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Outline

• Millimetron advantages and preferred targets
• Search for new lines at THz frequencies, 

important for ISM diagnostics
• Studies of hot cores and outflows by high 

excitation lines of CO and other molecules 
• Surveys of star forming cores at THz 

frequencies
• ISM in external galaxies
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Millimetron advantages
• Antenna is much larger than for other space mm/submm

telescopes è higher sensitivity for point sources and 
higher angular resolution for extended sources.

• Antenna cooling è lower system noise (e.g. in comparison 
with Herschel) for bolometers (for heterodyne receivers the 
quantum noise will dominate).

• Frequency range of high resolution spectrometer is more 
extended than for other mm/submm telescopes è very 
important for ISM spectroscopy.

• In comparison with ALMA, Millimetron has a much larger 
field of view è important for studies of extended 
sources.

• Very high angular resolution in the interferometric mode
è possibility to study very compact objects (but they 
should be very bright).
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Minimum noise 
temperature 
(“quantum limit”)

  
Tmin ~ hν

k

Sensi2vity limita2ons for heterodyne 
measurements



Angular resolution
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Targets

• Cold low mass clumps
• Low brightness objects
• Dense “hot” regions with the emission peak at 

very high frequencies (“hot cores”, post-shock 
gas, etc.)

• Diffuse ISM
• Submillimeter masers
• ISM in external galaxies
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Some important submillimeter atomic and 
molecular transitions

Molecule Frequencies (GHz)

HD 2675, 5332

HF 1232, 2463 

H2O 1113, 1670, 2774, 2969,…

HeH+ 2010, 4009 

Graf et al. 
(2012) using 
GREAT 
instrument on 
SOFIA. 

HD J = 1 − 0 
spectrum in 
TW Hya
measured by 
Herschel/PA
CS
(Bergin et al. 
2013) 



Some important lines
• In Herschel [CII] 158 μm survey a large amount of 

“dark” warm molecular hydrogen was found in diffuse 
clouds (Langer et al. 2010, Velusamy et al. 2010). 

• HD J=1-0 (112 µm). HD is an important tracer of 
molecular gas. Can be excited in a relatively warm 
medium. Observations of absorption lines can be 
interesting (a bright background continuum source is 
needed). 

• HeH+ J=1-0 (149 µm). Can trace different from other 
molecules ISM environments. Available models (e.g., 
Roberge & Dalgarno 1982; Cecchi-Pestellini & Dalgarno
1993) predict a rather large HeH+ abundance in vicinity 
of extreme UV and X-ray sources. Expected in early 
Universe. 
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HeH+ as a new tracer of the ISM 
• Neutral helium atoms formed 

the Universe’s first molecular 
bond in the helium hydride ion 
HeH+ through radiative
association with protons. 

• Its observations are impossible 
from the ground since the 
lowest rotational transition is at 
2 THz.

• J=2-1 observations (at 4 THz)?

LETTERRESEARCH

We confirm the conclusion reached previously13 that, in the plane-
tary nebula environment, the reaction He + H+ → HeH+ + hν—which 
dominates HeH+ formation in the early Universe—can be neglected, 
as can the reaction H2

+ + He → HeH+ + H (hν is the photon energy). 
Moreover, we confirm that the photodissociation of HeH+ is slow com-
pared with reactions (2) and (3) in the region in which the HeH+ emis-
sion arises, and can therefore also be neglected. For the reactions (1), (2) 
and (3), we critically reviewed the most recent available estimates for the 
rate coefficients, as detailed in Extended Data Table 2. Published values 
for the rate coefficient k1 for the radiative association reaction (reaction 
(1)) vary widely; here we adopt a value of 1.4 × 10−16 cm3 s−1, based on 
the most recently published cross-section25. Experimental studies26,27 
of the dissociative recombination reaction (reaction (2))—involving 
measurements of the cross-section at energies up to 40 electronvolts 
(eV)—derive values for the thermal rate coefficient (k2) that are plainly 
inconsistent with the cross-sections presented in that same study. A 
reanalysis26 of those measurements yields k2 = 3.0 × 10−10 cm3 s−1 (at 
a kinetic temperature of 104 K)—a value that is much smaller than that 
originally inferred from the measurements. To compute the emissivity 
of the HeH+ J = 1–0 transition, we made use of recent estimates for 
the rate coefficients for electron-impact excitation28. At the densities of 
relevance to NGC 7027, collisional de-excitation can be neglected, and 
the J = 1–0 emissivity is determined by the total rate of excitation from 
J = 0 to all states with J > 0, for which we obtain a value of 2.8 × 10−7 
(T/104 K)–0.5 cm3 s−1 (where T is the temperature).

