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Spectroscopy in space and in the laboratory: searching for new
molecules
in the interstellar and circumstellar media.
:
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QUIJOTE: The limits of sensitivity

* Building new and novel ultrasensitive broadband recelvers 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 !
o=0.06 mK = 60 uK = 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)

e 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

* C¢H;CN (benzonitrile) and C,,H,CN (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 ?



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

> e [P —

Lt is Table 4. Estimated efficiencies for Yebes 40 m telescope from differer

contributions at four observing frequencies.

Component 32GHz 50GHz 72GHz 90GHz

Nmi 0.95 0.87 0.75 0.65
T2 0.99 0.97 0.94 0.91
T 1.00 0.97 0.97 0.95
ohm 1.00 1.00 1.00 1.00
Tblock 0.92 0.92 0.92 0.92
Mmbe 098 098 097 097
i 0.80 0.80 0.82 0.82
Total 75'? 0.67 0.59 0.41




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 QUUOTE 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
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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, 33§
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several new species
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ULTRA DEEH SPECTRAL SURVEY: A LABORATQRY FOR
T, |
(mK

[
LRI A R0 AR A, .1, AL A0 Rk O LML

\“\ M”\ ‘r“‘\ " LRI \H‘ IR \‘\‘ (1 “ ] \”w Ll ‘w’\ H‘ “ UH“ U "‘\" ‘H‘\‘l‘ ”“ H IR

A . A LAl G
W ' I \‘\ BUBELR R H‘\ ‘ H | ‘H ‘ -y \“'\“H\‘ M HHH “‘\‘ AR H‘ : “\“W H‘ IU I “"“ ) H ‘|‘ “\ I ‘ U

40500 41000 41500

v (MHz)

MOLECULAR SPECTROSCOPY

Below 2 mK
most lines are
unidentified

Sensitivity by Sept.
2024 of 0.30 mK (50)

FINAL GOAL

to detect lines
of 0.20 mK at 506
(0=0.04 mK)

: On-going project;

goal to be reached

| by 2028

42000



2

40 e o R00F pop- e ]
ot 1 3
I 11s0F E
(mK) | il ]
20 - 100 | 3
1 50 .
0 of 1
E [ ' ' | ' L L ' | ' ' M.
32616.5 326175 32627 32627.5
e 1R00F pop_1 7
I 1 is0 b E
50 . F 3
- {100f ]
| soF 3
0 of 1
1 1 1 1 1 1 | 1 1 1 L4 ol 1 1 1 | 1 1 1 1 1 1 17
32634 32634.5 326605 32681
— T T T T [ T T T L R B
F=1-0 £ M=l f
F=1 1 4| F-1-1 £ ]
50 b . ]
1 20t .
0 oL —
' ' | ' ' ' ' | L L ' e ' ' ' 1 ' ' ' ' | ' M
32663 326635
v{MHz) o
CCCH ("IN, ,,) J:
200 T T T T T T T T 200 F T
150 [ 3150 | E
wo | J 100k E
. :
0f = of =
7 I TN N TN NN NN T N TR TR NN TR N R AL T T N AN RN N T N (Y TR SR S B K
76198 76199  7B200 76204 76205 76206
CCCH (*1, ,5) 7=9/2—7/2
100 | ¢ J1oof T -
50 ] sof ]
o} 1 o1 d
TR SR N S SR SR R S S IR R SRS RS ST R

97895 97996 98011 28012 98013



17

>

oo — . T ] ]
A [ i i L i L i
(mK)r ] ] r . - U ]
1 b ] J 1L 3 1L l ]

- 1 U1 r . - 1

05 - £ Hoost Josk Fﬂ‘ﬁ £
of —|_: 1 oL wﬂf o L,Jnu;
‘ L1 i} . 1 r 1 J Ty g

TR ST SR TR T SO T SN SN N SR S I T N T ST TN NN SR SN T SN N S ] Cooov 0 by oy by oy L 0 by by

