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Collaboration

Credit: ARCS

https://science.nrao.edu/facilities/alma/images/arcs.jpg
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Geolocation
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https://alma-telescope.jp/en/news/mt-first_japanese_7-m_antenna_installed_at_aos


. .. .. .. .
1/ Introduction

. .. .. .. .
2/ Example

. .. .. .. .
3/ Detail

. .. .. .. .
4/ Conclusion

Geolocation

https://earth.google.com/web/search/Atacama+Large+Millimeter+Array+-+ALMA+Radio+Telescope,+San+Pedro+de+Atacama/@-25.20227459,-62.10638397,-476.99807844a,11442923.34355831d,35y,0h,0.27934415t,0.00000119r/data=CrgBGo0BEoYBCiUweDk2YTljNzc5NjY4OWIzOGY6MHgxNjZiMjRjN2M3OTc1N2IyGTC45o7-BTfAIZ4GDJI-8FDAKktBdGFjYW1hIExhcmdlIE1pbGxpbWV0ZXIgQXJyYXkgLSBBTE1BIFJhZGlvIFRlbGVzY29wZSwgU2FuIFBlZHJvIGRlIEF0YWNhbWEYASABIiYKJAlnWf4W_uk5QBFmWf4W_uk5wBkJMdRUH4BBQCFIDpMGn3JSwDoDCgEw
https://alma-telescope.jp/en/column/almabasics-2e


. .. .. .. .
1/ Introduction

. .. .. .. .
2/ Example

. .. .. .. .
3/ Detail

. .. .. .. .
4/ Conclusion

Geolocation
1. Safety
2. Altitude
3. Humidity
4. Latitude
5. Turbulences
6. Accessibility

Altitude 5000m
Antenna 66
Wavelength 1mm
Frequency 300GHz
Water (WVP) 1mm
Temperature -269°C
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Takeaway
Water + Light = Rainbow
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Altitude 5000m
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Wavelength 1mm
Frequency 300GHz
Water (WVP) 1mm
Temperature -269°C

Credit: Walkato university
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Electrolocation

radiomicroIRUVX raygamma
𝜆 [m]

Space 104103102101110−110−210−310−410−510−610−710−810−910−1010−1110−12
kmmmm𝜇mpmfm

𝑓 [Hz]
Time 1021 1020 1019 1018 1017 1016 1015 1014 1013 1012 1011 1010 109 108 107 106 105 104

MHzGHzTHzPHzEHz

Sirius Sun Betelgueuse
ALMA (telescope)R Sculptoris (star)

Sn1987a (star)

Ngc 4038/4039 (galaxy)

Hercules a (galaxy)M87* (black hole)

https://www.almaobservatory.org/en/121010a/
https://almascience.nrao.edu/aq/?observationsProjectCode=2015.1.00022.S
https://www.almaobservatory.org/en/121010a/
https://almascience.nrao.edu/aq/?observationsProjectCode=2015.1.00022.S
https://www.almaobservatory.org/es/comunicados-de-prensa/alma-encuentra-indicios-de-estrella-de-neutrones-en-supernova-1987a/
https://almascience.nrao.edu/aq/?observationsProjectCode=2013.1.00063.S
https://www.eso.org/public/news/eso1907/
https://almascience.nrao.edu/aq/?sourceNameResolver=NGC%204038
https://hubblesite.org/contents/media/images/2012/47/3113-Image.html
https://almascience.nrao.edu/aq/?observationsProjectCode=2019.1.01022&observationsSourceName=PKS1648%2B05
https://www.eso.org/public/news/eso1907/
https://almascience.nrao.edu/aq/?observationsProjectCode=2015.1.00022.S
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Look at the stars
Look how they shine for you
And everything you do
Yeah, they were all yellow

Anticredit: Coldplay (2000)

, Credit: Galileo Galilei (1610)
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https://en.wikipedia.org/wiki/Galileo_Galilei
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Look how they shine for you
And everything you do
Yeah, they were all yellow

