
QUIJOTE
Q-band Ultrasensitive Inspection Journey to the Obscure TMC-1 Environment

Chemical complexity in TMC-1

A line survey with an unprecedented sensitivity (»0.06 mK)

Windmills in  La Mancha.  
The land of Don QUIXOTE

Dark cloud such as TMC-1

GOTHAM
McGuire et al.

But at 10 K and
N~104 cm-3



Spectroscopy in space and in the laboratory: searching for new 
molecules

in the interstellar and circumstellar media.

NANOCOSMOS & RADIO ASTRONOMY:
QUIJOTE



QUIJOTE: The limits of sensitivity
• Building new and novel ultrasensitive broadband receivers for the Yebes 40m 

radio telescope (NANOCOSMOS)

• Exploring the sub milliKelvin chemical work

• Reaching unexplored limits of sensitivity

•To see what radio astronomers have never seen before !
s = 0.06 mK = 60 µK = 0.00006 K (never done before)

• To identify molecules through classical techniques of line by line detection

• SANCHO : Fidel companion of QUIJOTE. High sensitivity maps of the molecular 
emission  at the milli Kelvin level



GOTHAM line survey of TMC-1 (a cold dark 
cloud in Taurus)

• Green Bank 100 m telescope observations 1-50 GHz (cm 
wavelengths)
• Most molecules detected through statistical analysis of the noise 

trough spectral stacking. Very powerful technique but you have to 
believe in the results !!!
• Discovery of CN derivatives of PAHs in a cold dark cloud
• C6H5CN (benzonitrile) and C10H7CN (cyano-naphthalene, 2 isomers)
• Several cyanide derivatives of hydrocarbons
• McGuire et al. 2018, Science, 359, 202
• McGuire et al. 2021, Science, 371, 1265
• How, and where, these PAHs are formed ?



Yebes 40m telescope observing TMC-1 in January 2021

The Yebes observatory is located in the region of La Mancha, the land of Don 
Quixote, at 950 m of altitude. It is around 60 km away from Madrid
The radio telescope was built and equipped for VLBI observations



Data analysis and data interpretation
• Data analysis: very tedious data analysis procedure with 2560 spectral windows per run (x 19 

runs x 2 polarizations). Always performed by myself to keep homogeneity of the data 
products. Each run takes near one full month of work to reduce data . ALL systematics 
removed !!!

• Data interpretation: Use of the best spectral catalogues (CDMS and JPL) is not enough to 
interpret the data and to get the molecular content included in QUIJOTE (MADEX is needed). 
ML is not really necessary, a very simple routine can perform this task for >90% molecules. 
However, ML could help in identifying  and interpreting peculiar cases. Pure astrophysical 
problem.

• MADEX Catalogue: 6700 spectral entries with laboratory information. Maintained by JC since 
1985. Automatic identification of the molecules in QUIJOTE using a simple assignment code 
and automatic identification of unknown spectral features (U-lines). 40 years of work 
(MADEX, CDMS, JPL).

• Elaborated analysis of spectral patterns within the U-features. TMC-1 as a laboratory for 
molecular spectroscopy. The analysis needs of a multidisciplinary team (quantum chemistry, 
spectroscopy, molecular physics, astrophysics, numerical modelling,…)



SPECTRAL PURITY
• Looking for new molecules requires to perform line surveys or frequency 

sweeps around expected frequencies.
• Several lines have to be detected to claim for a new molecule
• The number of lines depends on the source and its physical properties. The 

criteria is not well stablished and journals often publish very doubtful 
detections.
• SPECTRAL PURITY (NO GHOSTS) is mandatory. This an instrumental 

requirement. Interaction between astronomers and engineers is absolutely 
necessary. How many lines could be spurious in a line survey?  My own 
experience is that depends on the sensitivity of the data. ML is possible in 
this context but each instrument will require specific criteria and local inputs.
• If lines are broad, then statistical techniques are not well suited for the search 

of new molecules



Frequency switching observations

QUIJOTE
YEBES 40m

LINE SURVEY OF TMC1

only 22 lines
above 400mK

A few more
above 200 mK

First problem : all isotopologues of the carriers of the strong lines could be easily detected 
with QUIJOTE, but also those of the lines above the green line (100 mK). 13C. D, 15N, 34S, 33S



