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Occurrence of mature 
systems:

Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  

Fressin et al., 2013

Howard et al., 2011

• Radius distribution
• Mass distribution
• Period distribution

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!

Penny., 2014

Statistical distribution of exo-planets

Kepler

Radial Velocity

WFIRST
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Age 5 Gyrs100 Myrs10 Myrs1 Myrs

Statistical distribution 
of mature planets

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  
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Seager, Deming, & 
Valenti 2009

Model by Ehrenreich
et al.

Transit Spectrum of Habitable-Zone
Earth-size Ocean Planet (1 REarth, 0.5 MEarth)

Characterization: transit spectroscopy

Sensitivity

TESS JWSTField of 
Regard

TESS will identify transiting 
sources for JWST spectroscopy 

Tuesday, November 18, 14



R~70$spectra$can$determine$planet$properLes$
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AFTA$Coronagraph$Instrument$

29 

Coronagraph  
Instrument 

Exo-planet  
Direct imaging 

Bandpass 430 – 
980nm 

Measured 
sequentially in 
five ~10% bands 

Inner 
working 
angle 

100 – 250 
mas 

~3λ/D, driven by 
science 

Outer 
working 
angle 

0.75 – 1.8 
arcsec 

By 48X48 DM 

Detection 
Limit 

 
Contrast ≤ 

10-9 

After post 
processing) 

Cold Jupiters, 
Neptunes, down 
to ~2 RE 

Spectral 
Res. 

~70 With IFS, R~70 
across 600 – 980 
nm 

IFS 
Spatial 
Sampling 

17mas Nyqust for 
λ~430nm 

Coronagraph 
Architecture: 

Primary: OMC 
Backup: PIAA 

Characterization: direct imaging (WFIRST-AFTA)

Contrast$vs$Angle$from$Star$
OpLmisLc$ji6er$&$post.processing$factor$

Contrast floors 
here are upper 
limit for long 
exposure/very 
bright star 

Contrast ++ 
Resolution

Coronagraph on WFIRST-AFTA will 
yield Spectra of Giant Planets

Cahoy et al., 2010
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Age 5 Gyrs100 Myrs10 Myrs1 Myrs

100+ pc 50 pc 10 pc

Characterization of 
nearby planets

AFTA$Coronagraph$Instrument$
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After post 
processing) 

Cold Jupiters, 
Neptunes, down 
to ~2 RE 

Spectral 
Res. 

~70 With IFS, R~70 
across 600 – 980 
nm 

IFS 
Spatial 
Sampling 

17mas Nyqust for 
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Coronagraph 
Architecture: 

Primary: OMC 
Backup: PIAA 

Statistical distribution 
of mature planets

Thermal Emission from a Hot Jupiter

J. Valenti (STScI)

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  
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Planets form in disks... characterizing leftover dust 
Interferometric
Resolution

•  The WFIRST-AFTA coronagraph will give us the first reflected light 
visible images of the planetary systems of nearby stars 

Imaging Nearby Planetary Systems 

04/30/2014 WFIRST-AFTA SDT Interim Report 49 

Planet c 

Planet b 
30 zodi disk Simulation of a 10 hour exposure with HL 

coronagraph (0.4 mas jitter / 10 x speckle 
suppression, 550 nm 10% BW) 

•  47 UMa System with known RV 
planets (~Jupiter masses) 

•   G1V star at 14 pc 
•   Planet b has SMA = 2.1 AU,  

planet c has SMA = 3.6 AU 

•   Assume 30 zodi dust dust (628 
zodi measured 3 sigma upper limit, 
Millan-Gabet et al. 2011) 

•   Assume incl  60 d, PA  45 d, pl. 
albedo 0.4, pl. orbit -90 d & 70 d 

Tom Greene 

AFTA-C simulations:
47 Uma with 30 zodi disk

• Little zodiacal light around 
stars with no-far IR excess 
(<60 zodi).
• Positive correlation between 
warm and cold dust.

Will zodi be a problem for 
planet characterization?

The Astrophysical Journal, 796:1 (28pp), 2014 ??? Mennesson et al.

Figure 3. Statistical analysis. Histograms derived from the KIN measurements of 40 “effectively single” stars. (a) Histogram of the 8–9 µm excess significance. The
observed histogram is highly asymmetric and obviously skewed toward positive excesses, with five stars showing excesses detected at the >3σ level. (b) Histogram
of exozodi levels (expressed in solar zodi units, 150 zodis per bin) derived from the KIN 8–9 µm measurements. The observed histogram is again asymmetric and
obviously skewed toward zodi levels higher than the average measurement error of 200 zodis rms, showing a large number of measurements between 150 and 450
zodis. (c) Histogram of broadband 8–13 µm excess significance. Broadband excess error bars and significance are estimated assuming full correlation between the
10 spectral channels, which is the worst-case scenario. The observed histogram is also asymmetric with a tail extending toward positive excesses, two stars showing
excesses detected at the >3σ level, and six more above 2σ . For each plot, the dashed line indicates for comparison the instrumental noise distribution derived from
the data, assuming Gaussian behavior (see Sections 4.1–4.3 for details).

Figure 4. Comparing KIN results for stars with no infrared excess previously known (top panels) and stars with a cold (FIR) or hot (NIR) infrared excess previously
detected (bottom panels). Each subgroup is composed of 20 stars. ((a) and (d)) Histograms of the measured 8–9 µm excess significance. ((b) and (e)) Histograms of
exozodi levels derived from the 8–9 µm measurements, where each bin is 200 solar zodis wide. ((c) and (f)) Histograms of the measured 8–13 µm excess significance.
η Crv appears as a clear outlier in all lower panel histograms, with a high excess significance (>8) and the largest measured zodi level (1870 zodis). For all panels,
the dashed lines indicate the best-fit Gaussian distribution to the data (ignoring η Crv for the lower panel fits). Stars with previously detected cold (FIR) or hot (NIR)
excesses have observed distributions systematically shifted toward higher excess significance and zodi levels, with a high number of measurements concentrating
between 200 and 400 solar zodis and three above 600 zodis (panel (e)). They are also the only stars to show 8–9 µm excesses detected above 3σ (five stars in panel
(d)) or 8–13 µm excesses detected above 2σ (eight stars in panel (f)).
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Figure 4. Comparing KIN results for stars with no infrared excess previously known (top panels) and stars with a cold (FIR) or hot (NIR) infrared excess previously
detected (bottom panels). Each subgroup is composed of 20 stars. ((a) and (d)) Histograms of the measured 8–9 µm excess significance. ((b) and (e)) Histograms of
exozodi levels derived from the 8–9 µm measurements, where each bin is 200 solar zodis wide. ((c) and (f)) Histograms of the measured 8–13 µm excess significance.
η Crv appears as a clear outlier in all lower panel histograms, with a high excess significance (>8) and the largest measured zodi level (1870 zodis). For all panels,
the dashed lines indicate the best-fit Gaussian distribution to the data (ignoring η Crv for the lower panel fits). Stars with previously detected cold (FIR) or hot (NIR)
excesses have observed distributions systematically shifted toward higher excess significance and zodi levels, with a high number of measurements concentrating
between 200 and 400 solar zodis and three above 600 zodis (panel (e)). They are also the only stars to show 8–9 µm excesses detected above 3σ (five stars in panel
(d)) or 8–13 µm excesses detected above 2σ (eight stars in panel (f)).

13

Mennesson et al., 2014, Keck Interferometer

See also Ertel et al., 2014, VLT/CHARA
Credit: Tom Green
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Planets form in disks... characterizing leftover dust 
Interferometric
Resolution

•  The WFIRST-AFTA coronagraph will give us the first reflected light 
visible images of the planetary systems of nearby stars 

Imaging Nearby Planetary Systems 

04/30/2014 WFIRST-AFTA SDT Interim Report 49 

Planet c 

Planet b 
30 zodi disk Simulation of a 10 hour exposure with HL 

coronagraph (0.4 mas jitter / 10 x speckle 
suppression, 550 nm 10% BW) 

•  47 UMa System with known RV 
planets (~Jupiter masses) 

•   G1V star at 14 pc 
•   Planet b has SMA = 2.1 AU,  

planet c has SMA = 3.6 AU 

•   Assume 30 zodi dust dust (628 
zodi measured 3 sigma upper limit, 
Millan-Gabet et al. 2011) 

•   Assume incl  60 d, PA  45 d, pl. 
albedo 0.4, pl. orbit -90 d & 70 d 

Tom Greene 

AFTA-C simulations:
47 Uma with 30 zodi disk

• Little zodi around stars with 
no-far IR excess (<60 zodi).
• Correlation between warm 
and cold dust.
• Ongoing surveys to 
investigate warm dust vs hot 
dust. 

Will zodi be a problem for 
planet characterization?

The Astrophysical Journal, 796:1 (28pp), 2014 ??? Mennesson et al.

Figure 3. Statistical analysis. Histograms derived from the KIN measurements of 40 “effectively single” stars. (a) Histogram of the 8–9 µm excess significance. The
observed histogram is highly asymmetric and obviously skewed toward positive excesses, with five stars showing excesses detected at the >3σ level. (b) Histogram
of exozodi levels (expressed in solar zodi units, 150 zodis per bin) derived from the KIN 8–9 µm measurements. The observed histogram is again asymmetric and
obviously skewed toward zodi levels higher than the average measurement error of 200 zodis rms, showing a large number of measurements between 150 and 450
zodis. (c) Histogram of broadband 8–13 µm excess significance. Broadband excess error bars and significance are estimated assuming full correlation between the
10 spectral channels, which is the worst-case scenario. The observed histogram is also asymmetric with a tail extending toward positive excesses, two stars showing
excesses detected at the >3σ level, and six more above 2σ . For each plot, the dashed line indicates for comparison the instrumental noise distribution derived from
the data, assuming Gaussian behavior (see Sections 4.1–4.3 for details).

Figure 4. Comparing KIN results for stars with no infrared excess previously known (top panels) and stars with a cold (FIR) or hot (NIR) infrared excess previously
detected (bottom panels). Each subgroup is composed of 20 stars. ((a) and (d)) Histograms of the measured 8–9 µm excess significance. ((b) and (e)) Histograms of
exozodi levels derived from the 8–9 µm measurements, where each bin is 200 solar zodis wide. ((c) and (f)) Histograms of the measured 8–13 µm excess significance.
η Crv appears as a clear outlier in all lower panel histograms, with a high excess significance (>8) and the largest measured zodi level (1870 zodis). For all panels,
the dashed lines indicate the best-fit Gaussian distribution to the data (ignoring η Crv for the lower panel fits). Stars with previously detected cold (FIR) or hot (NIR)
excesses have observed distributions systematically shifted toward higher excess significance and zodi levels, with a high number of measurements concentrating
between 200 and 400 solar zodis and three above 600 zodis (panel (e)). They are also the only stars to show 8–9 µm excesses detected above 3σ (five stars in panel
(d)) or 8–13 µm excesses detected above 2σ (eight stars in panel (f)).
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Mennesson et al., 2014, Keck Interferometer

See also Ertel et al., 2014, VLT/CHARA
Credit: Tom Green

LBTI

Tuesday, November 18, 14



Age 5 Gyrs100 Myrs10 Myrs1 Myrs

100+ pc 50 pc 10 pc

Characterization of 
nearby planets

AFTA$Coronagraph$Instrument$

29 

Coronagraph  
Instrument 

Exo-planet  
Direct imaging 

Bandpass 430 – 
980nm 

Measured 
sequentially in 
five ~10% bands 

Inner 
working 
angle 

100 – 250 
mas 

~3λ/D, driven by 
science 

Outer 
working 
angle 

0.75 – 1.8 
arcsec 

By 48X48 DM 

Detection 
Limit 

 
Contrast ≤ 

10-9 

After post 
processing) 

Cold Jupiters, 
Neptunes, down 
to ~2 RE 

Spectral 
Res. 

~70 With IFS, R~70 
across 600 – 980 
nm 

IFS 
Spatial 
Sampling 

17mas Nyqust for 
λ~430nm 

Coronagraph 
Architecture: 

Primary: OMC 
Backup: PIAA 

Statistical distribution 
of mature planets

Thermal Emission from a Hot Jupiter

J. Valenti (STScI)

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  

Zodi
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Debris Disks: second generation dust

Bill Dent image. 

Sensitivity
Stability

Schneider et al., 2014
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JWST: composition of second generation dust

©  2004 Nature  Publishing Group

30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.

letters to nature

NATURE |VOL 431 | 7 OCTOBER 2004 | www.nature.com/nature 661

JWST will characterize 
the dust in debris disks.

Resolution
Sensitivity
Stability

Okamoto et al., 2004COMICS, Subaru
Tuesday, November 18, 14



Dust, 850 microns

Key Science enabler:
Resolution+Sensitivity

ALMA: kinematics of second generation dust

!

!

8 
 

Figures)

!

Fig.1.!!Images!of!β!Pic!using!ALMA!in!continuum!and!line!emission.!Both!have!been!
rotated! by! +29! degrees,! the! position! angle! of! the!main! dust! disk.! The! beam! size!
(0.56x0.71arcsec)!is!shown!lower!left,!and!the!locations!of!the!star!and!planet!on!the!
date! of! observations! are! indicated! by! the! asterisk! and! the! cross.! (A)! Continuum!
emission!at!870µm!from!the!mm!dust;!the!rms!noise!level!is!61µJy!beam91.!(B)!Total!
J=392! CO! line! emission! (rest! frequency! 345.796GHz);! the! noise! level! is! 0.02x10920!
Wm92.!The!planes!of!the!main!and!secondary!dust!disks!(9)!are!shown!by!the!dashed!
lines.!

!

!

ALMA can identify where 
collisions occur in debris disks.

CO 
gas

Dent et al., 2014

Resolution
Sensitivity
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Thermal Emission from a Hot Jupiter

J. Valenti (STScI)

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  

Zodi
2nd generation Dust

©  2004 Nature  Publishing Group

30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.
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Imaging primordial disk with ALMA

Van Der Marel et al., 2014

Van Der Marel et al., 2014

Cassasus et al., 2013

• ALMA will identify dust 
inhomogeneities in the primordial disk.  
• ALMA will trace the kinematics of the 
primordial gas. 

Resolution
Sensitivity
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Imaging primordial disk with JWST
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GO TAU (K5, H=9.6)

Disk semimajor axis  ~ 4.5" (490 AU). 

The dark zone extends to ~ 2.4" (340 AU)

Stronger brightness asymmetry along the minor axis. 

Striated structures (nebulosity) seen the regions of high surface brightness.

Left: linear 0 to 0.134 mJy  arcsec-2. Right: log 0.02 to 3.2 mJy  arcsec -2
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A.P. Verhoeff et al.: The complex circumstellar environment of HD142527.

Figure 3. Normalized mean radial surface brightness profile of
the VISIR 18.72µm image (black) and the PSF (red). We also
plotted the result of our modeling effort (green; see Sect. 7).

