pc achieves an average sensitivity
of f

d

⇠ 10�6, although with a dependence on stellar flux
(Eiroa et al. 2013). The DEBRIS survey, with flux-limited
observations of 446 A through M nearby stars (Matthews
et al. 2013b) has a median sensitivity of f

d

of just 2⇥ 10�5

but a faintest detected disk of 7 ⇥ 10�7, approaching the
level of the EKB.

Based on Figures 2 and 3, increased sensitivity to fainter
luminosity disks around A stars is expected in Herschel ob-
servations compared to Spitzer. Interestingly, DEBRIS data
indicate there is not a significant number of detections of
A star disks with fractional luminosities below the levels
detected by Spitzer (Thureau et al. 2013), implying that
there is not a significant fraction of undetected, colder (i.e.,
larger) disks around A stars awaiting discovery. In compar-
ison, Figure 3 shows that, for the FGK stars, many disks
of lower fractional luminosities have been detected by Her-
schel relative to Spitzer.

Detection of M star-hosted debris disks at rates compara-
ble to those around more massive stars has proven difficult.
There are several factors at play around M stars, e.g., wind-
related grain removal processes which are more efficient
than around more massive stars (e.g., Plavchan et al. 2005),
which effectively removes small grains from the system,
necessitating surveys at longer wavelengths to find compa-
rable disks seen around earlier type stars (Matthews et al.
2007). That said, given their prevalence in the galaxy, the
detection of protoplanetary disks at earlier phases of evolu-
tion (e.g., Andrews and Williams 2005), and the detection of
extrasolar planets around a number of M dwarfs (e.g., Endl
et al. 2008, and references therein), including multiple sys-
tems around GJ 876 (Rivera et al. 2005), GJ 581(Udry et al.
2007) and GJ 676A (Anglada-Escudé and Tuomi 2012), we
expect M stars to host planetesimal populations.

Figure 2 shows that existing observations of M stars
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Matthews et al. (2014)!
Data: Su et al. (2006), Trilling et al. (2008), Eiroa et al. (2013)!

Incidence for FGK stars: 20.2 ± 2% 
(Eiroa et al. 2013)!

Incidence for A stars: 25% !
(Thureau et al. 2013)!

Age dependence? Surveys suggest 
that occurrence for A stars peaks at 
10-15 Myr (Hernandez et al. 2007, 

Currie et al. 2007) !

Debris Disk Occurrence Rate"
MacGregor!



Herschel DUNES"
average sensitivity: ~10-6!

(133 FGK stars within 20 pc)!

Herschel DEBRIS"
median sensitivity: 2 × 10−5  !

(446 A through M nearby stars)!

Debris Disk Occurrence Rate"

Matthews et al. (2014)!

MacGregor!

No previous infrared surveys have had the sensitivity 
necessary to detect our own Kuiper Belt (Ld/L* ~ 10-7)"
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Fig. 1.— Locations of dust emission observed in debris
disks and the typical temperatures observed at those loca-
tions, and the primary observing wavelengths at which the
dust is detected. (Figure credit: K. Su.)

cant advances in debris disk imaging, followed by a section
on the origin of structure through perturbations (§ 6). Fi-
nally we highlight observations and origin scenarios of hot
dust (§ 7) and gas (§ 8) in debris disks. We summarize our
chapter and provide an outlook to the future in § 9.

2. DETECTION AND DISTRIBUTION OF DUST

Observations of debris disks help not only to study the
properties of individual disks, but also to ascertain their in-
cidence and their correlation with stellar properties – e.g.,
age, spectral type, metallicity, stellar and/or planetary com-
panions. Therefore, their study is imperative to under-
stand the diversity of planetary system architectures and
to thereby place the Solar System’s debris disk, primarily
composed of warm dust in the terrestrial planet zone, the
asteroid belt (0.5 - 3 AU) and cold dust and planetesimals
in the Edgeworth-Kuiper belt (EKB), in context.

While at optical and near-infrared (IR) wavelengths,
scattered light from dust grains highlights regions of disks
where small grains dominate, dust is most effectively traced
by its thermal emission. Typically, evidence of a disk comes
from “excess” IR emission detected above the level of the
stellar photosphere. Figure 1 highlights the dust temper-
atures that are probed by different observing wavelength
regimes. If a disk is comprised of multiple components
at a range of distances from the star, then observations at
different wavelengths can probe the different components,
with shorter wavelengths probing closer in material, as il-
lustrated for IRAS, Spitzer (MIPS) and Herschel (PACS)
observing wavelengths by Figure 2.

The emerging picture is that disks commonly are com-
prised of multiple components as Figure 1 illustrates, but
that does not mean that all components are necessarily
present or detectable around all stars. For many disks,
just one component, typically (but not always) that in the
Kuiper belt zone, dominates the detected emission, and in
such cases, observations over a range of wavelengths pro-
vide a probe of different dust grain sizes, with longer wave-
lengths probing larger grains. In addition, the comparison
and complementarity of the different statistical studies are
modulated by the different observational strategies and tar-
get properties, e.g., spectral type (see Fig. 2), and on dis-
tance according to the nature of the survey (sensitivity vs.

calibration-limited strategies, Wyatt 2008). Therefore, the
flux contrast between the stellar photosphere and a poten-
tially existing debris disk is mainly determined by the stel-
lar temperature, modulated by the distance to the star (e.g.,
Eiroa et al. 2013). Both Spitzer and Herschel are well suited
to carry out detailed statistical studies relating debris disk
properties with stellar ones, i.e., to determine the frequency
and characterize the nature of disks. Good summaries of
the Spitzer results and statistics are given by Wyatt (2008)
and Krivov (2010).

