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Atacama Large Millimeter/submillimeter Array:  
a 66-antenna array in Chile 

NRAO: 
One Observatory, Four Facilities 
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ALMA 
80 - 950 GHz 
3 - 0.3 mm 

VLA 
1 - 50 GHz 
300 - 6 mm 

GBT 
0.1 - 120 GHz 
3000 - 3 mm 

VLBA 
1 - 100 GHz 
300 - 3 mm 
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The highest 
frequency range of 

the 4 facilities 
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The highest altitude 
of the 4 facilities 



ALMA Overview 
u  A global partnership to deliver a revolutionary 

millimeter/submillimeter telescope array 

u   North America (US, Canada, Taiwan) 
u   Europe (ESO) 
u   East Asia (Japan,Taiwan) 
u   In collaboration with Chile 

u   5000 m (16,500 ft) site in Chilean Atacama desert 
u   66 telescopes in full operation 

u   Main Array: 50 x 12m antennas 
u   Total Power Array: 4 x 12m antennas  
u   Atacama Compact Array (ACA): 12 x 7m 

antennas 

55 
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ALMA Overview 
u  ALMA is capable of doing aperture synthesis and total power observing 
u  Operating over the entire accessible mm and sub-mm wavelength range

Remotely operated from 
OSF Control room 

At 5000m  

compact Extended – up to 15 km 

Built to operate  

>30 years 
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Unprecedented Sensitivity 
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ALMA, Full Science 
50(+12+4) 

6 

8 Collecting Area 
~ sensitivity CARMA

23 



Unprecedented Sensitivity 
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ALMA, Full Science 
50(+12+4) 

6 

8 Collecting Area 
~ sensitivity CARMA

23 

Cycle 3 
36+ (+10+2) 

Cycle 0 
16(+0+0) 

Current status:  
All 66 antennas have 
been accepted 



Unprecedented Spectral Coverage 
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Coverage of 
every part of 
the sub-mm/
mm range that 
is accessible 



Unprecedented Spectral Coverage 
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Coverage of 
every part of 
the sub-mm/
mm range that 
is accessible 

Current status:  

Receiver bands installed on all antennas 
–  Band 3, 3mm (84-116 GHz) 
–  Band 6, 1mm (211-275 GHz) 
–  Band 7, 850 µm (275-370 GHz) 
–  Band 9, 450 µm (602-720 GHz) 

Receiver bands partially installed or 
undergoing verification 

–  Band 4, 2mm (125-163 GHz)  56/66 
–  Band 8, 650 µm (385-500 GHz) 53/66 
–  Band 10, 350 µm (787-950 GHz) 43/66 



Unprecedented Baseline Coverage 
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(at sub-mm/mm wavelengths) 

ALMA Cycles 0, 1, and 2 

Maximum baseline length < ~ 1.5km 
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Main array 

Maximum baseline length ~ 15km 

Unprecedented Baseline Coverage 
(at sub-mm/mm wavelengths) 



The combination of these 3 factors:  
 
 

allows for transformational science! 
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Sensitivity + Spectral Coverage + Imaging Capabilities 



Summary of Current Capabilities 
ALMA Cycle 2 currently ongoing, Cycle 3 begins October 2015 
•  At least 36x12m antennas in the main array, and 10x7m antennas (for 

short baselines) and 2x12m antennas (for making single-dish maps) in the 
Morita-san Array (ACA) 

•  Receiver bands 3, 4, 6, 7, 8, 9, & 10 
•  Long Baselines: 10 km for Bands 3, 4, 6; 5 km for Band 7; 2 km for the rest 
•  Both single-field interferometry and mosaics 
•  Spectral-line observations with all Arrays and continuum observations with 

the 12m Array and the 7m Array (except in Bands 9 and 10) 
•  Polarization at PI-specified frequencies (on-axis, continuum in Bands 3, 6 

and 7 - no ACA, no mosaics, no spectral line, no circular polarization) 
•  Mixed correlator modes (both high and low frequency resolution in the 

same observation) 
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Let’s look at some recent science cases! 
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The Magnetic Field at the jet-base of a 
SMBH 

•  Lensed AGN at z=2.5 (PKS 1830-211) 
•  ALMA observations at 100, 250, and 

350 GHz detected polarization signal 
•  Amount of Faraday Rotation (RM) 

proportional to B strength and ne 
along the line of sight 

•  First time measurements allow 
for estimation of B very close to 
jet base 

•  Magnetic fields of at least ~10 Gauss 
on 0.01 pc scales are required to 
account for large RM measured 