Figure 4. Central component-subtracted VISIR 18.72µm im-
age of HD142527. The color bar shows the surface brightness
with a cut-off at 3.1 Jy/arcsec2. The overplotted contours from
the 24.5µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
5.3 Jy/arcsec2.

derived from the observation of standard stars just before or af-
ter HD142527. In the SiC filter, no visible extension is detected.
This constrains the angular extent of the central component to
< 0.35′′ in FWHM (50AU at 145 pc). In the Q-band, extended
emission is clearly detected. A visual inspection of the observed
image in Fig. 2 demonstrates that the emission is divided be-
tween a compact central component and an extended region. We
find that the emission in the central component is also marginally
spatially resolved (see Fig. 3). A quadratic subtraction of the PSF
leads to a FWHM of the spatial emission profile of 0.21′′±0.04,
which corresponds to 30AU at a distance of 145 pc.

Figure 5. Mean radial surface brightness profiles of the east
(PA = 0-180◦) and west (PA = 180-360◦) sides of the VISIR
18.72µm image (blue) and the COMICS 24.5µm image (red).
The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtrac-
tion.

The extended component that is visible after central com-
ponent subtraction (figure 4) has an elliptical shape. An ellipse
fitting of the outer boundary isophotes indicates a position
angle of 110◦±20◦ and an aspect ratio of 1.3 (i = 40◦±20◦ from
face-on). The integrated flux in the residuals after central com-
ponent subtraction is 2.9±0.5 Jy and the integrated flux of the
subtracted central source is 11.1±1.1 Jy. However, the method
used here of separating the photometry of the central component
and the extended region is not very accurate, because their flux
was mixed in the observation process by the PSF. In Sect. 5.2
we present results of a more precise deconvolution method.

5.1. Comparison with previous Q-band imaging

We compared our VISIR 18.72µm image with the
SUBARU/COMICS 24.5µm image of Fujiwara et al. (2006),
applying the same central component subtraction technique
as described above. In Fig. 4 we overplotted the central
component-subtracted COMICS image with white contours. It
shows that the eastern emission peak shifts to the south when
going from 18.72 to 24.5µm. This cannot be explained with a
disk inclination or with flaring of the disk and is therefore an
indication of azimuthal dust opacity variation, which must be
linked to an azimuthal density variations. We will return to this
point in Sect. 8.4.

We also analyzed the mean surface brightness as a function
of distance from the star. In Fig. 5 we plot these spatial profiles
for our VISIR image and for the COMICS image. The position
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Figure 3. Normalized mean radial surface brightness profile of
the VISIR 18.72µm image (black) and the PSF (red). We also
plotted the result of our modeling effort (green; see Sect. 7).

Figure 4. Central component-subtracted VISIR 18.72µm im-
age of HD142527. The color bar shows the surface brightness
with a cut-off at 3.1 Jy/arcsec2. The overplotted contours from
the 24.5µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
5.3 Jy/arcsec2.

derived from the observation of standard stars just before or af-
ter HD142527. In the SiC filter, no visible extension is detected.
This constrains the angular extent of the central component to
< 0.35′′ in FWHM (50AU at 145 pc). In the Q-band, extended
emission is clearly detected. A visual inspection of the observed
image in Fig. 2 demonstrates that the emission is divided be-
tween a compact central component and an extended region. We
find that the emission in the central component is also marginally
spatially resolved (see Fig. 3). A quadratic subtraction of the PSF
leads to a FWHM of the spatial emission profile of 0.21′′±0.04,
which corresponds to 30AU at a distance of 145 pc.

Figure 5. Mean radial surface brightness profiles of the east
(PA = 0-180◦) and west (PA = 180-360◦) sides of the VISIR
18.72µm image (blue) and the COMICS 24.5µm image (red).
The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtrac-
tion.

The extended component that is visible after central com-
ponent subtraction (figure 4) has an elliptical shape. An ellipse
fitting of the outer boundary isophotes indicates a position
angle of 110◦±20◦ and an aspect ratio of 1.3 (i = 40◦±20◦ from
face-on). The integrated flux in the residuals after central com-
ponent subtraction is 2.9±0.5 Jy and the integrated flux of the
subtracted central source is 11.1±1.1 Jy. However, the method
used here of separating the photometry of the central component
and the extended region is not very accurate, because their flux
was mixed in the observation process by the PSF. In Sect. 5.2
we present results of a more precise deconvolution method.

5.1. Comparison with previous Q-band imaging

We compared our VISIR 18.72µm image with the
SUBARU/COMICS 24.5µm image of Fujiwara et al. (2006),
applying the same central component subtraction technique
as described above. In Fig. 4 we overplotted the central
component-subtracted COMICS image with white contours. It
shows that the eastern emission peak shifts to the south when
going from 18.72 to 24.5µm. This cannot be explained with a
disk inclination or with flaring of the disk and is therefore an
indication of azimuthal dust opacity variation, which must be
linked to an azimuthal density variations. We will return to this
point in Sect. 8.4.

We also analyzed the mean surface brightness as a function
of distance from the star. In Fig. 5 we plot these spatial profiles
for our VISIR image and for the COMICS image. The position
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30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.

letters to nature
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Table 3. Keplerian orbital elements.
The quoted value is the median (50th
percentile) of the marginalized poste-
rior distributions with errors represent-
ing the 68% confidence interval (16 and
84th percentiles.) Derived quantities—
period, P , periapse and apoapse dis-
tances are also listed.

Orbital Element Value Units

a 9.04+0.82
�0.41 [AU]

⌦ �148.36± 0.45 [deg.]

i 90.69
±

0.68 [deg.]

e 0.06+0.07
�0.04

P 20.5+2.9
�1.4 [yr]

(1� e)a 8.75+0.24
�0.81 [AU]

(1 + e)a 9.39+1.55
�0.33 [AU]

N

E

GPI H Band Nov. 2013 60 sec

0.4"

7.8 AU

Fig. 1. RGB color composite of a single 60-second H band (1.5–1.8 µm) GPI image of Beta
Pictoris. The short, medium and long segments of H band are mapped to RGB. The image
has been high-pass filtered to remove di↵use background light but no PSF subtraction has been
applied. The four sharp spots at 1:00, 4:00, 7:00 and 10:00 o’clock are di↵racted images of the
star generated by a reference grid inside GPI.

Footline Author PNAS Issue Date Volume Issue Number 7

Extreme Adaptive Optics on 8 m telescopes will find a 
characterize adolescent planets around young nearby stars.Macintosh et al., 2014

Macintosh et al., 2014

8 Chilcote et al.

Fig. 4.— We compare the model 1650K log(g) = 4.0 spectrum (green), and its predicted photometric points (blue) to the spectrum of
2M2213-21 (red) and the measured photometric points (black) (Males et al. 2014).

Fig. 5.— The comparison of the H-band spectrum (black) to a 1650K model with 3 di↵erent gravities. All three models do no provide
a perfect match to the spectrum. The log(g) = 4.0 model (green) comparison has the best fit but is o↵set from the observations by a
constant slope. The young, low-gravity brown dwarf 2M2213-21 (red) has a better match to the spectrum then all 3 models. The agreement
between the GPI spectrum and that of known low-gravity brown dwarfs strongly suggests that our GPI spectrum is mostly free of chromatic
systematic errors and the discrepancies with the synthetic spectra are most likely the result of imperfect modeling (e.g., treatment of dust
clouds). The spectra are normalized to match the flux measured in Males et al. (2014).

Chilcote et al., 2014

Bonnefoy et al.: Physical and orbital properties of � Pictoris b

Fig. 2. Normalized J-band spectrum of � Pic b (gray squares)
compared with best-fitting spectra (see description in Appendix
B) of M9.5-L1 objects from samples 1 (pink squares), 2 (blue
squares), 3 (green squares), and 4 (red squares).

errors on the RV data and on the prior assumed on the
amplitude K (see Appendix A for details). Figure 1 shows
two histograms of posterior mass distribution, each of them
corresponding to the use of a different prior on K (linear
and logarithmic). In both cases, up to 96% of the solutions
are below 20 M

Jup

.

4. Physical properties and initial conditions

The J-band spectrum of � Pic b (Fig. 2) contains all
the feature characteristics of late-M and early-L dwarfs:
a marked water-band absorption longward of 1.33 µm, a
rising pseudo-continuum from 1.1 to 1.33 µm slightly af-
fected from 1.16 to 1.22 µm by FeH absorptions. We com-
pared it to four samples of empirical spectra of MLT dwarfs
and young planetary mass objects (Appendix B) using a
�2 (Fig. 2). In sample 1 (composed of objects of vari-
ous ages) the spectrum of the candidate AB Dor member
(age⇠50-150 Myr; J. Faherty, priv. com.) L1 dwarf 2MASSI
J0117474-340325 (Burgasser et al. 2008) provides the best
fit. Comparisons with the remaining samples confirm that
� Pic b is an L1+1

�1.5 dwarf, as previously inferred from the
spectral energy distribution (SED) analysis (Bonnefoy et al.
2013; Currie et al. 2013; Males et al. 2014).

We used the bolometric correction of young M9.5-L0
dwarfs (BCK = 3.40 ± 0.02) from Todorov et al. (2010)2
and the mean and dispersion on the Ks-band photom-
etry reported in Males et al. (2014) to find a revised
log(L/L�) = �3.90± 0.07 for � Pic b. We compared the
normalized spectrum of � Pic b with predictions from the
PHOENIX-based (BT-SETTL10, BT-SETTL13, DRIFT-
PHOENIX, described in Witte et al. 2011; Bonnefoy et al.
2013; Manjavacas et al. 2014) and five grids of LESIA atmo-
spheric models (see Appendix C and Baudino et al. 2014)

2 The BCK corresponds to the mean of those measured for
KPNO-Tau 4 and 2MASS J01415823-4633574, two objects
whose J-band spectra reproduce those of � Pic b well.

Table 2. Best-fitting atmospheric parameters. Solutions leading
to semi-empirical masses ( MS.E.) below 2 MJup and above 20
MJup are lister in italics (considering uncertainties of ±100 K in
Te↵ , ±0.1 dex in log g for the LESIA grids, ±0.5 dex otherwise).

Model T

e↵

log g �2

red

M

S.E.

(K) (cm.s�2) (M

Jup

)

Settl10 1600 3.5 0.49 3+7

�2

Settl13-M/H=-0.5 1500 4.5 0.38 34+86

�24

Settl13-M/H=0.0 1600 5.5 0.24 259+643

�184

Settl13-M/H=+0.5 1600 5.0 0.31 82+204

�58

DP-M/H=-0.5 1600 5.5 0.20 259+643

�184

DP-M/H=0.0 1600 4.5 0.17 26+65

�19

DP-M/H=+0.5 1700 4.5 0.12 20+50

�15

LESIA - I 2100 3.6 2.19 1.1+0.3
�0.2

LESIA - II 1500 5.5 1.56 335+138

�94

LESIA - III 1400 5.2 0.33 221+98

�65

LESIA - IV 1500 5.3 0.25 211+88

�59

LESIA - V 1500 5.4 0.33 266+110

�75

to derive updated T
e↵

and log g estimates (Table 2). A sim-
ilar analysis derived for the up-to-date SED is reported in
Appendix D. The SED and spectra of � Pic b constrain
the T

e↵

to 1650± 150 K. The fits are less sensitive to log
g and to the metallicity. Although log g values higher than
4.7 dex cannot be directly excluded from the spectral fit-
ting, these values and the radii derived from T

e↵

and the
luminosity estimates yield masses (see Tables 2 and D.1)
greater than the dynamical mass constraints (Section 3).
The �2 fit of the J-band spectrum is mostly sensitive to the
overal spectral slope and less sensitive to the simultaneous
fitting of the water-band absorption longward of 1.3 µm.
Therefore, visual inspection yields similar, but different so-
lutions for the DRIFT-PHOENIX (DP) and LESIA models
(Figure 3). The T

e↵

value is consistent with those reported
in Bonnefoy et al. (2013), Currie et al. (2013), and Males
et al. (2014) using the SED only and/or different atmo-
spheric models. The T

e↵

is also coherent with those derived
for young objects at similar spectral types (Bonnefoy et al.
2014; Manjavacas et al. 2014). The dilution factors needed
to adjust the model SED expressed in surface fluxes to the
apparent fluxes of the planet correspond to a planetary ra-
dius of 1.5 ± 0.2 R

Jup

(see Bonnefoy et al. 2013). This
radius is consistent with those reported in Bonnefoy et al.
(2013), Currie et al. (2013), and with the one derived from
the T

e↵

and luminosity estimates (1.4+0.2
�0.1 R

Jup

).
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Fig. 3. Best-fitting synthetic spectra from the BT-SETTL13,
DRIFT-PHOENIX, and LESIA grids found from a visual check-
ing. The parameters Te↵/log g/[M/H] are reported for each
model.
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Fig. 3. Top: Pure H2O (blue), CO (green), and CH4 (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A 
filtered model atmosphere spectrum of mostly H2O and CO is overplotted in black.  Also shown 
is a spectrum of a bright speckle, scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. Bottom: Cross-correlations functions for the spectrum of HR 
8799c and the synthetic spectra shown in the top panel (solid) along with a baseline cross-
correlation between the planet spectrum and a bright speckle (dotted).  The cross-correlation with 
the H2O-only template covered the entire observed wavelength range.  Correlations with the CO 
and CH4 templates were performed only over wavelength regions with strong lines (CH4: λ > 
2.18 µm; CO: λ > 2.29 µm).  Significant cross-correlation peaks are found for the pure CO and 
H2O templates, as expected.  The CO-only template produces two smaller symmetric peaks at ± 
207 km s-1 – this velocity corresponds to the near-equal line spacing of the CO lines across the 
(2,0) bandhead starting at 2.29 µm.  Similar near-equal line spacing occurs for other CO 
bandheads (e.g. the (3,1) bandhead at 2.32 µm) resulting in the ringing behavior seen in the 
cross-correlation.  No peaks in the correlations were found with either of the three CH4 templates 
or the speckle spectrum (this is true for any subset of the observed wavelength range used).  
Cross-correlation is not required to detect molecular lines in our spectrum; however, this exercise 

Konopacky et al., 2014

8 Oppenheimer et al.

Fig. 4.— Spectra of the b, c, d and e components using the S4 algorithm. 1-� error bars are indicated on either side of each point. Spectra
are shown for comparative purposes in normalized f�. The dotted spectrum of component c is extracted from the October 2012 data and
shows poorer detection in the J-band due to seeing conditions. All other spectra are from the June 2012 epoch. Black dashed lines are
spectra of the background extracted at the same radial distance from A for each component. They consist of the average of 6 di↵erent
randomly-selected locations in the azimuthal direction; they represent comparative “noise level” estimates. Tentative identification of some
molecular features (excluding water) are indicated at the top of the plot. CO2 is listed with a question mark as explained in §8.3 and could
also be attributable to HCN.