10-1 100 101 102 103

Radius (AU)

10-7

10-6

10-5

10-4

10-3

10-2

Fr
ac

tio
na

l l
um

in
os

ity

M-type
G-type
A-type

M-type
G-type
A-type

IRAS
MIPS
PACS

Fig. 2.— This plot shows, based on the DEBRIS survey
data (Matthews et al. 2013b), the lines of fractional lumi-
nosity versus radius above which 25% of that sample could
have been detected by IRAS, MIPS (24 & 70 µm) and PACS
(100 & 160 µm), assuming each star to have a single tem-
perature belt dominating its emission spectrum. The 25%
level is comparable to the detection levels for many surveys
given that DEBRIS is a survey of very nearby stars. (Figure
credit: G. Kennedy.)

As sensitivity toward faint debris disks improves so too
does sensitivity to extragalactic contamination. This is im-
portant because it impacts disk incidences, interpretation
of structures, and the identification of new cold disk pop-
ulations. The impact of background galaxy contamination
has typically been a problem for surveys in the far-IR and
submillimeter, but it has recently been identified as a major
problem for WISE (Wide-field Infrared Survey Explorer) as
well (Kennedy and Wyatt 2012).

In the following sections, we consider in turn our under-
standing of the different disk components as traced predom-
inantly by observations in different wavelength regimes, but
we stress that this does not represent a one-to-one corre-
spondence with disk temperatures. For example, Figure 2
shows that MIPS/24 and PACS/100 are equally sensitive
to dust at ⇠ 3 AU around G type stars (akin to our as-
teroid belt’s warm dust). As we discuss below, ALMA at
(sub-)millimeter wavelengths now has the potential to de-
tect even the warm dust components of disks, so it is sen-
sitivity as much as wavelength that is key to detecting dust
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Kuiper 
Belt!

PACS G-
type stars!



Solar System morphology:  !
1)  warm asteroid belt in the terrestrial planet zone (0.5-3 AU)!

2)  cold Kuiper Belt (40-48 AU)!

System Morphology: Inner Belts"

How common is this morphology 
in other systems?"

Observations at different 
wavelengths probe multiple regions 

of a disk!

Shorter wavelengths probe 
components closer into star!

Wyatt et al. (2008), Matthews et al. (2014)!
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Fig. 1.— Locations of dust emission observed in debris
disks and the typical temperatures observed at those loca-
tions, and the primary observing wavelengths at which the
dust is detected. (Figure credit: K. Su.)

cant advances in debris disk imaging, followed by a section
on the origin of structure through perturbations (§ 6). Fi-
nally we highlight observations and origin scenarios of hot
dust (§ 7) and gas (§ 8) in debris disks. We summarize our
chapter and provide an outlook to the future in § 9.

2. DETECTION AND DISTRIBUTION OF DUST

Observations of debris disks help not only to study the
properties of individual disks, but also to ascertain their in-
cidence and their correlation with stellar properties – e.g.,
age, spectral type, metallicity, stellar and/or planetary com-
panions. Therefore, their study is imperative to under-
stand the diversity of planetary system architectures and
to thereby place the Solar System’s debris disk, primarily
composed of warm dust in the terrestrial planet zone, the
asteroid belt (0.5 - 3 AU) and cold dust and planetesimals
in the Edgeworth-Kuiper belt (EKB), in context.

While at optical and near-infrared (IR) wavelengths,
scattered light from dust grains highlights regions of disks
where small grains dominate, dust is most effectively traced
by its thermal emission. Typically, evidence of a disk comes
from “excess” IR emission detected above the level of the
stellar photosphere. Figure 1 highlights the dust temper-
atures that are probed by different observing wavelength
regimes. If a disk is comprised of multiple components
at a range of distances from the star, then observations at
different wavelengths can probe the different components,
with shorter wavelengths probing closer in material, as il-
lustrated for IRAS, Spitzer (MIPS) and Herschel (PACS)
observing wavelengths by Figure 2.

The emerging picture is that disks commonly are com-
prised of multiple components as Figure 1 illustrates, but
that does not mean that all components are necessarily
present or detectable around all stars. For many disks,
just one component, typically (but not always) that in the
Kuiper belt zone, dominates the detected emission, and in
such cases, observations over a range of wavelengths pro-
vide a probe of different dust grain sizes, with longer wave-
lengths probing larger grains. In addition, the comparison
and complementarity of the different statistical studies are
modulated by the different observational strategies and tar-
get properties, e.g., spectral type (see Fig. 2), and on dis-
tance according to the nature of the survey (sensitivity vs.

calibration-limited strategies, Wyatt 2008). Therefore, the
flux contrast between the stellar photosphere and a poten-
tially existing debris disk is mainly determined by the stel-
lar temperature, modulated by the distance to the star (e.g.,
Eiroa et al. 2013). Both Spitzer and Herschel are well suited
to carry out detailed statistical studies relating debris disk
properties with stellar ones, i.e., to determine the frequency
and characterize the nature of disks. Good summaries of
the Spitzer results and statistics are given by Wyatt (2008)
and Krivov (2010).
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Fig. 2.— This plot shows, based on the DEBRIS survey
data (Matthews et al. 2013b), the lines of fractional lumi-
nosity versus radius above which 25% of that sample could
have been detected by IRAS, MIPS (24 & 70 µm) and PACS
(100 & 160 µm), assuming each star to have a single tem-
perature belt dominating its emission spectrum. The 25%
level is comparable to the detection levels for many surveys
given that DEBRIS is a survey of very nearby stars. (Figure
credit: G. Kennedy.)

As sensitivity toward faint debris disks improves so too
does sensitivity to extragalactic contamination. This is im-
portant because it impacts disk incidences, interpretation
of structures, and the identification of new cold disk pop-
ulations. The impact of background galaxy contamination
has typically been a problem for surveys in the far-IR and
submillimeter, but it has recently been identified as a major
problem for WISE (Wide-field Infrared Survey Explorer) as
well (Kennedy and Wyatt 2012).