Anticredit: Coldplay (2000), Credit: Galileo Galilei (1610)

Your eye evolved to see the sun
Stars have different colors
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ALMA is capturing millimeter wavelength
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Reception

Takeaway
The right float moves before the left one
<=>
Pedro threw the stone to the right

Credit: Joseph Fourier 1822

https://en.wikipedia.org/wiki/Joseph_Fourier
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1/ Introduction

2/ Example

3/ Detail

• Antenna

• Electronic

• Correlator

• Quantity

4/ Conclusion

star

antennaA antennaB
laser

correlator

z− 1 z− 1 z− 1 z− 1

* * * *

+ + + +

database
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Draw me a Photon!

Credit: James Clerk Maxwell 1860, Joseph Larmor 1997

https://en.wikipedia.org/wiki/James_Clerk_Maxwell
https://en.wikipedia.org/wiki/Larmor_formula
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Electromagnetic Equation

1. ∇⋅ 𝐸 = 𝜌/𝜖0 Gauss Flux
2. ∇⋅ 𝐵 = 0 Colomb Magnetism
3. ∇× 𝐸 = −𝜕𝑡𝐵 Faraday Induction
4. ∇× 𝐵 = 𝜇0(𝐽 + 𝜖0𝜕𝑡𝐸) Ampere Circuital

𝜕2
𝑡 𝐸 = 𝑐2

0∇2𝐸
𝜕2𝐸
𝜕𝑡2 = 𝑐2

0 (𝜕2𝐸
𝜕𝑥2 + 𝜕2𝐸

𝜕𝑦2 + 𝜕2𝐸
𝜕𝑧2 )

Source: Electromagnetic Wave Equation (Wikipedia)

https://en.wikipedia.org/wiki/Electromagnetic_wave_equation
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Hydrodynamic Equation

1. ∇⋅ 𝑉 = 𝑞 Fluid Incompressibility
2. ∇⋅ 𝑊 = 0 Vortex Divergence
3. ∇× 𝑉 = −𝜕𝑡𝑊 Vortex Velocity
4. ∇× 𝑊 = (𝐽 + 𝜕𝑡𝑉 )/𝑎2

0 Mass Conservation

𝜕2
𝑡 𝑉 = 𝑎2

0∇2𝑉
𝜕2𝑉
𝜕𝑡2 = 𝑐2

0 (𝜕2𝑉
𝜕𝑥2 + 𝜕2𝑉

𝜕𝑦2 + 𝜕2𝑉
𝜕𝑧2 )

Source: On Fluid Maxwell Equations (T. Kambe 2012) and Wave Equation (Wikipedia)

http://www.epitropakisg.gr/grigorise/T.Kambe.pdf
https://en.wikipedia.org/wiki/Wave_equation
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Electromagnetic Wave

Photons are the carriers of the electric force.

1. Created by decelerated charges

2. Displaced by electromagnetic field currents

3. Destroyed by accelerating charges

Without electric force there would be no light (and

reciprocally)

Takeaway

Distortion of the electromagnetic field
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Photon Concentration Fields

Credit: Laurent Cassegrain 1672, Abul Hasan Ibn Ishaq 890

https://en.wikipedia.org/wiki/Laurent_Cassegrain
http://kn-ow.com/article/how-muslim-invented-telescope-245/
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Credit: Willard S. Boyle 1969, ESO, OmegaCam, 2011

https://en.wikipedia.org/wiki/Charge-coupled_device
https://en.wikipedia.org/wiki/Willard_Boyle
https://www.eso.org/public/teles-instr/paranal-observatory/surveytelescopes/vst/camera/
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Capturing Radio Photon: Wave Trap

See: wiki/radio_wave

https://en.wikipedia.org/wiki/Radio_wave
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Capturing Radio Photon: Feed Horn and OMT