Along these lines, we also derived spectra of fourteen
other similarly bright peaks in the detection map shown
in Fig. 3, to see whether they were real sources. All of
them, which are either not point sources or of lower sig-
nificance than the bona-fide companions, either showed
peaks in the insensitive water-band between 1350 and
1430 nm—indicating spurious starlight contamination—
or flat, featureless spectra at levels similar to the nearby
background, indicating that they are not real sources.

7.3. Fake Source Spectrum Retrieval

As another test of the ability of our data analysis to re-
trieve spectra with high fidelity we inserted multiple fake
companion sources into the same data cubes we analyzed
for this paper. The sources were placed at the same over-
all brightness as each component and at the same radii
from the star. The fake sources were given the T4.5
spectrum of the standard 2MASS J0559-1404, chosen for
its strong molecular features (Burgasser & Kirkpatrick
2006), which are useful to understand whether the fea-

tures are correctly reproduced. The spectrum was resam-
pled at Project 1640’s resolution and wavelength range
and applied to a cube of a fiducial PSF derived from an
unocculted observation of the internal calibration white-
light source. The instrumental response of the system
was also applied to this PSF and then it was reduced
in intensity by a factor su�cient to make it of the same
intensity as each of the b, c, d and e components. We
then ran this composite data cube through the S4 algo-
rithm, detected each object with the same significance as
the real components and extracted their spectra as de-
scribed in Appendix B. This was repeated 5 times with
di↵erent, randomly selected azimuthal locations for the
fake objects at the same radii as the planets.
The spectra of fake sources extracted matched the in-

put spectrum, with an rms error of less than 1-� for
all four cases. All four spectra of the fake sources are
shown in Fig. 6. In general the extractions are identical
in shape to the input spectrum and in all cases repro-
duce small kinks in the input T4.5 object. For reference,
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Characterizing adolescent planets. Resolution
Contrast

Extreme Adaptive Optics on 8 m telescopes will find a 
characterize adolescent planets around young nearby stars.

Macintosh et al., 2014
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Characterization of 
nearby planets
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Coronagraph  
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Direct imaging 
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980nm 
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Statistical distribution 
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Thermal Emission from a Hot Jupiter

J. Valenti (STScI)

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  

Zodi
2nd generation Dust

Adolescent Planets

Primordial disk

A.P. Verhoeff et al.: The complex circumstellar environment of HD142527.

Figure 3. Normalized mean radial surface brightness profile of
the VISIR 18.72µm image (black) and the PSF (red). We also
plotted the result of our modeling effort (green; see Sect. 7).

Figure 4. Central component-subtracted VISIR 18.72µm im-
age of HD142527. The color bar shows the surface brightness
with a cut-off at 3.1 Jy/arcsec2. The overplotted contours from
the 24.5µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
5.3 Jy/arcsec2.

derived from the observation of standard stars just before or af-
ter HD142527. In the SiC filter, no visible extension is detected.
This constrains the angular extent of the central component to
< 0.35′′ in FWHM (50AU at 145 pc). In the Q-band, extended
emission is clearly detected. A visual inspection of the observed
image in Fig. 2 demonstrates that the emission is divided be-
tween a compact central component and an extended region. We
find that the emission in the central component is also marginally
spatially resolved (see Fig. 3). A quadratic subtraction of the PSF
leads to a FWHM of the spatial emission profile of 0.21′′±0.04,
which corresponds to 30AU at a distance of 145 pc.

Figure 5. Mean radial surface brightness profiles of the east
(PA = 0-180◦) and west (PA = 180-360◦) sides of the VISIR
18.72µm image (blue) and the COMICS 24.5µm image (red).
The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtrac-
tion.

The extended component that is visible after central com-
ponent subtraction (figure 4) has an elliptical shape. An ellipse
fitting of the outer boundary isophotes indicates a position
angle of 110◦±20◦ and an aspect ratio of 1.3 (i = 40◦±20◦ from
face-on). The integrated flux in the residuals after central com-
ponent subtraction is 2.9±0.5 Jy and the integrated flux of the
subtracted central source is 11.1±1.1 Jy. However, the method
used here of separating the photometry of the central component
and the extended region is not very accurate, because their flux
was mixed in the observation process by the PSF. In Sect. 5.2
we present results of a more precise deconvolution method.

5.1. Comparison with previous Q-band imaging

We compared our VISIR 18.72µm image with the
SUBARU/COMICS 24.5µm image of Fujiwara et al. (2006),
applying the same central component subtraction technique
as described above. In Fig. 4 we overplotted the central
component-subtracted COMICS image with white contours. It
shows that the eastern emission peak shifts to the south when
going from 18.72 to 24.5µm. This cannot be explained with a
disk inclination or with flaring of the disk and is therefore an
indication of azimuthal dust opacity variation, which must be
linked to an azimuthal density variations. We will return to this
point in Sect. 8.4.

We also analyzed the mean surface brightness as a function
of distance from the star. In Fig. 5 we plot these spatial profiles
for our VISIR image and for the COMICS image. The position
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30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.

letters to nature

NATURE |VOL 431 | 7 OCTOBER 2004 | www.nature.com/nature 661

Fig. 2. Combined 30-minute GPI image of Beta Pictoris. The spectral data has been
median-collapsed into a synthetic broadband 1.5–1.8 µm channel. The image has been PSF
subtracted using angular and spectral di↵erential techniques. Beta Pictoris b is detected at a
signal-to-noise of ⇠ 100
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Fig. 3. Contrast vs. angular separation at H (1.6 µm) for a PSF-subtracted 30-minute
GPI exposure. Contrast is shown for PSF subtraction based on either a flat spectrum similar
to a L dwarf or a methane-dominated spectrum (which allows more e↵ective multi-wavelength
PSF subtraction.) For comparison, a 45-minute 2.1 µm Keck sequence is also shown. (Other
high-contrast AO imaging setups such as Subaru HiCIAO, Gemini NICI, and VLT NACO have
similar performance to Keck.)
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8 Oppenheimer et al.

Fig. 4.— Spectra of the b, c, d and e components using the S4 algorithm. 1-� error bars are indicated on either side of each point. Spectra
are shown for comparative purposes in normalized f�. The dotted spectrum of component c is extracted from the October 2012 data and
shows poorer detection in the J-band due to seeing conditions. All other spectra are from the June 2012 epoch. Black dashed lines are
spectra of the background extracted at the same radial distance from A for each component. They consist of the average of 6 di↵erent
randomly-selected locations in the azimuthal direction; they represent comparative “noise level” estimates. Tentative identification of some
molecular features (excluding water) are indicated at the top of the plot. CO2 is listed with a question mark as explained in §8.3 and could
also be attributable to HCN.

Along these lines, we also derived spectra of fourteen
other similarly bright peaks in the detection map shown
in Fig. 3, to see whether they were real sources. All of
them, which are either not point sources or of lower sig-
nificance than the bona-fide companions, either showed
peaks in the insensitive water-band between 1350 and
1430 nm—indicating spurious starlight contamination—
or flat, featureless spectra at levels similar to the nearby
background, indicating that they are not real sources.

7.3. Fake Source Spectrum Retrieval

As another test of the ability of our data analysis to re-
trieve spectra with high fidelity we inserted multiple fake
companion sources into the same data cubes we analyzed
for this paper. The sources were placed at the same over-
all brightness as each component and at the same radii
from the star. The fake sources were given the T4.5
spectrum of the standard 2MASS J0559-1404, chosen for
its strong molecular features (Burgasser & Kirkpatrick
2006), which are useful to understand whether the fea-

tures are correctly reproduced. The spectrum was resam-
pled at Project 1640’s resolution and wavelength range
and applied to a cube of a fiducial PSF derived from an
unocculted observation of the internal calibration white-
light source. The instrumental response of the system
was also applied to this PSF and then it was reduced
in intensity by a factor su�cient to make it of the same
intensity as each of the b, c, d and e components. We
then ran this composite data cube through the S4 algo-
rithm, detected each object with the same significance as
the real components and extracted their spectra as de-
scribed in Appendix B. This was repeated 5 times with
di↵erent, randomly selected azimuthal locations for the
fake objects at the same radii as the planets.
The spectra of fake sources extracted matched the in-

put spectrum, with an rms error of less than 1-� for
all four cases. All four spectra of the fake sources are
shown in Fig. 6. In general the extractions are identical
in shape to the input spectrum and in all cases repro-
duce small kinks in the input T4.5 object. For reference,

 

Fig. 3. Top: Pure H2O (blue), CO (green), and CH4 (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A 
filtered model atmosphere spectrum of mostly H2O and CO is overplotted in black.  Also shown 
is a spectrum of a bright speckle, scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. Bottom: Cross-correlations functions for the spectrum of HR 
8799c and the synthetic spectra shown in the top panel (solid) along with a baseline cross-
correlation between the planet spectrum and a bright speckle (dotted).  The cross-correlation with 
the H2O-only template covered the entire observed wavelength range.  Correlations with the CO 
and CH4 templates were performed only over wavelength regions with strong lines (CH4: λ > 
2.18 µm; CO: λ > 2.29 µm).  Significant cross-correlation peaks are found for the pure CO and 
H2O templates, as expected.  The CO-only template produces two smaller symmetric peaks at ± 
207 km s-1 – this velocity corresponds to the near-equal line spacing of the CO lines across the 
(2,0) bandhead starting at 2.29 µm.  Similar near-equal line spacing occurs for other CO 
bandheads (e.g. the (3,1) bandhead at 2.32 µm) resulting in the ringing behavior seen in the 
cross-correlation.  No peaks in the correlations were found with either of the three CH4 templates 
or the speckle spectrum (this is true for any subset of the observed wavelength range used).  
Cross-correlation is not required to detect molecular lines in our spectrum; however, this exercise 

Tuesday, November 18, 14



Resolution
Contrast 
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Planetary birth with ELTs

5

Fig. 1.— Fourier phase fitted to closure-phase (small dots) and the binned version of the same observable (triangles) for all 2010 K-band
data on LkCa 15, plotted against the baseline projected along the principle axis of the best fit binary model. The phases of the best fit
binary model model from Table 2 is shown as a solid line..

have classified each source as corresponding to a north-
east (NE), central (CEN), or southwest (SW) compo-
nent. Wavelength-dependent changes in the fit position
(as for the projected separations of CEN in L′ and K ′)
suggest that the underlying morphology is indeed more
complex, but further decomposition is not warranted by
the resolution of our data. Even at this scale, it is pos-
sible that there is degeneracy between the fluxes of the
flanking components and the central component, with
flux from NE and SW contaminating the measurement
for CEN. However, the positions of each component can
be attributed to flux seen in the reconstructed images of
Figure 2, suggesting that the overall morphology is being
captured by both methods.
The L′ visibility amplitudes are too noisy to contribute

to a full image reconstruction, and even point source fits
are too noisy for the same level of detail as fits based
on purely closure phases. However, in a fit to the 2010
L′ data with point-symmetric and antisymmetric mod-
els of three point sources (i.e., two companions), we find
that the total flux is 1.7± 0.3% using full visibilities and
1.4 ± 0.1% using only the closure phases. This fit in-
dicates that 91 ± 9% of the total flux comes from the
antisymmetric structures seen in the reconstructed im-
ages, with no more than the remaining 9% coming from a
point-symmetric component (such as a disk). This strong
limit shows that our observed sources do indeed represent
localized structures, rather than bright clumps embedded
in a disk.
Given the unusual nature of this source, we must con-

sider the validity of the detection. The use of inappro-
priate (i.e. binary) calibrators can lead to the detection

of spurious sources. However, we can reject this hypoth-
esis since the companion was detected on six different
nights over two years, typically using different sets of
calibrators. We also tested the observations by omitting
each calibrator in turn to see if the detection remained.
The detection lost significance due to the smaller number
of calibrators remaining, but it remained at all epochs.
This same degree of persistence also allows us to reject
the possibility that we are seeing a background source
(which given its spatially resolved nature, would need
to be a multiple system or a galaxy). The proper mo-
tion of LkCa 15 reported by UCAC3 is (+9.6,-13.3) ±
2.2 mas/yr(Zacharias 2010), so if we were observing a
background source or sources, then the L′ detections
should have moved by (∆α,∆δ) = (+8.4,-11.6) ± 1.9
mas between the 2009 and 2010 epochs. The NE and
CEN sources appear to yield low-quality fits at individual
epochs, perhaps because flux is allowed to shift between
the two nominal positions. However, the SW source ap-
pears fairly consistent between all epochs, and hence pro-
vides the best opportunity to measure the relative mo-
tion. We found that between 2009 (November) and 2010
(August plus November), the source position differed by
(∆α,∆δ) = (-7.5,-8.8) ±6.7 mas. The disagreement with
nonmovement is therefore 16.2 ± 7.0 mas, or 2.3σ. In-
triguingly, this motion is almost entirely in the PA di-
rection, suggesting that we might be seeing orbital mo-
tion. We also note that the probability of such a chance
alignment is extremely small; the 2MASS Point Source
Catalog lists only 77 sources with K < 15 (and hence
L !15) within a radius of <5 arcminutes of LkCa 15, for
an overall density of 3× 10−4 arcsec−2. The probability

GPI Contrast

Courtesy of C. Marois
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10 AU in star forming regions < 100 mas. 
Interferometric techniques on 8 m. 
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Fig. 3.— Left: The transitional disk around LkCa15, as seen at a wavelength of 850 µm (Andrews et al. 2011). All of the flux at this
wavelength is emitted by cold dust in the disk; the deficit in the center denotes an inner gap with radius of ∼55 AU. Right: An expanded
view of the central part of the cleared region, showing a composite of two reconstructed images (blue: K ′ or λ = 2.1 µm, from November
2010; red: L′ or λ = 3.7 µm, from all epochs) for LkCa 15. The location of the central star is also marked. Most of the L′ flux appears to
come from two peaks that flank a central K ′ peak, so we model the system as a central star and three faint point sources.

direct irradiation by the planet is also insufficient. An-
other plausible explanation is the deposition of orbital
kinetic energy as material accretes into the circumplan-
etary environment from the outer disk. The expected
accretion rate and typical orbital velocities at that ra-
dius from the star are large enough to deliver the needed
energy, but detailed modeling will be needed to deter-
mine if material will be heated sufficiently as to emit in
the NIR. Finally, one possible explanation is that the en-
ergy is transported out from the planet by accretion jets
or winds, as a significant fraction of accreting material
should be launched back outward from the planet (Herbig
1950; Haro 1952; Konigl & Pudritz 2000; Shu et al. 2000).
If this higher-velocity material impacts the complex cir-
cumplanetary environment, perhaps guided by the global
magnetic field of the disk, then it could deposit sufficient
energy to heat that environment. More rigorous test-
ing of these models will required additional observations
at shorter or longer wavelengths (in order to refine the
temperature estimates for each spatially resolved compo-
nent) or direct identification of the circumplanetary dust
distribution with observations from ALMA.
In Figure 4, we show the brightness and color of the in-

dividual components and the full structure as compared
to free-floating stars and brown dwarfs within the Taurus
star-forming region (Luhman et al. 2010). The observed
fluxes for any individual component, or even for the sum,
are fainter than all but the few least-massive members of
Taurus-Auriga, which themselves fall in the planetary-
mass range (e.g., Luhman et al. 2009). If other explana-
tions can be rejected, then this low luminosity strongly
suggests that our observations have revealed a planetary
companion.

