
Lecture 3: Different ways to detect molecules

Salyk, Pontoppidan et al. 2008

Hot water in the planet-forming zones of disks

Very Large Telescope (ESO)

Spitzer (NASA)

IRAM 30-m dish

E-ELT (ESO)

James Webb Space Telescope  
(NASA)

Atacama Large Mm Array

European Extremely Large 
Telescope 
(ESO)



Contact info

email 1:   semenov@mpia.de 

email 2:     dmitry.a.semenov@gmail.com 

www.mpia.de/~semenov

mailto:semenov@mpia.de
mailto:dmitry.a.semenov@gmail.com
http://www.mpia.de/~semenov


Astronomical observations: an old story 

• Nebra sky disk, Bronze/Iron Age, 3 600 years old  

• Sun, Moon, constellations, angles between solstices



•Calendar and religion  

•Ancient Egypt (3000 BC):  Sirius risings 

•Sumer & Babylonia (1200 BC):  first stellar 

catalog, Venus risings, 18-year lunar eclipse cycle 

•Ancient Greece (~200 BC): Earth size, axial tilt, 

stellar catalog (Almagest), stellar magnitudes, 

planetary orbits 

•Ancient China: records of supernovae & comets 

•Medieval Middle East:  stellar catalogs, SN 1006, 

Magellanic Clouds 

•Renaissance Europe:  stellar catalog by Tycho 

Brahe completed by Kepler (1627), Kepler laws 

(1609-1619), Copernican revolution (1543)

First astronomical observations



Why observations are so important?

"A picture maybe be worth a thousands words,  
but a spectrum is worth a thousands pictures" 
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Transition Intensities: Einstein Coefficients
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Insert (3) into (2):

(4)

N2, N1: number of atoms in  
               lower, upper state, respcetively
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Lifetimes and Einstein A: 

The lifetime T of an initial state i 
Is given by the sum of the Einstein 
coefficients summed over all final states

1

Σ   Aiff

T = 

Transition Intensities: Einstein Coefficients



What makes transitions strong: accelerated charges

Transition dipole moment

A21 =                      µ212 

H2

H2O
3ε0 hc3

2ω213

Electric Dipole transitions:              µ21  ≈ e a0                        A21 ≈ e2a02
  

Dipole moments are measured in Debye, molecules with permanent dipole moments typically have 1-3D     

Electric Quadrupole transitions are weaker by  a factor  (e a0 λ)2/(e a0)4 ≈ 108   

Magnetic dipole transitions scale with the Bohr magneton (eh/4πmc),  
They are weaker by    α2 ≈ 105

In general, the dipole moment is defined as the summation of  
the product of the charges qj times the position vector 
rj for all charged particles j: 

  µ =  Σ𝑗 𝑞𝑗 𝑟𝑗

Transition frequency

Vibrations: change in dipole moment with vibr. coordinate required   dµ/dR ≠ 0 
Rotations: rotating polar molecule (perm. dipole moment) looks like oscillating dipole



Molecular transitions: Einstein coeff  
Aji and oscillator strength fji

Tielens' book (2005)

26 Gas cooling

Table 2.1 Typical transition strengtha

Type of transition ful Aul!s−1" Example # Aul!s−1"

Electric dipole
UV 1 109 Ly$ 1216 Å 2%40×108

Optical 1 107 H$ 6563 Å 6%00×106

Vibrational 10−5 102 CO 4.67&m 34.00
Rotational 10−6 3×10−6 CSb 6.1mm 1%70×10−6

Forbidden
Optical (Electric quadrupole) 10−8 1 [OIII] 4363 Å 1.7
Optical (Magnetic dipole) 2×10−5 2×102 [OIII] 5007 Å 2%00×10−2

Far-IR fine structure 2×10−7

#!&m"
10

#3!&m"
[OIII] 52&m 9%80×10−5

Hyperfine HI 21 cm 2%90×10−15

a See text for details.
b The J = 1→ 0 transition.

respectively. Molecules can also rotate and the centrifugal energy is proportional
to 1/M . Hence, rotational energies of molecules are smaller by a factor me/M
compared with electronic energies and occur at (sub)millimeter wavelengths. As
an example, the binding energy of CO is 11 eV (1100 Å), the vibrational energy is
0.27 eV (2170 cm−1'4%67&m), and the rotational energy is 5×10−4 eV (2.6mm).
A final and important point to keep in mind when considering transitions between
levels is that they obey certain selection rules depending on whether they are
electric dipole, magnetic dipole, electric quadrupole, etc. This directly influences
the strength of the transitions (Table 2.1 and Section 2.1.4). We will come back
to this later (Table 2.2 and Section 2.1.4).