Credit: Chile, UC, Ignacio Barrueto, 2016 and Chile, UC, Nicolas Reyes, 2014 and Canada, HIA, Charles Cunningham, 2011 and Taiwan, ASIAA, Yau De(Ted) Huang, 2016.
See Feed Horn (Wikipedia)

https://repositorio.uchile.cl/handle/2250/137973
https://spie.org/news/5364-an-optical-system-design-for-the-atacama-large-millimeter-array?SSO=1
https://science.nrao.edu/facilities/alma/alma2011/ALMA-CDP/13-Cunningham/HIA-Band-1-progress-report-NRAO-March-2011.pdf
https://arxiv.org/pdf/1612.00893.pdf
https://en.wikipedia.org/wiki/Feed_horn
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Capturing Radio Photon: Feed Horn and OMT

Credit: Chile, UC, Ignacio Barrueto, 2016 and Chile, UC, Nicolas Reyes, 2014 and Canada, HIA, Charles Cunningham, 2011 and Taiwan, ASIAA, Yau De(Ted) Huang, 2016.
See Feed Horn (Wikipedia)

Takeaway
1. Radio antennas measure both the amplitude AND

phase of the incident light (”coherent detectors”)
2. ALMA antenna receivers have only one pixel

https://repositorio.uchile.cl/handle/2250/137973
https://spie.org/news/5364-an-optical-system-design-for-the-atacama-large-millimeter-array?SSO=1
https://science.nrao.edu/facilities/alma/alma2011/ALMA-CDP/13-Cunningham/HIA-Band-1-progress-report-NRAO-March-2011.pdf
https://arxiv.org/pdf/1612.00893.pdf
https://en.wikipedia.org/wiki/Feed_horn
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Electronic Pipeline
From 300GHz analog to 150MHz digital

Credit: ALMA, Sergio Otarola

https://safe.nrao.edu/wiki/pub/Main/ALMAFEInfo/SYSE-80.04.01.00-004-R-DWG-04-01-2021.pdf
https://www.almaobservatory.org/en/26057682337_d7bc2068e5_o
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Electronic Pipeline

N Fct Acc Name
1 Polarisation OMT OrthoMode

source: Chile, UC, Ignasio Barrueto, 2016
Transducer

2 Amplification CLNA Cryogenic

B

C

E

InP HEMT <= INdium-Phosphide High
Electron Mobility Transistor
source: Canada, HIA, Nianhua Jiang,
2016

Low-Noise Amplifiers
3 Filtering BPF BandPass

source: Taiwan, NCU, Yo-Shen Lin, 2009
(registration needed) (wiki)

Filter
4 Equalisation GE Dual

HMC6545 source: USA, NRAO,
eford@nrao.edu, 20[12]?
Gain Equalizer

5 Down-convertion SIS Superconductor
source: USA, NRAO, Anthony R. Kerr

–Insulator–Superconductor Mixer
6 Digitalization ADC Analog

source: USA (wiki)
to Digital Converter

7 Multiplexing MUX Multiplexer

source: Germany, TUM, Erwin Schlag,
2009

8 Transport FO Fiber

Also called the Fiber Optics Trasmission
Subystem (FOTS) source: Chile, ALMA,
2009 (wiki)
Optic