3.3. Heating Processes for The Extended
Circumplanetary Material

We interpret our observations to represent a single
planet (with a relatively neutral near-IR color) sur-
rounded by resolved circumplanetary material (with a
very red near-IR color). The modest color of the planet is
not surprising, since its brightness is likely dominated by
accretion luminosity that should be much bluer than the
underlying photosphere. However, the brightness and
size of the circumplanetary region requires additional ex-
planation. As we discuss further in Section 3.4, material
should only glow in the NIR if it has a temperature of
!500–1000 K; otherwise, its blackbody peak shifts to
much longer wavelengths. Even for relatively luminous
stars, dust is only heated to this temperature within the
inner ∼0.1–0.2 AU (Olofsson et al. 2011). We therefore
must question if radiative heating from a planet is suffi-
cient. Given the K ′ magnitude and K ′ − L′ color of the
proposed planet, then its total luminosity is L ∼ 10−3L⊙.
Large dust grains should absorb this incident flux in pro-
portion to their cross-section and emit it in proportion
to their surface area, so their equilibrium temperature
depends only on the distance from the planet. At a dis-
tance of ∼5 AU, the equilibrium temperature for large
dust grains should be ∼20–25 K, a factor of 20 too low
to explain the observed L′ flux.
This energy could also represent shock-heating of cir-

cumplanetary material, due to the deposition of orbital
kinetic energy from disk material into the circumplan-
etary environment. The typical orbital velocity at an
orbital radius of ∼20 AU from LkCa15 A should be ∼7
km/s, and the kinetic energy of accreted disk material
could be liberated as thermal energy if it impacts on cir-
cumplanetary material moving with a similar speed, but
in a different direction. If the typical accretion rate is
∼10−7–10−8 M⊙/yr, then the corresponding luminosity
will be ∼10−3–10−4 L⊙. The high end of this range is
consistent with the observed luminosity, so this explana-
tion could be feasible. However, the observed tempera-

Kraus and Ireland, 2012

ELTs will image planetary 
birth in -situ. 

Kraus and Ireland, 2012
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Fig. 1.— Fourier phase fitted to closure-phase (small dots) and the binned version of the same observable (triangles) for all 2010 K-band
data on LkCa 15, plotted against the baseline projected along the principle axis of the best fit binary model. The phases of the best fit
binary model model from Table 2 is shown as a solid line..

have classified each source as corresponding to a north-
east (NE), central (CEN), or southwest (SW) compo-
nent. Wavelength-dependent changes in the fit position
(as for the projected separations of CEN in L′ and K ′)
suggest that the underlying morphology is indeed more
complex, but further decomposition is not warranted by
the resolution of our data. Even at this scale, it is pos-
sible that there is degeneracy between the fluxes of the
flanking components and the central component, with
flux from NE and SW contaminating the measurement
for CEN. However, the positions of each component can
be attributed to flux seen in the reconstructed images of
Figure 2, suggesting that the overall morphology is being
captured by both methods.
The L′ visibility amplitudes are too noisy to contribute

to a full image reconstruction, and even point source fits
are too noisy for the same level of detail as fits based
on purely closure phases. However, in a fit to the 2010
L′ data with point-symmetric and antisymmetric mod-
els of three point sources (i.e., two companions), we find
that the total flux is 1.7± 0.3% using full visibilities and
1.4 ± 0.1% using only the closure phases. This fit in-
dicates that 91 ± 9% of the total flux comes from the
antisymmetric structures seen in the reconstructed im-
ages, with no more than the remaining 9% coming from a
point-symmetric component (such as a disk). This strong
limit shows that our observed sources do indeed represent
localized structures, rather than bright clumps embedded
in a disk.
Given the unusual nature of this source, we must con-

sider the validity of the detection. The use of inappro-
priate (i.e. binary) calibrators can lead to the detection

of spurious sources. However, we can reject this hypoth-
esis since the companion was detected on six different
nights over two years, typically using different sets of
calibrators. We also tested the observations by omitting
each calibrator in turn to see if the detection remained.
The detection lost significance due to the smaller number
of calibrators remaining, but it remained at all epochs.
This same degree of persistence also allows us to reject
the possibility that we are seeing a background source
(which given its spatially resolved nature, would need
to be a multiple system or a galaxy). The proper mo-
tion of LkCa 15 reported by UCAC3 is (+9.6,-13.3) ±
2.2 mas/yr(Zacharias 2010), so if we were observing a
background source or sources, then the L′ detections
should have moved by (∆α,∆δ) = (+8.4,-11.6) ± 1.9
mas between the 2009 and 2010 epochs. The NE and
CEN sources appear to yield low-quality fits at individual
epochs, perhaps because flux is allowed to shift between
the two nominal positions. However, the SW source ap-
pears fairly consistent between all epochs, and hence pro-
vides the best opportunity to measure the relative mo-
tion. We found that between 2009 (November) and 2010
(August plus November), the source position differed by
(∆α,∆δ) = (-7.5,-8.8) ±6.7 mas. The disagreement with
nonmovement is therefore 16.2 ± 7.0 mas, or 2.3σ. In-
triguingly, this motion is almost entirely in the PA di-
rection, suggesting that we might be seeing orbital mo-
tion. We also note that the probability of such a chance
alignment is extremely small; the 2MASS Point Source
Catalog lists only 77 sources with K < 15 (and hence
L !15) within a radius of <5 arcminutes of LkCa 15, for
an overall density of 3× 10−4 arcsec−2. The probability

GPI Contrast
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Fig. 3.— Left: The transitional disk around LkCa15, as seen at a wavelength of 850 µm (Andrews et al. 2011). All of the flux at this
wavelength is emitted by cold dust in the disk; the deficit in the center denotes an inner gap with radius of ∼55 AU. Right: An expanded
view of the central part of the cleared region, showing a composite of two reconstructed images (blue: K ′ or λ = 2.1 µm, from November
2010; red: L′ or λ = 3.7 µm, from all epochs) for LkCa 15. The location of the central star is also marked. Most of the L′ flux appears to
come from two peaks that flank a central K ′ peak, so we model the system as a central star and three faint point sources.

direct irradiation by the planet is also insufficient. An-
other plausible explanation is the deposition of orbital
kinetic energy as material accretes into the circumplan-
etary environment from the outer disk. The expected
accretion rate and typical orbital velocities at that ra-
dius from the star are large enough to deliver the needed
energy, but detailed modeling will be needed to deter-
mine if material will be heated sufficiently as to emit in
the NIR. Finally, one possible explanation is that the en-
ergy is transported out from the planet by accretion jets
or winds, as a significant fraction of accreting material
should be launched back outward from the planet (Herbig
1950; Haro 1952; Konigl & Pudritz 2000; Shu et al. 2000).
If this higher-velocity material impacts the complex cir-
cumplanetary environment, perhaps guided by the global
magnetic field of the disk, then it could deposit sufficient
energy to heat that environment. More rigorous test-
ing of these models will required additional observations
at shorter or longer wavelengths (in order to refine the
temperature estimates for each spatially resolved compo-
nent) or direct identification of the circumplanetary dust
distribution with observations from ALMA.
In Figure 4, we show the brightness and color of the in-

dividual components and the full structure as compared
to free-floating stars and brown dwarfs within the Taurus
star-forming region (Luhman et al. 2010). The observed
fluxes for any individual component, or even for the sum,
are fainter than all but the few least-massive members of
Taurus-Auriga, which themselves fall in the planetary-
mass range (e.g., Luhman et al. 2009). If other explana-
tions can be rejected, then this low luminosity strongly
suggests that our observations have revealed a planetary
companion.

3.3. Heating Processes for The Extended
Circumplanetary Material

We interpret our observations to represent a single
planet (with a relatively neutral near-IR color) sur-
rounded by resolved circumplanetary material (with a
very red near-IR color). The modest color of the planet is
not surprising, since its brightness is likely dominated by
accretion luminosity that should be much bluer than the
underlying photosphere. However, the brightness and
size of the circumplanetary region requires additional ex-
planation. As we discuss further in Section 3.4, material
should only glow in the NIR if it has a temperature of
!500–1000 K; otherwise, its blackbody peak shifts to
much longer wavelengths. Even for relatively luminous
stars, dust is only heated to this temperature within the
inner ∼0.1–0.2 AU (Olofsson et al. 2011). We therefore
must question if radiative heating from a planet is suffi-
cient. Given the K ′ magnitude and K ′ − L′ color of the
proposed planet, then its total luminosity is L ∼ 10−3L⊙.
Large dust grains should absorb this incident flux in pro-
portion to their cross-section and emit it in proportion
to their surface area, so their equilibrium temperature
depends only on the distance from the planet. At a dis-
tance of ∼5 AU, the equilibrium temperature for large
dust grains should be ∼20–25 K, a factor of 20 too low
to explain the observed L′ flux.
This energy could also represent shock-heating of cir-

cumplanetary material, due to the deposition of orbital
kinetic energy from disk material into the circumplan-
etary environment. The typical orbital velocity at an
orbital radius of ∼20 AU from LkCa15 A should be ∼7
km/s, and the kinetic energy of accreted disk material
could be liberated as thermal energy if it impacts on cir-
cumplanetary material moving with a similar speed, but
in a different direction. If the typical accretion rate is
∼10−7–10−8 M⊙/yr, then the corresponding luminosity
will be ∼10−3–10−4 L⊙. The high end of this range is
consistent with the observed luminosity, so this explana-
tion could be feasible. However, the observed tempera-
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A.P. Verhoeff et al.: The complex circumstellar environment of HD142527.

Figure 3. Normalized mean radial surface brightness profile of
the VISIR 18.72µm image (black) and the PSF (red). We also
plotted the result of our modeling effort (green; see Sect. 7).

Figure 4. Central component-subtracted VISIR 18.72µm im-
age of HD142527. The color bar shows the surface brightness
with a cut-off at 3.1 Jy/arcsec2. The overplotted contours from
the 24.5µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
5.3 Jy/arcsec2.

derived from the observation of standard stars just before or af-
ter HD142527. In the SiC filter, no visible extension is detected.
This constrains the angular extent of the central component to
< 0.35′′ in FWHM (50AU at 145 pc). In the Q-band, extended
emission is clearly detected. A visual inspection of the observed
image in Fig. 2 demonstrates that the emission is divided be-
tween a compact central component and an extended region. We
find that the emission in the central component is also marginally
spatially resolved (see Fig. 3). A quadratic subtraction of the PSF
leads to a FWHM of the spatial emission profile of 0.21′′±0.04,
which corresponds to 30AU at a distance of 145 pc.

Figure 5. Mean radial surface brightness profiles of the east
(PA = 0-180◦) and west (PA = 180-360◦) sides of the VISIR
18.72µm image (blue) and the COMICS 24.5µm image (red).
The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtrac-
tion.

The extended component that is visible after central com-
ponent subtraction (figure 4) has an elliptical shape. An ellipse
fitting of the outer boundary isophotes indicates a position
angle of 110◦±20◦ and an aspect ratio of 1.3 (i = 40◦±20◦ from
face-on). The integrated flux in the residuals after central com-
ponent subtraction is 2.9±0.5 Jy and the integrated flux of the
subtracted central source is 11.1±1.1 Jy. However, the method
used here of separating the photometry of the central component
and the extended region is not very accurate, because their flux
was mixed in the observation process by the PSF. In Sect. 5.2
we present results of a more precise deconvolution method.

5.1. Comparison with previous Q-band imaging

We compared our VISIR 18.72µm image with the
SUBARU/COMICS 24.5µm image of Fujiwara et al. (2006),
applying the same central component subtraction technique
as described above. In Fig. 4 we overplotted the central
component-subtracted COMICS image with white contours. It
shows that the eastern emission peak shifts to the south when
going from 18.72 to 24.5µm. This cannot be explained with a
disk inclination or with flaring of the disk and is therefore an
indication of azimuthal dust opacity variation, which must be
linked to an azimuthal density variations. We will return to this
point in Sect. 8.4.

We also analyzed the mean surface brightness as a function
of distance from the star. In Fig. 5 we plot these spatial profiles
for our VISIR image and for the COMICS image. The position
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30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.
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Fig. 2. Combined 30-minute GPI image of Beta Pictoris. The spectral data has been
median-collapsed into a synthetic broadband 1.5–1.8 µm channel. The image has been PSF
subtracted using angular and spectral di↵erential techniques. Beta Pictoris b is detected at a
signal-to-noise of ⇠ 100
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Fig. 3. Contrast vs. angular separation at H (1.6 µm) for a PSF-subtracted 30-minute
GPI exposure. Contrast is shown for PSF subtraction based on either a flat spectrum similar
to a L dwarf or a methane-dominated spectrum (which allows more e↵ective multi-wavelength
PSF subtraction.) For comparison, a 45-minute 2.1 µm Keck sequence is also shown. (Other
high-contrast AO imaging setups such as Subaru HiCIAO, Gemini NICI, and VLT NACO have
similar performance to Keck.)
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Fig. 4.— Spectra of the b, c, d and e components using the S4 algorithm. 1-� error bars are indicated on either side of each point. Spectra
are shown for comparative purposes in normalized f�. The dotted spectrum of component c is extracted from the October 2012 data and
shows poorer detection in the J-band due to seeing conditions. All other spectra are from the June 2012 epoch. Black dashed lines are
spectra of the background extracted at the same radial distance from A for each component. They consist of the average of 6 di↵erent
randomly-selected locations in the azimuthal direction; they represent comparative “noise level” estimates. Tentative identification of some
molecular features (excluding water) are indicated at the top of the plot. CO2 is listed with a question mark as explained in §8.3 and could
also be attributable to HCN.

Along these lines, we also derived spectra of fourteen
other similarly bright peaks in the detection map shown
in Fig. 3, to see whether they were real sources. All of
them, which are either not point sources or of lower sig-
nificance than the bona-fide companions, either showed
peaks in the insensitive water-band between 1350 and
1430 nm—indicating spurious starlight contamination—
or flat, featureless spectra at levels similar to the nearby
background, indicating that they are not real sources.