16 

Martí-Vidal et al. (2015, Science) 

from view. These results are thus fundamental to
better understand the role of magnetic fields in
the AGN accretion and jet production, which are
intimately related to the growth and evolution
of supermassive black holes.
This detection has been possible thanks to the

high resolution (sub-arcsec) of our observations
with ALMA and to the use of a new differential
polarimetry technique, which we briefly describe
in the following lines (see supplementary text
section 1).
The ALMA receivers detect the signal in two

orthogonal linear polarizations, X and Y, where
X is received from a horizontal dipole and Y
from a vertical dipole in the frame of the an-
tenna mount. The two lensed images of PKS
1830−211, which we call northeast (NE, upper-left
in projection on sky) and southwest (SW, lower-

right), are separated by 1′′. In Fig. 1, we show an
example of snapshot images in XX and YY of the
two components of the gravitational lens, as well
as their difference. The difference image contains
information about the difference between NE and
SW in Stokes parameters Q and U. Our analysis
makes use of the polarization ratio, Rpol, which
is defined as

Rpol ¼
1
2

R1;2
XX

R1;2
YY

− 1

 !

where R1;2
XX and R1;2

YY are the flux-density ratios
between the two lensed images of the AGN, ob-
tained separately from the XX and YY polariza-
tion products. Rpol is a function of the parallactic
angle of the antennas, y, and the observing wave-
length, l, and encodes information about the

difference of polarization between the two im-
ages, via the approximately constant parameters
pdif and a (supplementary text section 1), as well
as their rotation measure RM,

Rpol ¼ pdif cosð2f′
0

1 − aþ 2RMðl2 − y=RMÞÞ
ð1Þ

where f01
0
is the position angle of the polariza-

tion of image 1 at zero wavelength in the plane
of the sky. The technique of differential polar-
imetry essentially enables estimation of RM via
fitting the observed sinusoidal dependence of
Rpol as a function of l2 and y, using Eq. 1.
Our results are based on ALMA observations at

sky frequencies around 100, 250, and 300 GHz
(8). Correcting for the cosmological redshift, these
frequencies correspond to 350, 875, and 1050 GHz
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Fig. 1. ALMA image of the gravitationally lensed AGN PKS 1830−211 at 250 GHz, taken on 30 June 2014. Left, in XX polarization; center, in YY
polarization (with the peak normalized to that of the XX image); right, the difference between polarizations. Notice the small residual in the southwest
lensed image, which encodes differential polarization information among the northeast and southwest images. The contours are set at 0.625, 1.25, 2.5, 5,
10, 20, 50, and 99% of the peak intensity.

Fig. 2. Polarization ratio, Rpol, as a function of the wavelength squared for all our ALMA observations. Left panels (A and C) are all data; right
panels (B and D) are enlargements of the region of shorter wavelengths. The uncertainties, estimated from the postfit covariance matrix as described in
(10), are of the order of the symbol sizes.
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ALMA image of gravitationally lensed AGN 

in the frame of the source. More details on these
observations, and a summary of the main goals of
this ALMA project, can be found elsewhere (9).
We also summarize all the observations in the
supplementary text (section 2). Our observations
can be divided in two data sets, one consisting of
six epochs in 2012 (9 April to 16 June) and the
other of nine epochs in 2014 (3 May to 27 August).
In Fig. 2, we show the measured Rpol between the
two lensed images of PKS 1830−211. These mea-
surements have been obtained from the RXX and
RYY values fitted with the visibility-modeling
software presented in (10). The uncertainties
have been obtained with the standard error
propagation approach, using the uncertainties in
RXX and RYY that were derived from the co-

variance matrix of the visibility fitting, as de-
scribed in (10).
The derivatives of Rpol versus l2, which are

related to RM (supplementary text section 1.3),
are clearly different for different wavelength
ranges. Between l2 = 8 and 12 mm2, the max-
imum derivative is 4.4 × 10−3 mm−2, whereas
between 0.8 and 1.6 mm2 it is 70 × 10−3 mm−2.
Because the maximum observed Rpol ratios are,
in absolute value, similar at all wavelengths, the
different derivatives of Rpol versus l2 must be
due to larger RM at shorter wavelengths (see sup-
plementary text section 1.3 for a more detailed
discussion). Large variations of RM with wave-
length have been reported in other AGN (11), al-
though at much longer wavelengths (cm), related

