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deconvolved position angle in Table 4 for the low-resolution
image of L1448 IRS3B does not reflect the emission that is
extended orthogonal to the outflow because the fitting routine
attempts to fit both the main protostar and the companion along
the outflow direction.

IRAS 03292+3039 also has structured continuum emission
that is extended in the north–south direction at an angle of
49°with respect to the outflow. There are no strong peaks
standing out from this structure, even when imaging with
higher resolution, but there are three weak sub-peaks separated
from each other by ∼0″.4.

3.1.3. Smooth Continuum Structures

The sources IC 348-MMS, L1448C, and L1451-MMS have
rather smooth continuum structures. They all have resolved
envelopes extended over several resolution elements in the B
and C combined imaging as shown in Figure 1. The higher-
resolution imaging from the B-array data alone does not reveal
strong evidence of sub-structure, and they are all consistent
with smooth source structure at this resolution (Figure 2).
However, the deconvolved position angle of L1448C has an

angle of 83°with respect to the outflow, perhaps indicative of a
disk-like structure at the limit of our resolution.

3.1.4. Asymmetric Resolved Structures

Several sources show evidence of resolved structure at high
resolution, but these are not clearly disk-like in appearance and
are often only extended toward one side. L1448 IRS3C (also
called L1448 NW; Terebey & Padgett 1997) appears resolved
at an angle of 99°with respect to outflow, but only toward the
northeast (Figure 2). IRAS 03282+3035 is also extended at a
slight angle (109°) with respect to the outflow direction, but
only toward the north (Figure 2). The Class I source L1448
IRS3A shows a roughly symmetric structure in the northwest
and southeast directions (Figure 3). The outflow direction from
this source is uncertain (see Appendix and Kwon et al. 2006),
so this could be a disk-like structure, but it is uncertain without
clear knowledge of the outflow direction.
The strongest asymmetric structure is found toward

IRAS 03292+3039 (Figures 1 and 2). This source was also
identified as a candidate multiple, due to its multiple peaks.
However, its extended source structure stands out relative to

Figure 2. Same as Figure 1, but with emphasis on sub-arcsecond structures. All plots are zoomed in relative to Figure 1, except IRAS 03292+3039.
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scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 1875,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated using the frequent observations of J1103-3251.
Although images generated from these data are relatively
free of artifacts and recover the integrated flux density
of the target (1.5 Jy), folding in additional ALMA obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated three archival ALMA ob-

servations of TW Hya, from 2012 May 20, 2012 Nov 20,
and 2014 Dec 31, using 16, 25, and 34 antennas span-
ning baselines from 15–375m. The first two observa-
tions had four 59MHz-wide spectral windows centered
at 333.8, 335.4, 345.8, and 347.4 GHz. The latter had
two 235MHz windows (at 338.2 and 349.4GHz), one
469MHz window (at 352.0GHz), and one 1875MHz win-
dow (at 338.4GHz). J1037-2934 was employed as a gain
calibrator, and Titan and 3C 279 (May 20), Ceres and
J0522-364 (Nov 20), or Ganymede and J0158+0133 (Dec
31) served as flux or bandpass calibrators. The weather
for these observations was excellent, with PWV levels

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).

of 0.5–1mm. The combined on-target integration time
was 95 minutes. The basic calibration was as described
above. As a check, we compared the amplitudes from
each individual dataset on overlapping spatial frequen-
cies and found exceptional consistency.
The calibrated visibilities from each observation were

shifted to account for the proper motion of the target
and then combined after excising channels with potential
emission from spectral lines. Some modest improvements
were made with a round of phase-only self-calibration.
Continuum images at a mean frequency of 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas synthesized beam (at
P.A.=78�). While this provides enhanced resolution, it
comes at the cost of a dirty beam with ⇠20% sidelobes
(due to the sparse coverage at long baselines) that de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a
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How to identify the heritage of PSNe?
❖ In the ISM atoms in different phases and carriers, some 

unobservable.  
eg. for N: N and N2, in the gas phase, NH3 in the ices.

❖ These are called reservoirs.

❖ Did cosmomaterials (meteorites, comets, etc) record the 
interstellar heritage of protosolar nebulae (PSNe) reservoirs?

❖ Isotopic ratios allow to identify species linked to reservoirs. 