2.1.1 Electronic spectroscopy

Atoms

Each atomic line can be related to a transition between two atomic states. These
states are identified by their quantum numbers. The states are characterized by the
principal quantum number, n (1, 2, …); the orbital angular momentum, ( (which
can have values between 0 and n−1); and the electron spin angular momentum,
s!±1/2". The orbital angular momenta are designated by s, p, d, … , corresponding
to (= 0' 1' 2, … The total angular momentum, j, is the vector sum of ( and s.
For hydrogen, neglecting fine structure, the energies of the atomic states depend
only on n. Hydrogen transitions can be grouped into series (downward transitions,
m → n, or upward transitions, n → m) according to the value of n, with the
conventional names for the first few: Lyman (n = 1), Balmer (n = 2), Paschen
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• Oscillator strength ~ probability of absorption or emission 

• Lifetime of molecule in an excited state:

CO2:   0 D 

CO:    0.112 D 

H2O:  1.85 D 

HCN:  2.98 D



http://www.cfa.harvard.edu/hitran/

Resources: HITRAN database



https://www.astro.uni-koeln.de/cdms

Resources: Cologne Database for Molecular Spectroscopy



Electronic transitions (UV-optical)

Courtesy of E. van Dishoeck (2011)

• H2 

• B-X: Lyman system (<1125 Å) 

• C-X: Werner system (<1051Å)

Abgrall et al. (1993)



Vibrational transitions (IR)

• Zero-point vibrational energy: 1/2hν0

• Equidistant separation of energy levels only for harmonic approximation

• Many degrees of freedom => various vibrational modes: 3N-5 (or -6)

Molecular Vibration: Harmonic Oscillator Potential 

Anharmonicity
leads to lowering 
of energy levels

  1
2 		   



Harmonic Oscillator Potentail

    12 	

Energy levels

transitions

Zero point energy  
1
2	

Vibrational transitions (IR)

• Zero-point Evib = 1/2ħω, scales as mass-1/2 

• Equidistant separation of levels: only harmonic approximation 

• Many degrees of freedom



Vibration modes of simple molecules

Overtones, 
combinations and 
differences of 
fundamental vibrations 
(e.g., 2v1, v1+v3 etc.)

A non-linear molecule of N atoms: 3N-6 normal modes (linear has 3N-5)

€ 

ν1
ν 2
ν 3

Symmetric stretch

Bend

Asymmetric stretch

Fundamental or normal modes:



Vibrational modes: hydrocarbons

Tielens' book (2005)

2.1 Spectroscopy 35

Table 2.3 Characteristic vibrational band positions

Group Mode Frequency range (cm−1) Note

OH stretch
free OH 3610–3645a sharp
intramolecularb 3450–3600 sharp
intermolecularc 3200–3550 broad
chelatedd 2500–3200 very broad

NH stretch
free NH 3300–3500 sharp
H-bonded NH 3070–3350 broad

CH stretch
≡C–H 3280–3340
=C–H 3000–3100
CO–CH3 2900–3000 ketones
C–CH3 2865–2885 symmetric

2950–2975 asymmetric
O–CH3 2815–2835 symmetric

2955–2995 asymmetric
N–CH3 2780–2805 aliphatic amines
N–CH3 2810–2820 aromatic amines
CH2 2840–2870 symmetric

2915–2940 asymmetric
CH 2880–2900

C≡C stretch
C≡C 2100–2140 terminal group
C–C≡C–C 2190–2260
C–C≡C–C–C≡C– 2040–2200

C≡N stretch
saturated aliphatic 2240–2260
aryl 2215–2240

C=O stretch
non-conjugated 1700–1900
conjugatede 1590–1750
amides 1630–1680

C=C stretch
–HC=C=CH2 1945–1980
–HC=C=CH– 1915–1930

CH bend
CH3 1370–1390 symmetric

1440–1465 asymmetric
CH2 1440–1480
CH 1340

CO–O–C stretch
formates ∼1190
acetates ∼1245
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NASA Ames database: http://www.astrochem.org/pahdb/



Rotational transitions (IR-radio)

• Rigid rotors: B ~ ħ2/2I, where I - moment of inertia (depends on mass) 

• Equidistant separation of line frequencies 

Rigid Rotor Levels and Transitions 

Energy levels 

𝐸𝑟 = 𝐵 𝐽(𝐽 + 1) 

Selection rule:   

∆𝐽 = ±1 

𝐸𝑟 𝐽 + 1 − 𝐸𝑟 𝐽  
= 𝐵 𝐽 + 1 𝐽 + 2 − 𝐽(𝐽 + 1)  

