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1   Scientific Background

Understanding the evolution of chemical complexity from star formation to planets

▪ Combination of in situ processes and inheritance

▪ Chemistry governed by temperatureand exposure to 
ionizing radiation

▪ Species of pre- biotic interest (COMs) widely detected in 
Class 0- I YSOs (Frediani 2023, de Simone 2022)

1.1   Astrochemistry in YSOs
Figure credit: Miotello 2018



1   Scientific Background

𝑛𝐻[𝑐𝑚
−3]𝑇[𝐾]

105

1013

1000

10cold midplane

Atoms and ions

Gas-phase 
molecules

Ices

Astrochemistry in protoplanetary disks

▪ Diffficulty in detecting COMs (colder systems)

▪ Weak lines that require large SNR

▪ Dust continuum opacity contributes to hide faint 
molecular emission

COM budget in disks is still uncertain

Figure credit: Miotello 2018

1.1   Astrochemistry in YSOs



SHOCK FRONT

HL Tau- Intermediate Class I/II

▪ Very young, partially embedded disk

▪ Substructures (ALMA partnership 2015). Active 
planet formation?

▪ Interactions with envelope in the form of accretion
streamers (Yen et al. 2019)

Late accretion events (Garufi et al. 2022)

▪ Detection of S- bearing
moleculesat the impact 
location between disk and 
accretion streamer

▪ Not compatible with thermal 
desorption → mechanical
desorption(sputtering of icy 
matles) as a result of slow 
shocks 

1.2   HL Tau and its protoplanetary disk

SO2
contours

ALMA partnership 2015

Yen et al. 2019, Garufi et al. 2022



2   Methods
2.1   ALMA and the WSU

The Wideband Sensitivity Upgrade

▪New receivers

▪Upgraded electronics

▪More powerful correlator

Increase 
istantaneous 

bandwidth

Improve continuum SNR
(larger overall frequency range)

Improve spectral SNR
(a given frequency window is 
integrated over more time)

The Dataset

Demonstration dataset in prepartion for the WSU (PI: R. Loomis). Science target: HL Tau

32 separate 
observations

30 were used

High angular 
resolution

0’’.1 – 0’’.2

High spectral 
resolution

0.2 km s- 1

Large spectral 
coverage

86 – 94 GHz
108 – 116 GHz

Largest dataset ever made for any protoplanetary disk Standard size post- WSU!
Figure credit: ESO



Wideband imaging 
with tclean and

MT- MFS

Single combined image 
at the central frequency

+
Spectral index map𝐹𝜈 ~ 𝐹0 Τ𝜈 𝜈0

𝛼

2 ≤ 𝛼 ≤ 2 + 𝛽

Rayleigh–Jeans approximation

Optically thick

Optically thin, with 𝛽
depending on dust size 
(and ignoring 
scattering) 

3   Results
3.1   Continuum imaging & spectral index

Channel and time 
average of the 

calibrated datacubes 



3.2   Molecular lines in HL Tau

Emission lines

6 emission lines from 6 molecules:

Four CO isotopologues

HCO+

Emitting mostly form the rotating disk

SO Localized near the streamer

Absorption lines

10 absorption lines from 3 molecules:

CN

HCN

HNC

Absorbing from the envelope

Time average of the 
calibrated

continuum-
subtracted datacubes

Searching for lines 
with the help of 

GoFish (Teague 2019)

Signal boosting using keplerian model (GoFish)

Cleaning with 
CASA’s tclean and 

automasking



HCO+ mom0, with SO contoursand continuum contours

Absorption and 
fainter emission Accretion 

streamer

Localized SO 
emission

Likely not thermally 
desorbed



HCO+ mom0, with SO contoursand continuum contours

Absorption and 
fainter emission

12C16O mom0

13C16O mom0

Absorption form 
dust

+
Molecules in the 

surrounding 
envelope



HCO+ mom0, with SO contoursand continuum contours
12C16O mom0

13C16O mom0



3.3   Constraining the physical conditions of SO

This work

ln
𝑁𝑢
𝑔𝑢

= ln
𝑁𝑡𝑜𝑡
𝑄 𝑇

−
𝐸𝑢
𝑘𝑇

Only works assuming optically thin lines and LTE!

▪ Using this work’s SO line and the three higher- energy 
detections from Garufi et al. 2022

They assumed an SO temperature equal to that of SO2

▪ The detections of Garufi et al. lie in an energy range too 
narrow for a rotational diagram 

This result confirms their assumption and agrees 
with a non- thermal origin of the SO gas

𝑇𝑆𝑂 = 40.4 ± 1.2 𝐾 𝑁𝑡𝑜𝑡, 𝑆𝑂 = 3.6−0.7
+0.9 × 1015 𝑐𝑚−2

SO rotational diagram

Garufi et al. (assuming 𝑇𝑆𝑂 = 𝑇𝑆𝑂2)

𝑇𝑆𝑂 = 58 ± 19 𝐾 𝑁𝑡𝑜𝑡, 𝑆𝑂 = (0.2 − 2) × 1016 𝑐𝑚−2



4   Conclusions

SOME PROMISING RESULTS . . .

▪ Derived the intra- band spectral 
index of HL Tau within the full 
Band 3 using a WSU- like dataset 

▪ Confirmed the assumptions of 
Garufi et al. regarding the co-
spatial natureof SO and SO2 and 
their origin as mechanically 
desorbedspecies

▪ Highlighted the importance of 
late accretion events and slow 
shocks in the enrichment of the 
gas phase with otherwise 
frozen- out molecules

▪ Demonstration dataset – not 
meant for science!

Very low SNR

Lack of short baselines and loss 
of extended emission

▪ COMs remain undetected in HL 
Tau

▪ Will the SNR improvements of 
Band 2 finally reveal the elusive 
complexity in HL Tau? Maybe, but 
compromises on the angular 
resolution might still be required 

. . . DESPITE LARGE LIMITATIONS



Thank you



Appendices
A.1   The rotational diagram

ln
𝑁𝑢
𝑔𝑢

= ln
𝑁𝑡𝑜𝑡
𝑄 𝑇

−
𝐸𝑢
𝑘𝑇

𝑄 𝑇 = Σ𝑖 𝑔𝑖 𝑒
−𝐸𝑖/𝑘𝐵𝑇 Partition function

𝑁𝑢 =
8𝜋𝑘𝐵𝜈

2

ℎ𝑐3𝐴𝑢𝑙
∫ 𝑇𝑏 𝑑𝑣

Upper- level column density

𝑁𝑡𝑜𝑡 =
𝑒𝐸𝑢/𝑘𝐵𝑇

𝑔𝑢
𝑁𝑢𝑄(𝑇)

𝑇 = −1/𝑚

Slope 𝑚

Intercept 𝑞

𝑁𝑡𝑜𝑡 = 𝑒𝑞𝑄(𝑇)

Assuming
LTE

Assuming optically thin 
lines



Allows to:

▪ Stellar mass

▪ Disk inclination angle

▪ Disk Position Angle

▪ Distance from the observer

Accessible through the GoFish 
Python moduleby Teague (2019)

▪ Boost the SNR of detected lines

▪ Detect otherwise invisible lines

Requires:

Spectrum of C18O in HL Tau before and after shift- and- stack (this work)

Appendices
A.2   SNR boosting with GoFish



Disk spectra withand withoutshift- and- stack

Appendices
A.3   Spectra and fluxes



Evelope spectra 

Appendices
A.3   Spectra and fluxes



Continuum image with CN contours(three lines) Continuum image with HCN contours(three lines)

Appendices
A.4   Absorption lines intensity maps
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