In the following sections, we consider in turn our under-
standing of the different disk components as traced predom-
inantly by observations in different wavelength regimes, but
we stress that this does not represent a one-to-one corre-
spondence with disk temperatures. For example, Figure 2
shows that MIPS/24 and PACS/100 are equally sensitive
to dust at ⇠ 3 AU around G type stars (akin to our as-
teroid belt’s warm dust). As we discuss below, ALMA at
(sub-)millimeter wavelengths now has the potential to de-
tect even the warm dust components of disks, so it is sen-
sitivity as much as wavelength that is key to detecting dust
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An Example: Epsilon Eridani"
•  Star: K2V, 3.22 pc, 400-800 Myr!
•  Infrared and millimeter imaging reveals an outer dust belt at ~64 AU!
•  Spitzer IRAC (3.6-7.9 μm) and MIPS (24, 70, 160 μm) reveal excess 

emission attributable to two inner dust belts with the closest at ~3 AU!
•  Could planets be responsible for maintaining this architecture?!

MacGregor et al. (2015b)! Backman et al. (2009)!

MacGregor!
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Figure 7. Observed SED of the ϵ Eri disk, after subtraction of the stellar photosphere, compared with the model SED. Individual photometric points include MIPS
SED flux densities at 55 and 90 µm, iteratively aperture-corrected using model images, and rescaled according to the measured MIPS 70 µm image total flux. The
thick solid line is the IRS SL + SH + LH combined spectrum, rescaled to have zero average excess for λ = 5–12 µm. The thin solid line is the total model flux
(sum of all four dust components). The two dashed lines are the contributions of the two unresolved inner belts. The dot-dashed line is the contribution of the small
(a ∼ 15 µm) silicate grains in the sub-mm ring and halo. The dotted line is the contribution of the large (a ∼ 135 µm) ice grains in the sub-mm ring.

Table 2
Model Components

Component r (AU) MT (M⊕) α a (µm) x f

W1 3 1.8 × 10−7 . . . 3.0 . . . 3.3 × 10−5

W2 20 2.0 × 10−5 . . . 8.0 . . . 3.4 × 10−5

RS 35–90 2.0 × 10−4 +0.01 6.0–23 −3.5 3.0 × 10−5

RL 35–90 4.2 × 10−3 +1.05 100–200 −3.5 4.4 × 10−6

HS 90–110 2.5 × 10−4 +0.15 15–23 −3.5 4.8 × 10−6

Notes. Columns: (1) model component: W1 = warm belt 1, W2 = warm belt 2, RS = sub-mm ring,
small grains; RL = sub-mm ring, large grains; HS = halo, small grains; (2) location; (3) total mass; (4)
mass surface density exponent, assumed to be zero for the W1 and W2 components, fitted to data for the
other components; (5) grain radius; (6) assumed grain size distribution exponent; (7) fractional luminosity,
Ld/L∗.

of the 70 µm uncertainty to the uncertainties in the uncor-
rected flux densities plotted in Figure 3(b). Once the photo-
spheric contribution is subtracted, an excess from the disk of
1.30 ± 0.25 Jy at 55 µm and 1.52 ± 0.25 Jy at 90 µm is
obtained.

4.4. Model Summary

As described in the preceding section, the overall model
of ϵ Eri’s circumstellar material includes (1) particles with
low FIR emissivity and high sub-mm emissivity, consistent
with the properties of radius a = 100–200 µm (effective
a ∼ 135 µm) amorphous H2O ice grains in the sub-mm ring
at r = 35–90 AU; (2) particles with high FIR emissivity and
low sub-mm emissivity, consistent with the properties of a =
6–23 µm (effective a ∼ 15 µm) “astronomical” silicate grains
at r = 35–110 AU, corresponding to the sub-mm ring plus an
exterior halo; (3) a narrow belt at ∼3 AU (T ∼ 120 K) of small
(a ∼ 3 µm) silicate grains; and (4) a narrow belt at ∼20 AU
(T ∼ 55 K) of small grains (a ∼ 8 µm) of undetermined, but
possibly silicate, composition. Specific properties of the model
components are presented in Table 2.

Figure 7 displays the SED of the complete model and the
separate disk components compared with the photometric and

spectrophotometric data (model photosphere SED subtracted).
Spitzer mid-IR and FIR data especially reveal a complicated
SED shape that strongly constrains the temperatures, locations,
and grain sizes of warm unresolved material. The model is
not unique but was built from the fewest components with the
simplest assumptions that produced a good match to all the
available data. Many alternate models were tested, resulting in
confidence that (1) 70 and 160 µm emission does not extend
beyond 110 AU, (2) 350 µm emission does not extend beyond
90 AU, (3) 350 µm emission does not extend inside 35 AU, (4)
the dominant emission in the sub-mm ring is not from silicate
particles, (5) 70 and 160 µm emission within 35 AU must
include nonemitting gaps, with emission restricted to annular
zones, and (6) grains in the innermost warm belt at r ∼ 3 AU
have silicate composition.

The model rises less steeply than the IRS observations at
10–18 µm. The excess flux in the model is less than 3% of the
emission from the system in that range. This may be related
to uncertainty in the photospheric model subtraction at short
wavelengths where the IR excess is barely significant, and may
also indicate the presence of crystalline silicates, with a sharp
20 µm spectral feature, combined with the amorphous silicates
assumed in the model.
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Figure 9. Representation of the ϵ Eri debris disk model components. The small-
scale dotted ellipse is one solution for the orbit of the suggested radial velocity
planet that appears to be inconsistent with the innermost warm debris belt’s
position.

smaller than in the sub-mm ring in both cases. The large grain
population in the ring appears to be absent in the void, even
though 100 µm ice grains could persist against sublimation for
as long as ϵ Eri’s age, 850 Myr, at distances as small as 3 AU
from the star (see Equations 16 and 17 in Backman & Paresce
1993 for expressions of ice sublimation timescales). Moreover,
the mid-IR SED, plus the 70 µm surface brightness profile in
particular, indicates that there are gaps in the distribution of
material from just beyond 3 AU to almost 20 AU, and from
just beyond 20 AU to 35 AU. A mechanism is needed to
prevent significant amounts of both small and large grains from
drifting via P–R drag from the sub-mm ring into the inner void
(Section 5.4).