31399 31401 31401.5 31402 31421.5 31422 31424.5 31425 31425.5

T T i _| | T T T T | T T T i C T | T T T T ‘ T T |_ L T T ‘ | T T T T |_

1 1F 4 LF 1 1F =

4 05 4 o5k 4 o058 -

| 1 0 - —Jl] ™Iy ; 0 B e ] 0 :I _ |_E

= T 1 5 i i =]

C 1 Il ‘ Il Il 1 1 | 1 1 1 1 |_ _l Il Il | 1 1 1 1 | 1 1 Il 1 |_ C 1 | 1 1 1 1 ‘ Il Il 1 1 | |_ C 1 1 ‘ Il Il Il | 1 1 1 1 |_
32625.5 32626 32626.5 32653.5 32654 32654.5 32657 32657.5 32658

7 — ——

- 4 tF 1 1 .

C ] C ] C u ]

i Jost Josp 4 -

P ren ﬁ 0 iI_L\ |J_|—|_|—"\ |_|—-_l—'—E 0 f‘_u_j_'_\ ]

u 1 P . - = 1

IR AT SR NN T ST SR NN S A S’ Lo v oy vy by oy oy C Lo by by T N TR S ST SR A SO T S S

31650 31673.5 31674 31674.5 31677 31677.5 31678

| f |_f 3 f_l T T | T T T T ‘ T T T T (‘ |_f

RN —f

4 1F =

g 1

49026 V(Milz) 49027 49028 49059 49060  (MiIz) 49061 49062

Fig. 3. Observed lines of the *C and D isotopologues of CCCH. Line parameters are given in Table A.l. The abscissa corresponds to the rest
frequency assuming a velocity for the source of 5.83 kms™' (Cernicharo et al. 2020). The ordinate is the antenna temperature corrected for
atmospheric and telescope losses in mK. Species and quantum numbers are indicated at the top-right of each panel. The red line corresponds to
the synthetic spectrum derived from the models described in Sect. 3.2. Blanked channels correspond to negative features produced in the folding
of the frequency switching data.
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SPECTRAL PURITY
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as a poor line source at the [
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Looking for specific
spectroscopic patterns it is
possible to discover new
molecular species without
any previous information on
the frequencies.

v,/v;=1.249993 ~ 5/4

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

“““““ 1 Bor(B+C)/2~ 4365 MHz

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

1 HCCCN has B=4549.1 MHz

N H,CCCN ???

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




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

Systematic instrumental
effects removed and
uncerstood
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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

HC;NH* Marcelino et al., 2020, A&A, 643, L6

HC;0* * Cernicharo et al., 2020, A&A, 642, 117 n u ! u I I

HC;S* *  Cernicharo et al., 2021, A&A, 646, L3

CH;CO"™ * Cernicharo et al., 2021, A&A, 646, L7 %3

CH* Cernicharo et al., 2022, A&A, 657, LL16

HC,NH*  Cabezas et al., 2022, A&A, 659, L8 O=0=0=0=

HCCNCH* Agundez et al., 2022, A&A, 659, L9
HCCS* Cabezas et al., 2022, A&A, 657, L4

C,N- Cernicharo et al. 2023, A&A, 670, L19
NC,NH* Agundez et al. 2023, A&A, 669, L1
C,)H GOTHAM, Remijan et al. 2023, ApJ, 944, 145

HC;N*, HCsNt, HC,N* Cernicharo et al. 2024 A& A 686, L.15, Cabezas et al. 2024. A&A, 687, 1L.22
And isotopologues such as HDCCN, Cabezas et al., 2021, A&A, 646, L1; CH,DC;N, Cabezas et al, 2021

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



A&A 657,116 (2022) LETTER TO THE EDITOR . -
hitps://doi.org/10.1051/0004-6361/202142992 Tpor=8 K N(CsH')=8.8 10" cm™

Discovery of CsH* and detection of C;H* in TMC-1 with the 4t ]
QUIJOTE line survey* |

1. Cernicharo'®, M. Agindez'®, C. Cabezas'®, R. Fuentetaja', B. Tercero’~®, N. Marcelino®®, Y. Endo*
J. R. Pardo'®, and P. de Vicente?

c—C5HCCH

Table 2. Theoretical spectroscopic parameters for the different molecular candidates for the observed lines in TMC-1 (all in MHz).