From 300GHz analog to 150MHz digital

https://safe.nrao.edu/wiki/pub/Main/ALMAFEInfo/SYSE-80.04.01.00-004-R-DWG-04-01-2021.pdf
http://www.das.uchile.cl/lab_mwl/publicaciones/Tesis/memoria_IBarrueto.pdf
https://www.researchgate.net/profile/Nianhua-Jiang/publication/44049350_Low-noise_InP_HEMT_amplifier/links/57aa113808ae7a6420bcc2c7/Low-noise-InP-HEMT-amplifier.pdf
https://www.researchgate.net/profile/Nianhua-Jiang/publication/44049350_Low-noise_InP_HEMT_amplifier/links/57aa113808ae7a6420bcc2c7/Low-noise-InP-HEMT-amplifier.pdf
https://ieeexplore.ieee.org/abstract/document/5032052
https://ieeexplore.ieee.org/abstract/document/5032052
https://en.wikipedia.org/wiki/Band-pass_filter
https://www.analog.com/media/en/technical-documentation/data-sheets/HMC6545.pdf
https://science.nrao.edu/facilities/alma/alma-develop-old-022217/435_ALMAD_Cycle4_Closeout_DigBEAA.pdf
https://science.nrao.edu/facilities/alma/alma-develop-old-022217/435_ALMAD_Cycle4_Closeout_DigBEAA.pdf
https://www.researchgate.net/profile/Arthur-Lichtenberger-2/publication/260677938_Development_of_the_ALMA_band-3_and_band-6_sideband-separating_SIS_mixers/links/54f6f9550cf28d6dec9bd52f/Development-of-the-ALMA-band-3-and-band-6-sideband-separating-SIS-mixers.pdf
https://www.researchgate.net/profile/A-Baudry/publication/228724698_The_ALMA_3-bit_4_Gsamples_2-4_GHz_Input_Bandwidth_Flash_Analog-to-Digital_Converter/links/00b49533ab16fc1f1a000000/The-ALMA-3-bit-4-Gsample-s-2-4-GHz-Input-Bandwidth-Flash-Analog-to-Digital-Converter.pdf
https://en.wikipedia.org/wiki/Flash_ADC
https://www.researchgate.net/publication/2977137
https://www.researchgate.net/publication/2977137
https://www.eso.org/public/chile/images/alma_aos_mar2009-1815/
https://www.eso.org/public/chile/images/alma_aos_mar2009-1815/
https://en.wikipedia.org/wiki/Optical_fiber
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Correlator Misunderstanding

What correlation is not:

• Triangulation
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What correlation is:

• Sliding product

(𝑓 ∗ 𝑔)(𝑥) ∶= ∫ 𝑓(𝜏)𝑔(𝑥 − 𝜏) 𝑑𝜏

Source: Covolution (Wikipedia Spanish)

https://es.wikipedia.org/wiki/Convoluci%C3%B3n
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Correlator Misunderstanding

What correlation is not:

• Triangulation
• Combination
• Convolution

What correlation is:

• Sliding product

(𝑓 ∗ 𝑔)(𝑥) ∶= ∫ 𝑓(𝜏)𝑔(𝑥 − 𝜏) 𝑑𝜏

(𝑓 ⋆ 𝑔)(𝑥) ∶= ∫ 𝑓∗(𝜏)𝑔(𝑥 + 𝜏) 𝑑𝜏
Takeaway

The Cross-Co-Re-Lation

More: Cross-Correlation (Wikipedia)

https://en.wikipedia.org/wiki/Cross-correlation
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1see wiki:cross-correlation

https://en.wikipedia.org/wiki/Cross-correlation
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Quantity: Requirements

1.7 × 1016𝐻𝑧
Number Quantity Explanation

642 Antenna Pairs Ordered for leads vs lags

22 Cross Polarisations XX, XY, YX, YY

8 Base Bands Tunable from 31.25 MHz to 2 GHz

8192 Spectral Channels Covering each baseband

62.5 MHz Input Frequency Digital signal speed

2 Nyquist Sampling 2 measures per wavelength

Note: Each operation is a 2 bits complex multiply-and-add.
Source: 64 Antenna Correlator Specifications and Requirements

https://safe.nrao.edu/wiki/pub/Main/AlmaReference/ALMA-60.00.00.00-001-B-SPE.pdf
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Quantity: Processing Power

1.7 × 1016𝐻𝑧
Number Quantity Explanation

4 Quadrants Cupboards each processing 2 basebands

32 Planes Shelves Filled with motherboards

4 Circuit Cards Actually implemented with 16 cards of 16 ASICS

64 ASIC FPGA

4096 Multiply-add Also include including 20 bits of integration

125 MHz Clock Rate Real Time Electronics

Note: Each operation is a 2 bits complex multiply-and-add.
Ref: The ALMA Correlator (Escoffier 2007)

https://en.wikipedia.org/wiki/Application-specific_integrated_circuit
https://en.wikipedia.org/wiki/Field-programmable_gate_array
https://www.researchgate.net/publication/248851511_The_ALMA_correlator
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Quantity: The Correlator Room