7.3. Fake Source Spectrum Retrieval

As another test of the ability of our data analysis to re-
trieve spectra with high fidelity we inserted multiple fake
companion sources into the same data cubes we analyzed
for this paper. The sources were placed at the same over-
all brightness as each component and at the same radii
from the star. The fake sources were given the T4.5
spectrum of the standard 2MASS J0559-1404, chosen for
its strong molecular features (Burgasser & Kirkpatrick
2006), which are useful to understand whether the fea-

tures are correctly reproduced. The spectrum was resam-
pled at Project 1640’s resolution and wavelength range
and applied to a cube of a fiducial PSF derived from an
unocculted observation of the internal calibration white-
light source. The instrumental response of the system
was also applied to this PSF and then it was reduced
in intensity by a factor su�cient to make it of the same
intensity as each of the b, c, d and e components. We
then ran this composite data cube through the S4 algo-
rithm, detected each object with the same significance as
the real components and extracted their spectra as de-
scribed in Appendix B. This was repeated 5 times with
di↵erent, randomly selected azimuthal locations for the
fake objects at the same radii as the planets.
The spectra of fake sources extracted matched the in-

put spectrum, with an rms error of less than 1-� for
all four cases. All four spectra of the fake sources are
shown in Fig. 6. In general the extractions are identical
in shape to the input spectrum and in all cases repro-
duce small kinks in the input T4.5 object. For reference,

 

Fig. 3. Top: Pure H2O (blue), CO (green), and CH4 (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A 
filtered model atmosphere spectrum of mostly H2O and CO is overplotted in black.  Also shown 
is a spectrum of a bright speckle, scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. Bottom: Cross-correlations functions for the spectrum of HR 
8799c and the synthetic spectra shown in the top panel (solid) along with a baseline cross-
correlation between the planet spectrum and a bright speckle (dotted).  The cross-correlation with 
the H2O-only template covered the entire observed wavelength range.  Correlations with the CO 
and CH4 templates were performed only over wavelength regions with strong lines (CH4: λ > 
2.18 µm; CO: λ > 2.29 µm).  Significant cross-correlation peaks are found for the pure CO and 
H2O templates, as expected.  The CO-only template produces two smaller symmetric peaks at ± 
207 km s-1 – this velocity corresponds to the near-equal line spacing of the CO lines across the 
(2,0) bandhead starting at 2.29 µm.  Similar near-equal line spacing occurs for other CO 
bandheads (e.g. the (3,1) bandhead at 2.32 µm) resulting in the ringing behavior seen in the 
cross-correlation.  No peaks in the correlations were found with either of the three CH4 templates 
or the speckle spectrum (this is true for any subset of the observed wavelength range used).  
Cross-correlation is not required to detect molecular lines in our spectrum; however, this exercise 
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AFTA$Coronagraph$Instrument$

29 

Coronagraph  
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Exo-planet  
Direct imaging 

Bandpass 430 – 
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100 – 250 
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~3λ/D, driven by 
science 

Outer 
working 
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0.75 – 1.8 
arcsec 

By 48X48 DM 

Detection 
Limit 

 
Contrast ≤ 

10-9 

After post 
processing) 

Cold Jupiters, 
Neptunes, down 
to ~2 RE 

Spectral 
Res. 

~70 With IFS, R~70 
across 600 – 980 
nm 

IFS 
Spatial 
Sampling 

17mas Nyqust for 
λ~430nm 

Coronagraph 
Architecture: 

Primary: OMC 
Backup: PIAA 

Statistical distribution 
of mature planets

Thermal Emission from a Hot Jupiter

J. Valenti (STScI)

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  

Zodi
2nd generation Dust

Adolescent Planets

Primordial disk

A.P. Verhoeff et al.: The complex circumstellar environment of HD142527.

Figure 3. Normalized mean radial surface brightness profile of
the VISIR 18.72µm image (black) and the PSF (red). We also
plotted the result of our modeling effort (green; see Sect. 7).

Figure 4. Central component-subtracted VISIR 18.72µm im-
age of HD142527. The color bar shows the surface brightness
with a cut-off at 3.1 Jy/arcsec2. The overplotted contours from
the 24.5µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
5.3 Jy/arcsec2.

derived from the observation of standard stars just before or af-
ter HD142527. In the SiC filter, no visible extension is detected.
This constrains the angular extent of the central component to
< 0.35′′ in FWHM (50AU at 145 pc). In the Q-band, extended
emission is clearly detected. A visual inspection of the observed
image in Fig. 2 demonstrates that the emission is divided be-
tween a compact central component and an extended region. We
find that the emission in the central component is also marginally
spatially resolved (see Fig. 3). A quadratic subtraction of the PSF
leads to a FWHM of the spatial emission profile of 0.21′′±0.04,
which corresponds to 30AU at a distance of 145 pc.

Figure 5. Mean radial surface brightness profiles of the east
(PA = 0-180◦) and west (PA = 180-360◦) sides of the VISIR
18.72µm image (blue) and the COMICS 24.5µm image (red).
The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtrac-
tion.

The extended component that is visible after central com-
ponent subtraction (figure 4) has an elliptical shape. An ellipse
fitting of the outer boundary isophotes indicates a position
angle of 110◦±20◦ and an aspect ratio of 1.3 (i = 40◦±20◦ from
face-on). The integrated flux in the residuals after central com-
ponent subtraction is 2.9±0.5 Jy and the integrated flux of the
subtracted central source is 11.1±1.1 Jy. However, the method
used here of separating the photometry of the central component
and the extended region is not very accurate, because their flux
was mixed in the observation process by the PSF. In Sect. 5.2
we present results of a more precise deconvolution method.

5.1. Comparison with previous Q-band imaging

We compared our VISIR 18.72µm image with the
SUBARU/COMICS 24.5µm image of Fujiwara et al. (2006),
applying the same central component subtraction technique
as described above. In Fig. 4 we overplotted the central
component-subtracted COMICS image with white contours. It
shows that the eastern emission peak shifts to the south when
going from 18.72 to 24.5µm. This cannot be explained with a
disk inclination or with flaring of the disk and is therefore an
indication of azimuthal dust opacity variation, which must be
linked to an azimuthal density variations. We will return to this
point in Sect. 8.4.

We also analyzed the mean surface brightness as a function
of distance from the star. In Fig. 5 we plot these spatial profiles
for our VISIR image and for the COMICS image. The position
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30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.

letters to nature
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Fig. 2. Combined 30-minute GPI image of Beta Pictoris. The spectral data has been
median-collapsed into a synthetic broadband 1.5–1.8 µm channel. The image has been PSF
subtracted using angular and spectral di↵erential techniques. Beta Pictoris b is detected at a
signal-to-noise of ⇠ 100
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Fig. 3. Contrast vs. angular separation at H (1.6 µm) for a PSF-subtracted 30-minute
GPI exposure. Contrast is shown for PSF subtraction based on either a flat spectrum similar
to a L dwarf or a methane-dominated spectrum (which allows more e↵ective multi-wavelength
PSF subtraction.) For comparison, a 45-minute 2.1 µm Keck sequence is also shown. (Other
high-contrast AO imaging setups such as Subaru HiCIAO, Gemini NICI, and VLT NACO have
similar performance to Keck.)
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Fig. 4.— Spectra of the b, c, d and e components using the S4 algorithm. 1-� error bars are indicated on either side of each point. Spectra
are shown for comparative purposes in normalized f�. The dotted spectrum of component c is extracted from the October 2012 data and
shows poorer detection in the J-band due to seeing conditions. All other spectra are from the June 2012 epoch. Black dashed lines are
spectra of the background extracted at the same radial distance from A for each component. They consist of the average of 6 di↵erent
randomly-selected locations in the azimuthal direction; they represent comparative “noise level” estimates. Tentative identification of some
molecular features (excluding water) are indicated at the top of the plot. CO2 is listed with a question mark as explained in §8.3 and could
also be attributable to HCN.

Along these lines, we also derived spectra of fourteen
other similarly bright peaks in the detection map shown
in Fig. 3, to see whether they were real sources. All of
them, which are either not point sources or of lower sig-
nificance than the bona-fide companions, either showed
peaks in the insensitive water-band between 1350 and
1430 nm—indicating spurious starlight contamination—
or flat, featureless spectra at levels similar to the nearby
background, indicating that they are not real sources.

7.3. Fake Source Spectrum Retrieval

As another test of the ability of our data analysis to re-
trieve spectra with high fidelity we inserted multiple fake
companion sources into the same data cubes we analyzed
for this paper. The sources were placed at the same over-
all brightness as each component and at the same radii
from the star. The fake sources were given the T4.5
spectrum of the standard 2MASS J0559-1404, chosen for
its strong molecular features (Burgasser & Kirkpatrick
2006), which are useful to understand whether the fea-

tures are correctly reproduced. The spectrum was resam-
pled at Project 1640’s resolution and wavelength range
and applied to a cube of a fiducial PSF derived from an
unocculted observation of the internal calibration white-
light source. The instrumental response of the system
was also applied to this PSF and then it was reduced
in intensity by a factor su�cient to make it of the same
intensity as each of the b, c, d and e components. We
then ran this composite data cube through the S4 algo-
rithm, detected each object with the same significance as
the real components and extracted their spectra as de-
scribed in Appendix B. This was repeated 5 times with
di↵erent, randomly selected azimuthal locations for the
fake objects at the same radii as the planets.
The spectra of fake sources extracted matched the in-

put spectrum, with an rms error of less than 1-� for
all four cases. All four spectra of the fake sources are
shown in Fig. 6. In general the extractions are identical
in shape to the input spectrum and in all cases repro-
duce small kinks in the input T4.5 object. For reference,

 

Fig. 3. Top: Pure H2O (blue), CO (green), and CH4 (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A 
filtered model atmosphere spectrum of mostly H2O and CO is overplotted in black.  Also shown 
is a spectrum of a bright speckle, scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. Bottom: Cross-correlations functions for the spectrum of HR 
8799c and the synthetic spectra shown in the top panel (solid) along with a baseline cross-
correlation between the planet spectrum and a bright speckle (dotted).  The cross-correlation with 
the H2O-only template covered the entire observed wavelength range.  Correlations with the CO 
and CH4 templates were performed only over wavelength regions with strong lines (CH4: λ > 
2.18 µm; CO: λ > 2.29 µm).  Significant cross-correlation peaks are found for the pure CO and 
H2O templates, as expected.  The CO-only template produces two smaller symmetric peaks at ± 
207 km s-1 – this velocity corresponds to the near-equal line spacing of the CO lines across the 
(2,0) bandhead starting at 2.29 µm.  Similar near-equal line spacing occurs for other CO 
bandheads (e.g. the (3,1) bandhead at 2.32 µm) resulting in the ringing behavior seen in the 
cross-correlation.  No peaks in the correlations were found with either of the three CH4 templates 
or the speckle spectrum (this is true for any subset of the observed wavelength range used).  
Cross-correlation is not required to detect molecular lines in our spectrum; however, this exercise 
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AFTA-WFIRST for planetary formation

Protoplanetary Disks

Figure 1: Left: 2005 NICMOS HST data using new image processing (Pueyo et al. in prep). Right: Subaru
differential polarimetry obtained with a angular resolution of 40 mas and a coronagraph of 200 mas.

a much better angular resolution and will probe much closer to the central star. In practice, we will look
for features, such as gaps, warps, spiral arms, dips. We will measure the contrast of these features with the
background disk, and measure their location accurately. We will measure the winding number of spirals, their
pitch angle and their width. By combining with existing and available observations at longer wavelengths, we
will derive the 2-D dust size distribution, and look for spatial segregation between dust grains of different sizes.
We will estimate the dust mass in small grains in the gap and determine the polarization degree as function of
scattering angle. We will then analyze these features to constrain the processes of disk evolution. The properties
of the spiral features will be compared with models of planet-disk interaction and of self gravity effects (as in
Juhasz, Benisty, Pohl et al. 2014, MNRAS, submitted). Finally, we will model the observed features with gas
hydrodynamical, dust evolution, and 3D radiative transfer simulations (as in Pinilla, Benisty & Birnstiel 2012).
Public sub-millimeter measurements from ALMA will be combined to the IRDIS observations as the first trace
large grains in the midplane, and the second, small grains in the upper layers.

Our group gathers the necessary expertise (in AO data reduction and modelling) to successfully lead this
project, and we anticipate rapid publication of the observations.

Targets and observing mode

We propose to image the inner 0.08"-0.5" (⇠10-100 AU) of the TD around MWC758 in polarimetric differential
imaging (PDI) in the Y band. PDI is the only way to access these close-in regions. The commissioning of
SPHERE showed that ZIMPOL may not have the expected sensitivity to extended objects. By using IRDIS
in Y band, we will reach about the same angular resolution than ZIMPOL in R band (23 mas vs 18 mas,
respectively). IRDIS in PDI mode is not opened in P95 so these short observations would allow to test this
mode.

This disk has been selected with the criteria that it shows non-axisymmetric features in existing scattered
light images, that it has been imaged at sub-millimeter wavelengths (ALMA), and that it shows a large gap
that can be imaged with IRDIS in Y band (i.e. larger than 0.08", which is the radius of the coronagraph we
ask for) and have inclinations far from edge-on, to favour the detection of features and minimize the impact of
the disk visual extinction. It was previously detected in scattered light in the IR (Grady et al.) but we expect
a much better contrast and a higher angular resolution when using SPHERE.

Target RA DEC R Magnitude Remarks

MWC758 05 30 27.5 +25 19 57.08 8.3 First priority
O21-21 22 22 22.22 -22 22 22.2 22.2 Photometric

Time Justification:

We will use SPHERE/IRDIS in Y band for the observations of MWC758 in polarimetric differential imaging. We would
like to fix the direction of the polarisation during the integration, and therefore ask for field stabilized mode (P2).
To avoid being readout noise limited and being able to integrate over long DIT without saturating, we will use slow
polarimetry with the XXXXX coronagraph. The disk brightness of MWC758, in polarised intensity, is 14 mag/arcsec2
(Grady et al. 2013). Based on commissioning data on HD142527?? (12 mag/as2). We apply our experience of NaCo,
for which disks of similar brightness were detected in ⇠XXX hours with a SNR of ⇠10. We thus require 2 hours of
integration time per source.

Report from previous SV time allocations: None.

MWC 480, 2012
HiCIAO polarimetry

MWC480, F160W, 1998
ALICE pipeline

N

E 1''  F110W non detection in 2004. MWC480
 most likely observed at peak near IR brightness.

1'' 1''

Figure 2: Brightness of the disk around MWC 480 in the time domain: Left: preliminary
reduction of the 1998 NICMOS epoch. The disk is detected when comparing this image to an
ensemble of non detections in our large PSF library. Right: Subaru HiCIAO di↵erential
polarimetry 2011 image. Middle: Variations in the SED of MWC 480 over a period of 6 years.
The 2004 F110W non-detection (see table) might be explained by the a high accretion episode
resulting in shadowing of the outer disk. A deep and robust detection limit at this epoch,
correlated with historical spectro-photometric data, will be very informative in this framework.
We will be able to carry out a similar analysis on most of our sources with two or more HST
epochs, and/or ground based observations.