CsH* ('Y) I-CsH™ YD) ql-CsH- (1A) CsH (1)
Parameter TMC-1 @ Calc. ®  Scaled @ Calc.® Scaled @ Calc.®  Scaled Exp. @ Calc. ®

B, _ 2411.94397(55)  2404.2 24103 2366.4 23724 2389.5 23955  2395.131(1)  2389.1
Dx 10°® 138(3) 102 127 97.9 121 101 126 127.41(3) 103
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Fig. 1. Observed lines of CsH* toward TMC-1. Line parameters
given in Table 1. The abscissa corresponds to the rest frequency assu
ing a local standard of rest velocity of 5.83kms™!. The ordinate is
antenna temperature corrected for atmospheric and telescope losses
mK. The red line shows the synthetic spectrum derived for T, = ¢
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A&A 657,14 (2022)
https://doi.org/10.1051/0004-6361/202142815

LETTER TO THE EDITOR

Discovery of the elusive thioketenylium, HCCS*, in TMC-1

C. Cabezas'®, M. Agindez'®, N. Marcelino®*®, B. Tercero®2©, Y. Endo*®, R. Fuentetaja'®, J. R. Pa
P. de Vicente®, and J. Cernicharo’
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Table 1. Spectroscopic parameters of HCCS*, in MHz.
Parameter TMC-1 fit Theoretical ccs @
B 6021.89878(55) ®  6021.2 @ 6477.75036(71)
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Table A.8. Spectroscopic parameters of HCC*S+

Parameter HCC*s+
B (MHz) 5889.02214(82)¢
D (KHz) [1.2543]%
A (MHz) [108970.78] %
Ap (kHz) [40.60]°
v (MHz) [-41.776]°
br™ (MHz) —45.024(99)
¢ (MHz) [31.663]"
o (kHz) 8.0
Nfﬁnes 4

Notes. @ Numbers in parentheses are 1o uncertainties in units of the
last digits.
) Fixed (o the value reported by Cabezas et al. (2022a) for HCCS*,

Fuentetaja et al. 2024, in prep.

HCCS* fully confirmed
from space data



TMC-1 : The sulfur factory (frequencies in the

catalog)
A&A 648,13 (2021)
https://doi.org/10.1051/0004-6361/202 140642 tron Omy
©ESO 201 Astrophysics

LETTER TO THE EDITOR

TMC-1, the starless core sulfur factory: Discovery of NCS, HCCS,
H,CCS, H,CCCS, and C4S and detection of CsS*

J. Cernicharo!, C. Cabezas!, M. Agfmdez]. B. Tercero?-, J. R. Pardo', N. Marcelino', J. D. Gallego;;, F. Tercero’,

J. A. Lépez-Pérez®, and P. de Vicente®

O=0=0=0-10C O

16 new sulphur-bearing species by Oct 2024



wewes 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

* CH,CHCCH, Cernicharo et al. 2021, A&A, 647, L2 (together with HCCN, HC,N, CH3;CH,CN and

tentatively CH3Cﬂ2CC%‘D Very abundant species
e /

 H,CCCHCCH, Cernicharo et al. 2021, A&A, 647, L3
* H,CCCHCCCCH, Fuentetaja et al. 2022, A&A, 663, L3

« HCCCHCCC, Fuentetaja et al., 2022, 667, L4 Mﬁ

* H,CCCH, Agundez et al., 2021, 647, L10 (extremely abundant !!!)
* ¢-C5H, Cabezas et al. 2022, A&A, 663, L2 }m
* H,C;, Cabezas et al., 2021, A&A, 650, L9


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

A&A 649, L15 (2021)

https://doi.org/10.1051/0004-6361/202141156 A&stron omy

©ESO 2021 Astrophysics
LETTER TO THE EDITOR

Pure hydrocarbon cycles in TMC-1: Discovery of ethynyl
cyclopropenylidene, cyclopentadiene, and indene*