to larger spatial scales in the jets. Our finding
cannot be explained easily if the RM is only caused
by an external (e.g., spherically symmetric) screen
of material being accreted onto the black hole [as
in the case of the RM detected in the Galactic
center (5)] and/or by external clouds. The size
of the submm emitting region (estimated as the
distance to the black hole at which the submm
intensity is maximum) is only of the order of
0.01 pc (8). Hence, if the Faraday screen were
extended and located far from the jet base, the
rotation measure at submm wavelengths should
not depend on the observing frequency, because
the extent of the Faraday screen would be sim-
ilar for all the submm jet emission. The Faraday
screen must thus be close to the jet base and
change substantially on sub-parsec scales (Fig. 3).
An increase of the RM at shorter wavelengths
would then be explained naturally as an increase
of the magnetic field strength and/or electron
density as we approach the black hole. Indeed,
observations of other AGN at long wavelengths
(cm) show changes of RM across the jets, both
longitudinal and transversal (12–14), that have
been attributed to changes in particle density
and magnetic fields in the jets, independent of a
more distant external medium.
We have three sets of observing epochs at 250

and 300 GHz separated by a short time interval
(1 to 2 days). In these three cases, we can directly
estimate RM and pdif by fitting Rpol to the model
given by Eq. 1. The parameter estimates in these
three data sets have been performed by least-
squares minimization, comparing the measured
Rpol to the model predictions. The data at our
lowest-frequency band (i.e., 100 GHz) have been
discarded from the fit, because they trace differ-
ent rotation measures from different regions of
the jet, as we have already discussed. We show the
fitting results in Fig. 4 and the estimated param-
eters in Table 1. Our estimated source–rest-frame
RMs are about two orders of magnitude higher
than the highest values reported previously for
other AGN, which are ~106 rad/m2 (4, 6).
Although the two RM measurements in 2012

are compatible, the estimate in 2014 is higher
by more than a factor of 2. Regarding the am-
plitude of Rpol, which is related to the fractional
polarization and to the relative polarization angles
among the NE and SW images, we find differ-
ent values for the two observations in 2012. These
two observations were serendipitously taken be-
fore and after a strong g-ray flare, which had a
very weak radio counterpart (8). This leads us
to speculate that the change in polarization may
be correlated to the radio counterpart of that
flare. Another g-ray flare was detected in 2014
(15), also coincident with the time range of our
2014 observations. The new flare had a strong
radio counterpart, which may also be related to
the higher RM that we measure in 2014. The
high variability in RM and pdif, in connection to
the g-ray flaring events, points toward a cospa-
tial origin of the g-ray emission and the 250- to
300-GHz rotation measures, hence favoring our
interpretation of the RM being caused at the
region very close to the jet base.
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Fig. 3. Sketch of the jet
launch/acceleration region
in PKS 1830−211 (not to
scale). Emission at higher fre-
quencies comes from material
closer to the black hole, at
subparsec scales. At these
frequencies, the main contri-
bution to RM must come from
a zone close to the jet, in order
to explain the different RM
values between 350 GHz and
0.8 to 1 THz (source frame).

Fig. 4. Fits of our three
epochs with quasi-
simultaneous observa-
tions at 250 and 300 GHz
to the model given in
Eq. 1.We show Rpol versus
l2 corrected by −y/RM,
to obtain a sinusoidal
behavior.

Table 1. Best-fit polarization values for the three epochs with quasi-simultaneous observations
at 250 and 300 GHz. RMobs are the rotation measures in the observer’s frame and RMtrue are the
rotation measures in the rest frame of the source. RMtrue is (1+z)2 times larger than RMobs.

Epoch

10 April 2012 23 May 2012 5 May 2014

RMobs (10
6 rad/m2) 9.0 T 0.3 9.4 T 0.4 25.3 T 0.8

RMtrue (10
7 rad/m2) 11 T 0.4 11.5 T 0.5 31.2 T 1.0

pdif (10
−3) 12.6 T 0.4 3.8 T 0.3 3.5 T 0.3

2f0 − a (deg) 59 T 27 40 T 23 25 T 20
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Precise measurements of central BH 
mass in a barred spiral galaxy 
•  BH mass measurements 

fundamental for constraining 
galaxy evolution models 

•  Other techniques are difficult 
for more common galaxies 

•  ALMA spectral line observations 
(HCN, HCO+) to constrain 
distribution and kinematics 
of molecular gas near BH 

•  SMBH mass ~1.4 x 108 Msun 
•  Potential for the future: large 

samples (only 2hrs for this 
observation) 
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Onishi et al. (2015) 

NGC 1097 
(barred spiral galaxy) 

ALMA observations 
(HCN: red, HCO+: green) 



