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Molecules are found in all places of the Universe where the 
temperatures are below 2000-2500 K and the density large 

enough to allow chemical reactions  



GTM 

IRAM 

ALMA 

NOEMA 



Orion KL,  
Tercero et al. (2010) 



Sgr B2,  
Goicoechea & 

 Cernicharo (2002) 



Prestellar cores 
Agúndez et al. 2015 

IRAM 04191+1522  
Class 0 protostar 

Belloche et al. 2002  

Infall and outflow  
spectral signatures ! 



Barnard 1b 
Gerin et al. 2015 

B1b-N 

B1b-S 



HOW TO INTERPRET 
YOUR DATA 

STEPS: 

1.  An idea of your source   

2.  A deep knowledge of your telescope 

3.  What kind of information you will get? 

4.  Line identification 

5.  Observed line parameters 

6.  Physical conditions and column densities: different sets 
of data will provide more constrained parameters 

7.  Physical model and Chemical model 

 



9 

Dark cloud 
Tk~10 K 

 n(H2) ~104 cm-3 Hot core 
Tk~200 K 

n(H2) ~107 cm-3 

PDR 
far-UV field 

Tk~85-500 K 
n(H2) ~104-5 cm-3 

Diffuse gas  
n(H2) ~ 1-10 cm-3 

TK ~ 50-100 K 

Evolved star 
Tk~ 3000 -10 K 
n(H2) ~1015-10 cm-3 

Low mass star-forming region 
Shocks, HH objects, Hot corinos 

HII  
region 



TMC-1 
 Dark cloud 

Kaifu et al. (2004) 
8.8 – 50 GHz 

1.  An idea of your source 



Orion KL 
High mass star forming region 

Blake et al. (1987) 
215 - 263 GHz 

Different components of the gas within the region 

1.  An idea of your source 



Orion KL 
High mass star forming region 

Blake et al. (1987) 
215 - 263 GHz 

1.  An idea of your source 

COM’s 
N-rich; O-rich; Organic saturated 



Orion KL 
High mass star forming region 

Blake et al. (1987) 
215 - 263 GHz 

Shock chemistry 

1.  An idea of your source 



NGC 7129 FIRS 2 
Hot core intermediate mass star 

Fuente et al. (2014) 
218.2 – 221.8 GHz 

1.  An idea of your source 



And many more cases… 
 

IMPORTANT: The census of molecules  
also depends on the frequency range 

and the telescope sensitivity 
 

1.  An idea of your source 



•  30 m diameter à HPBW à beam 
dilution. 
•  3 mm: HPBW ~ 27’’ 
•  2 mm: HPBW ~ 17’’ 
•  1 mm: HPBW ~ 10’’ 

•  EMIR receivers at 3, 2, 1.3 mm:  
80-115.5 GHz, 123-178 GHz, 
200-350 GHz 

•  Image-band rejection of the 
receivers 

•  Spectral resolution  
•  Observing mode à Wobbler/

position-switching, frequency 
switching… 

IRAM 30-m TELESCOPE 

2.  A deep knowledge of 
your telescope 



Herschel Space Observatory 
HIFI / PACS / SPIRE  
480−1280, 1426−1535, and 
1573−1906 GHz  
FarIR wavelengths; Light hydrides 

ALMA:  Powerful interferometer 
Millimeter and submillimeter 
High angular resolution  

SOFIA 

2.  A deep knowledge of 
your telescope 



Herschel Space Observatory 
HIFI / PACS / SPIRE  
480−1280, 1426−1535, and 
1573−1906 GHz  
FarIR wavelengths; Light hydrides 

ALMA:  Powerful interferometer 
Millimeter and submillimeter 
High angular resolution  

SOFIA 

2.  A deep knowledge of 
your telescope 

And many more… 
 

IMPORTANT:  It is very useful 
to understand the telescope to be in a position 
of evaluating the data. You have to be aware of 
why you are using an instrument and not other 



Orion-KL 

White: H2; blue/red (SMA): CO; green 
(SMA): CH3CN;  orange (SCUBA): 850 µm; 
black: runaway stars; Zapata et al. 2011. 

30’’ HPBW at 80 GHz IRAM 30-m 
à 12500 AU 

9’’ HPBW at 280 GHz IRAM 30-m 
à 3750 AU 

44’’ HPBW at 480 GHz HIFI   
à 18333 AU 

16.5’’ HPBW at 1280 GHz HIFI  
à 6827 AU 

11’’ HPBW at 1900 GHz HIFI   
à 4583 AU 

2’’x1’’.5 ALMA SV synthetic beam 
à 830 AU 

3.  What kind of information 
you will get? 



IRAM 30m Orion KL; A forest of 
molecular lines at 3, 2 and 1 mm 



Cartoon Orion KL 
Crockett et al. 2014 

154 7. La emisión de HC3N y HC5N detectada con los telescopios Herschel y 30 m IRAM

Figura 7.1: Esquema de las moléculas HC3N (izquierda) y HC5N (derecha) junto con sus estructura de Lewis

en la parte superior. El color blanco indica los átomos de hidrógeno, el negro los de carbono y el azul los átomos de

nitrógeno. Fuente: http:Fuente: http://www.astrochymist.org/AMOTM/amotm 0906.html.

a 1.700 K.