Given the rate coefficients discussed above, our model predicts an 
integrated main-beam brightness temperature of 0.86 K km s−1, a 
factor of roughly four below the value we observe. The most uncer-
tain of the rate coefficients is probably k1; if we take the approach 
of adjusting its value to fit the observed line intensity, we obtain 
k1 = 6.0 × 10−16 cm3 s−1. Figure 2 shows the results obtained using 
this value. As expected, the production of HeH+ peaks sharply in the 
He+/H overlap layer, reaching a peak abundance relative to H nuclei of 
4.0 × 10−8. The column density from the centre to the edge of the neb-
ula is 2.4 × 1012 cm−2; the total line flux emitted by NGC 7027 in the 
J = 1 − 0 transition, based on the model, is 2.1 × 10−13 erg s−1 cm−2. 
For the infrared rovibrational lines, we compute fluxes that are consist-
ent with previous nondetections. For the v = 1–0 R(0) line, observed 
using a circular aperture of 8″ that did not fully encompass the source14, 
the predicted flux of 1.3 × 10−14 erg s−1 cm−2 is roughly three times 
less than the observed upper limit. For the v = 1–0 P(2) line, the flux 

predicted in a 0.87 × 10.3″ slit is 5.9 × 10−15 erg s−1 cm−2, comparable 
to the reported15 upper limit of 5 × 10−15 erg s−1 cm−2.

Comparing the observed J = 1–0 flux with the predictions of our 
excitation model in the well constrained physical environment of the 
NGC 7027 nebula casts light on the relative importance of the different 
mechanisms for the formation and destruction of the helium hydride 
ion, and in particular constrains the radiative association rate (reac-
tion (1)) and the dissociative recombination rate (reaction (2)). In view 
of the large discrepancies reported in the literature, and because our 
model based on the latest cross-sections underpredicts the observed 
line fluxes, our findings may stimulate further studies of these reac-
tions (and of the corresponding radiative association of He and H+ 
that dominates under the conditions of the early Universe). The vali-
dation of these uncertain values by our astronomical measurements is 
limited by the relative simplicity of our physical model for the source; 
as in previous modelling efforts12, we have approximated an elongated 
nebula as being spherically symmetrical. Future non-spherically sym-
metrical models could refine our estimates, but are beyond the scope 
of this study.

Although HeH+ is of limited importance on Earth today, the chem-
istry of the Universe began with this ion. The lack of definitive evi-
dence for its very existence in interstellar space has been a dilemma 
for astronomy. The unambiguous detection reported here brings a dec-
ades-long search to a happy ending at last—a success that has become 
possible thanks to maturing terahertz technologies (incorporated in the 
upGREAT instrument) and the timely availability of the unique SOFIA 
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Fig. 1 | Spectrum of the HeH+ J = 1−0 ground-state rotational 
transition, observed with upGREAT onboard SOFIA pointed towards 
NGC 7027. ‘Contaminating’ emission from the nearby but well separated 
CH Λ-doublet has been removed from the data (see Methods for details 
of data processing). The spectrum has been rebinned to a resolution 
of 3.6 km s−1 (24 MHz). For comparison, the CO J = 11–10 line is 
superimposed (at a spectral resolution of 0.58 km s−1); this transition was 
observed in parallel and probes the dense inner edge of the molecular 
envelope near the ionization front from which the HeH+ emission is 
expected to originate. Tmb, main-beam brightness temperature. The grey 
shading shows the area above and below the zero line for each spectral 
channel.
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Fig. 2 | Temperature and density profiles for NGC 7027, as  
predicted by our astrochemical model for this source. The bottom panel 
presents an expanded view of the top panel. The model  
assumes a dissociative recombination rate (reaction (2)) of 
k2 = 3.0 × 10−10 (T/104 K)−0.47 cm3 s−1 (see Extended Data Table 2), and 
a radiative association rate (reaction (1)) of k1 = 6.0 × 10−16 cm3 s−1, 
adjusted to fit the observed J = 1–0 line intensity. T, temperature; n, 
density.
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Astrophysical detection of the helium hydride ion 
HeH+