Sub-mm galaxies: strongly lensed star-
forming galaxies at high redshift 
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ALMA 
Hubble 

Viera et al. (2013, Nature), Hezaveh et al. (2013) 
ALMA 

Hubble 

ALMA 
Partnership, 

Vlahakis, et al. 
(2015) Swinbank et al. (2015) 

z = 3.042 



Rings and Gaps in the Disk surrounding 
the young star HL Tau 

19 

ALMA Observations of HL Tau 3

FIG. 1.— Panel (a) shows an overview of the HL Tau region with red and blue colors mapped to the integrated intensity of the redshifted (7.25 to 20 km s−1)
and blueshifted (0.0 to 6.0 km s−1) 12CO (1-0), respectively. The ALMA 1.′′1 resolution 12CO (1-0) images (synthesized beam shown in the lower left) have
not been corrected for primary beam attenuation; the displayed field of view corresponds to the ∼ 15% power point. Green shows an HST R-band image (this
band includes stellar continuum, Hα, and [SII]). The darker diagonal stripe across the image (visible in some viewers) corresponds to a gap in the HST ACS
WFC detector. Panels (b) and (c) show zoomed in views of XZ Tau (A and B) and LkHα358, respectively. All three panels show ALMA 2.9 mm primary beam
corrected continuum contours overlaid in blue at 33×(4, 14,19) µJy beam−1 (the corresponding synthesized beam is shown in the lower left of panels (b) and (c),
also see Table 1). The HST image has been precessed to epoch 2014.83 using the proper motion derived in §3.1.1.

+20◦37′34.2649′′20 before calibration, after which excellent
position agreement for HL Tau was achieved across all three
Bands (see fitted positions in Table 1)21. Additionally, the
final LBC antenna position corrections were applied before
the data were calibrated (see ALMA partnership et al. 2015).
For each execution, the bandpass and absolute flux calibrators
were dynamically chosen by the ALMA online system and
alternated between the frequently monitored quasars J0423-
20 Both final phase calibrator positions were taken from

http://astrogeo.org/vlbi/solutions/rfc_2012b/rfc_2012b_cat.txt.
21 The small shifts in position due to proper motion over the month long

observing span have been ignored.

0120 and J0510+1800, depending on the LST start time22.
Based on comparison of the resulting calibrated phase cali-
brator flux densities across the many executions for each band,
we estimate that the absolute flux calibration is good to within
5% for the final combined data at each wavelength.
The continuum images for all three bands were made us-

ing multi-frequency synthesis, and the visibility weighting
employed was mid-way between natural and uniform (i.e.,
CASA clean parameter robust=0.0). Individually, the 1.3 mm
and 0.87 mm data have a fractional bandwidth small enough
(< 10%) to ignore spectral index effects in the imaging.
In contrast, the range of continuum spws available for the

ALMA Partnership, 
Brogan, et al. (2015) 



Rings and Gaps in the Disk surrounding 
the young star HL Tau 
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ALMA Observations of HL Tau 5

FIG. 2.— Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm psf for the same FOV as the
other panels, as well as an inset with an enlarged view of the inner 300 mas centered on the psf’s peak (the other bands show similar patterns). Panels (e) and
(f) show the image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar shown for panel (b), at 1.3 mm,
corresponds to −2×rms to 0.9× the image peak, using the values in Table 1. The colorscales for panels (a), (c) and (e) are the same except using the values of
rms and image peak corresponding to each respective wavelength in Table 1.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an

Highest fidelity HLTau image Spectral index map 

Optically 
thick core 

Optically thin gaps 

ALMA Partnership,  
Brogan, et al. (2015) 



The HL Tau disk and its rings 

Laura Pérez (NRAO) - NRAO CDE - March 27, 2015 

ALMA Observations of HL Tau 7

FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the
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FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the
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FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the

ALMA Observations of HL Tau 7

FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the
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FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the

ALMA Observations of HL Tau 7

FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the

We find β ~ 0.8 à 0.3, consistent with some amount of grain growth and evolution
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FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the

D1:D2:D3:D4 ~ 1:4:6:8 
D2:B1 ~ 2:1 
D2:B6 ~ 1:4 

ALMA Partnership,  
Brogan, et al. (2015) 



Now onto some further considerations 
when observing at sub-mm/mm… 
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A priori calibrations (baseline, focus, etc.) 
Water Vapour Radiometry (WVR) calibration 
System Temperature (Tsys) calibration 
Flux calibration 
Bandpass calibration 
Gain calibration 
Examine data, flag/repeat if necessary 
Self-calibration 
Apply calibration to science target  
Imaging 

Interferometric data calibration steps 
Fundamentals discussed 

in R. Perley’s talk 
 

Calibration steps discussed 
in A. Wootten’s talk 

 
Imaging discussed in  

A. Moullet’s talk 
 

However, there are some 
additional steps to consider 

when dealing with high 
frequency (i.e. sub-mm/mm) 

observations 
(To be further discussed in 

C. Brogan’s talk) 



Interferometric data calibration steps 

High frequency observations 
(i.e. sub-mm/mm) can be 
significantly affected by the 
atmosphere! 