The total mass of detected grains in ϵ Eri’s innermost belt is
about 0.1× the mass estimated for the warm belt detected around
the 230 Myr-old A star, ζ Lep (Chen & Jura 2001). The size and
structure of the ϵ Eri system, with two warm belts in a central
void surrounded by a cold disk, and silicate dust identified in the
innermost ring, bear striking resemblance to the circumstellar
material in the much younger HD 113766 system (10–16 Myr,
F3/F5 binary; Lisse et al. 2008).

An upper limit to the ratio of ice versus silicate grain mass
for the sub-mm ring region in which they co-exist is about 16.
This ratio is intermediate between values for solar composition
(∼50) and for comets (∼2–5; e.g., Altenhoff et al. 2002).

5.2. Comparison with Prior Studies of ϵ Eri

5.2.1. Sub-mm Ring Features

As noted above, the sub-mm ring at 350 µm (Figure 4)
has the same inner and outer diameters observed in previ-
ously published 850 and 450 µm maps (Greaves et al. 1998;
2005), but 350 µm ring surface brightness features do not,
in general, align with 450 or 850 µm features. The (JCMT/
Submillimeter Common-User Bolometric Array, SCUBA) 450
and 850 µm data were obtained via dithered (“jiggle”) map-
ping, whereas the (CSO/SHARC II) 350 µm map was made
via continuous spiral scanning. Real features should be

robust against such differences in data acquisition and reduction
procedures.

The strongest 450 and 850 µm feature, about 1.5× brighter
than the ring average, is in the south-east sector. A south-east
feature appeared in some form in all the maps and was suggested
to be a real part of the ϵ Eri system by Greaves et al. (2005)
based on its motion over the 1997–2002 time span. Poulton
et al. (2006) made a careful statistical analysis of this issue.
Only a weak feature is seen at that location in the 350 µm image.
Other fairly prominent 850 µm ring features, especially in the
south-west sector, were considered by Greaves et al. (2005) to
be background sources although they have no clear counterparts
at 450 µm.

The strongest 350 µm feature is located in the north-
northeast section of the ring, with a surface brightness of about
0.24 mJy per square arcsec. Its location approximately cor-
responds to a weak 450 µm feature and a moderately strong
850 µm feature that could also be part of the ϵ Eri sys-
tem, considering proper motion plus orbital motion. Recall
(Section 3.1.3) that the 350 µm data, when split into equal parts
and composed into separate maps, have about the same level of
disagreement regarding azimuthal features as between maps at
different wavelengths, and between the 850 µm maps for 1997–
2002 versus 2000–2002 (Greaves et al. 2005). As discussed in
Section 3.1.3 and displayed in Figure 2, no surface brightness
features are seen in the ring at 70 and 160 µm.

Real density features need not have the same surface bright-
ness ratios versus wavelength as the main ring. For exam-
ple, smaller grains trapped in planetary resonances can have
increased libration widths, smoother distributions, and show
less conspicuous clumping than large grains, so that some
features prominent at long wavelengths may be less appar-
ent at short wavelengths (Wyatt 2006). Azimuthal features
with a surface brightness that does not vary progressively with
wavelength, however, are difficult to reconcile with physical
models.

The disagreement between details of the different sub-mm
maps illustrates the difficulty of working at wavelengths with
large variable sky opacity and emission. These comparisons
imply that the Spitzer FIR images and CSO 350 µm maps cannot
confirm the ring surface brightness features reported at 450 or
850 µm.

5.2.2. Optical and NIR Upper Limits

The brightness of scattered light from circumstellar material
can be estimated from

Rλ,r = (τ⊥/4π )
(
d2

pc

/
r2

AU

)
(Pφ(γ )/ cos(i)), (2)

in which R is the ratio, at a given wavelength and position,
of circumstellar surface brightness per square arcsec to the
star’s brightness; τ⊥ is the perpendicular optical depth of
the circumstellar material; dpc is the system distance from the
observer; rAU is the distance of the material from the star; P is the
geometric albedo; φ(γ ) is the phase function value for the star-
dust-observer angle γ ; and cos(i) is the inclination of the disk to
the plane of the sky, i = 0 representing face-on presentation. A
value of cos(i) ∼ 1 can be used for the nearly face-on ϵ Eri disk.
A value φ(γ ) ∼ 0.5 can be assumed for particles much larger
than the wavelength of interest in an approximately face-on disk.

Proffitt et al. (2004) used the STIS spectrographic camera on
HST to search for scattered light from the sub-mm ring region.
They set an upper limit of mSTIS ! +25 for circumstellar light

Far-Infrared Surveyor 
Wavelength Range!



•  Planets orbiting a star can gravitationally perturb an outer debris belt!

•  Variety of structure: warps, clumps, brightness asymmetries, central offsets, 
sharp edges, etc. !

•  Alternative way to probe for wide separation planets that are difficult to 
detect via transits or RV techniques   !

Debris Disk Structure"
MacGregor!

MacGregor et al. (2015a)!
Kalas et al. (2007) !

Currie et al. (2012) ! Jewitt et al. (2009) !

The Astrophysical Journal, 757:28 (15pp), 2012 September 20 Currie et al.

1 FWHM-wide annulus.10 Finally, we correct for photometric/
astrometric biases inherent in LOCI-based processing by im-
puting fake disks into each registered image and comparing the
predicted and measured disk properties (e.g., SB, FWHM, posi-
tion angle). Our method follows that first developed by Rodigas
et al. (2012) and is described in full in the Appendix.