Source: The ALMA correlator (Escoffier 2007) and Lights glowing on the ALMA correlator (S. Argandoña 2012) and The ALMA Correlator (NRAO 2021) and Upgrading the ALMA Digital System (Quertier 2020)

https://www.aanda.org/articles/aa/pdf/2007/05/aa4519-05.pdf
https://www.eso.org/public/france/images/eso1253c/?lang
https://www.youtube.com/watch?app=desktop&v=RzkvO-EEI-M
https://files.osf.io/v1/resources/zhx24/providers/osfstorage/5e4307347610e1008aca60f1?action=download&direct&version=1
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• Geolocation

• Electrolocation
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Takeaway
1 /Introduction 2/ Example

1. Water + light = rainbow
2. Wind + obstacle = turbulences
3. Alma captures millimeter wavelength

1. Rock at right <=> right float moves
first

2. Baseline number > antenna size
3. Constrain possible scenarios with

independent measures

3/ Detail 4/ Conclusion

1. Light = wave of electromagnetic field
disruption

2. Coherent detectors, measure phase
and amplitude

3. Alma’s antennas have only one pixel

1. Physics: Electro-magnetic waves
2. Electronics: Transistors
3. Computing: Cross-correlation
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Further

ALMA Electronics Physics
technical handbook digital x-correlation (gary) aperture synthesis (me)
system diagram transitor amplifier (utube) spectral lines (sransom)
2030 physics (memo 621) mixers (liam) molecules (ddallaca)
2030 system adc (memo 532) radiative processes
brochure 2030 corr (memo 617) interferometry and synthesis
manual en escuela demux fundamentals
story of project transistor animated (utube) NGC4697 bh mass
casa guides sis mixer phangs galaxy survey
vlbi phase-lock loop (wiki) large programs
science pipeline lo1 optical fiber (memo 443) vlbi m87 bh

https://almascience.nrao.edu/documents-and-tools/cycle10/alma-technical-handbook
https://web.njit.edu/~gary/728/Lecture8.html
https://tinmarino.github.io/?show=aperture_guide_es
https://safe.nrao.edu/wiki/pub/Main/ALMAFEInfo/SYSE-80.04.01.00-004-R-DWG-04-01-2021.pdf
https://www.youtube.com/watch?v=uo2KgRN04XI
https://www.cv.nrao.edu/~sransom/web/Ch7.html
https://library.nrao.edu/public/memos/alma/main/memo621.pdf
https://www.prfi.com/wp-content/uploads/2016/01/RF_mixer_design.pdf
http://www.ira.inaf.it/~ddallaca/RadioA_6.pdf 
http://www.eso.org/sci/facilities/alma/developmentstudies/FinalReportoftheSignalChainWorkingGroupA.pdf
https://library.nrao.edu/public/memos/alma/main/memo532.pdf
https://www.bartol.udel.edu/~owocki/phys633/RadProc-RybLightman.pdf
http://www.almaobservatory.org/images/pdfs/alma_brochure_explore_2007.pdf
https://library.nrao.edu/public/memos/alma/main/memo617.pdf
https://link.springer.com/content/pdf/10.1007/978-3-319-44431-4.pdf
https://www.almaobservatory.org/wp-content/uploads/2016/11/manual_radioastronomia_web.pdf
https://www.researchgate.net/profile/D-Clawin/publication/2977137_Si_bipolar_14_Gbs_14-demultiplexer_IC_for_system_applications/links/5578329c08ae75363755341b/Si-bipolar-14-Gb-s-14-demultiplexer-IC-for-system-applications.pdf?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://github.com/ratt-ru/fundamentals_of_interferometry/tree/master
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/5C95C1D40C160F27C91BD0171DD5B0E8/9781009279680AR.pdf/The_ALMA_Telescope.pdf?event-type=FTLA
https://www.youtube.com/watch?v=7ukDKVHnac4
https://arxiv.org/pdf/1703.05248.pdf
https://casaguides.nrao.edu/index.php?title=Main_Page
https://www.researchgate.net/publication/260677938_Development_of_the_ALMA_band-3_and_band-6_sideband-separating_SIS_mixers
https://sites.google.com/view/phangs/home
https://arxiv.org/pdf/1711.06770.pdf
https://en.wikipedia.org/wiki/Phase-locked_loop
https://almascience.eso.org/alma-data/lp
https://almascience.nrao.edu/documents-and-tools/cycle10/alma_pipeline_users_guide_2023
https://library.nrao.edu/public/memos/alma/main/memo443.pdf
https://www.researchgate.net/publication/333104326_First_M87_Event_Horizon_Telescope_Results_I_The_Shadow_of_the_Supermassive_Black_Hole
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https://alma-telescope.jp/en/news/mt-first_japanese_7-m_antenna_installed_at_aos
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Band List

