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Pre-main sequence stars 
Rich in primordial gas

Giant planet formation?
Reservoirs for planet formation

Main sequence stars 
Gas from cometary collisions
Terrestrial planet formation?

Fossil record of planet formation

Credit: Andrews+ (2019), Kennedy+ (2018), MacGregor+ (2017, 2019), Marino+ (2016, 2018, 2019)

Protoplanetary Disks    evolve into Debris Disks

< 10 Myr <
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First debris disks detected as ‘excess’ infrared emission by IRAS (Aumann+ 1984)

from Herschel DUNESoptical through near-IR = scattered light       mid-IR through radio = thermal emission
Credit: Boccaletti+ (2015), Matthews+ (2015), MacGregor+ (2013), MacGregor+ (2016a)

4

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

Debris disks are observed at optical through radio wavelengths
MacGregor



from Herschel DUNES

Few effects from stellar 
radiation and winds

Reliably traces underlying 
planetesimal belt structure

High resolution for resolving 
distant sources

Good at picking out detailed 
structure (rings, clumps, etc.)

InterferometryMillimeter

Millimeter interferometry has been especially important
MacGregor



The Atacama Large Millimeter/submillimeter Array (ALMA) has 
revolutionized our understanding of circumstellar disk structure.

→ Baselines that span up to 16 km for a resolution of ~0.01’’

MacGregor
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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

HR 4796A

Koerner+ (1998)

Before ALMA, (sub)millimeter images had limited resolution
MacGregor



Marino+ (2017)
MacGregor+ (in 

prep.)

MacGregor+ (in 
prep.)

MacGregor+ (in 
prep.)

MacGregor+ (in 
prep.)

MacGregor+ (2018)

MacGregor+ (2013)Dent+ (2014)MacGregor+ (2016)MacGregor+ (in 
prep.)

Su, MacGregor+ (2017)

MacGregor+ (2017b)Lieman-Sifry+ (2015)
Hughes+ (2017)

MacGregor+, Wyatt+ 
(in prep.)

Marino+ (2016)
Booth+ (2016)

Wilner, 
MacGregor+ (2018)

Marino+ (2016)
MacGregor+ (in 

prep.)

Moor+ (2013)

Epsilon Eridani HD 95086 Tau Ceti Beta Pictoris HD 107146 AU Mic

Eta Corvi HR 8799HD 10647 (q1 Eri)FomalhautHD 21997HD 18132749 Ceti

HD 115617 (61 Vir) HD 139664 HD 207129 HD 38858 HD 15115 HD 61005 HD 32297

HR 4796A

Kennedy+ (2018) Ricci+ (2015)
Marino+ 
(2018)

MacGregor+ (in 
prep.)

MacGregor+ (2018)

ALMA has revealed a wealth of detailed substructure
MacGregor



Planets orbiting a star can gravitationally perturb an outer debris disk

Can produce a variety of structures: warps, clumps, eccentricities, sharp edges, etc. 

Goal: Probe for wide separation planets using debris disk structure

Warp
Inclined orbit of  ! Pictoris b

β
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Debris disks show structure due to the influence of planets
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Credit: Lagrange+ (2010), Jewitt+ (2009)

Resonance
Outward migration of Neptune



Some disks appear eccentric and/or asymmetric

Fomalhaut (440 Myr)

First image from Hubble showed narrow 
belt with possible planet

(Kalas et al. 2005, 2008, 2013)

Credit: Kalas+ (2013), MacGregor+ (2017)

MacGregor

star

disk center

planet?

ALMA Cycle 3 project imaged disk with 
uniform sensitivity using a 7-pointing 

mosaic (PI Paul Kalas, MacGregor et al. 
2017, Matrà et al. 2017)



Steps to modeling an eccentric ring within an MCMC framework:

1. Compute true anomaly and orbital positions for ~104 particles

2. Create 2D histogram by binning at pixel resolution

3. Assume r-0.5 temperature profile, compute flux in each pixel

4. Account for disk geometry (inclination, PA), offsets, etc

Fbelt [mJy]  =  24.7 ± 0.1 

Fstar [mJy] =  0.75 ± 0.2 

Rbelt [AU]   =  136.3 ± 0.9

Δa [AU] =  13.5 ± 1.6

incl [°] =   65.6 ± 0.3

PA [°] =   337.9 ± 0.3

ef =   0.12 ± 0.01

ep =   0.06 ± 0.04

ωf [°] =   22.5 ± 4.3

Model visibilities to derive disk structure and geometry
MacGregor

Credit: MacGregor+ (2017)



New data could reveal properties of sculpting planet

New high resolution observations are able to 
resolve this variation

Credit: MacGregor+ (in prep.)
Unpublished- don’t  share!