2.3. HD 32297 Disk Image

Figure 1 shows the image and S/N map for our “conservative”
LOCI reduction assuming a rotation gap criterion of δ ! 2.5,
NA = 3000, g = 1, and dr = 10, which balances our ability
to detect the disk at small separations by attenuating speckles
(favoring smaller δ, NA) but without oversubtracting the disk
(favoring larger δ, NA). As evidenced by the S/N map, we detect
the disk at S/N ! 3 from r = 2.′′5 all the way to the edge of the
coronagraphic spot at 0.′′3. The peak S/N per pixel is ∼19. The
disk emission along the midplane is more than 10σ significant at
0.′′85–1.′′4, while some regions of disk emission at 0.′′3–0.′′5 on the
SW side are still more than 5σ significant. Visually inspecting
the image and S/N map reveals significant disk structure. Most
notably, the disk emission traces a distinct “bow” shape, where
the disk position angle clearly changes with radial separation.

Furthermore, the disk exhibits a significant brightness asym-
metry at small separations (r < 0.′′7). Figure 2 redisplays our
disk image with a different color stretch to better illustrate the
brightness differences between the two sides of the disk. In-
terior to r = 0.′′35 (identified with a circle), the SW side is
significantly brighter than both the NE side as well as any pixel
value for residual speckles located at different azimuthal sepa-
rations; the NE side has a peak brightness only slightly larger
than the brightest speckle. Exterior to this separation, there are
no residual speckles as bright as either side of the disk, and the
SW is still clearly brighter at least out to r ≈ 0.′′6 (yellow/red
region on the SW side).

Our Keck Ks image agrees well with the previous best
Ks results, which were obtained with the extreme-AO well-
corrected sub-aperture (WCS) on Palomar presented by Mawet
et al. (2009) using classical (not ADI) imaging. Convolved to the
Palomar/WCS beam size (Figure 2, bottom panel), our image
strongly resembles that of Mawet et al.’s. The disk appears
highly asymmetric with the SW side being brighter extending all
the way to the coronagraphic spot (0.′′3 in our image compared
to 0.′′4 in theirs). As with the Mawet et al. (2009) data, the
NE side appears fainter and truncated. Moreover, the brightest
portion of the disk on the SW side roughly overlaps with the
mm continuum peak (Maness et al. 2008).

3. ANALYSIS

Here, we investigate the HD 32297 disk geometry and SB
profile, following methods similar to those described in Rodigas
et al. (2012). We perform analysis on the image shown in
Figure 1. The disk properties we report are corrected for
photometric/astrometric biases inherent in LOCI processing
(see the Appendix).

3.1. Disk FWHM

To better assess the HD 32297 disk morphology, we measure
the disk FWHM perpendicular to the disk’s major axis as a

10 The focus of this paper is imaging and characterizing the HD 32297 debris
disk. While we do not present data reductions with methods more optimized
for point-source detection, we plan to do so in a future work.

Figure 1. Reduced image (top) and signal-to-noise map (bottom) for our NIRC2
HD 32297 data. The color bar depicting units for the image are in counts, whereas
they range from 0 to 9σ for the signal-to-noise map. The central dark region
identifies the coronagraphic spot (r = 0.′′3). The panels have the same size scale.
(A color version of this figure is available in the online journal.)

function of stellocentric distance. First, we identify the brightest
pixels at each radial separation for the NE and SW lobes,
respectively. Next, we place a 5 pixel by 21 pixel box centered
on the brightest pixel and sum up the counts/pixel along each
row of the box, producing a one-dimensional array of 21 values.
Finally, we fit a Gaussian to this array, which yields the disk
midplane location and the disk FWHM at that location.

Figure 3 displays the disk FWHM as a function of stellocen-
tric distance for the NE (purple) and SW (green) sides. The
errors correspond to the residuals of the Gaussian fits divided

3

HD 15115	
   HD  32297	
   Kuiper Belt	
  



An Example: β Pictoris"
MacGregor!

•  Star: A6V, 19.4 pc, 21 Myr-old!
•  Well-studied debris belt at ~85 AU 

(Dent et al. 2014)!
•  Secondary disk of scattered light 

inclined by about 4° (Ahmic et al. 
2009; Apai & Schneider 2009) !

•  Planet discovered by direct imaging 
using the VLT in 2008 (Lagrange et 
al. 2008)!

•  Orbital radius of 8 – 9 AU, orbital 
period of 17 – 20 yrs!

•  Given properties of β Pic b, secular 
perturbations from the planet could 
produce the observed warp !

– 29 –
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Fig. 11.— The warp and the planet’s orbit in β Pictoris. The planet’s inclination with

respect to the disk midplane is (0.7◦± 0.7, see § 5), while the warp (vertically extended disk
emission) is seen up to at least 4◦ from the midplane.

Lagrange et al. (2008) !

Apai & Schneider (2015) !



Wavelength Dependent Structure"

•  NE-SW asymmetry seen at all 
wavelengths!

•  Warp visible in the optical and 
near-infrared!

•  New Herschel/HIFI observations 
show higher abundance of C II gas 
in the SW (Cataldi et al. 2013)!

•  Mid-IR observations suggest 
smaller grains in SW wing (Telesco 
et al. 2005; Li et al. 2012)!

•  Axisymmetric warp likely due to 
planetary perturbations!

•  What about asymmetric features? 
Possible recent collision? !

MacGregor!

575.2 
nm!

2.18!
μm!

8.7-24.6 
μm!

870!
μm!

870!
μm!

Apai & Schneider (2015), Lagrange et al. (2012), 
Li et al. (2012), Dent et al. (2014) !



Where	
  does	
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  Far-­‐IR	
  Surveyor	
  fit	
  in?	
  

 
 

 
 

Figure 2 illustrates how spatio-spectral interferometry will be used to map spectral line emission in protoplanetary 
systems, resolve planet-induced structures in dust thermal emission from debris disks, and measure the spectra of 
individual distant galaxies.  

  
Figure 1. Vast improvements in angular resolution beyond those provided by the current generation of far-IR missions are 
needed to achieve the astrophysics community’s science goals and resolve the sources of interest. The 36-m maximum 
baseline Space Infrared Interferometric Telescope (SPIRIT; right) matches the resolution of JWST at 10x longer 
wavelengths (25 – 400 µm). 