Transitions: 

∆𝐸 = 2𝐵 𝐽 + 1  
ν frequency 
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CO rotational ladder



Types of spectra



Absorption lines

• Cool gas in front of warm continuum 

• Slit + diffraction grating/prism + detector 

• Specific frequencies determined by gas composition



Absorption lines
• 1802,  William Hyde Wollaston ⇒ dark features in the solar spectrum 

• 1814,  Joseph von Fraunhofer ⇒  systematic measurements, 574 lines 

• 1860,  Gustav Kirchhoff and Robert Bunsen ⇒ first identification (Na)



Absorption spectroscopy



Absorption spectroscopy
Schematic drawing of equivalent width of line

Column density    NvW/f if line optically thin
with f = oscillator strength

Equivalent width of spectral lines

� In practice, resolution at optical wavelengths often 
insufficient to resolve line  � measure only line 
strength or equivalent width

� Definition of equivalent width of line:

� Wν is the width of a rectangular profile from 0 to 
Iν(0) that has the same area as actual line

� Wν measures line strength, but units are Hz
� In wavelength units
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• Equivalent width:

Wv



Absorption spectroscopy

• If line is not fully saturated:  

• Wv  ~ oscillator strength f  x  amount of molecules N  

• Oscillator strengths for molecules could be hard to compute 

• Direct measure of the column density (amount of matter on the line 

of sight):  N ∝ Wv / f
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Emission lines

• Warm gas 

• Harder to analyze compared to absorption spectra



Emission lines

• Lines are „fingerprints“ => identification when line frequencies are 

computed or measured in laboratory



Emission line profiles

• Line shape and width (FWHM): 

– Natural 

– Thermal 

– Kinematics 

– Pressure, etc



Line profiles



Emission line spectra

Depends on physical conditions and distribution of molecules



Molecular lines: population of energy 
levels

Alk - spontaneous emission 

Blk - stimulated emission (absorption) 

Clk - collisional excitation (de-excitation) 

Jν - local mean intensity 

nj - level population of the level j 

• Statistical equilibrium of level populations:

• Critical density for line excitation:   ncr = Aul / Cul

M.R. Hogerheijde & F.F.S. van der Tak: An accelerated Monte Carlo method 699

Table 1.Molecular data used in this paper

Molecule No. Levels References
COa 6 Green & Thaddeus (1976)
COb 26 Schinke et al. (1985)
HCO+ 21 Monteiro (1985)
CS 12 Green & Chapman (1978)
CN 15 Black et al. (1991)c

HCN 36d Green (1994, priv. comm.)e
o-H2CO 20 Green (1991)
a Calculation presented in Appendix B.
b Calculation presented in Sects. 4.1 and 4.2.
c Based on results of Green & Chapman (1978) for CS.
d Levels up to J = 10 in both the ν2 = 0 and ν2 = 1 states.
e See http://www.giss.nasa.gov/data/mcrates.

dius 8000 AU. The total mass of the model is 0.73 M!. The
kinetic temperature follows Tkin = 30 K (r/1000 AU)−0.4,
appropriate for a centrally heated envelope at a luminosity of
∼ 2 L! (Adams et al., 1987, e.g.). The turbulent line width of
0.2 km s−1 is smaller than the systematic velocities except in
the outermost part (Fig. 1b).

3. Solving radiative transfer and molecular excitation

3.1. The coupled problem

The equation of radiative transport reads, in the notation of Ry-
bicki & Lightman (1979),

dIν

ds
= −ανIν + jν , (2)

or, equivalently,

dIν

dτν
= −Iν + Sν . (3)

Here, Iν is the intensity at frequency ν along a particular
line of sight parameterized by ds, αν is the absorption co-
efficient in units cm−1, and jν the emission coefficient with
units erg s−1 cm−3 Hz−1 sr−1. The second form of the equa-
tion is a useful change of variables, with the source function
Sν ≡ jν/αν and the optical depth dτν ≡ ανds. We consider
bothmolecules and dust particles as sources of emission and ab-
sorption (jν = jν(dust)+jν(gas);αν = αν(dust)+αν(gas)),
but ignore scattering. Although not impossible to include in our
code, scattering effects are usually negligible at wavelengths
longer than mid-infrared.

When αν and jν are known at each position in the source,
the distribution of the emission on the sky simply follows from
ray tracing. However, in many cases, αν and jν will depend on
the local mean intensity of the radiation field

Jν ≡
1

4π

∫

IνdΩ. (4)

Here, Jν is the average intensity received from all solid angles
dΩ, and Iν is the solution of Eq. (2) along each direction under
consideration. The latter integration extends formally to infinity,

but in practice only to the edge of the source with any incident
isotropic radiation field like the cosmic microwave background
(CMB) as boundary condition.