Between 5-50 mK
several new species

Below 5 mK:

2 mK

1 mK

Data by Sept 2024

1500 hours of 
observing time

A  forest of lines
from isotopologues
and unknown species



ULTRA DEEP SPECTRAL SURVEY: A LABORATORY FOR MOLECULAR SPECTROSCOPY

Sensitivity by Sept.
2024 of 0.30 mK (5s)

FINAL GOAL
to detect lines
of 0.20 mK at 5s
(s=0.04 mK)

On-going project;
goal to be  reached
by 2028
X > 10-12

for very polar species

Above 2 mK most lines
have been assigned
(many new molecules)

Below 2 mK
most lines are
unidentified







SPECTRAL PURITY

TMC-1 can not be considered 
as a poor line source at the 
QUIJOTE’s sub mK level

Looking for specific 
spectroscopic patterns it is 
possible to discover new 
molecular species without 
any previous information on 
the frequencies.

TMC-1 is a chemical 
laboratory for molecular  
spectroscopy thanks to
QUIJOTE and NANOCOSMOS.

QUIJOTE can now fight 
against the giant windmills of 
the forest of U-lines of TMC-1 

n2/n1=1.249993 » 5/4

Transitions N=5-4 and
N=4-3 of a new radical ???

B or (B+C)/2 » 4365 MHz

HCCCN has B=4549.1 MHz

H2CCCN ???



H2CCCN radical
Cabezas et al. 2023,
A&A, 676, L5

Laboratory data from
Endo’s team

Excellent data quality
All features are real.
Sensitivity continues
to increase with time.

Systematic instrumental
effects removed and 
uncerstood



RESUME OF PREVIOUS RESULTS FROM 
QUIJOTE: TMC-1 as a spectroscopic laboratory

• Detection of species WITHOUT previous laboratory data. Searching for systematic spectral patterns in the 
data. Confirming assignments in the laboratory when possible and through ab initio calculations 

• HC5NH+ Marcelino et al., 2020, A&A, 643, L6
• HC3O+ * Cernicharo et al., 2020, A&A, 642, L17
• HC3S+ * Cernicharo et al., 2021, A&A, 646, L3
• CH3CO+ * Cernicharo et al., 2021, A&A, 646, L7

• C5H+ Cernicharo et al., 2022, A&A, 657, L16
• HC7NH+ Cabezas et al., 2022, A&A, 659, L8
• HCCNCH+ Agúndez et al., 2022, A&A, 659, L9
• HCCS+ Cabezas et al., 2022, A&A, 657, L4
• C7N- Cernicharo et al. 2023, A&A, 670, L19

• NC4NH+ Agúndez et al. 2023, A&A, 669, L1
• C10H- GOTHAM, Remijan et al. 2023, ApJ, 944, L45
• HC3N+, HC5N+, HC7N+ Cernicharo et al. 2024 A&A 686, L15, Cabezas et al. 2024. A&A, 687, L22
• And isotopologues such as HDCCN, Cabezas et al., 2021, A&A, 646, L1; CH2DC3N, Cabezas et al, 2021

• Additionally, QUIJOTE has confirmed the previous detection of C5N- in IRC+10216 by detection of six narrow 
lines of this species in TMC-1 (together with C3N-). Rotational constants for these species have been improved.





HCCS+ 3S



HCC34S+

Fuentetaja et al. 2024, in prep.