El primer estudio de laboratorio del espectro rotacional del cianodiacetileno, HC5N, fue

publicado por Alexander et al. (1976). En ese mismo año, Avery et al. (1976) reportó la primera

detección interestelar de esta molécula a través de la observación de la transición 4-3 en Sgr B2

usando el telescopio de 46 m del Algonquin Observatory en Canadá. En la misma fuente, Broten

et al. (1976) reportó dos transiciones más, 1-0 y 8-7, mientras que posteriormente Winnewisser

& Walmsley (1978) encontraron también HC5N en una fuente diferente, la estrella evolucionada

IRC+10216. Esta molécula presenta dos enlaces triples carbono-carbono (a diferencia del HC3N

que sólo posee uno) con longitudes de 1.26, 1.21 y 1.16 Å(Gronowski & Kolos 2007), un elevado

momento dipolar, 4.33 D (Bizzocchi et al. 2004) y una constante rotacional pequeña, B=1.3

GHz (Broten et al. 1976). HC5N presenta varios estados vibracionales de baja enerǵıa tal y

como fue predicho por Botschwina et al. (1997). Su espectro rotacional a temperatura ambiente

exhibe, por tanto, un patrón rico en transiciones vibracionales, algunas de las cuales fueron

Figura 7.2: Niveles de enerǵıa vibracional de HC3N (izquierda) y HC5N (derecha). Fuente: Wyrowski et al.

(1999), Esposti et al. (2005).

Different gas components 
Large variety of molecules 
Different vLSR and Δv 

3.  What kind of information 
you will get? 



3.  What kind of information 
you will get? 



HOW TO INTERPRET 
YOUR DATA 

STEPS: 

1.  An idea of your source   

2.  A deep knowledge of your telescope 

3.  What kind of information you will get? 

4.  Line identification 

5.  Observed line parameters 

6.  Physical conditions and column densities: different sets 
of data will provide more constrained parameters 

7.  Physical model and Chemical model 

 



97301.1 97583.6 

97
70

3.
1 

97
71

6.
3 Observed frequencies 

Assumed vLSR à  
Systemic v of the source  

(9 km/s in this case) 

4.  Line identification 



Prior to go to the catalogs you can try: 
 

•  For the most abundant species (more intense lines): 

 

• Compare your data with other studies of the source 
 

• Compare your frequency range with other studies 
in the same frequency range (corrected from vLSR) 

 

4.  Line identification 



b-type transition: gauche-CH3CH2OH à µa=1.264D  µb=0.104D à 
b-type transitions of these mol. will be very weak; Aul (Einstein coefficient) 

97301.1 à OCS;  97301.2085 MHz; J=8-7 
97583.6 à CH3OH  

97703.1 à SO2; 97702.334 MHz; JKa,Kc= 73,5-82,6 

Catalogs: CDMS, JPL, Lovas, Splatalogue 

97716.3 à 34SO; 97715.405 MHz; NJ= 23-12 

4.  Line identification 



In case of doubt: 
 
•  Visit CDMS: 

http://www.astro.uni-koeln.de/cdms/molecules 

•  Has been this species detected? Where?  
 

•  Maybe I have discovered a new molecule in space ?? 
    or I can give the first detection in my source ? 

 
à  Search for all transitions of this species in your data,  

         those that could be detected (models are very useful  
         for COM’s) 
 

4.  Line identification 



1 

2 

3 

4 
5 

4.  Line identification 

CH2OHCHO à µa=0.2620D  µb=2.330D  MADEX 
Cernicharo 

(2012) 

Search for all 
transitions of 

this species in 
your data à 
BUT ONLY 

THOSE 
THAT 

COULD BE 
DETECTED 



CH2OHCHO à MODEL shows us what lines we should detect. 
LTE; Trot ~ 100 K; N ~ 2x1015 cm-2 

1 2 

3 

4 
5 

MADEX 
RADEX 
XCLASS 
CASSIS 

 

4.  Line identification 



•  IMPORTANT: 
    Study something about the source 
 
•  Study something about the molecules: 
    Interpret Einstein coefficients, energies of the upper  
    level, dipole moments and associated transitions 
 
•  Models are very useful for identifying the emission of the 

most complex species à Large number of transitions 
 

4.  Line identification 



Line      Area                    Position               Width                 Tpeak 
 1     22.708     (  0.283)     6.293 (  0.223)    25.827 (  0.352)  0.82597 
 2     21.505     (  0.049)     5.248 (  0.104)    12.225 (  0.057)  1.6526 
 3     18.507     (  0.240)     7.960 (  0.023)     4.845 (  0.037)   3.5883 

∫T*
A dv vLSR Δv T*

A 

(K km/s) (km/s) (km/s) (K) 

5.  Observed line parameters 

Software: GILDAS package (CLASS) 



Esplugues et al. (2013) 



Esplugues et al. (2013) 



I can derive physical parameters for each  
component (Gaussian): 
•  LTE approximation: Trot and N of the molecule 
                                    (rotational diagram) 
•  LVG approximation: Tk and n(H2) of the region 

1. A molecule has been identified 
2. I observed several lines from different 

 transitions 
3. I fit the line profiles to n Gaussians 



•  LVG: n(H2)<106-7 cm-3  
    but collisional rates are needed ! 
 