For thermal continuum emission from dust, jν(dust) and
αν(dust) are simply given by

jν(dust) = αν(dust)Bν(Tdust), (5)

where Bν is the Planck function at the dust temperature Tdust,
and

αν(dust) = κνρdust, (6)

where κν is the dust opacity in cm−2 per unit (dust) mass and
ρdust is the mass density of dust. Our code can use any descrip-
tion of κν (Ossenkopf & Henning, 1994; Pollack et al., 1994;
Draine & Lee, 1984; Mathis et al., 1977, e.g.).

In the case of emission and absorption in a spectral line,
αul

ν (gas) and jul
ν (gas) are determined by absorption and emis-

sion between radiatively coupled levels u and lwith populations
(in cm−3) nu and nl. The energy difference between levels
∆E = Eu − El corresponds to the rest frequency of the transi-
tion, ν0 = ∆E/h, where h is Planck’s constant. The emission
and absorption coefficients between levels u and l are strongly
peaked around ν0 with a frequency dependence described by a
line-profile function φ(ν),

jul
ν (gas) =

hν0

4π
nuAulφ(ν), (7)

αul
ν (gas) =

hν0

4π
(nlBlu − nuBul)φ(ν). (8)

The EinsteinAul,Blu, andBul coefficients determine the tran-
sition probabilities for spontaneous emission, absorption, and
stimulated emission, respectively, and depend on molecule. In
most interstellar clouds the line profile is dominated by Doppler
broadening due to the turbulent velocity field

φ(ν) =
c

bν0

√
π

exp

(

−
c2(ν − ν0)2

ν2
0b2

)

, (9)

where the turbulence is assumed to beGaussianwith a full width
b. In the presence of a systematic velocity field, the line profile is
angle-dependent and the projection of the local velocity vector
onto the photon propagation direction enters (ν − ν0).

Together, collisions and radiation determine the level pop-
ulations through the equation of statistical equilibrium,

nl

[
∑

k<l Alk +
∑

k /=l (BlkJν + Clk)
]

=
∑

k>l nkAkl +
∑

k /=l nk(BklJν + Ckl).
(10)

The collision rates Ckl depend on the density and the colli-
sional rate coefficients of molecular hydrogen and other colli-
sion partners, and on temperature through the detailed balance
of the up- and downward coefficients. Eq. (10) can be easily
solved through matrix inversion for each position in the source
provided the radiation field Jν is known. However, Jν con-
tains contributions by the CMB, dust and spectral lines, and
since the spectral line term depends on the level populations



Critical densities: examples

• Line data from LAMDA database (Schöier et al. 2005) 

• CS J=1-0 line at 48.991 GHz:   

–   10 K:  A10 = 1.75 10-6 s-1,  C10 = 3.49 10-11 cm3 s-1:  ncr = 5.0 104 cm-3 

– 300 K:  A10 = 1.75 10-6 s-1,  C10 = 2.97 10-11 cm3 s-1:  ncr = 5.9 104 cm-3 

• CS J=7-6 line at 342.883 GHz:   

–  10 K:   A76 = 8.40 10-4 s-1,  C76 = 5.82 10-11 cm3 s-1:  ncr = 1.4 107 cm-3

• Presence of high-lying rotational lines indicate high density



Emission lines: diagnostics

• Excitation vs kinetic temperature (general rule):  

– High densities (n ≫ ncr): Tex ~ Tkin 

– Low densities (n ≪ ncr): Tex < Tkin

• Solving statistical equilibrium equations is numerically challenging 

• Local Thermodynamic Equilibrium (Tex = Tkin) is often assumed 

• Level population follows Boltzmann’s distribution:

nu
nl

= gu
gl exp[�Eul/kTkin] =

gu
gl exp[�Eul/kTex]

<latexit sha1_base64="mk51h+2n8MKrwDo0BRCIwm38RCI="></latexit>



Molecules as probes of physical conditions



Opaqueness of the Earth atmosphere

• Blocked: X-ray & UV (<300nm) 

• Mid-IR/sub-mm (20μm–0.3mm) 

• Long radio wavelengths (>10m)



Telescopes and Detectors: key properties

• Collecting area (diameter D) => angular resolution 

• D and focal length => field of view 

• Spectral coverage 

• Spectral resolution: R = ν/∆ν: 

- UV-optical:  R = 105 

- IR:              R ~ 103–104 

- Radio:         R = 106 

• Sensitivity (QE) and noise 

• Stability, response 

• Pixel size, exposure, etc.