HCCS+ fully confirmed
from space data



TMC-1 : The sulfur factory (frequencies in the 
catalog)

16 new sulphur-bearing species by Oct 2024



RESUME OF PREVIOUS RESULTS FROM 
QUIJOTE: Pure hydrocarbons in TMC-1

• Discovery of several high abundant pure hydrocarbons, including three cycles (species with low dipole moment)

FREQUENCIES ARE KNOWN

• CH2CHCCH, Cernicharo et al. 2021, A&A, 647, L2 (together with HCCN, HC4N, CH3CH2CN and 
tentatively CH3CH2CCH)

• H2CCCHCCH, Cernicharo et al. 2021, A&A, 647, L3
• H2CCCHCCCCH, Fuentetaja et al. 2022, A&A, 663, L3
• HCCCHCCC, Fuentetaja et al., 2022, 667, L4
• H2CCCH, Agúndez et al., 2021, 647, L10 (extremely abundant !!!)
• c-C5H, Cabezas et al. 2022, A&A, 663, L2
• H2C5, Cabezas et al., 2021, A&A, 650, L9

arXiv:2106.00635

Very abundant species 

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210600635C/arxiv:2106.00635


Indene c-C9H8 Cyclopentadiene c-C5H6

Ethynyl cyclopropenylidene
c-C5H2

Also detected by GOTHAM, 
Burkhardt et al. 2021, ApJ, 913, L18

CN derivatives of cyclopentadiene detected 
by GOTHAM









Cyano derivatives of cyclopentadiene detected by
GOTHAM team by stacking techniques.



QUIJOTE results during 2024:

• HNC5, Fuentetaja et al. 2024, A&A, 688, L29
• HC3N+. HC5N+, HC7N+, Cernicharo et al. 2024 A&A 686, L15, Cabezas et al. 2024. 

A&A, 687, L22
• NCCH2CN (malononitrile) Agúndez et al. 2024, A&A, 688, L31
• NCCHCHCN (maleonitrile) Agúndez et al. 2024, A&A, 688, L31
• HCCCH2CCH, Fuentetaja et al. 2024, A&A, 688, L15
• NCCCS and HCCCS, Cernicharo et al. 2024, A&A, 688, L13
• NCCHCS, Cabezas et al. 2024, A&A, 686, L3
• 1- and 5- cyano acenaphthylene, Cernicharo et al. 2024, A&A, 690, L13

• 12 new molecules between January-October 2024

• Isotopologues 13C, 15N, D, and double 13C, 13C/15N, D/13C and D/15N of HC3N, Tercero et 
al. 2024, A&A, 682, L12
• Isotopologies 13C, 15N, D of HNCCC and HCCNC, Cernicharo et al. 682, L13
• Several papers coming on the isotopologues of all carbon chain molecules up to 7 

carbons





Rotational constants close to those
of HC5N and HC7N

For one of them significant hyperfine
structure : HC5N+

Ab initio calculations perfectly reproduce
the observed line profiles for HC5N+ and 
rotational constant of HC7N+





These species could be the protonated forms of C3N, C5N and C7N.
HC7N+ and C7N- detected !!!! Where is C7N ???



Searching for C7N…….

C7N should be in TMC-1.
Depending on its electronic
ground state it could be 
detectable or not. If 2S then 
little chances (µ too low). 
However, if 2P then yes (µ
high).

We found a significant 
number
of lines in harmonic relation
with half integer quantum 
numbers and B close to the 
expected value . We though 
we had detected C7N. But ...

All lines are arising from 1-
cyano naphthalene with J 
integer and Ka=0,1





Detected and fully characterized in TMC-1

Synthetised in the chemical lab

Observed in the microwave laboratory

Space and laboratory rotational constants 
differ by less  than 2 kHz



107 AND 56 INDIVIDUAL LINES. Identification without the shadow of a doubt !!!!!!





QUIJOTE
(NANOCOSMOS)

The Yebes 40m telescope (Spain) is the instrument with the largest 
number of molecular discoveries in space !!!!

GOTHAM

Updated from a similar
plot (2021) by McGuire, 
ApJS, 259, 30

Kitt Peak