AA Tau, F160W, 2005 LkCa 15, F110W, 2005 CY Tau, F110W, 2005

N
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N
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N
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Figure 3: Disks around T Tauri stars newly seen in scattered light with NICMOS (AA Tau, CY
Tau), or with detail on structures at small angular separation (LkCa15, already seen by HiCIAO).
The contours show CARMA mm continuum for comparison (Isella et al. 2010). Obtaining images
of these disks in the visible or near IR (in total intensity and not di↵erential polarimetry) can
only be done with HST as most of these sources are too faint for high contrast AO systems.
Sub-mm facilities have (or will soon) the power to resolve the structure in thermal emission. The
data we propose to reprocess will serve as a reference repository of scattered light counterpart to
model in detail the dust properties.
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Tau), or with detail on structures at small angular separation (LkCa15, already seen by HiCIAO).
The contours show CARMA mm continuum for comparison (Isella et al. 2010). Obtaining images
of these disks in the visible or near IR (in total intensity and not di↵erential polarimetry) can
only be done with HST as most of these sources are too faint for high contrast AO systems.
Sub-mm facilities have (or will soon) the power to resolve the structure in thermal emission. The
data we propose to reprocess will serve as a reference repository of scattered light counterpart to
model in detail the dust properties.
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Contrast++
Sensitivity

Imaging disk  structures around 
faint stars (hard to do with Ex-AO)

Herbig Ae, HST NICMOS T Tauri, HST NICMOS

T Tauri, HST NICMOST Tauri, HST NICMOS

Debris Disks

Soummer et al., 2014

“....does not have any 
characteristics that distinguish it 
from the other stars so there is 
no clear explanation why more 
disks in our sample were not 
detected...”
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AFTA-WFIRST for planetary formation
Planetary birth, Adolescent Planets
... “we need to be more efficient”

WFC3-IR:  0.13’’/pix
AFTA-WFIRST:  0.11’’/pix, 0.28 deg^2

Rajan et al., in prep
PI Barman

WFC3  PSF raw

Contrast
Sensitivity
Field of regard

Wide field camera for shallow 
surveys? 

WFC3  PSF processed
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Massive stars and low mass stars

BANYAN. V. AN ALL-SKY SURVEY FOR LMSs and BDs in YMGs 9
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FIG. 6.— Estimated spectral types obtained from 2MASS and AllWISE pho-
tometry as well as statistical distances from BANYAN II, compared with
measurements available in the literature from optical or NIR spectroscopy.
The dashed green line has a unit slope and intersects with the origin. Our
estimates are reliable within ⇠ 1.5 subtype in the M5–L6 range, but tend
to overestimate (underestimate) later (earlier) spectral types. To account for
this effect, we adjusted a linear correction to the estimated spectral types (red
dashed line; top panel). Corrected estimations of spectral types are displayed
in the bottom panel.

In Figure 7, we use spectral type measurements when avail-
able or estimates of spectral types otherwise to compare the
BASS sample with current bona fide members in YMGs. This
Figure clearly demonstrates that a significant fraction of the
BASS candidates have a later spectral type than most known
members of YMGs, which outlines that we are entering a yet
poorly explored mass regime of the YMG population.

4.2. Comments on Individual Objects
In this Section, we present comments on individual objects

which deserve further discussion. All those already discussed
in Gagné et al. (2014c; see the Reference column in Table 3)
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FIG. 7.— Estimated spectral types (violet bars) for the BASS sample, com-
pared with the current bona fide population of all YMGs considered here
(green bars). The M5 spectral bin has a value of 91: the vertical range has
been shortened for clarity. The BASS sample targets YMG candidates in a
range of spectral types which is yet largely unexplored.

will not be discussed here, unless new information is avail-
able.

2MASS J00390342+1330170 has been identified by
Schlieder et al. (2012a) as a candidate member of ABDMG
with X-ray and near-UV emission indicative of a young,
early-M dwarf, however they do not estimate a spectral type.
We find that this object has a Bayesian probability of 84.3%
and 7.5% for �PMG and ABDMG, respectively. We thus as-
sign it as a candidate member of �PMG, but we note that there
is an expected ⇠ 10% contamination rate from ABDMG to
�PMG for such a result (see Gagné et al. 2014c).

2MASS J00452143+1634446 was reported by Gagné et al.
(2014c) as a candidate member of ARG with unusually red
NIR colors for its L2 spectral type. Blake et al. (2010) mea-
sured a RV of 3.4± 0.2 km s-1, and Zapatero Osorio et al.
(2014) measured a trigonometric distance of 17.5± 0.6, pc,
which bring the Bayesian probability of the ARG member-
ship hypothesis to 98.0%. Zapatero Osorio et al. (2014) also
derived an isochronal age of 10–100 Myr and detected lithium
in its atmosphere. As noted by Zapatero Osorio et al. (2014),
all evidence points towards a membership to ARG, hence we
propose that this ⇠ 15 MJup object is a bona fide member of
this association.

2MASS J01033563–5515561 was first identified as a
highly probable candidate to THA in early versions of the
BASS sample. Delorme et al. (2013) used high contrast imag-
ing to search for low-mass companions around BASS candi-
dates and demonstrated that this object is in fact an M5+M5,
0.0026 tight binary harboring a 12–14 MJup substellar compan-
ion at a separation of 1.0078. They note that the NIR col-
ors of the companion are indicative of a young L-type ob-
ject, which is consistent with the THA membership. Sub-
sequently, Kraus et al. (2014) and Malo et al. (2014a) inde-
pendently measured RVs of 4.0± 2.0 km s-1 and 7.3± 2.6
km s-1 respectively, whereas the latter independently identi-
fies it as a candidate member of THA. We combined both RV
measurements to obtain RV = 5.2± 1.6 km s-1. Riedel et al.
(2014) measured a trigonometric distance of 47.2± 3.1 pc,

Fig. 7.— Plot of the magnitude di↵erence (� mag) vs. angular separations (⇢) for the detected pairs. Only
one detection per object has been considered, and the H-band has been preferred whenever
available. The solid lines indicate the median H-band sensitivity of our survey across the
di↵erent separation ranges. The Ks sensitivity curves are similar. Di↵erent colors indicate
observations with di↵erent instrumental configurations (PIONIER: blue, NACO/SAM: green,
NACO FOV: red) while di↵erent symbols indicate di↵erent observational bands (H: filled, Ks:
open). Large circles indicate objects detected by both SAM and PIONIER.

19

SAM NACOPIONIER

SPHERE

GRAVITY

PIONIER, SAM, NACO : existing 
observations with the 1st 
generation VLT/VLTI 
instrumentation

gray region : probability of 
background contaminent >1%.

SPHERE, GRAVITY : detection 
limits of the 2sd generation VLT/
VLTI instrumentation (this 
proposal).

Massive Stars Low Mass Stars

• Fraction of multiple systems 
around O star 91% +-3%
• Separation < 700 AU (0.2’’)

Faint stars

Resolution
Contrast

Sensitivity
Contrast

Sana et al., 2014

Gagne et al., 2014

Chauvin et al., 2014

Gagne et al., 2014
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Exo-planet  
Direct imaging 

Bandpass 430 – 
980nm 

Measured 
sequentially in 
five ~10% bands 

Inner 
working 
angle 

100 – 250 
mas 

~3λ/D, driven by 
science 

Outer 
working 
angle 

0.75 – 1.8 
arcsec 

By 48X48 DM 

Detection 
Limit 

 
Contrast ≤ 

10-9 

After post 
processing) 

Cold Jupiters, 
Neptunes, down 
to ~2 RE 

Spectral 
Res. 

~70 With IFS, R~70 
across 600 – 980 
nm 

IFS 
Spatial 
Sampling 

17mas Nyqust for 
λ~430nm 

Coronagraph 
Architecture: 

Primary: OMC 
Backup: PIAA 

Statistical distribution 
of mature planets

Thermal Emission from a Hot Jupiter

J. Valenti (STScI)

Microlensing:$staLsLcal$capabiliLes$

WFIRST will: 
•  Detect 2800 planets, with 

orbits from the habitable zone 
outward, and masses down to 
a few times the mass of the 
Moon.  

•  Have some sensitivity to 
�outer� habitable zone planets 
(Mars-like orbits). 

•  Be sensitive to analogs of all 
the solar systems planets 
except Mercury. 

•  Measure the abundance of 
free-floating planets in the 
Galaxy with masses down to 
the mass of Mars 

•  Characterize the majority of 
host systems. 

 

Together, Kepler and WFIRST complete 
the statistical census of planetary 

systems in the Galaxy.!
Kepler$radius$distribuLon$

Fressin et al 2013; Kepler FGKM stars P<85 days  

Zodi
2nd generation Dust

Adolescent Planets

Primordial disk

A.P. Verhoeff et al.: The complex circumstellar environment of HD142527.

Figure 3. Normalized mean radial surface brightness profile of
the VISIR 18.72µm image (black) and the PSF (red). We also
plotted the result of our modeling effort (green; see Sect. 7).

Figure 4. Central component-subtracted VISIR 18.72µm im-
age of HD142527. The color bar shows the surface brightness
with a cut-off at 3.1 Jy/arcsec2. The overplotted contours from
the 24.5µm Subaru image are at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
5.3 Jy/arcsec2.

derived from the observation of standard stars just before or af-
ter HD142527. In the SiC filter, no visible extension is detected.
This constrains the angular extent of the central component to
< 0.35′′ in FWHM (50AU at 145 pc). In the Q-band, extended
emission is clearly detected. A visual inspection of the observed
image in Fig. 2 demonstrates that the emission is divided be-
tween a compact central component and an extended region. We
find that the emission in the central component is also marginally
spatially resolved (see Fig. 3). A quadratic subtraction of the PSF
leads to a FWHM of the spatial emission profile of 0.21′′±0.04,
which corresponds to 30AU at a distance of 145 pc.

Figure 5. Mean radial surface brightness profiles of the east
(PA = 0-180◦) and west (PA = 180-360◦) sides of the VISIR
18.72µm image (blue) and the COMICS 24.5µm image (red).
The top panel shows the profile of the observed images and the
bottom panel shows the profile after central component subtrac-
tion.

The extended component that is visible after central com-
ponent subtraction (figure 4) has an elliptical shape. An ellipse
fitting of the outer boundary isophotes indicates a position
angle of 110◦±20◦ and an aspect ratio of 1.3 (i = 40◦±20◦ from
face-on). The integrated flux in the residuals after central com-
ponent subtraction is 2.9±0.5 Jy and the integrated flux of the
subtracted central source is 11.1±1.1 Jy. However, the method
used here of separating the photometry of the central component
and the extended region is not very accurate, because their flux
was mixed in the observation process by the PSF. In Sect. 5.2
we present results of a more precise deconvolution method.

5.1. Comparison with previous Q-band imaging

We compared our VISIR 18.72µm image with the
SUBARU/COMICS 24.5µm image of Fujiwara et al. (2006),
applying the same central component subtraction technique
as described above. In Fig. 4 we overplotted the central
component-subtracted COMICS image with white contours. It
shows that the eastern emission peak shifts to the south when
going from 18.72 to 24.5µm. This cannot be explained with a
disk inclination or with flaring of the disk and is therefore an
indication of azimuthal dust opacity variation, which must be
linked to an azimuthal density variations. We will return to this
point in Sect. 8.4.

We also analyzed the mean surface brightness as a function
of distance from the star. In Fig. 5 we plot these spatial profiles
for our VISIR image and for the COMICS image. The position
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What can AFTA-WFIRST do for us?

©  2004 Nature  Publishing Group

30 AU? The most likely process is collisions among planetesimals in
planetesimal belts similar to the asteroid belt in our Solar System
(Fig. 3). The masses of 0.1-mm dust in the belts at 6.4, 16 and 30 AU

are all similar to each other (1 £ 1016 kg for each of the 6.4, 16 and
30 AU emissions in the northeast side, and 7 £ 1016 kg for the whole
southwest side). It suggests that three belts supply grains almost
equally. The asymmetry of the 6.4-AU small grain enhancement
indicates that the 6.4-AU belt is slightly inclined compared to the
outer disk (Fig. 3).

Alternatively, evaporation from cometary bodies infalling
towards the star could also be a grain replenishment source. It is,

however, difficult to explain by this process the depletion of small
grains in the disk centre, the grain replenishment at 16 and 30 AU,
and the 0.1-mm grain enhancement at the southwest side at 6.4 AU.
Also, grains with large-eccentricity orbits typical of comets are more
easily blown out than grains with circular orbits, even if the b value
is small. Replenishment in the planetesimal belts is thus the most
likely dust supply mechanism in b Pic.
The discovered planetesimal belts may be formed by the gravita-

tional perturbation of planetesimals in unstable orbits due to
resonance with possible large planets. In the Solar System, the
mean motion resonance plays an important role in the relation

Figure 1 Spectra of b Pic after subtraction of the photospheric emission. a, The spectrum
integrated along the slit for the r , 33.4 AU region. It shows a peak at 11.1 mm and

,9.7mm and a hump around 12mm seen in past observations12. b–t, The spectrum for

each spatial pixel within 26 AU. The position within the disk is indicated in each panel.

Northeast and southwest directions are indicated as NE and SW, respectively. The black

points with error bars (s.d.) indicate the observed spectra. The atmospheric ozone

absorption significantly degrades the signal to noise (S/N) ratio between 9.3 and 9.9 mm.

The magenta lines are fitted spectra, and the other coloured lines indicate the contribution

from each component: 0.1-mm radius amorphous silicate (green), 2.0-mm radius

amorphous silicate (red), crystalline forsterite (blue), and power-law continuum

component (cyan). The fitting formula is given in the legend of Fig. 2. The 11.05-mm peak

in the spectra of the disk centre is an unidentified dust feature or line emission overlying

the 11.1-mm peak. The observations were long-slit spectroscopy, made on 11 and 12

December 2003 (UT). We used the 0.33 00 -width slit with a position angle of 308, almost

along the outer disk. The pixel scale was 0.165 00 . The stellar component is subtracted

assuming a 8,200 K blackbody and using the PSF from the standard stars, whose

full-width at half-maximum is 0.8 00 . Among all the data acquired in more than 3 h of

integration time, we have selected 2,983-s data taken under good seeing conditions to

obtain a spatial resolution as high as possible. For this selection, the spatial profile of each

data file was fitted with a gaussian, and data with the standard deviation of the gaussian

no larger than 0.4 00 were used.

letters to nature

NATURE |VOL 431 | 7 OCTOBER 2004 | www.nature.com/nature 661

Fig. 2. Combined 30-minute GPI image of Beta Pictoris. The spectral data has been
median-collapsed into a synthetic broadband 1.5–1.8 µm channel. The image has been PSF
subtracted using angular and spectral di↵erential techniques. Beta Pictoris b is detected at a
signal-to-noise of ⇠ 100
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Fig. 3. Contrast vs. angular separation at H (1.6 µm) for a PSF-subtracted 30-minute
GPI exposure. Contrast is shown for PSF subtraction based on either a flat spectrum similar
to a L dwarf or a methane-dominated spectrum (which allows more e↵ective multi-wavelength
PSF subtraction.) For comparison, a 45-minute 2.1 µm Keck sequence is also shown. (Other
high-contrast AO imaging setups such as Subaru HiCIAO, Gemini NICI, and VLT NACO have
similar performance to Keck.)
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Fig. 4.— Spectra of the b, c, d and e components using the S4 algorithm. 1-� error bars are indicated on either side of each point. Spectra
are shown for comparative purposes in normalized f�. The dotted spectrum of component c is extracted from the October 2012 data and
shows poorer detection in the J-band due to seeing conditions. All other spectra are from the June 2012 epoch. Black dashed lines are
spectra of the background extracted at the same radial distance from A for each component. They consist of the average of 6 di↵erent
randomly-selected locations in the azimuthal direction; they represent comparative “noise level” estimates. Tentative identification of some
molecular features (excluding water) are indicated at the top of the plot. CO2 is listed with a question mark as explained in §8.3 and could
also be attributable to HCN.