First telescope and application
• Patent by a Dutch eyeglass maker Hans Lippershey (1608) 

• Galileo Galilei (1609):  first astronomical observations 

• Moon craters, rings of Saturn, Jupiter’ moons, sunspots  

• Kepler (1611):  two convex lenses, improved magnification



Refractors and reflectors

• 



Diffraction limit

• Accurate observations by Francesco Grimaldi (1660) 

• Bending of EM waves through boundaries of aperture 

• Airy disk:  smallest resolution element 

• Atmospheric conditions (“seeing”)



Properties of telescopes

• First and foremost: collecting area S = π * D2/4: 

- 10 m dish:        79 m2 

- 30 m dish:      707 m2  

- 100 m dish:  7854 m2     

• Angular resolution θ" ~ 2.1x105 λ/D: 

- 100 nm (1000 Å):    θ ~ 0.02" for  D = 1m 

- 1mm  (230 GHz):    θ ~ 210"  for  D = 1m  

- 1mm  (230 GHz):    θ ~ 2.10”  for D = 100 m



Properties of telescopes

• Reflectors with parabolic-like mirrors 

• Various designs to redirect light to detectors 

• UV-near-IR: 

- Mirrors made of low thermal expansion glass (Zerodur) 

- Metal coating (Al, Ag, Au, Cu) 

• IR: optical telescopes with special mirrors (Be, SiC) 

• (Sub)-millimeter antennas: 

- Parabolic metallic antenna (Heinrich Herz, 1887) 

- Small feed antenna at the focus 



Example: Keck 10m telescope



•First 2D detectors  

•1840:  J.W. Draper, photo of the Moon 

•1858:  W. De La Rue, sunspots 

• Early 1900s:  E. Hubble, galaxies, expansion of 

the  Universe 

• Dominated astronomy for ~ 100 years

Photographic plates
Moon, 1840

Jupiter, 1879



•Emulsion: gelatine + silver-halide grains

•Exposition:  Ag+ => Ag, Ag- => Ag2 =>…)

•Alkaline solution: Silver halide grains => Silver metal

•Acidic stop bath

Photographic plates



•Very low QE (1-4%), non-linear response 

•Very small “pixels” (grains of silver compounds) 

•Hard to digitize 

•Unique photo plate libraries (variability, stellar motions): 

e.g. Harvard College Obs (>130 years, >500,000 plates)

Photographic plates



•Photon counting devices (>1934) 

•Each photon produces e- cascade (from 1 to 108 e-) 

•Efficient at UV, 300–1200 nm 

•Moderate QE (10-20%), linear response 

•Easily coupled to digital outputs

Photomultiplier tubes



• Must be operated at high voltages (>2000 V) 

• High light levels can destroy the tube 

• Not very efficient in optical region 

• Single channel devices 

• Used to measure sky objects' fluxes

Photomultiplier tubes



Semiconductors

• Transition from bound to unbound e- 

• Band gaps: ~0.2 - a few eV 

• Made of Si, InSb, HgxCd1-xTe, GaAr,.. 

• Easily coupled to digital outputs



• Invented 1969 in AT&T Bell Labs by 

Boyle & Smith (Nobel prize 2009) 

•2D pixel arrays  

•Photoactive + transmission layer 

•Read out charges in a staged fashion  

•Truly digital 

•Very high QE up to >95%

CCD (Charge-Coupled Device)





Quantum Efficiency of detectors



UV-optical detections

• Selection rules are not as restrictive (e.g. H2 and N2 do not usually 

emit at IR and radio)

• Strength:  

- CCD => high quality spectra 

• Weakness:  

- Some molecules do not have intense electronic transitions 

- Dissociative excited states lead to broad features 

- FUV is only accessible from space



UV-optical telescopes

• Ground-based: Very Large Telescope (8.2 m), Keck (10 m), Gemini 

(8.2 m), Large Binocular Telescope (10 m), Subaru (8 m), Palomar (5 

m),...  

• Space: Hubble (2.4 m), Copernicus (0.5 m), FUSE (0.7 m),... 

• Resolution: <0.1"



H2 absorption lines in diffuse ISM

P. Gnaciński: Interstellar H2 toward HD 147888

Table 1. Column densities of the H2 ro-vibrational levels towards HD 147888 [log cm−2].