Rolf Güsten1*, Helmut Wiesemeyer1, David Neufeld2, Karl M. Menten1, Urs U. Graf3, Karl Jacobs3, Bernd Klein1,4, Oliver Ricken1, 
Christophe Risacher1,5 & Jürgen Stutzki3

During the dawn of chemistry1,2, when the temperature of the young 
Universe had fallen below some 4,000 kelvin, the ions of the light 
elements produced in Big Bang nucleosynthesis recombined in reverse 
order of their ionization potential. With their higher ionization 
potentials, the helium ions He2+ and He+ were the first to combine 
with free electrons, forming the first neutral atoms; the recombination 
of hydrogen followed. In this metal-free and low-density environment, 
neutral helium atoms formed the Universe’s first molecular bond in 
the helium hydride ion HeH+ through radiative association with 
protons. As recombination progressed, the destruction of HeH+ 
created a path to the formation of molecular hydrogen. Despite its 
unquestioned importance in the evolution of the early Universe, the 
HeH+ ion has so far eluded unequivocal detection in interstellar space. 
In the laboratory the ion was discovered3 as long ago as 1925, but only 
in the late 1970s was the possibility that HeH+ might exist in local 
astrophysical plasmas discussed4–7. In particular, the conditions in 
planetary nebulae were shown to be suitable for producing potentially 
detectable column densities of HeH+. Here we report observations, 
based on advances in terahertz spectroscopy8,9 and a high-altitude 
observatory10, of the rotational ground-state transition of HeH+ at a 
wavelength of 149.1 micrometres in the planetary nebula NGC 7027. 
This confirmation of the existence of HeH+ in nearby interstellar space 
constrains our understanding of the chemical networks that control 
the formation of this molecular ion, in particular the rates of radiative 
association and dissociative recombination.

The planetary nebula NGC 7027 seems a natural candidate for a 
search for HeH+: the nebula is very young (with a kinematic age of 
only 600 years)11, and its shell of released stellar material is still rather 
compact and dense. The central star is one of the hottest known (with 
an effective temperature, Teff, of some 190,000 K) and is very luminous 
(with a luminosity of 1.0 × 104 L⊙, where L⊙ is the luminosity of the 
Sun)12. Under these conditions, the Strömgren spheres that are created 
by the hard intense radiation field of the nebula’s central hot white 
dwarf are not yet fully developed, and the radiation field drives ioniza-
tion fronts into the molecular envelope. The He+ Strömgren sphere will 
extend slightly beyond the H+ zone, and it is in this thin overlap layer 
that HeH+ will be produced. Detailed calculations13 led to predictions 
for the intensities of the v = 1–0 R(0) and P(2) rotational–vibrational 
transitions in the near-infrared; however, these predictions have not 
been confirmed, despite deep searches14,15. Observations16 with the 
Infrared Space Observatory (ISO)’s Long Wavelength Spectrometer 
of the pure rotational J = 1–0 ground-state transition at 149.137 µm 
(where J is total angular momentum) were impaired by the limited 
resolving power of the spectrometer (∆λ = 0.6 µm), which did not 
allow the HeH+ transition to be separated from the nearby Λ-doublet 
of the methylidyne radical (CH) at 149.09 µm and 149.39 µm.