Along these lines, we also derived spectra of fourteen
other similarly bright peaks in the detection map shown
in Fig. 3, to see whether they were real sources. All of
them, which are either not point sources or of lower sig-
nificance than the bona-fide companions, either showed
peaks in the insensitive water-band between 1350 and
1430 nm—indicating spurious starlight contamination—
or flat, featureless spectra at levels similar to the nearby
background, indicating that they are not real sources.

7.3. Fake Source Spectrum Retrieval

As another test of the ability of our data analysis to re-
trieve spectra with high fidelity we inserted multiple fake
companion sources into the same data cubes we analyzed
for this paper. The sources were placed at the same over-
all brightness as each component and at the same radii
from the star. The fake sources were given the T4.5
spectrum of the standard 2MASS J0559-1404, chosen for
its strong molecular features (Burgasser & Kirkpatrick
2006), which are useful to understand whether the fea-

tures are correctly reproduced. The spectrum was resam-
pled at Project 1640’s resolution and wavelength range
and applied to a cube of a fiducial PSF derived from an
unocculted observation of the internal calibration white-
light source. The instrumental response of the system
was also applied to this PSF and then it was reduced
in intensity by a factor su�cient to make it of the same
intensity as each of the b, c, d and e components. We
then ran this composite data cube through the S4 algo-
rithm, detected each object with the same significance as
the real components and extracted their spectra as de-
scribed in Appendix B. This was repeated 5 times with
di↵erent, randomly selected azimuthal locations for the
fake objects at the same radii as the planets.
The spectra of fake sources extracted matched the in-

put spectrum, with an rms error of less than 1-� for
all four cases. All four spectra of the fake sources are
shown in Fig. 6. In general the extractions are identical
in shape to the input spectrum and in all cases repro-
duce small kinks in the input T4.5 object. For reference,

 

Fig. 3. Top: Pure H2O (blue), CO (green), and CH4 (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A 
filtered model atmosphere spectrum of mostly H2O and CO is overplotted in black.  Also shown 
is a spectrum of a bright speckle, scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. Bottom: Cross-correlations functions for the spectrum of HR 
8799c and the synthetic spectra shown in the top panel (solid) along with a baseline cross-
correlation between the planet spectrum and a bright speckle (dotted).  The cross-correlation with 
the H2O-only template covered the entire observed wavelength range.  Correlations with the CO 
and CH4 templates were performed only over wavelength regions with strong lines (CH4: λ > 
2.18 µm; CO: λ > 2.29 µm).  Significant cross-correlation peaks are found for the pure CO and 
H2O templates, as expected.  The CO-only template produces two smaller symmetric peaks at ± 
207 km s-1 – this velocity corresponds to the near-equal line spacing of the CO lines across the 
(2,0) bandhead starting at 2.29 µm.  Similar near-equal line spacing occurs for other CO 
bandheads (e.g. the (3,1) bandhead at 2.32 µm) resulting in the ringing behavior seen in the 
cross-correlation.  No peaks in the correlations were found with either of the three CH4 templates 
or the speckle spectrum (this is true for any subset of the observed wavelength range used).  
Cross-correlation is not required to detect molecular lines in our spectrum; however, this exercise 
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2020’s 
• Age of Broad Band Studies 
• Age of the Variable Universe 
• High Energy Universe 

NuSTAR Astro-H Athena+ 

Now 
•  2 Wolter-I telescopes with 

CdZnTe detectors 
•  3-79 keV 
•  18’’ FWHM 
•  0.4 keV at 6 keV 
•  0.1 msec 
•  ToO <24 Hrs 

2016 
•  Soft X-ray Calorimeter 

Spectrometer 
•  0.3-10 keV, 7 eV  

•  Hard X-ray Imager 
•  5-80 keV, 60’’  

•  Soft Gamma-ray Detector 
•  Up to 300 keV 

•  Soft X-ray Imager 

2028 
•  Wide-Field Imager 

•  5’’,150eV at 6 keV 
•  X-ray Integral Field Unit 

(TES Calorimeter) 
•  2.5 eV 

•  50microsec 
•  ToO <8Hrs 



How to Grow a Black Hole: 
A. What is the seed for a supermassive black 

hole? 
• Massive Seed vs. Stellar-remnant 
• Are there “intermediate” mass black holes? 

B. How does material reach a black hole? 
• Type of accretion disks 

C.  Feedback 
• How powerful are winds from black holes? 



Supermassive Black Hole Seeds 
•  Identify Earliest Quasars 

(z>7?) 
•  Need Accurate Mass 

Estimators 
•  Identify Eddington Fractions 

•  WFIRST will be able to 
identify key emission lines in 
order to make these mass 
estimates 

•  Stellar-remnant 
•   Pop III Stars 

•  Massive Seed  
•  Direct collapse 

100 D. J. Mortlock et al.: A redshift 6.13 quasar in UKIDSS

Table 1. Original survey and follow-up photometric observations of ULAS J1319+0950.

Filter Original Follow-up Observing date Telescope Exposure time
iAB 22.83± 0.32 22.55± 0.09 2008 January 8 and 12 LT 2 × 1620 s
zAB 20.13± 0.12 19.99± 0.03 2008 January 29 NTT 450 s
YVega 19.22± 0.06 19.10± 0.03 2008 January 16 and 17 UKIRT 2 × 300 s
JVega 18.69± 0.05 18.76± 0.03 2008 January 16 and 17 UKIRT 2 × 300 s

All magnitudes are quoted in the natural system of the initial survey: AB for the optical SDSS bands and Vega for the NIR UKIDSS bands. Note
that the transmission profile of the zNTT filter differs somewhat from that of the SDSS z filter (see Sect. 3.2).

improved z-band photometry of ULAS J1319+0950 was ob-
tained using the ESO Multi-Mode Instrument (EMMI) on
the New Technology Telescope (NTT) on the night of 2008
January 29. The observations were made with the long-pass
#611 filter, the bandpass of which, in combination with the red
cut-off of the CCD response, is quite similar to the SDSS z
bandpass (Venemans et al. 2007). To calibrate the NTT-image,
SDSS i- and z-band photometry of bright, unsaturated stars in
the frame was converted to the natural system of the image us-
ing zNTT,AB = zAB − 0.05(iAB − zAB) (Venemans et al. 2007), and
the result quoted in Table 1 is in this natural system.

4. ULAS J1319+0950

After the series of follow-up photometric observations described
in Sect. 3.2 showed ULAS J1319+0950 to be a promising high-
redshift quasar candidate, an optical spectrum was obtained to
confirm the identification (Sect. 4.1). A more accurate redshift
was estimated from a NIR spectrum covering the Mg II emission
line (Sect. 4.2), after which both spectra were used to compare
ULAS J1319+0950’s emission and absorption properties with
those of similarly distant quasars discovered in SDSS (Sect. 4.3).

4.1. Spectroscopic observations

An optical spectrum of ULAS J1319+0950 was obtained using
the Gemini Multi-Object Spectrograph (GMOS) on the Gemini
South Telescope on the night beginning 2008 January 22. Two
spatially-offset spectra, each of duration 900 s, were obtained us-
ing a 1 arcsec slit and the R400 grating, covering the wavelength
range of 0.5–1.0µm over the three CCDs. The standard bias sub-
traction and flat-fielding steps were followed. Then, because of
the strong sky lines in the red part of the spectrum, the “double
subtraction” method was used for the first-order sky subtraction
(i.e., frame B was subtracted from frame A, and then the neg-
ative spectrum subtracted from the positive spectrum, after the
two spectra were aligned). This procedure removes most sys-
tematic errors, but at the price of increasing the noise in the fi-
nal frame by a factor of ∼1.4 compared to the theoretical limit.
Second-order sky subtraction was achieved by fitting a smooth
function to each column. At this point cosmic rays were removed
using the Laplacian Cosmic Ray Removal Algorithm (LCRRA;
van Dokkum 2001). Wavelength-calibration was carried out us-
ing observations of a Cu Ar lamp. Relative spectrophotometry,
and correction for telluric absorption, was achieved using obser-
vations of a standard star, and the spectrum was then scaled to
match the NTT z-band photometry given in Table 1. The final
GMOS spectrum is shown in Fig. 2.

The spectrum is recognisable as that of a z ≃ 6 quasar from
the presence of a broad emission line, identified as Lyα, at the
same wavelength as a strong continuum break, attributed to Lyα
forest absorption. The Lyα emission peaks at a wavelength of
λ ≃ 0.88µm, which leads to a preliminary redshift estimate of

Fig. 2. The Gemini GMOS spectrum of ULAS J1319+0950 (black
curve) and the noise spectrum (red curve), both binned by a factor of
four. The gaps at wavelengths of ∼ 0.68 µm and ∼0.82 µm correspond
to the breaks between the different CCDs. The wavelengths of common
emission lines redshifted by z = 6.13 are indicated.

z = 6.12. However the Lyα line is strongly absorbed to the blue
and such high-ionization lines can exhibit velocity shifts relative
to the quasar systemic redshift (e.g., Tytler & Fan 1992), limiting
the utility of the optical redshift measurement.

The Mg II line, if observable in the K band, should give
a more reliable estimate of the redshift, and so a NIR spec-
trum of ULAS J1319+0950 was obtained. The source was ob-
served using the Near-IR Instrument (NIRI) on the Gemini North
Telescope on the two nights beginning 2008 February 26 and 27.
Observations were made with a 0.75 arcsec slit and the K grism
G5204, covering the wavelength range 1.9–2.5µm with a resolv-
ing power of R = 500. With NIRI it is standard procedure to dis-
card the first exposure of a sequence, leaving a total of 11 usable
300 s exposures over the two nights. The observation and data
reduction methodology of Weatherley et al. (2005) was adopted,
with six different slit positions used to reduce the noise from
sky-subtraction relative to the more standard ABBA sequence.
The data suffered from increasing slit losses as the observations
proceeded, which is believed to be due to differential flexure be-
tween the guide probe and the instrument. The additional slit
losses, relative to the first frames on each night, reduced the final
S/N of the detected emission line by a factor of ∼1.5. Because
of the varying throughput, each sky-subtracted frame was first
scaled to a common count level, and then weighted by the in-
verse variance in the sky (as evaluated in a region free of strong
emission lines). Wavelength calibration was performed using the
list of sky emission lines from Rousselot et al. (2000). A stan-
dard star observed at similar airmass was used to correct for tel-
luric absorption, and for relative flux calibration, after which the
spectrum was scaled to match the UKIDSS K-band photometry
given in Table 1. The final NIR spectrum is plotted in Fig. 3.
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improved z-band photometry of ULAS J1319+0950 was ob-
tained using the ESO Multi-Mode Instrument (EMMI) on
the New Technology Telescope (NTT) on the night of 2008
January 29. The observations were made with the long-pass
#611 filter, the bandpass of which, in combination with the red
cut-off of the CCD response, is quite similar to the SDSS z
bandpass (Venemans et al. 2007). To calibrate the NTT-image,
SDSS i- and z-band photometry of bright, unsaturated stars in
the frame was converted to the natural system of the image us-
ing zNTT,AB = zAB − 0.05(iAB − zAB) (Venemans et al. 2007), and
the result quoted in Table 1 is in this natural system.

4. ULAS J1319+0950

After the series of follow-up photometric observations described
in Sect. 3.2 showed ULAS J1319+0950 to be a promising high-
redshift quasar candidate, an optical spectrum was obtained to
confirm the identification (Sect. 4.1). A more accurate redshift
was estimated from a NIR spectrum covering the Mg II emission
line (Sect. 4.2), after which both spectra were used to compare
ULAS J1319+0950’s emission and absorption properties with
those of similarly distant quasars discovered in SDSS (Sect. 4.3).

4.1. Spectroscopic observations

An optical spectrum of ULAS J1319+0950 was obtained using
the Gemini Multi-Object Spectrograph (GMOS) on the Gemini
South Telescope on the night beginning 2008 January 22. Two
spatially-offset spectra, each of duration 900 s, were obtained us-
ing a 1 arcsec slit and the R400 grating, covering the wavelength
range of 0.5–1.0µm over the three CCDs. The standard bias sub-
traction and flat-fielding steps were followed. Then, because of
the strong sky lines in the red part of the spectrum, the “double
subtraction” method was used for the first-order sky subtraction
(i.e., frame B was subtracted from frame A, and then the neg-
ative spectrum subtracted from the positive spectrum, after the
two spectra were aligned). This procedure removes most sys-
tematic errors, but at the price of increasing the noise in the fi-
nal frame by a factor of ∼1.4 compared to the theoretical limit.
Second-order sky subtraction was achieved by fitting a smooth
function to each column. At this point cosmic rays were removed
using the Laplacian Cosmic Ray Removal Algorithm (LCRRA;
van Dokkum 2001). Wavelength-calibration was carried out us-
ing observations of a Cu Ar lamp. Relative spectrophotometry,
and correction for telluric absorption, was achieved using obser-
vations of a standard star, and the spectrum was then scaled to
match the NTT z-band photometry given in Table 1. The final
GMOS spectrum is shown in Fig. 2.

The spectrum is recognisable as that of a z ≃ 6 quasar from
the presence of a broad emission line, identified as Lyα, at the
same wavelength as a strong continuum break, attributed to Lyα
forest absorption. The Lyα emission peaks at a wavelength of
λ ≃ 0.88µm, which leads to a preliminary redshift estimate of

Fig. 2. The Gemini GMOS spectrum of ULAS J1319+0950 (black
curve) and the noise spectrum (red curve), both binned by a factor of
four. The gaps at wavelengths of ∼ 0.68 µm and ∼0.82 µm correspond
to the breaks between the different CCDs. The wavelengths of common
emission lines redshifted by z = 6.13 are indicated.

z = 6.12. However the Lyα line is strongly absorbed to the blue
and such high-ionization lines can exhibit velocity shifts relative
to the quasar systemic redshift (e.g., Tytler & Fan 1992), limiting
the utility of the optical redshift measurement.