J. Cernicharo', M. Agfmdezl, C. Cabezas!, B. Tercero®, N. Marcelino!, J. R. Pardo', and P. de Vicente?

Indene c-C5Hg Cyclopentadiene c-C;Hg

Ethynyl cyclopropenylidene
c-CsH,

Also detected by GOTHAM, CN derivatives of cyclopentadiene detected
Burkhardt et al. 2021, ApJ, 913, L18 by GOTHAM



R = DT LIS A B s s T
] [ My~ 180d 1 B ) E
3 F ~U = FCgHsCN> 3
1 05F 4 o05¢ =
1 0~ 3 o w 3
—05 L fepatRen ) 7 4705 :f.‘lni“._l.al‘l"l.;llllf_l.:ll.'lﬁ fou%y  708E 7 Megllsn 3
Ty 32481 32482 32526 32527 32528 32529 33261 33262 33263
(mK) 1 T, ———— 7
0.5 105 ) Josk
0 il o
3 U™ 4 0 £ ] 0 £ 0 E
05 L T —12. CH.OHCHQJ [ _ ] [ CH.DCN o ra— 13 1 ] L
0.5 e vty ‘L‘.s"'\“. L‘a'."m. SRR Tl X SR ‘lf“’ .1%4'? T X B ST |l./1£.“. %iflf L1 505
34483 34484 34485 34488 34607 34608 34609 34610 34735 34738 34737 34738 34775 34776 34777 3477E
T T T = A L T T3 L, F T T g
Sl 1 1o EYi :
05EF Jos5f JosE Josf 3
-0.5 :—| e L‘B:;;QTL}:,‘S N .—:—0-5 — Ll .LL.52'fLTl.22.'ln. [ .—:_0-5 gH.CQ.N. L ‘Ll.ss"ﬂjl%"? R ._;_0'5 B 131 1'.17.1'1|1‘1.3. 1 _:
35010 35011 35012 35013 35210 35211 35212 36605 36606 36607 37005 37006 37007 37008
L - —— i‘] A A |_: 1 }HEﬁEZ'Hé}f(N—" ——— IU% . _f N A IS 15 F T T T
C ] : 3 i E E
05 LE 3 E 3 E 3 E E
° N ] 0.5 E 1 05 £ 1 05F E
o 0 oFf 0 %HL E
E . E F . U b . 1os5E - E
05 L J-“13.12*L~3a‘111 I__0'5 E 1-33.1o*l|23.9 ‘ 1-05 F | J—'i?,g* BEY: | 3 0.5 E IlE'o 1a*lfi)‘17 L
36834 36835 36836 36837 37664 37665 37666 37667 38828 38829 38830 38831 41503 41504 41505 41506
v(MHz) v(MHz) v(MHz) v(MHz)

Fig. 4. Same as Fig. 2 but for the selected transitions of ¢-CoHg observed towards TMC-1. The red line shows the computed synthetic spectrum
for indene assuming 7, = 10K and N(c-CoHg) = 1.6 x 10" cm™. Cyan labels, when present, indicate the multiplicative factor applied to the best
fit model to match the observations.
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A&A 652,19 (2021)
hitps://doi.org/10.1051/0004-6361/202141660 A&stro nomy
©FESO 2021 Astrophysics
LETTER TO THE EDITOR
Discovery of benzyne, 0-CgH,4, in TMC-1 with the QUIJOTE line
survey*

34

J. Cernicharo!, M. Agtindez'®, R. I. Kaiser?, C. Cabezas'®, B. Tercero®*®, N. Marcelino!,

J.R. Pardo!®, and P. de Vicente?

ﬁ ortho-benzyne

meta-benzyne para-benzyne



A& 655, L1 (2021)
hetps: (ol org/ 10, 105 1/0004-636 17202 142226

Discovery of two isomers of ethynyl cyclopentadiene in TMC-1:
Abundances of CCH and CN derivatives of hydrocarbon cycles*

J. Cernicharo!'. M. Agtindez!, R. I. Kaiser?, C. Cabezas', B. Tercero>*, N. Marcelino®. J. R. Pardo!. and P. de Vicente?

Table 1. Abundances of ethynyl and cyano species in TMC-1.