J\ν 0 1 2 3 4 5
0 20.50 ± 0.03 13.17 ± 0.06 (1) 12.49 ± 0.03 (4) 12.03 ± 0.04 (5) 11.90 ± 0.04 (11) 12.04 ± 0.06 (12)
1 19.68 ± 0.10 13.52 ± 0.03 (3) 12.84 ± 0.04 (6) 12.58 ± 0.03 (14) 12.25 ± 0.04 (20) 12.42 ± 0.05 (27)
2 18.74 ± 0.06 13.55 ± 0.02 (4) 12.80 ± 0.04 (7) 12.53 ± 0.04 (15) 12.41 ± 0.03 (22) 12.16 ± 0.03 (32)
3 17.11 ± 0.25 13.45 ± 0.02 (4) 12.73 ± 0.03 (7) 12.43 ± 0.02 (15) 12.31 ± 0.02 (27) 12.28 ± 0.05 (29)
4 15.67 ± 0.30 13.09 ± 0.04 (4) 12.58 ± 0.03 (6) 12.35 ± 0.05 (16) 12.09 ± 0.05 (22) 12.00 ± 0.14 (27)
5 15.00 ± 0.18 13.11 ± 0.06 (3) 12.39 ± 0.03 (8) 12.21 ± 0.04 (17) 11.90 ± 0.10 (22) 12.23 ± 0.07 (28)
6 14.07 ± 0.07 – – – – –

Notes. The absorption lines connected with the column densities marked in bold were clearly seen in the spectrum. Other lines are at the noise
level. The errors of HST column densities reflect only the changes in the doppler broadening parameter. The errors in continuum placement can be
significant, especially for the lines at noise level. For absorption lines seen in the HST/STIS spectrum the number of lines used for profile fitting is
given in parenthesis.
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Fig. 2. A fragment of FUSE spectra with the B–X (3,0) transitions of H2. The upper thick line represents continuum, and the bottom thick line is
the simulated spectrum fitted to the observed one. The upper thin line is the stellar synthetic spectrum with rotational and instrumental broadening.
The absorption line at 1066.66 Å is an Ar  line.

Fits to STIS spectra were done assuming b = 2.25, 2.5, 2.75,
and 3.0 km s−1. Fits done with lower or higher values of b
do not match the observed profiles of H2 absorption lines.
Table 1 presents an average column density for four fits with
various b values.

Each transition from ground ν = 0 J = 0,1 levels to vibra-
tionally excited levels of the B electronic level were fit indepen-
dently in the FUSE spectrum. We calculated column densities
from the following transitions: (0,0), (1,0), (2,0), (3,0), and (4,0).
The first digit in parenthesis denotes the upper vibrational level
of the B electronic state. The second digit (always 0) is the vibra-
tional level of the ground electronic level X. At each point of the
synthetic spectrum optical depths of spectral lines lying closer
than 30 Å were summed. The natural line widths were given by

Abgrall et al. (2000). The point spread function (PSF) for the
FUSE spectra was a Gauss function with FWHM = 15 km s−1

(Jensen et al. 2010). A synthetic spectrum, together with the
FUSE observation, is shown in Fig. 2.

Fits to the FUSE spectrum were done with Doppler broad-
enings fixed to b = 2.5 and 3.0 km s−1. As with HST spectra
fits with lower or higher values of b do not match the observed
profiles of H2 lines. The continuum level for the FUSE spec-
tra was placed manually in an iterative procedure of fitting col-
umn densities and changing the continuum level. There was a
slight systematic shift between the observed H2 line positions
and wavelengths from the catalog. Therefore the fitting was per-
formed on small sections of the FUSE spectrum. The derived
molecular hydrogen column densities are presented in Table 1
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Gnacinski (2013), A&A
Hubble: H2 in translucent cloud HD 147888  

Ar I line



Pillars of Creation

HST (1995): gas and dust in Eagle nebula (Serpens) 



Exoplanets around HR 8799 (Keck 10m)



Infrared detections

• Polyatomic molecules and ices 

• Intense vibrational transitions: H2CO, OH, benzene, C3, C5 

• Strength:  

- Numerous (ro-)vibrational lines => identification 

- High sensitivity 

• Weakness:  

- Atmosphere is largely opaque 

- Limited space missions 

- A less precise identification than via radio (resolution)



• IRAS (1983): 0.6 m, 12–100 μm => first sky survey, 

warm dust (β Pictoris disk) 

• Infrared Space Observatory (1995–1998): 0.6 m, 

2.5–240 μm => H2O, HF, star formation 

• Spitzer Space Telescope (2003–2009): 0.85 m,      

3–180 μm = > high-sensitivity imaging, molecules and 

ices, exoplanets, first stars, galaxies 

• Herschel Space Observatory (2009–2012): 2.4 m, 

60–670 μm = > high-sensitivity imaging, molecules (HD, 

O2) and ices, star formation, starburst galaxies 

IR telescopes



James Webb Space Telescope
• JWST (launched on Christmas of 2021)  