•  LTE: n(H2)>107 cm-3  (most of the hot cores) 
 
e.g. 
COM’s à collisional rates are not available for most 
of these species. 
 
But 
 
COM’s are typical of hot cores à LTE is a reasonable  
approximation for the study of COM’s in hot cores. 



CH2CHCN; López et al. (2014) 

See Turner (1991) 

Rotational diagrams 

Rayleigh-Jeans aprox. 
LTE 

Optically thin 

6.  Trot and N  
over the beam 



6.  Trot and N  
over the source 
diameter 

Rotational diagrams 

See Turner (1991) 

But… How can I derive the size of my source? 
 

1.  INTERFEROMETRIC OBSERVATIONS à 
Check previous studies of your source 

 
2. USING OPTICALLY THICK LINES à 

(Sometimes optically thick lines are useful) 

Region thermalized Tex=Tk 
Tb=Tex(1-e-τ) à optically thick à Tb=Tex 

Tobs=Tb(Ωsource/Ωbeam) 



6.  Trot and N  
over the source 
diameter 

Rotational diagrams 

See Turner (1991) 

But… How can I derive the size of my source? 
 

1.  INTERFEROMETRIC OBSERVATIONS à 
Check previous studies of your source 

 
2. USING OPTICALLY THICK LINES à 

(Sometimes optically thick lines are useful) 

Region thermalized Tex=Tk 
Tb=Tex(1-e-τ) à optically thick à Tb=Tex 

Tobs=Tb(Ωsource/Ωbeam) 

Different sets of data  

will provide more  

constrained parameters 



1. A molecule has been identified 
2. I observed several lines from different 

 transitions 
3. I fit the line profiles to n Gaussians à 

 à vLSR, Δv, T*
A for the different spectral 

 components 
4. Trot and N from rotational diagrams for 

 each component 
 

MODEL 



1. A molecule has been identified 
2. I observed several lines from different 

 transitions 
3. I fit the line profiles to n Gaussians à 

 à vLSR, Δv, T*
A for the different spectral 

 components 
4. Trot and N from rotational diagrams for 

 each component 
 

MODEL 

ITERATIVE PROCESS 



1. A molecule has been identified 
2. I observed several lines from different 

 transitions 
3. I fit the line profiles to n Gaussians à 

 à vLSR, Δv, T*
A for the different spectral 

 components 
4. Trot and N from rotational diagrams for 

 each component 
 

MODEL 

ITERATIVE PROCESS 

A MODEL WILL HELP 
TO IDENTIFY LINES (COM’S AND OTHERS) 

AND TO DETERMINE 
vLSR, Δv, T*

A , Trot, N (and Tk, n(H2) using LVG) 



CH2CHCN; López et al. (2014) 

7.  Physical and chemical models 



Red: CH2CHCN model à four components 
Cyan: Total model 

7.  Physical and chemical models 



Vibrational Temperatures 

Tvib > Trot à IR pumping, temperature gradient ? 

7.  Physical and chemical models 



Isotope ratios 
12C/13C ratio 
Lower limits to 14N/15N, H/D  

7.  Physical and chemical models 



Time and depth dependent gas-grain chemical model 
Phase I  à The collapse of a prestellar core 
Phase II à Warming and evaporation of grain mantles 
 10 Msun / 100% CO frozen onto grain surfaces 

7.  Physical and chemical models 



•  We have identified many more molecules 
 
•  Other species could trace different regions 
 
•  Repeat the procedure for another molecule 
 
•  Add the obtained synthetic spectrum to the total model 
 
•  Add this new information to your understanding of the 

source (dense and hot gas, shocks, ambient cold cloud ?) 
 
•  Improve the chemical models 

7.  Physical and chemical models 



Esplugues et al. (2013) Eup < 400 K 

Repeat the procedure for another molecule 



400 K <Eup < 700 K Esplugues et al. (2013) 

Repeat the procedure for another molecule 



Eup > 700 K Esplugues et al. (2013) 

Repeat the procedure for another molecule 



A single model with  
5 components 

that reproduces all  
SO2 lines 

simultaneously à 
166 lines  

Eup from 15 to 1400 K 

Repeat the procedure for another molecule 



N (SO2) using 34SO2 
Isotopologues ratios 

Vibrational Temperatures  

Repeat the procedure for another molecule 



1.  Identify molecular transitions of a given species 
2.  Identify lines from isotopologues and vibrationally 

excited states of the same species 
3.  Model the lines 
4.  Derive source structure, densities, kinetic 

temperatures and chemical abundances 
5.  Repeat for another molecule 
6.  Identify unknown lines 
7.  Model the chemistry 
8.  Ask our physical-chemistry and laboratory 

colleagues for help 

How to analyze spectral line surveys? 