 

 
Figure 2. SPIRIT spatially resolves (a) protostars, (b) forming and developed planetary systems, and (c) distant galaxies, 
while simultaneously measuring their spectra.  
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The Role of Far-IR Observations"

What resolution is required to resolve structure?!
At a distance of 10 pc – !

Asteroid Belt: 1 arcsec diameter!
Kuiper Belt: 10 arcsec diameter!

Plot: Leisawitz & Rinehart (2012) !

MacGregor!



Gas in Circumstellar Disks"
MacGregor!

•  Growing number of debris disks with 
detections of atomic and molecular 
gas: β Pictoris, 49 Ceti, HD 32297!

•  Gas appears to be secondary in β 
Pictoris and 49 Ceti (comets)!

•  New window on disk structure 
(velocity information), planetesimal 
composition and protoplanetary disk 
dispersal  !

Roberge et al. (2013) !

Far-IR observations can 
target higher CO transitions, 

HCN, CII, OI, etc. "

Gas and Dust in 49 Cet 5
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Figure 2. 49 Cet spectra showing the regions around the [O I] 63 µm line (left) and the [C II] 158 µm line (right). The rest wavelengths
of the lines are marked with dotted lines. No significant O I emission is seen, while the C II line is detected at the ∼ 5σ level. Our
best-fitting models for the continuum or the continuum plus emission line are over-plotted with red solid lines. The data shown here have
the oversampled wavelength scale, highlighting the shape of the [C II] 158 µm emission line, which is unresolved.

Table 2
Spectroscopy Results for 49 Ceti

Line λ0
a Fcont

b Fint
c σFint

S/Nd

(µm) (Jy) (×10−18 W m−2)

O I 63.185 2.09± 0.35 < 11.05 3.68
CO J=36-35 72.843 1.95± 0.32 < 14.88 4.96
o-H2O 78.741 1.90± 0.31 < 11.86 3.95
CO J=29-28 90.163 1.88± 0.32 < 9.25 3.08
O I 145.535 1.16± 0.18 < 6.16 2.06
C II shallow 157.741 1.13± 0.20 7.23 2.22 3.3σ

deep 0.98± 0.13 3.690 0.798 4.6σ
o-H2O 179.527 < 0.73 < 12.17 4.06
DCO+ 189.570 < 1.37 < 13.25 4.42

a Line center rest wavelength.
b Continuum flux at line center rest wavelength; upper limits are
3σ. The flux errors include statistical and absolute flux calibration
uncertainties.
c Integrated emission line flux; upper limits are 3σ.
d Significance of emission line detection.

gas from our data, which is needed to calculate a model-
independent total mass of C II ions from the integrated
[C II] 158 µm line flux. However, we may determine
a temperature-insensitive lower limit on the total mass,
assuming the emission is optically thin. In this case, the
mass is given by

MCII =
4π λ0

hc

Fint m d2

Aul xu
, (2)

where λ0 is the wavelength of the line, Fint is the ob-
served integrated emission line flux, m is the mass of an
atom, d is the distance from the emitting region to the
observer, u and l designate the upper and lower energy
levels involved in the transition, Aul is the spontaneous
transition probability18, and xu is the fraction of atoms
in the upper energy level. Assuming local thermal equi-
librium (LTE), xu is given by

xu =
(2 Ju + 1) e−Eu/kTex

QTex

, (3)

18 NIST Atomic Spectra Database: http://www.nist.gov
/pml/data/asd.cfm

where Ju is the angular momentum quantum number of
the upper level, Eu is the energy of the upper level, Tex
is the excitation temperature, and QTex

is the partition
function for the given excitation temperature.
Figure 3 shows a plot of the C II mass as a function

of the assumed excitation temperature. The lower limit
on the mass is MCII ! 2.15 × 10−4 M⊕, valid for Tex
between 1 K and 2000 K. This value is close to the to-
tal CO mass calculated from the observed sub-mm CO
emission (MCO = 2.2 × 10−4 M⊕; Hughes et al. 2008).
Our upper limits on the CO 73 and 90 µm line fluxes
do not provide useful checks on the CO abundance or
excitation temperature. These lines arise from very high
energy levels (Eu = 3471 and 2240 K, respectively) and
therefore are insensitive tracers of the bulk of the CO
gas.
To determine the total mass of carbon atoms in the

49 Cet disk, we need to know the ionization balance
in the gas. This may be calculated with complex ther-
mochemical disk models, further discussed in Section 5.
Here we make a simple estimate of the mass lower limit
by assuming a plausible ionization fraction, measured in
an analogous environment. The radiation and density
characteristics of the 49 Cet circumstellar environment
are similar to those of β Pic; both A stars are surrounded
by optically thin disks containing a similar amount of
dust, judging from the systems’ fractional infrared lumi-
nosities. Both disks contain circumstellar gas, including
CO (although the β Pic CO is not yet detected in sub-
mm emission, only UV absorption; Roberge et al. 2000).
The measured column densities of neutral and first-

ionized carbon in the β Pic gas are roughly equal, giving
a carbon ionization fraction of ∼ 50% (Roberge et al.
2006), in agreement with the value predicted by pho-
toionization calculations (Fernandez et al. 2006). There-
fore, the rough lower limit on the total mass of carbon
atoms in the 49 Cet gas is MC ! 4.3 × 10−4 M⊕. If we
further assume that the atomic gas has solar elemental
abundances, we may estimate a lower limit on the total
atomic gas mass by dividing the carbon mass limit by
the solar carbon mass fraction (0.288%; Lodders 2003).
With all these assumptions (optically thin [C II] emis-
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Figure 2. 49 Cet spectra showing the regions around the [O I] 63 µm line (left) and the [C II] 158 µm line (right). The rest wavelengths
of the lines are marked with dotted lines. No significant O I emission is seen, while the C II line is detected at the ∼ 5σ level. Our
best-fitting models for the continuum or the continuum plus emission line are over-plotted with red solid lines. The data shown here have
the oversampled wavelength scale, highlighting the shape of the [C II] 158 µm emission line, which is unresolved.