• 6.5 m 18-segment mirror (Gold-plated Be) 

• L2 orbit (Passive Cooling to 45 K) 

• Life >10 years 

• Four cryogenic science instruments: 

– Near-Infrared Camera (NIRCam):  2.2'x4.4',  0.6-5 µm  

–  Near-IR Spectrometer (NIRSpec):  3.4'x3.4',1-5 µm; R=100, 1000, 2700  

–  Mid-Infrared Instrument (MIRI): 5-27 µm, imager, coronograph, medium 

resolution spectrograph (MRS), 3.7'x3.7' – 7.7'x7.7' 

–  Fine Guidance Sensor:  stabilisation of the line-of-sight 



Detection of fullerenes (C60 & C70)



O2 in Orion, 487–1121 GHz, Herschel

Goldsmith et al. (2011)



Pillars of Creation

Gas and dust in Eagle nebula (Serpens) 

Visible: HST (1995) NIR: JWST(2022) 



Radio observations

• Unambiguous detection of molecular species 

• Line strengths scale with square of the dipole moment 

•  Strength:  

- Observation of several lines at expected frequencies  

- High sensitivity 

• Weakness:  

- Bias towards polar molecules 

- Symmetric species cannot be observed



History of radio telescopes

• 1929: Karl Jansky (Bell Telephone Labs): Milky 

Way radio emission (20.5 MHz)  

•1930s: Grote Reber, first radio astronomer, 

first parabolic antenna: Cyg A, Cas A 

• 1940s: WWII, radar: 21 cm H line (Jan Oort) 

• 1960s: Single-dish & Interferometers



Radio interferometry

• Antenna pairs (one baseline):  interference  

• Combination of signals from N antennas:  N(N-1)/2 baselines 

• Angular resolution is determined by largest baselines!



Aperture synthesis

• Sir Martin Ryle, 1974 Nobel Prize in Physics 

• Sample V(u,v) at many (u,v) points using distributed 

aperture antennas to synthesize a large aperture antenna 

of size (umax,vmax) 

• One pair of antennas = one baseline, two V(u,v) samples  

• Use Earth rotation to fill in (u,v) plane over time 

• Reconfigure N antennas for more samples



2D Fourier Transform





(Sub-)millimeter telescopes

• Single-dish: IRAM 30m, GBT 100m,  APEX 12m, 

Effelsberg 100m, Nobeyama 45m, …  

Typical beam sizes 12–30" 

• Interferometers: 

NOEMA 12 x 15m, SMA 8 x 6m, eVLA 27 x 25m, 

ALMA 50 x 12m + 16 x 7m 

Typical beam sizes:  

100 GHz: 0.1-5" 

230 GHz: 0.03-1"



ALMA interferometer

• 50 12-m + 12 7-m antennas at 5,000 m (Chile) 

• ~5000 m2 area 

• Frequencies: 86–950 GHz (250 µm–1 mm) 

• Resolution: 0.01" @ 950 GHz
Credit: ESO



IR vs (sub-)mm telescopes
Submillimeter: 

• High spectral resolution (R>106, <0.1 km/s)  

• Gas-phase molecules: abundances > 10-11  

• Mapping of emission  

• Ground-based (<1 THz), long lifetime 

 

Infrared:  

• Moderate spectral resolution (R~103–104)  

• Gases and ices: abundances >10-8 

• Probe major reservoirs of C, N and O  

• Molecules without permanent dipole moments (H2, C2H2, CH4, CO2, ...)  

• Absorption & emission  

• Often in space => must be cryogenically cooled => short lifetime



Orion KL Survey, 3 mm, IRAM 30-m

Tercero et al. (2010)

B. Tercero et al.: Survey towards Orion KL: sulfur carbon chains 5

Fig. 3. Example of Orion’s KL survey at 3 mm with 1 GHz bandwidth. The top panel shows the total intensity scale; the middle and
the bottom panels show a zoom of the total intensity. Detected molecules are marked with labels and some unidentified features are
marked as U.

Table 4. OCS velocity components from Gaussian fits.