Molecule N (cm™) Abundance? Comments
c-CsHg 1.3x10% 13107 ]
1-c-CsHsCCH ~ 1.4x10" 1.4x10°10 2
2-c-CsHsCCH  2.0x 10" 2.0x10°1% 2

1-c-CsHsCN 3.1x 10" 3x1071 2.A

2-¢-C5HsCN 1.3x 10! 1.3x 10~ 2.B

C¢HsCCH ~2.5x102  25x10°1°  2.C

CeHsCN 1.2x10" 1.2x10°" 2D

c-CoHg 1.6x10% 1.6x10°%”  1E
1-ECP 2-ECP Notes.

@ Assuming a column density of molecular hydrogen of 10*? cm™
(Cernicharo & Guélin 1987). ) Cernicharo et al. (2021c). @ This

Fig. 1. Scheme of the two lowest energy isomers of ethynyl cyclopen ok @ A value of 1.44x10'2cm2, has been reported by McCarthy

tadiene. et al. (2021) and of 8.3x10" em=2 by Lee et al. (2021). ® A value of
1.9x10" cm2 has been derived by Lee et al. (2021). ‘© Tentative de-
Cyano derivatives of cyclopentadiene detected by tection. " A value of 4.0x10" cm™ has been derived by McGuire et

al. (2018). This value has been revised to 1.6x 10" cm™2 by Burkhardt
et al. (2021b). ® A value of 9.6x10"” cm™ has been reported by
Burkhardt et al. (2021b).

GOTHAM team by stacking techniques.



QUIJOTE results during 2024

* HNGC;, Fuentetaja et al. 2024, A&A, 688, L29

* HC;N*. HC;N*, HC,N*, Cernicharo et al. 2024 A&A 686, L15, Cabezas et al. 2024.
A&A, 687, L2

* NCCH,CN (malononitrile) Agindez et al. 2024, A&A, 688, L31

* NCCHCHCN (maleonitrile) Agundez 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, >N, D, and double 13C, 13C/**N, D/*3C and D/*>N of HC;N, Tercero et
al. 2024, A&A, 682, L12

* Isotopologies 13C, °N, D of HNCCC and HCCNC, Cernicharo et al. 682, L13

. Sevl:()eral papers coming on the isotopologues of all carbon chain molecules up to 7
carbons



A&A, 686, L15(2024)
https://doi.org/10.1051/0004-6361/202450801
© The Authors 2024

J. Cernicharo’

Table A.1. Estimated frequency centroid of the observed lines of

[LETTER TO THE EDITOR

QUIJOTE discovery of the cation radicals HCsN* and HC;N**

ﬂkitronomy
Astrophysics

. C. Cabezas'. M. Agfmdezl. Y. Endo?, B. Tercero’**, N. Marcelino’#, and P. de Vicente?

HCsN*. Table A.2. Observed line parameters of HC;N™.

Jo- Vobs © Tido?  <upp>¢ AV Ju=1J) vabs® (o) [Tido Ave Ty

! : (ﬁrjﬁlz) (I'Ii’K lil‘ll S_l) LSk (MHz) (kHz) (mK kms™h (mK)
) ) 55/2-53/2 31231441 5.0 0.90£0.12  0.79+0.12  1.07+0.14
25/ 2'33/ 2 334 15'33 80.040 42 io"} >.8 28 57/2-55/2  32367.105 6.0 0.76£0.12  0.83x0.15  0.87+0.07
27/2-25/2 36089.623+0.040  4.4x0.4 3.8 23 59/2-57/2 33502745 142 0.59:0.06  0.86£0.09  0.650.05
29/2-27/2  38762.821+0.040 3.7£0.4 5.9 1.9 61/2-59/2 34638423 64 0.43+0.04  0.96+0.10  0.41+0.07
31/2-29/2  41436.111+0.040 3.0+0.3 5.8 1.7 63/2-61/2  35774.073 2.0 0.40+0.12  0.65+0.13  0.57+0.08
33/2-31/2  44109.381+0.040 1.7+0.2 5.6 1.0 65/2-63/2  36909.712  -10.5  0.56+0.03  0.72+0.05  0.73£0.05
35/2-33/2  46782.597+0.040 2.2+0.2 5.7 1.4 67/2-65/2 38045367  -3.8 0.44£0.10  0.93+0.25  0.45+0.08
37/2-35/2  49455.783+0.040 0.6+0.1 5.8 0.7 69/2-67/2  39181.025 0.2 0.21+0.05 0.46+0.19  0.43+0.09