Table 2
Spectroscopy Results for 49 Ceti

Line λ0
a Fcont

b Fint
c σFint

S/Nd

(µm) (Jy) (×10−18 W m−2)

O I 63.185 2.09± 0.35 < 11.05 3.68
CO J=36-35 72.843 1.95± 0.32 < 14.88 4.96
o-H2O 78.741 1.90± 0.31 < 11.86 3.95
CO J=29-28 90.163 1.88± 0.32 < 9.25 3.08
O I 145.535 1.16± 0.18 < 6.16 2.06
C II shallow 157.741 1.13± 0.20 7.23 2.22 3.3σ

deep 0.98± 0.13 3.690 0.798 4.6σ
o-H2O 179.527 < 0.73 < 12.17 4.06
DCO+ 189.570 < 1.37 < 13.25 4.42

a Line center rest wavelength.
b Continuum flux at line center rest wavelength; upper limits are
3σ. The flux errors include statistical and absolute flux calibration
uncertainties.
c Integrated emission line flux; upper limits are 3σ.
d Significance of emission line detection.

gas from our data, which is needed to calculate a model-
independent total mass of C II ions from the integrated
[C II] 158 µm line flux. However, we may determine
a temperature-insensitive lower limit on the total mass,
assuming the emission is optically thin. In this case, the
mass is given by

MCII =
4π λ0

hc

Fint m d2

Aul xu
, (2)

where λ0 is the wavelength of the line, Fint is the ob-
served integrated emission line flux, m is the mass of an
atom, d is the distance from the emitting region to the
observer, u and l designate the upper and lower energy
levels involved in the transition, Aul is the spontaneous
transition probability18, and xu is the fraction of atoms
in the upper energy level. Assuming local thermal equi-
librium (LTE), xu is given by

xu =
(2 Ju + 1) e−Eu/kTex

QTex

, (3)

18 NIST Atomic Spectra Database: http://www.nist.gov
/pml/data/asd.cfm

where Ju is the angular momentum quantum number of
the upper level, Eu is the energy of the upper level, Tex
is the excitation temperature, and QTex

is the partition
function for the given excitation temperature.
Figure 3 shows a plot of the C II mass as a function

of the assumed excitation temperature. The lower limit
on the mass is MCII ! 2.15 × 10−4 M⊕, valid for Tex
between 1 K and 2000 K. This value is close to the to-
tal CO mass calculated from the observed sub-mm CO
emission (MCO = 2.2 × 10−4 M⊕; Hughes et al. 2008).
Our upper limits on the CO 73 and 90 µm line fluxes
do not provide useful checks on the CO abundance or
excitation temperature. These lines arise from very high
energy levels (Eu = 3471 and 2240 K, respectively) and
therefore are insensitive tracers of the bulk of the CO
gas.
To determine the total mass of carbon atoms in the

49 Cet disk, we need to know the ionization balance
in the gas. This may be calculated with complex ther-
mochemical disk models, further discussed in Section 5.
Here we make a simple estimate of the mass lower limit
by assuming a plausible ionization fraction, measured in
an analogous environment. The radiation and density
characteristics of the 49 Cet circumstellar environment
are similar to those of β Pic; both A stars are surrounded
by optically thin disks containing a similar amount of
dust, judging from the systems’ fractional infrared lumi-
nosities. Both disks contain circumstellar gas, including
CO (although the β Pic CO is not yet detected in sub-
mm emission, only UV absorption; Roberge et al. 2000).
The measured column densities of neutral and first-

ionized carbon in the β Pic gas are roughly equal, giving
a carbon ionization fraction of ∼ 50% (Roberge et al.
2006), in agreement with the value predicted by pho-
toionization calculations (Fernandez et al. 2006). There-
fore, the rough lower limit on the total mass of carbon
atoms in the 49 Cet gas is MC ! 4.3 × 10−4 M⊕. If we
further assume that the atomic gas has solar elemental
abundances, we may estimate a lower limit on the total
atomic gas mass by dividing the carbon mass limit by
the solar carbon mass fraction (0.288%; Lodders 2003).
With all these assumptions (optically thin [C II] emis-



Dust Compositions"
MacGregor!

•  Herschel PACS detection of the 
69 μm olivine feature in the 
spectrum of β Pictoris!

•  Indicates that cold dust between 
15 – 45 AU is Magnesium rich 
and makes up 3.6% of total dust 
mass !

•  Similar crystalline olivine 
abundances in β Pictoris and 
Solar System comets!

•  Can infer grain crystallization 
and size from shape of the 
emission feature   !de Vries et al. (2012) !

Dust composition 

β*Pictoris*Silicate*Mineralogy*

Herschel*PACS*observa-ons*of*the*69*μm*

forsterite*feature*indicate*that*the*cold*

dust*at*15*–*45*AU*is*MagnesiumIrich*

(with*Mg2I2xFe2xSiO4,*x*=*0.01±0.001)*

*De*Vries*et*al.*(2012)*

De Vries et al. Nature 490, 7418, 2012 

● For β Pic Herschel/PACS 
observations of the olivine 
feature at 69µm indicated the 
presence of cold dust at 15 – 
45 AU that is Magnesium rich 
and makes up 3.6% of the total 
dust mass 
 
 
Grain crystallization and size 
are inferred from the shape of 
the emission feature 
 
This means that to characterize 
the cold silicate a spectral 
resolution of at least 1000 is 
needed (niche for SOFIA?) 



Water in Circumstellar Disks"
MacGregor!

•  Water ice may play an important 
role in forming planetesimals by!
–  Helping grains stick together 

(Ormel et al. 2011; Kuroiwa & 
Sirono 2011)!

–  Increasing the dust to gas mass 
ratio at the snowline and inducing 
the accumulation of grains at this 
location (Kretke & Lin 2007) !

•  Herschel detected ice around T-
Tauri star GQ Lup at 63 μm!
–  Consistent with models of ice-

enhanced grain growth  !