Species/ Ridge Plateau Hot core
Transition vLSR (km s−1) ∆v (km s−1) T∗A (K) vLSR (km s−1) ∆v (km s−1) T∗A (K) vLSR (km s−1) ∆v (km s−1) T∗A (K)

OCS 7-6 7.83±0.04 5.34±0.09 2.30 5.9±0.3 26.3±0.6 0.49 5.6±0.2 12.5±0.3 1.02
OCS 8-7 8.00±0.03 4.81±0.05 3.56 6.59±0.07 25.8±0.4 0.85 5.16±0.04 11.7±0.2 1.68
OCS 9-8 7.85±0.02 4.75±0.05 3.85 6.1±0.2 25.8±0.5 1.08 5.41±0.13 11.73±0.06 2.29
OCS 11-10 8.04±0.13 4.8±0.3 4.36 6.76±0.11 25.8±1.2 1.80 4.5±0.3 9.0±0.7 2.53
OCS 12-11 8.13±0.03 4.05±0.04 6.63 6.4±0.2 23.3±0.3 3.29 5.42±0.08 9.49±0.08 2.82
OCS 13-12 7.76±0.07 5.1±0.2 5.32 5.9±0.4 25.8±1.5 2.67 5.0±0.2 9.9±0.8 4.16
OCS 14-13 7.811±0.06 4.6±0.3 3.70 ... ... ... ... ... ...
OCS 17-16 8.0±0.2 5.8±0.6 4.18 6.0±0.3 28.6±1.0 2.83 4.3±0.4 8.8±0.3 5.83
OCS 18-17 7.77±0.10 5.60±0.15 4.47 5.7±0.3 25.8±0.8 3.06 3.71±0.12 8.05±0.08 4.77
OCS 19-18 8.0±0.3 4.9±0.3 3.57 5.0±0.3 24.1±1.2 4.39 4.66±0.14 8.1±0.6 6.14
OCS 20-19 7.83±0.12 4.8±0.4 3.24 6.2±0.3 31.2±1.2 2.75 4.3±0.4 10.2±0.6 5.10
OCS 21-20 7.9±0.2 6.5±0.3 4.68 3.72±0.8 28.0±2.2 1.46 3.72±0.09 14.0±1.5 2.992
OCS 23-22 8.1±0.2 5.5±0.4 4.34 3.22±0.3 21.6±1.3 3.09 3.9±0.4 7.7±0.9 2.622

Note.-vLSR, ∆v and T∗A of the OCS lines shown in Fig. 8 (see text, Sect. 4.1) derived from three Gaussian fits.
1 Due to line overlap only the ridge component can be fitted.
2 Although the line is clearly present, the derived parameters are biased by the presence of nearby lines from other species.

The observed lines at selected positions are shown in Fig. 11.
Altogether, these data allow us to study the hot core, the compact
ridge, and the extended ridge. Sutton et al. (1995) also observed
the OCS J=28-27 line at different positions. OCS line intensi-
ties are clearly brighter towards the compact ridge position than
towards IRc2 (hot core). The antenna temperature measured to-

wards the extended ridge position is # 1 K; however, the ex-
tended ridge contribution towards IRc2 should be larger to ex-
plain the data (see Sect. 5.1).

Table 4 gives the parameters of the OCS lines derived by
fitting Gaussian profiles to all velocity components with the



Credit: ESO

Protoplanetary Disks with ALMA: thermal dust 
emission at 1.25 mmDSHARP II: Annular substructures 3

Figure 1. ALMA 1.25 mm continuum images of the DSHARP sample, ordered by decreasing stellar luminosity (see Table 1

of Andrews et al. 2018a) from left to right and top to bottom. An arcsinh stretch is applied to the color scale of each disk to

increase the visibility of substructures in the outer regions. Axes are labeled with angular o↵sets from the disk center. Annular

substructures are marked with dotted arcs (gaps) or solid arcs (bright emission rings). The synthesized beam is shown in the

lower left corner of each panel.

4 Huang et al.

Figure 1. ContinuedS. Andrews ea (2018) 



Credit: ESO

Protoplanetary Disks with ALMA: molecular lines

K. Öberg ea (2021) 



Image:  FIRI team

Comparison of observational facilities
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Simon Portegies Zwart
(Sterrewacht Leiden): 

How the Sun and its 
siblings were born as a
Family but drifted apart

The figure shows a face-on view of
the Galaxy with the Sun’s orbit and
the cloud of asteroids following in its
wake

Heidelberg Joint Astronomical Colloquium
Winter Semester 2022 — Tuesday November 8th, 16:00

Main Lecture Theatre, Philosophenweg 12

Those unable to attend the colloquium in person are invited to participate online through Zoom.
More information is given on HePhySTO:  https://www.physik.uni-heidelberg.de/hephysto/

An overview of a 100 x 40pc
region of the galactic center
from the GALACTICNUCLEUS
survey with HAWK-I VLT