Notes. “Frequency centroid of the line. We have adopted a v;sg of
5.83 kms~! for the source (Cernicharo et al. 2020c). bIntegrated line
intensity in mK km s™'. “Averaged velocity (in km s7!). ‘Equivalent line

width (in km s71).

Notes. “Measured frequency of the line. The uncertitude is 10 kHz
for all lines. We have adopted a v, g of 5.83 kms™! for the source
(Cernicharo et al. 2020c). *Observed minus calculated frequencies (in
kHz). “Integrated line intensity in mK km 57! 9Line width (in km s71).
¢Antenna temperature (mK).



Rotational constants close to those
of HCsN and HC;N

For one of them significant hyperfine
structure : HC;N*

Ab initio calculations perfectly reproduce
the observed line profiles for HC;N*and
rotational constant of HC;N*
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A&A, 687,122 (2024)
https://doi.org/10.1051/0004-6361/202451081
© The Authors 2024

LETTER TO THE EDITOR

stronomy
Astrophysics

Discovery of the interstellar cyanoacetylene radical cation HC3N**

C. Cabezas! , M. Aqﬁndezl . Y. Endo? ., B. Tercero’* , N. Marcelino>** ,P de Vicente*®, and J. Cernicharo!
o

Table 1. Molecular constants (all in megahertz) of HC;N* in X 21'[3;2.

Constant

TMC-1

Theoretical ‘¥

B

D
bp(H)
Toa(H)
Tpp(H)
a(H)
c(H)
bp(N)
T4a(N)
Tpp(N)
a(N)
c(N)
eQq(N)
/D

4533.31711(148) @
0.000456(36)

—-39.9(36)

18.53(160)
[33.3]©
9.52(276)

33.67(129)
[-30.82] ©
—~5.442(62)

4535

Notes. ‘“These values have been obtained from quantum chemi-
cal calculations at different levels of theory. (See text for details.)

(b

'The uncertainties (in parentheses) are in units of the last signifi-

cant digits. '“Values in brackets have been kept fixed to those obtained

theoretically.



Cabezas, C., et al.: A&A, 687, L22 (2024)
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These species could be the protonated forms of C5N, CsN and C;N.
HC,N* and C;N- detected !!!l Where is C;N ??7?



Searching for C/N.......

C-N should be in TMC-1.
Depending on its electronic
ground state it could be
detectable or not. If X then
little chances (i too low).
However, if ?I1 then yes (u

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 C,N. But ...

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

Table A.1. Fit of the K,=0 lines of 1-cyanonaphthalene in the Q-band.

Transition“ Jrb Veale Vlin d Veale = Viin ¢
(MHz) (MHz) (kHz)
27007 — 26026 35/2  31953.900 31953.897 3.0
28008 — 27027 37/2  33115.827 33115.826 1.0
29000 — 28028 39/2  34277.7751  34277.751 0.0
30030 — 29020 61/2  35439.672 35439.672 0.0
31031 — 30030 63/2 36601.589 36601.590 -1.0
32032 — 31g3;  65/2  37763.503 37763.504 -1.0
33033 — 32032 67/2  38925.413 38925.414 -1.0
34034 — 33033 69/2  40087.320 40087.321 -1.0
35035 — 3434 T1/2 41249.222  41249.223 -1.0
36036 — 33035  73/2  42411.120 42411.121 -1.0
37037 — 36036 75/2 43573.014 43573.015 -1.0
38035 — 37037 T7/2 44734904  44734.904 0.0
39030 — 3803z 79/2  45896.789 45896.789 0.0
40040 — 39030  81/2  47058.669  47058.669 0.0
Alga1 — 40040 83/2  48220.545 48220.544 1.0
42040 — 4logr  85/2 49382.416 49382.415 1.0