McClure et al. (2012) !

The Astrophysical Journal Letters, 759:L10 (6pp), 2012 November 1 McClure et al.

Figure 1. SED (orange lines and symbols) for GQ Lup. Photometry are from Covino et al. (1992), 2MASS, WISE, AKARI, IRAS, and Dai et al. (2010). Spectra are
from the Spitzer Heritage Archive and this work. The best-fitting non-ice model is shown, along with two ice models. One fits everything but B2A (50 µm grains,
solid gray) and the other fits everything except 120–140 µm (15 µm grains, solid black). The remaining model parameters are given in Table 1. The model does not fit
the optical data because we do not include emission from the accretion shock itself.
(A color version of this figure is available in the online journal.)

PACS, we obtained 55–145 µm spectra of GQ Lup. To char-
acterize simultaneously the distribution of silicates and water
ice in relation to the disk structure, we combined these data
with archival Spitzer spectroscopy and ancillary photometry and
used irradiated accretion disk models to fit the spectral energy
distribution (SED) of GQ Lup.

2. OBSERVATIONS AND DATA REDUCTION

We observed GQ Lup using Herschel (Pilbratt et al. 2010)
on 2012 January 8 (ObsID 1342238375) with PACS (Poglitsch
et al. 2010) range spectroscopy modes B2A (51–73 µm) and
R1S (102–145 µm) at Nyquist sampling (R ∼ 1500) and a
total time of 7774 s. The data were reduced using the standard
data reduction pipeline in HIPE version 9.0 (Ott 2010). We
extracted the spectra from each spaxel, confirmed that the
source was point-like and well centered on the central spaxel
within the pointing uncertainty of ∼2

′′
, and applied the point-

spread function correction to the central spaxel spectrum. The
uncertainty in PACS absolute flux calibration can be up to 30%;
however, GQ Lup was observed by both IRAS, at 60 and 100 µm,
and AKARI, at 65 and 90 µm. We use this photometry to confirm
the absolute photometric accuracy of the PACS spectrum. The
point-to-point variation of the spectrum after rebinning by a
factor of 10 is ∼15%; we assume this as our relative spectral
uncertainty.

The Spitzer Infrared Spectrograph (IRS; Houck et al.
2004) low (SL, 5–14 µm, λ/∆λ = 60–120, AORID 5644032)
and high (SH, 10–19 µm, LH, 19–35 µm, λ/∆λ = 600,
AORID 27064576) spectral resolution data were observed on
2004 August 30 and 2008 September 2 as part of programs
172 and 50641, respectively. We reduced them with SMART
(Higdon et al. 2004) in the same way as in McClure et al.
(2010), with the exception that the SH/LH data were sky sub-
tracted from off-source frames included in that AORID. We
estimate the spectrophotometric uncertainty to be ∼5%.

3. ANALYSIS

The SED of GQ Lup is shown in Figure 1. It has a strong
excess at all infrared wavelengths, indicating the presence of
a dust sublimation wall and disk. However, the disk emission
drops off rapidly with increasing wavelength, consistent with the
conclusion by Dai et al. (2010) that it is outwardly truncated.
The Herschel B2A spectrum shows a peaked triangular shape
around 63 µm suggestive of the water ice feature located there.
We see no evidence for a forsterite feature at 69 µm. In the
IRS spectrum, we identify the major crystalline features by
fitting a non-parametric locally weighted scatterplot smoothing
baseline to the data, taking this as the “dust continuum” beneath
the molecular lines, and subtracting a linear fit to regions
between known crystalline silicate features to the IRS spectrum
(Figure 2(a)). There are strong forsterite features at 23 and
33 µm, blended forsterite–enstatite features at 18 and 28 µm,
and weak enstatite features around 11 µm.

To determine the composition and structure of the disk,
we construct temperature and density structures using the
D’Alessio et al. (2006) irradiated accretion disk models, which
assume the disk is heated by stellar irradiation and viscous
dissipation. Steady accretion and viscosity are parameterized
through constant Ṁ and α, respectively (Shakura & Sunyaev
1973). The disk consists of gas and dust, the latter of which is
comprised of two grain populations mixed vertically. Settling is
parameterized through ϵ = ξ/ξstandard, where the denominator
is the sum of the mass fraction of the different components
relative to gas and the numerator is the mass fraction in the
small dust population.

The silicate and graphite grains have size distributions n(a) =
n0a

−3.5, where a is the grain radius with limits of 0.005 µm and
amax. To test whether the ice grains have grown larger than the
silicate grains, we consider three size distributions: (Case i)
the same power-law dependence and amax as the silicate and
graphite grains; (Case ii) the same power-law dependence but
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Far-IR observations of water and water ice can only be 
done with space telescopes like the Far-Infrared Surveyor"



Key Science Questions"
MacGregor!

Instrument	
  
Requirements?	
  
Wavelength	
  

Range	
  
24	
  –	
  250	
  μm	
  
ConInuum	
  
SensiIvity	
  
10-­‐100	
  μJy	
  
Angular	
  

ResoluIon	
  
<1	
  arcsec	
  
Survey	
  

CapabiliIes?	
  
Yes	
  

Spectral	
  
ResoluIon	
  

>1000	
  (105	
  –	
  106)	
  
Spectral	
  Line	
  
SensiIvity	
  
10-­‐19	
  W/m2	
  

1.  How common is our Solar System morphology?!
–  What is the occurrence rate of debris disks around FGK stars?!
–  How do the characteristics of the host star influence disks?!
–  How common are hot inner ‘asteroid belts’?!

2.  What can we learn from the structure of debris disks?!
–  How do planets affect disk structure?!
–  How does disk structure vary with wavelength?!

3.  What role does atomic and molecular gas play in the 
evolution of circumstellar disks and planetary systems?!
–  How common is gas in debris disks?!
–  Is the gas we see primordial or secondary?!

4.  What is the composition of disk material (mineralogy)?!
–  What is the distribution of water and water ice in disks? !