MacGregor

If disk is shaped by a planet, theory predicts 
azimuthal variations in the disk width



Systems with both disks and planets are important test cases

Credit: Jason Wang/ Christian Marois, Marley+ (2012), Wilner, MacGregor+ (2018)

HR 8799 (30 Myr)

MacGregor

System consists of:
1. Four 5—10 MJup directly-

imaged companions with 
projected separations of 14, 
24, 38, and 68 AU 

2. Warm inner belt (T ~ 150 K)

3. Cold outer belt (T ~ 35 K) 

4. Extended halo of small 
grains out to ~1000 AU



Disk geometry provides independent constraints on planet masses

Credit: Wilner, MacGregor+ (2018)
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Translate constraint on disk inner 
edge into constraint on mass of 
planet b (Pearce & Wyatt 2014):

Adopting: 

Yields:       

Rin = apl + 5apl

✓
Mpl

3M⇤

◆1/3

Rin = 104+8
�12 AU

apl = 68 AU

M⇤ = 1.56 M�

Mpl = 5.8+7.9
�3.1 MJup Provides an independent constraint 

on current mass estimates derived 
from evolutionary models



Some systems have multiple Kuiper Belts

Credit: MacGregor+ (2019)

Two rings separated 
by a gap at 59 AU 

resolved by ALMA and 
possibly sculpted by a 

0.2 MJup planet

HD 15115 (45 Myr)

MacGregor
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Models predict the presence of currently unseen planets

Implies population of ice giant 
planets currently undetected by 

other techniques
Credit: MacGregor+ (2019), Marino+ (2018, 2019)

REBOUND simulations reproduce structure

MacGregor

A handful of other debris disks show 
similar structure with multiple rings



A growing sample of debris disks now have gas detections
MacGregor

HD 32297 (30 Myr)

Credit: MacGregor+ (2018)

Dust and gas are co-located Secondary origin through 
collisions of cometary bodies



But, this is still a small (biased) sample of disks
MacGregor

More gas (CO) has been detected in disks surrounding stars that are…
Young (< 50 Myr old)

More massive (A and B type)

Credit: Hughes+ (2018)
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ALMA can… 1.  Resolve structure in cold Kuiper Belt analogues
2.  Detect molecular gas lines (e.g., CO isotopologues)

JWST can… 1.  Resolve structure in debris disks with multiple components
2.  Probe grain composition (silicates) and atomic gas lines

MacGregor
ALMA and JWST complement each other



Planetesimals (and grains) are the leftover material from earlier planet formation

The properties of planets reflect the properties of the material they formed from

Goal: Use debris disks to constrain planet formation models (and compositions)

Debris disks are the fossil record of planet formation
MacGregor



from Herschel DUNES

Infrared observations can resolve structure in terrestrial zones
MacGregor

ε Eridani (400 Myr)
AL

M
A SOFIA

Unresolved hot dust within 25 AU Marginally resolved by FORCAST at 35 µm 

Credit: MacGregor+ (in prep.), Su+ (2017)



Unresolved hot dust at a few AU 10 μm silicate emission feature 

Credit: Marino+ (2016), Lisse+ (2012)

Mid-IR observations probe composition of disk solids
MacGregor

η Corvi (1.5 Gyr)
AL

M
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from Herschel DUNES

The grain size distribution constrains collisional models
MacGregor

(sub)mm spectral index (orange): Matthews+ (2007, 2015), Donaldson+ (2013), Olofsson+ (2013),
Marshall+ (2014, 2017), Pawellek+ (2014), MacGregor+ (2016)

spectral shape of the mid-infrared silicate features (blue): Mittal+ (2015)

Hughes+ (2018)

Current measurements for both 
warm dust (blue) and cold dust 

(orange) favor shallower size 
distributions

Most consistent with models of 
porous grains not dominated by 

material strength



(1) ALMA has revolutionized our understanding of debris disks at 

millimeter wavelengths by increasing both resolution and sensitivity.

(2) With ALMA, we can robustly model and characterize the millimeter 

emission of debris disks (e.g., Fomalhaut, HR 8799).

(3) In nearby systems, we are beginning to make connections between 

debris disk structure and underlying planetary systems.  

(4) JWST will provide complementary information on warm debris disks, as 

well as grain composition and disk gas content.

Hopefully, with a multi-wavelength perspective, we will be able to draw 

connections between disk material (both grains and gas) and planets

Take-Away Messages
MacGregor