A priori calibrations (baseline, focus, etc.) 
Water Vapour Radiometry (WVR) calibration 
System Temperature (Tsys) calibration 
Flux calibration 
Bandpass calibration 
Gain calibration 
Examine data, flag/repeat if necessary 
Self-calibration 
Apply calibration to science target  
Imaging 



System Sensitivity: characterized by Tsys 

The system sensitivity drops exponentially (!!!) as opacity increases 
 
 
 

Typical optical depth at 230 GHz:

τ225 = 0.15 = 3 mm PWV (zenith) à at elevation = 30o ⇒ τ225 = 0.3 

 Tsys = (Tatm(1-e-τ) + Trx) eτ = (77 + 75)1.35 ~ 200 K 

  assuming Tatm = 300 K and Trx = 75 K 
 
 

S / N = Tsource / (Tnoise eτ) 
Tsys  = Tnoise eτ ≈   Tatm(eτ -1) + Trxeτ 

ð  Atmosphere adds considerably to Tsys   

ð  Since the opacity can change rapidly, 
Tsys must be measured often 



Atmospheric phase fluctuations 
Our ability to obtain high angular resolution images is hindered by atmospheric 
phase fluctuations, which distort the “flat” wavefront arriving from distant 
astronomical sources 

Δφ = 2π ⋅ν ⋅ Δτ Δτ 

Variations of 
water vapor 
content… 

Cause 
random delay 
differences at 
each antenna 



Net effect: Phase fluctuations corrupt 
the observed visibility data 

Reduce angular resolution of observations 
à Introducing “radio seeing” 

Reduce sensitivity of observations 
 2 Jy peak 0.98 Jy peak 0.45 Jy peak 

Increasing magnitude of atmospheric phase fluctuations 

http://www.mrao.cam.ac.uk/projects/alma/fp6/index.html 



Net effect: Phase fluctuations corrupt 
the observed visibility data 

Reduce angular resolution of observations 
à Introducing “radio seeing” 

Reduce sensitivity of observations 
 

ð  Atmosphere adds considerably to 
phase errors on the visibilities 

ð  Since the pwv fluctuations can change 
rapidly, its magnitude must be measured 
often in order to correct for it. 



Interferometric data calibration steps 

High frequency 
observations can be 
significantly 
affected by the atmosphere! 

 
Several different 

techniques used to 
correct for atmospheric 

effects. 
 

These advanced topics 
will be covered in C. 

Brogan’s Talk 
   

A priori calibrations (baseline, focus, etc.) 
Water Vapour Radiometry (WVR) calibration 
System Temperature (Tsys) calibration 
Flux calibration 
Bandpass calibration 
Gain calibration 
Examine data, flag/repeat if necessary 
Self-calibration 
Apply calibration to science target  
Imaging 



The Atacama Large Millimeter/submillimeter Array (ALMA), an international astronomy facility, is a 
partnership of Europe, North America and East Asia in cooperation with the Republic of Chile.  
ALMA is funded in Europe by the European Organization for Astronomical Research in the 
Southern Hemisphere (ESO), in North America by the U.S. National Science Foundation (NSF) in 
cooperation with the National Research Council of Canada (NRC) and the National Science Council 
of Taiwan (NSC), and in East Asia by the National Institutes of Natural Sciences (NINS) of Japan in 
cooperation with the Academia Sinica (AS) in Taiwan.  ALMA construction and operations are led on 
behalf of Europe by ESO, on behalf of North America by the National Radio Astronomy Observatory 
(NRAO), which is managed by Associated Universities, Inc. (AUI), and on behalf of East Asia by the 
National Astronomical Observatory of Japan (NAOJ). The Joint ALMA Observatory (JAO) provides 
the unified leadership and management of the construction and operation of ALMA. 

For more info: ���
 https://almascience.nrao.edu/ 

Go use ALMA!



www.nrao.edu 
science.nrao.edu 
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operated under cooperative agreement by Associated Universities, Inc. 

 