❖ Ex: D/H, prestellar water reservoir (partially) preserved in 
Earth’s water (Cleeves et al 2014).



The wide picture of the N Isotopic ratio, Ʀ

What causes this variability?



Ʀ(CN) in the PSN analog TW Hydra
A&A proofs: manuscript no. paper17

Fig. 1. Integrated intensity (mJy km s�1/beam) of the C14N hyperfine component at 340019.62550 MHz (left panel) and of the two C15N hf
components (right panel) towards TW Hya as seen with ALMA. The C14N map is the weighted average of the 7 hyperfine components. In each
panel, the average spectrum within 2.600 (dashed circle) is shown (rest frequency scale). For C14N, the frequency is expressed with respect to
340008.1263 MHz. For C15N, the hyperfine splitting and relative strengths of the hf components of the C15N are indicated.

Alternatively, constraints on the composition of the primi-
tive solar system may be obtained through the observations of
prestellar cores and planet forming disks around solar-type stars,
accross the present-day galactic disk. In practice, the scale of
such regions (less than 15000 AU or 0.1 pc) limit the observa-
tions to the solar neighbourhood (within ⇡150 pc). The task is
then to follow, for any heavy element, the refractory (solid dust
particles) and volatile (gas and ice) reservoirs until their incor-
poration within planets and smaller bodies. However, even for
the most abundant and reactive elements, namely carbon, oxy-
gen, and nitrogen, this task is highly challenging, essentially
because of observational and theoretical uncertainties (Whittet
2010; Sofia et al. 2011; Jenkins 2014) and also because the dom-
inant volatile carriers are in general not directly observable. In
this task, isotopic ratios are particularly interesting tools, be-
cause the total abundances of stable isotopologues remain un-
changed from the outcome of stellar nucleosynthesis such that
only their partitioning among the various carriers changes. In the
ISM, the processes involved in this partitionning are mass frac-
tionation through zero-point energy defects and selective pho-
todissociation. Taking into account the competition of such ef-
fects for hydrogen and deuterium, at the various stages from
the prestellar core to the circumstellar disk, an interstellar ori-
gin of water on Earth was suggested by the anomalously high
abundance of heavy water (Cleeves et al. 2014). For carbon and
oxygen, the isotopic ratios measured in the solar system are in
good agreement with the values in the present-day solar neigh-
bourhood (Clayton 2003), demonstrating that the gas-phase in-
terstellar probes (mainly H2CO, CO, and CN; Wilson and Rood
1994; Milam et al. 2005) are indeed reliable tracers of the main
reservoirs of carbon and oxygen.

This is in sharp contrast with nitrogen, the third most abun-
dant and highly reactive heavy atom. In the PSN, the dominant
reservoir of nitrogen was characterized by a 14N/15N isotopic ra-
tio R=441, as measured in giant planet atmospheres and in the
solar wind (Fouchet et al. 2000; Marty et al. 2011), and as low
as R=50 in small inclusions within primitive meteorites (Bonal
et al. 2010), while intermediate values are measured in comets,
where R⇡150 (Jehin et al. 2009; Mumma and Charnley 2011;

Shinnaka et al. 2014). The dominant nitrogen reservoir is in fact
the most depleted in 15N. The observed range of values raises
fundamental, yet unsolved, questions on our understanding of
the origin and building of the solar system. Most noticeably, is
the 150 ratio measured in comets a result of fractionation pro-
cesses within cometary nuclei over the last 4.6 billion years, or a
record of the PSN conditions, potentially inherited from an inter-
stellar, 15N-enriched, reservoir ? Moreover, is the non-detection
of the major reservoir of nitrogen in comets an observational bias
or a signature of robust processes in the early PSN ?