N Freq Wavelength Country Shape Yig freq Warm Cold
(GHz) (mm) (GHz) mult mult

1 31.3 - 45 6.7 - 9.5 Taiwan/Chile SSB 31.0 – 40.0 1 1
2 67 - 90 3.3 - 4.5 Europe/Chile SSB 13.2 - 15.7 6 1
3 84 - 116 2.6 - 3.6 Canada 2SB 15.3 - 18.0 6 1
4 125 - 163 1.8 - 2.4 Japan 2SB 22.2 - 25.8 3 2
5 163 - 211 1.4 - 1.8 Sweden 2SB 13.8 - 16.9 6 2
6 211 - 275 1.1 - 1.4 USA 2SB 12.3 - 14.7 6 3
7 275 - 373 0.8 - 1.1 France 2SB 15.62 - 20.37 6 3
8 385 - 500 0.60 - 0.78 Japan 2SB 21.72 - 27.44 3 6
9 602 - 720 0.42 - 0.50 Netherlands DSB 22.51 - 26.45 3 9
10 787 - 950 0.32 - 0.38 Japan DSB 14.8 - 17.4 6 9



. .. .. .. .. .. .. .

Band 3 Diagram



. .. .. .. .. .. .. .

Interstellar Molecules
2 3 4 5 6 7 8 9
H2 H2O NH3 CH4 CH3OH CH2CH(OH) CH3COOH (CH3)2O
CO H2S H2CO(?) SiH4 CH3SH c-C2H4O HC(O)OCH3 CH3CH2CN
CSi HCN H2CS CH2NH C2H4 HC(O)CH3 HOCH2C(O)H CH3CH2OH
CP HNC C2H2 NH2CN H(CC)2H H3C-CC-H H3C-CC-CN CH3C4H
CS CO2 HNCO CH2CO CH3CN CH3NH2 H2C6 HCC-CC-CC-CN
NO SO2 HNCS HCOOH(?) CH3NC CH2CH(CN) H(CC)3H C8H
NS MgCN H3O+ HCC-CN HC(O)NH2 HCC-CC-CN H2C=CH-C(O)H CH3C(O)NH2
SO MgNC SiC3 HCC-NC HCC-C(O)H C6H CH2CCHCN C8H-
HCl NaCN C3S c-C3H2 HC3NH+ C6H- C7H CH3CHCH2
NaCl N2O H2CN l-C3H2 HC4N H2NCH2CN
KCl NH2 c-C3H CH2CN C5N
AlCl OCS l-C3H H2COH+ C5H
AlF CH2 HCCN C4Si H2CCCC
PN HCO CH3 C5 H2CCNH
SiN C3 C2CN HNCCC C5N-
SiO C2H C3O C4H c-H2C3O
SiS C2O HCNH+ C4H-
NH C2S HOCO+ HC(O)CN
OH AlNC CO2
C2 HNO C3N-
CN SiCN HCNO
HF N2H+ HSCN
FeO SiNC H2O2
LiH c-SiC2
CH HOC+
CH+ HOC+
CO+ HCS+
SO+ H3+
SH OCN-
O2 HCP
N2 CCP