Very debatable tentative detections of HeH+ have been reported in 
the envelope of the supernova SN 1987A17 and in a high-redshift qua-
sar18, but all are unconfirmed and are suggested to be considered as 
upper limits. This lack of direct evidence of the very existence of the 
molecule has called into question our understanding of the underlying 

reaction networks19,20 in local plasmas, and might ultimately invalidate 
present models of the early Universe.

The deployment of the German Receiver for Astronomy at Terahertz 
Frequencies (GREAT)9 heterodyne spectrometer on board the 
Stratospheric Observatory for Infrared Astronomy (SOFIA)10 has now 
opened up new opportunities. Although the HeH+ J = 1–0 transition at 
149.137 µm (2010.183873 GHz; ref. 21) cannot be observed from ground-
based observatories, skies become transparent during high-altitude 
flights with SOFIA. The latest advances in terahertz technologies have 
enabled the operation of the high-resolution spectrometer upGREAT22 at 
frequencies above 2 THz, allowing the HeH+ J = 1–0 line to be targeted. 
The resolving power of this heterodyne instrument, λ/∆λ ≈ 107, permits 
the HeH+ J = 1–0 line to be distinguished unambiguously from other, 
nearby spectral features such as the CH Λ-doublet mentioned previously.

During three flights in May 2016, the telescope was pointed towards 
NGC 7027 (the total on-target integration time was 71 min). Weak 
emission in the HeH+ J = 1–0 line was clearly detected (Fig. 1), as was 
emission from the nearby CH doublet. Notably, the lines are well sepa-
rated in frequency (Extended Data Fig. 1). The velocity profile of the 
HeH+ line matches nicely that of the excited CO J = 11–10 transition, 
which was observed in parallel. The velocity-integrated line brightness 
temperature, ∫Tmb dv = 3.6 ± 0.7 K km s−1, corresponds to a line flux of 
1.63 × 10−13 erg s−1 cm−2. Because the 14.3″ half-power beam response of 
upGREAT includes most of the NGC 7027 ionized gas sphere, this result 
will be close to the total HeH+ flux emitted in the J = 1–0 line. The flux is 
somewhat higher than the upper limit (1.26 × 10−13 erg s−1 cm−2) assigned 
to any residual HeH+ contribution in the ISO observations, in the attempt16 
to separate the line from its blend with the CH doublet (see Extended Data 
Table 1 for the fluxes observed with upGREAT during this experiment).

We have modelled the HeH+ abundance across NGC 7027. We approx-
imated the nebula as a constant-pressure, spherically symmetric shell, 
and adjusted the pressure to obtain a Strömgren sphere of angular radius 
4.6″—the geometric mean deduced from the 1.4 GHz radio continuum 
image23. We adopted a stellar luminosity of 1.0 × 104 L⊙, a stellar effective 
temperature of 1.9 × 105 K (ref. 12), a source distance of 980 parsecs11, 
and a He abundance of 0.12 relative to H. Using the CLOUDY photoion-
ization code24, we calculated profiles of temperature and density (for H, 
He+ and electrons) as a function of position across the shell (Fig. 2). The 
mean electron density within the ionized shell is 4.9 × 104 cm−3, and that 
in the H/He+ overlap layer is roughly 2 × 104 cm−3.

We then computed the equilibrium abundance of HeH+, including 
the three reactions identified as being important in the layers in which 
HeH+ is most abundant7,13:

ν+ → ++ + hHe H HeH (1)

+ → ++ −eHeH He H (2)

+ → ++ +HeH H H He (3)2

1Max-Planck Institut für Radioastronomie, Bonn, Germany. 2The Johns Hopkins University, Baltimore, MD, USA. 3I. Physikalisches Institut, Universität zu Köln, Cologne, Germany. 4University of 
Applied Sciences Bonn-Rhein-Sieg, Sankt Augustin, Germany. 5Institut de Radioastronomie Millimétrique, Saint-Martin-d’Hères, France. *e-mail: rguesten@mpifr-bonn.mpg.de
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We confirm the conclusion reached previously13 that, in the plane-
tary nebula environment, the reaction He + H+ → HeH+ + hν—which 
dominates HeH+ formation in the early Universe—can be neglected, 
as can the reaction H2