A possible scenario is one in which nitrogen was dominantly
molecular, N2, which was too volatile to be retained by cometary
ices but was rather captured by the most massive gaseous bod-
ies. Comets would thus have recorded a distinct, minor, reser-
voir of nitrogen in a less volatile form, gaseous or solid ice.
Interestingly, a heavily fractionated reservoir was identified in
low-mass prestellar cores in the less volatile gas-phase HCN,
with R as low as 140 (Hily-Blant et al. 2013), which could have
been captured in comets, an idea further supported by the ra-
tio of 200±110 in the MWC 480 circumstellar disk (Guzmán
et al. 2015). However, HCN measurements are based on the dou-
ble isotopic ratio H13CN/HC15N, and may not be representa-
tive of the isotopic ratio of nitrogen, but instead of deviations
of HCN/H13CN away from the carbon elemental isotopic ratio
(Roueff et al. 2015). Therefore, at present, the existence of mul-
tiple reservoirs at the PSN evolution stage remains to be demon-
strated. Specifically, measuring the bulk isotopic ratio in a PSN
analog appears as the prerequisite to securely deminstrate the
existence of 15N-enriched reservoirs to provide support to the
above scenario.

We performed ALMA observations of the CN and C15N
emission from the molecule-rich disk orbiting TW Hya, a nearby
(d=54±6 pc) T Tauri system (Kastner et al. 2015). The ex-
tremely high sensitivity and spectral resolution of our observa-
tions (Fig. 1) could resolve the hyperfine (hf) structure of the
CN J=3-2 rotation transition and provide us with high signal-to-
noise detections of the optically thin hf transitions. The simul-
taneously measured hf structure of the C15N J=3-2 rotational
transition (Fig. 1) confirmed that it is also optically thin. CN

Article number, page 2 of 7

❖ Ʀ(CN) through direct fits in the UV plane to optically thin lines, ALMA Band 7 data.
❖ Ʀ(HCN) = 200 ± 100 (MWC 480, Guzman et al 2015), improved to 130 ± 30, ALMA Band 5 data.
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Optically thin emission!
Ʀ (CN) = 340 ± 30



Ʀ variability in PSNe

❖ If real and not due to systematics:

❖ Two reservoirs of N in PSNe.

❖ Variation seen in the SS not due to evolution:

❖ Heritage from the PSN.



Prestellar origin of Ʀ

❖ Large scatter of Ʀ in the ISM:
❖ Extreme case: N2H+ (e.g. Bizzocchi et al 2013; Fontani et al 2015).

❖ Is this the origin of the variability in the PSN?



P. Hily-Blant et al.: The CN/C15N isotopic ratio towards dark clouds

Fig. 1. Fractional abundances (left) and abundance ratios (right) of selected species. The observed isotopic ratios towards L1544 for HCN and CN,
as well as towards L1498 for CN, are shown as hatched areas (right panel). The 15N atom is noted N., such that CN. matches C15N, etc. The dotted
line shows the adopted reference elemental isotopic ratio, 14N/15N= 440 (Marty et al. 2011).

the main result is that our model does predict large variations of
the isotopic ratio in several species, contrary to the calculations
of TH00, who found very small fractionation for all species.
Our model predicts that the isotopic ratio of N, which we note
R(N), is ≈630, and that R(N2) ≈ 400 (see Table 3). Since these
species are also the reservoirs of nitrogen, this implies that most
of the nitrogen is fractionated, either enriched or deprived in
15N and any enrichment/depletion of N in 15N implies deple-
tion/enrichment of N2. Another striking feature is that until a
few 106 Myrs, isotopic ratios remain close to the initial value of
440. Beyond this time, three types of behaviour may be empha-
sized: species that are enriched in 15N, those that are deprived
in 15N, and those that are not fractionated. The latter group in-
cludes NH2 and NH3. The positively fractionated molecules are
HCN, HNC, and NH, for which the steady-state isotopic ratio is
≈330, and the depleted ones are N, NO, and CN. (see Table 3).
The latter exhibits an isotopic ratio of ≈550.

The depletion of atomic nitrogen in 15N is due to the frac-
tionation reactions

15N + N2H+ −−→ 15NNH+ + N (1)

and

15N + N2H+ −−→ N15NH+ + N (2)

that are strongly favoured at low temperature with respect to the
reverse process, due to a large ∆E = 36 K (see Table A.2). The
ratios predicted for N and NO are very close, and that of CN,
although smaller, follows the same trend. The former result is
easily explained by recognizing that NO and 15NO are produced
and destroyed by the same two reactions:

N + OH
f1−→ NO + H (3)

NO + N
d1−→ N2 + O (4)

For 15NO, the main formation channel is through reaction with
15N, whilst the destruction channel is through reaction with N.
Hence the steady-state abundances of NO and 15NO are given
respectively by