The Mg II line, if observable in the K band, should give
a more reliable estimate of the redshift, and so a NIR spec-
trum of ULAS J1319+0950 was obtained. The source was ob-
served using the Near-IR Instrument (NIRI) on the Gemini North
Telescope on the two nights beginning 2008 February 26 and 27.
Observations were made with a 0.75 arcsec slit and the K grism
G5204, covering the wavelength range 1.9–2.5µm with a resolv-
ing power of R = 500. With NIRI it is standard procedure to dis-
card the first exposure of a sequence, leaving a total of 11 usable
300 s exposures over the two nights. The observation and data
reduction methodology of Weatherley et al. (2005) was adopted,
with six different slit positions used to reduce the noise from
sky-subtraction relative to the more standard ABBA sequence.
The data suffered from increasing slit losses as the observations
proceeded, which is believed to be due to differential flexure be-
tween the guide probe and the instrument. The additional slit
losses, relative to the first frames on each night, reduced the final
S/N of the detected emission line by a factor of ∼1.5. Because
of the varying throughput, each sky-subtracted frame was first
scaled to a common count level, and then weighted by the in-
verse variance in the sky (as evaluated in a region free of strong
emission lines). Wavelength calibration was performed using the
list of sky emission lines from Rousselot et al. (2000). A stan-
dard star observed at similar airmass was used to correct for tel-
luric absorption, and for relative flux calibration, after which the
spectrum was scaled to match the UKIDSS K-band photometry
given in Table 1. The final NIR spectrum is plotted in Fig. 3.

Mortlock et al. 2009 

Z=6.19 



Intermediate  
Mass Black Hole 
• Finding the Missing link? 

• Globular Clusters 
• Dwarf Galaxies 
• Ultra-Luminous X-ray 
sources (ULX) 



Growing a Black Hole: Types of Accretion 
•  How Does a Black Hole Accrete 

Material? 
•  Thin Disk (Alpha Disk)  
•  Advection Dominated Disk 
•  Magnetically Arrested Disk 

•  Model lowest accretion regimes 
•  Sgr A*,M87,etc 

•  Broadband SED are Key 
•  Variability studies 



Imaging the Torus/Disk 
• ALMA Circumnuclear Disk (200pc) of Seyfert NGC 1068 

Viti et al.: The chemistry of dense gas in NGC1068

Fig. 1. CO (3-2) velocity-integrated intensity map, measured in Jy/beam km/s over a 460 km s�1 window, obtained with ALMA
(see Paper I Figure 4 for more details). The central position is the phase tracking center (J2000( RA0, DEC0) = (02h42m40s.771),
(-00000⇥47”.84)). The Top panel: Map encompassing the circumnuclear disk (CND) and the starburst ring. Bottom panel: same
as above but zooming in the CND region. The filled ellipses in the lower right corners represent the spatial resolution of the
observations.
16

Viti et al. 2014 

70 pc = 1’’ 



Types of Accretion: Imaging Torus/Disk 
•  Test the “Unified AGN Model” 

•  Do all AGN have a torus? 
•  What is the Structure of the torus? 
•  Does the Torus depend on Mass or 

Accretion Rate? 

• Quantify Obscured AGN Fraction 
• Hard X-ray Selected Samples 

•  Great way of finding AGN 
•  Swift/BAT & NuSTAR 
•  Does the amount of emission  
we expect from X-ray absorption  
match IR observations?  

 



 Feedback 
• How do supermassive black 

holes evolve with their 
galaxies? 

 
 

1.  Black Holes Evolve First 
2.  Galaxies Evolve First 
3.  Co-evolve 

•  Volonteri, Gultekin et al. 2009 
204 GÜLTEKIN ET AL. Vol. 698

Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

M
B

H
 

Velocity Dispersion 



Feedback: Strong Winds 
•  Broad Absorption Line Quasars 

•  >2000 km/s troughs 
•  -25000 – 0 km/s outflows 
•  Optical/UV 
 

•  Ultra-Fast Outflows  
•  >3000 km/s 
•  Highly Ionized 
•  X-ray 
 

•  How do they relate to the jet 
cycle? 

•  What is the covering fraction, 
mass outflow rate, and power? 

(King et al. 2013) 
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BI, the traditional “balnicity index” of Weymann et al. (1991).
The balnicity index is defined as

BI ≡
∫ 25,000

3000

(
1 − f (−v)

0.9

)
Cdv, (1)

where f (v) is the continuum-normalized spectral flux at a
velocity v (in km s−1) from the line rest wavelength (in the
system frame). The dimensionless value C is 0 unless the
observed spectrum has fallen at least 10% below the continuum
for a velocity width of at least 2000 km s−1 on the red side of
the absorption trough, at which point C is set to 1. Traditional
BALs are defined to have BI > 0. Because this metric does not
include a large number of broad absorption features at lower
outflow velocities, we also define and calculate BI0 in a similar
fashion to BI, but integrate to 0 km s−1 instead of −3000 km s−1.
We measure BI and BI0 for Si iv, C iv, Al iii, and Mg ii, using
the wavelength for the red component of the doublets given
in the theoretical line list of Verner et al. (1995) to define
zero velocity for each ion. These wavelengths are 1402.77 Å
(Si iv), 1550.77 Å (C iv), 1862.79 Å (Al iii), and 2803.53 Å
(Mg ii). In some cases, BAL troughs may be contaminated by
absorption from other ions, such as Fe ii λ2632 and C ii λ1335.
Such contamination is difficult to identify except when strong
absorption begins at the known wavelengths of these lines. In
general, we do not account for contamination, but ascribe all
broad absorption to Si iv, C iv, Al iii, or Mg ii. In Section 3,
we list 92 sources in our BAL catalog that appear to have
contaminated BALs, based on visual inspection.

Overall, our models are able to accurately reproduce the
observed continuum and emission-line features in the SDSS
QSO spectra. However, there are cases where reproducing
emission is problematic. This could occur, for example, if an
emission-line profile is highly asymmetric. There are also cases,
such as strongly absorbed emission-line profiles, for which we
were unable to accurately determine the underlying emission.
We define a set of flags that we use to indicate when the fit
model is particularly uncertain due to such effects.

1. EmLost: The profile of the emission line at (nearly) zero
velocity has been strongly absorbed and may not have been
accurately reconstructed. The EmLost flag is set if a BAL
is found for this ion and either the center of the (best-
guess) emission-line fit is in the BAL region, the FWHM
of our (best-guess) emission-line fit is < 10 Å, or there
is evidence that a broad range of spectral bins in the line
center are absorbed. Quantitatively, for the last criterion,
we require that at least 15 adjacent bins (20 for Mg ii) fall
! 5% below our emission model fit, and these absorbed bins
lie in the wavelength region where the emission is above
the line half-maximum. Our fitting experience indicates
that characterizing emission lines is particularly difficult
in cases meeting these criteria. Low-velocity absorption is
very common; nearly half of the sources with C iv BI0 > 0
have this flag set for the C iv emission line. Setting this
flag indicates that measurements of BAL troughs are less
certain in cases where the BAL extends to low velocities.

2. BlueWingAbs: Additional “blue wing” emission occurs on
the blue side of the C iv emission line, and absorption is
apparent between the blue wing and the line core.12 Since

12 For example, some asymmetry can be seen on the blue side of C iv λ1549
in the SDSS QSO composite spectrum (Vanden Berk et al. 2001). The strength
of this emission varies widely among individual cases, making it difficult to
model with our current methods. Some of the emission may also be due to
lines of other ions, such as Si ii λ1527 (Verner et al. 1996).

Figure 1. Examples of C iv absorption regions for BAL QSOs that have the
C iv EmLost (top) and BlueWingAbs (bottom) flags set. The x-axis shows rest-
frame wavelength, while the y-axis shows the (unsmoothed) flux density scaled
arbitrarily. Our model fit is plotted with a thick line.

we fit only the line core and cannot accurately reconstruct
the “blue wing” emission, we could potentially miss BAL
absorption in these cases. The BlueWingAbs flag is set to
“1” when 15 consecutive bins redward of 1500 Å lie above
the model fit, and 15 more consecutive bins further redward
lie below the model, and all these bins are shortward of the
wavelength at which the blue side of the C iv emission line
reaches its half-maximum.

3. BALManyBadBins: Some putative BALs consist of a large
number of spectral bins that have been flagged as “bad”
in the SDSS pipeline.13 Unfortunately, the pipeline occa-
sionally flags bins that are acceptable, and the low flux
density and signal-to-noise (S/N) in BAL troughs make
them especially susceptible to flagging. We report the
BALManyBadBins flag when > 25% of the bins in a BAL
have been flagged by the SDSS. However, we ignore the
flags BRIGHTSKY and EMLINE, because these warnings can
be triggered by the low flux levels in strong BAL troughs.

Figure 1 shows examples of spectra that have the EmLost and
BlueWingAbs flags set for the C iv absorption region.

The 2200–3000 Å region surrounding the Mg ii emission
line is especially difficult to model due to poorly constrained
emission-line structure and blended emission from ions such
as Fe ii. Modeling the full emission structure in this region is
beyond the scope of this study. For Mg ii absorption, we have fit
the emission-line core and estimated the continuum model from
the fit to the surrounding region. We therefore do not claim that
our Mg ii absorption list is complete, although visual inspections
indicate that we have not missed a large number of strong, broad
absorption features.

In some cases, we report BAL absorption detected in the
observed spectrum even though the entire outflow velocity
range (defined to be −25, 000 to 0 km s−1) does not fall in
the SDSS spectral bandpass. As a result, the reported BAL
properties may not accurately represent the measurements that
would be obtained if the full velocity range were observed. If
a representative sample of BAL properties is required, redshift
restrictions should be placed on QSO samples to ensure that the

13 See, e.g., the masks reported at
http://www.sdss.org/dr5/dm/flatFiles/spPlate.html#andmask.

Gibson et al. 2009 

Gofford et al. 2014  



Feedback: Serendipity is Key 
•  E.g., Tidal Disruptions 

•  ~10-4 yr-1 galaxy-1 (Stone & Metzger 2014) 
•  A new way to understand Accretion and 

Jet formation 
•  Will need Broad Band Coverage  

Gezari et al. 2012 

Z=0.1696 



Conclusions 
• Age of Broadband, Simultaneous Studies 

and Fast Timing Analysis 

• Goals from AGN Accretion Perspective 
•  How to grow a Supermassive Black Hole 

•  Seed Black Hole 
•  Modes of Accretion 

•  Feedback – Quantify Wind Power 

•  High Energy Universe 
•  Swift, XMM-Newton, Chandra, NuSTAR, NICER, 

eROSITA, Astro-H, Athena, LIGO, VIRGO, LISA 



A Tale of Two 
Transients

Steve Rodney 
Johns Hopkins University
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The Frontier Field Supernova Survey
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1. SN Tomas
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SN HFF14Tom behind Abell 2744
Abell 2744!
F160W

Rodney+ in prep
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1.2 1.3 1.4
redshift

43.5

44.0
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us

dm f ield = (1.69±0.54)(z-1.33) + 44.85±0.05

µobs=1.92±0.21 (0.71 ± 0.12 mag)

Comparison to unlensed SN gives magnification

μ= 1.92 ± 0.21
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Cluster mass models  
systematically overpredict the magnification.

2.0 2.5 3.0 3.5
Lensing Magnification, µ

CATS: 2.28+0.04
�0.04 Jauzac: 3.39+0.04

�0.04
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�0.16
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�0.05

Zitrin-LTM: 2.98+0.77
�0.37

Zitrin-NFW: 2.29+0.22
�0.22

Williams: 2.80+2.69
�1.16

Bradac: 2.47+0.18
�0.16

Merten: 2.23+0.67
�0.20

Lam: 2.77+0.36
�0.36

SN
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14
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How can all the lens models be biased?

SN

Jauzac+ 2014



Steve Rodney (JHU)

2014 : A Lensed Type Ia  
SN at z = 1.33
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2024 :  500 Lensed Type Ia  
SNe to z = 2.5

2014 : A Lensed Type Ia  
SN at z = 1.33
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LSST will find ~300 SN strongly lensed by galaxies

Core Collapse
Type Ia

200 CC
100 Ia

~300 SNe !
Lensed by!
Galaxies

Unlensed SNe

Oguri & Marshall 2009
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and ~100 SN behind strong-lensing clusters.

Goobar+ 2009
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Most cluster-lensed SN will need IR imaging + spectroscopy 
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Dt at ⇠10 pct or better.
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Most strongly-lensed SN will need IR imaging + spectroscopy

1 2 3 4
Redshift

0

10

20

30

40

50

60

70

N
um

be
ro

fL
en

se
d

G
al

ax
y

Im
ag

es
(a) Most multiply-

imaged galaxies
are at z⇠2

0 5 10 15 20
Time Delay Dt [yrs]

(b) Many have Dt < 5 yrs

0 20 40 60 80
Time Delay %Error

(c) Most have errors on
Dt at ⇠10 pct or better.

JWST, WFIRST, ELTs
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2. SN Spock 



Steve Rodney (JHU)

HFF14spo :  SN Spock in MACSJ0416 04:16:09.358  -24:04:12.87

F125W

F140W

CLASH HFF diff

F160W

HFF14spo :  SN Spock in MACSJ0416 04:16:09.358  -24:04:12.87

F125W

F140W

CLASH HFF diff

F160W

HFF14spo :  SN Spock in MACSJ0416 04:16:09.358  -24:04:12.87

F125W

F140W

CLASH HFF diff

F160W 2011

Aug  2014

Difference 

August : Transient Detected  
in lensed host at z=1.0
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Lens model predicts another image

Bradac+ 2012 

HFF14spo :  SN Spock in MACSJ0416 04:16:09.358  -24:04:12.87

F125W

F140W

CLASH HFF diff

F160W
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January : A prior detection!
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But it lasted < 3 rest-frame days

Observer-frame days
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The peculiar “SN” Spock

Spock-SE!
Aug 2014 !
IR transient!
 μ ~ 20 
 MI ~ -14.4 
 !  < 1 wk rest-frame

Spock-NW!
Jan 2014!

optical transient!
    μ ~ 30 

   MB ~ -14.3 
  !  ~  2.5 days rest-frame
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Kasliwal+ 2011
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Too fast to be a SN or a .Ia 

Kasliwal+ 2011
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Too fast to be a SN or a .Ia 

Kasliwal+ 2011
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Fainter than known fast optical transients.

Drout+ 2014
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Not an AGN…

Gaskell+ 2006
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Not a kilonova or fallback SN…

log10( days ) Fryer+ 2007

days Kasen+ 2014

IR

optical
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A rapid-recurrence nova?

Tang+ 2014
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A rapid-recurrence nova?

Tang+ 2014
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A rapid-recurrence nova?
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2014 : A Peculiar Multiply 
Imaged Transient
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2024 : Nothing is peculiar 
anymore

2014 : A Peculiar Multiply 
Imaged Transient
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The Changing Transient Landscape 

HFF14spo :  SN Spock in MACSJ0416 04:16:09.358  -24:04:12.87
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µobs=1.92±0.21 (0.71 ± 0.12 mag)μ= 1.92 ± 0.21

• As the rare become 
common, intersections 
are opportunities
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• Design for surprises : 
• cosmic telescopes 
• many cadences 
• rapid spectroscopic 

follow-up

HFF14spo :  SN Spock in MACSJ0416 04:16:09.358  -24:04:12.87
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dm f ield = (1.69±0.54)(z-1.33) + 44.85±0.05

µobs=1.92±0.21 (0.71 ± 0.12 mag)μ= 1.92 ± 0.21

• As the rare become 
common, intersections 
are opportunities

The Changing Transient Landscape 
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