Notes.  “Rotational quantum numbers of a-type K,=0 transi-
tions of 1-cyanonaphthalene with K, =J,. "Effective rotational quan-
tum number (J/* = J, + 1/2). “Predicted frequencies using an
A-reduced Hamiltonian (representation [") and the rotational con-
stants determined by McNaughton et al. (2018). “Fitted frequencies
using the relation v=2 B,y J* —4 Dy J**. The results of the fit are
B =580.987413 £ 0.000015 MHz and Dy =4.9354 + 0.0057 Hz. The
standard deviation of the fit is 1 kHz. ¢Difference between the pre-
dicted frequencies using an A-reduced Hamiltonian (representation /")
and those obtained through the linear fit with half integer quantum num-
bers.



Table A.1. Fit of the K,=0 lines of 1-cyanonaphthalene in the Q-band.

Transition J*b Veale © Vlin d Veale = Viin ©
(MHz) (MHz) (kHz)
27027 — 26006  55/2  31953.900 31953.897 3.0
28028 — 27007 57/2  33115.827  33115.826 1.0
29029 — 28008 59/2 34277751  34277.751 0.0
30030 — 29029 61/2  35439.672 35439.672 0.0
31931 — 30030  63/2 36601.589 36601.590 -1.0
32032 — 31g3  65/2 37763503 37763.504 -1.0
33033 — 32032 67/2 38925413 38925.414 -1.0
34934 — 33033 69/2  40087.320 40087.321 -1.0
35035 — 3dosq  T1/2  41249.222 41249.223 -1.0
30036 — 35035 73/2  42411.120 42411.121 -1.0
37037 — 36036  75/2 43573.014 43573.015 -1.0
38038 — 37037 T7/2 44734904 44734904 0.0
39930 — 3803z 79/2  45896.789  45896.789 0.0
40{}4(} - 39()3() 3 1/2 47058.669 47058.669 0.0
Alg41 — 40040 83/2  48220.545  48220.544 1.0
42040 — dlgar  85/2 49382.416  49382.415 1.0

Notes.  “Rotational quantum numbers of a-type K,=0 transi-
tions of 1-cyanonaphthalene with K, =J,. *Effective rotational quan-
tum number (J* = J, + 1/2). “Predicted frequencies using an
A-reduced Hamiltonian (representation /™) and the rotational con-
stants determined by McNaughton et al. (2018). “Fitted frequencies
using the relation v=2 B.z J* —4 Dy J**. The results of the fit are
By = 580.987413 £ 0.000015 MHz and Deg = 4.9354 + 0.0057 Hz. The
standard deviation of the fit is | kHz. ¢Difference between the pre-
dicted frequencies using an A-reduced Hamiltonian (representation /")
and those obtained through the linear fit with half integer quantum num-
bers.
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LLETTER TO THE EDITOR

Discovery of two cyano derivatives of acenaphthylene (C;Hs) in
TMC-1 with the QUIJOTE line survey*

* 1 4

. - ~ . / # ] 2.0 - M " 5
J. Cernicharo’**®, C. Cabezas , R. Fuenteta_]al , M. Agundezl , B. Tercero®- , J. Janeiro*®, M. Juanes”,
. . - 5 . . . 5 .5 . 713 . o)
R. I. Kaiser®, Y. Endo’. A. L. Steber’ ,D. Pérez*®, C. Pérez°®. A. Lesarri®. N. Marcelino®~©®. and P. de Vicente?
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T, (mK)

1 cyanoacenaphlhylene

S5—cyanvacenaphthylene
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107 AND 56 INDIVIDUAL LINES. Identification without the shadow of a doubt !!!!1!!
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Number of accumulated detected molecules
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Updated from a similar
plot (2021) by McGuire,
ApJS, 259, 30
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The Yebes 40m telescope (Spain) is the instrument with the largest
number of molecular discoveries in space !!!!