[NO] = f1/d1 × [OH]

and

[15NO] = f1/d1 × [15N][OH]/[N],

leading to an isotopic ratio NO/15NO = N/15N. The situation is
similar for CN, but as already noted, the isotopic ratio of CN
is lower than that of N (and NO). This is because C2N+ and
H2CN+ are efficiently fractionated by the ion-neutral reactions
of TH00 (see Table A.2), such that their isotopic ratios become
smaller than R0. The dissociative recombination of these ions,
which are normally negligible in producing CN, contributes to
about 10% to the formation of C15N. As a result, C15N does
not strictly follow the same behaviour as N and NO. Because
HCN and HNC are primarily formed through the dissociative
recombination of H2CN+, their isotopic ratios are similar to that
of H2CN+.

We now turn our attention to nitrogen hydrides. To under-
stand the different behaviour of NH on the one hand and NH2
and NH3 on the other hand, we first need to understand what
determines the relative abundances of 15N+ and N+. The N+ ion
is mostly produced by the reaction of N2 with He+. This is also
true for 15N+, but the fractionation reaction

15N+ + N2 −−→ N+ + N15N

presents an exothermicity of 28 K. The forward process lead-
ing to N15N is therefore enhanced at low temperature with re-
spect to the reverse process, and this is why R(N2) < R(N+).
As N2H+ is a daughter molecule of N2, this also explains how
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Measuring Ʀ in PSCs
❖ It can be measured directly, ex:  

❖ Different zero point energies in 
reaction paths (chemical 
fractionation, CF) different Ʀ in 
different carriers. (Terzieva & 
Herbst 2000; Hily-Blant et al 2013).

❖ CF only efficient in low 
temperature environments: PSCs

❖ may not be efficient at all for N 
(Roueff et al 2015).

R(NH2D) =
NH2D

15NH2D



Carbon CF in HCN, problems for Ʀ?
❖ Problem: In PSCs main isotopologue is usually 

optically thick  (e.g. CN, HCN, NH3 -> τ ≿ 10).
❖ Workaround for C bearing species, Ʀ obtained 

through double isotopologues, ex:  

❖ Old problem: HCN hyperfine (HF) anomalies (e.g. 
Kwan & Scoville 1974). 

❖ Solution: Radiative transfer (RT) simulations.
❖ Target to reproduce:  

L1498 a well studied PSC (e.g. Tafalla et al 2004 
& 2006; Padovani et al. 2011).

❖ Constrain physical structure.
❖ RT of all isotopologues together.

R(HCN) =
HCN

HC15N
⇡ H13CN

HC15N
⇥

12C
13C

ƦC ~70



L1498 in context

L1498



Physical structure of L1498

❖ To do the RT a good model of the 
physical structure is needed.

❖ Herschel-SPIRE continuum data has 
been used to constrain the density 
structure of L1498.

❖ The physical structure obtained is 
consistent with previous works  
(e.g. Tafalla et al 2004).









A new possibility: fractionation in the ices

❖ Roueff et al. 2015 no gas phase CF for N.

❖ Small Ʀ towards B1 (Daniel et al. 2013):

❖ Other mechanism at work?

❖ Is this new mechanism in the ices?

❖ Deuteration and D/H exchanges are known to occur 
in ices (e.g. Faure et al. 2015) 



Source: IRAS 03282, Protostar

Fractionation in ices
❖ Towards cold envelope -> Ʀ0

❖ Towards evaporating ice -> Ʀ’0

❖ If Ʀ0 ≠ Ʀ'0 => N fractionation 
processes are occurring in the 
ices.

IRAM-30m Observations
Model predictions for NOEMA



Conclusions and perspectives

❖ Ʀ has been measured in two PSN analogs  (CN, TW Hya; HCN, MWC 480), 
perhaps the first clue for two reservoirs of N in PSNe.

❖ Could these reservoirs have a prestellar origin?

❖ To do so, we are addressing carbon fractionation issue in HCN together with 
solving the problem of its HF anomalies:

❖ Inner motions + turbulent envelope -> a 40 year old problem is now solved.

❖ A new possibility for Ʀ variability in the PS phase:  
Fractionation in ices.

❖ 30m + NOEMA.

❖ ALMA cycle 4 proposal.