10 11 12 13
(CH3)2CO HCC-CC-CC-CC-CN C6H6 HCC-CC-CC-CC-CC-CN
HOCH2CH2OH CH3C6H CH3CH2CH2CN
CH3OCH2OH HC(O)OCH2CH3
H3C-CH2-C(O)H
CH3(CC)2CN

Credit: USA, NASA, 2023

https://www.google.com/search?q=hydrogen
https://www.google.com/search?q=water
https://www.google.com/search?q=ammonia
https://www.google.com/search?q=methane
https://www.google.com/search?q=methanol
https://www.google.com/search?q=vinyl+alcohol
https://www.google.com/search?q=acetic+acid
https://www.google.com/search?q=dimethyl+ether
https://www.google.com/search?q=carbon+monoxide
https://www.google.com/search?q=hydrogen+sulfide
https://www.google.com/search?q=formaldehyde
https://www.google.com/search?q=silane
https://www.google.com/search?q=methanethiol
https://www.google.com/search?q=ethylene+oxide
https://www.google.com/search?q=methyl+formate
https://www.google.com/search?q=ethylcyanide
https://www.google.com/search?q=carbon+monosilicide
https://www.google.com/search?q=hydrogen+cyanide
https://www.google.com/search?q=thioformaldehyde
https://www.google.com/search?q=methyleneimine
https://www.google.com/search?q=ethylene
https://www.google.com/search?q=acetaldehyde
https://www.google.com/search?q=glycolaldehyde
https://www.google.com/search?q=ethanol
https://www.google.com/search?q=carbon+monophosphide
https://www.google.com/search?q=hydrogen+isocyanide
https://www.google.com/search?q=acetylene
https://www.google.com/search?q=cyanamide
https://www.google.com/search?q=diacetylene
https://www.google.com/search?q=methylacetylene
https://www.google.com/search?q=cyanomethylacetylene
https://www.google.com/search?q=methylbutadiyne
https://www.google.com/search?q=carbon+monosulfide
https://www.google.com/search?q=carbon+dioxide
https://www.google.com/search?q=isocyanic+acid
https://www.google.com/search?q=ketene
https://www.google.com/search?q=methylcyanide
https://www.google.com/search?q=methylamine
https://www.google.com/search?q=hexapentaenylidene
https://www.google.com/search?q=cyanohexatriyne
https://www.google.com/search?q=nitric+oxide
https://www.google.com/search?q=sulfur+dioxide
https://www.google.com/search?q=thioisocyanic+acid
https://www.google.com/search?q=formic+acid
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CO Emission Lines

𝜈(𝐽 → 𝐽 − 1) = ℎ𝐽
4𝜋2𝑚𝑟𝑒2

Frequency
Orbital number

mass
diameter

Because the rotational energy is:
𝐸𝑟𝑜𝑡 = ℎ

2𝜋𝐼 𝐽(𝐽 + 1)
Where I is the inertial moment is:
𝐼 = 𝑚𝐴𝑟2

𝐴 + 𝑚𝐵𝑟2
𝐵

So the difference between 2 levels is:
Δ𝐸𝑟𝑜𝑡(𝐽 → 𝐽 − 1) = [𝐽(𝐽 + 1) − (𝐽 − 1)𝐽] ℏ2

2𝐼 = ℏ2𝐽
𝐼

Converting to frequency with another Planck constant gives:

𝜈 = Δ𝐸𝑟𝑜𝑡
ℎ = ℏ𝐽

2𝜋𝐼

Credit: USA, NRAO, sransom, 2018

https://www.cv.nrao.edu/~sransom/web/Ch7.html
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