+ + He → HeH+ + H (hν is the photon energy). 
Moreover, we confirm that the photodissociation of HeH+ is slow com-
pared with reactions (2) and (3) in the region in which the HeH+ emis-
sion arises, and can therefore also be neglected. For the reactions (1), (2) 
and (3), we critically reviewed the most recent available estimates for the 
rate coefficients, as detailed in Extended Data Table 2. Published values 
for the rate coefficient k1 for the radiative association reaction (reaction 
(1)) vary widely; here we adopt a value of 1.4 × 10−16 cm3 s−1, based on 
the most recently published cross-section25. Experimental studies26,27 
of the dissociative recombination reaction (reaction (2))—involving 
measurements of the cross-section at energies up to 40 electronvolts 
(eV)—derive values for the thermal rate coefficient (k2) that are plainly 
inconsistent with the cross-sections presented in that same study. A 
reanalysis26 of those measurements yields k2 = 3.0 × 10−10 cm3 s−1 (at 
a kinetic temperature of 104 K)—a value that is much smaller than that 
originally inferred from the measurements. To compute the emissivity 
of the HeH+ J = 1–0 transition, we made use of recent estimates for 
the rate coefficients for electron-impact excitation28. At the densities of 
relevance to NGC 7027, collisional de-excitation can be neglected, and 
the J = 1–0 emissivity is determined by the total rate of excitation from 
J = 0 to all states with J > 0, for which we obtain a value of 2.8 × 10−7 
(T/104 K)–0.5 cm3 s−1 (where T is the temperature).

Given the rate coefficients discussed above, our model predicts an 
integrated main-beam brightness temperature of 0.86 K km s−1, a 
factor of roughly four below the value we observe. The most uncer-
tain of the rate coefficients is probably k1; if we take the approach 
of adjusting its value to fit the observed line intensity, we obtain 
k1 = 6.0 × 10−16 cm3 s−1. Figure 2 shows the results obtained using 
this value. As expected, the production of HeH+ peaks sharply in the 
He+/H overlap layer, reaching a peak abundance relative to H nuclei of 
4.0 × 10−8. The column density from the centre to the edge of the neb-
ula is 2.4 × 1012 cm−2; the total line flux emitted by NGC 7027 in the 
J = 1 − 0 transition, based on the model, is 2.1 × 10−13 erg s−1 cm−2. 
For the infrared rovibrational lines, we compute fluxes that are consist-
ent with previous nondetections. For the v = 1–0 R(0) line, observed 
using a circular aperture of 8″ that did not fully encompass the source14, 
the predicted flux of 1.3 × 10−14 erg s−1 cm−2 is roughly three times 
less than the observed upper limit. For the v = 1–0 P(2) line, the flux 

predicted in a 0.87 × 10.3″ slit is 5.9 × 10−15 erg s−1 cm−2, comparable 
to the reported15 upper limit of 5 × 10−15 erg s−1 cm−2.

Comparing the observed J = 1–0 flux with the predictions of our 
excitation model in the well constrained physical environment of the 
NGC 7027 nebula casts light on the relative importance of the different 
mechanisms for the formation and destruction of the helium hydride 
ion, and in particular constrains the radiative association rate (reac-
tion (1)) and the dissociative recombination rate (reaction (2)). In view 
of the large discrepancies reported in the literature, and because our 
model based on the latest cross-sections underpredicts the observed 
line fluxes, our findings may stimulate further studies of these reac-
tions (and of the corresponding radiative association of He and H+ 
that dominates under the conditions of the early Universe). The vali-
dation of these uncertain values by our astronomical measurements is 
limited by the relative simplicity of our physical model for the source; 
as in previous modelling efforts12, we have approximated an elongated 
nebula as being spherically symmetrical. Future non-spherically sym-
metrical models could refine our estimates, but are beyond the scope 
of this study.

Although HeH+ is of limited importance on Earth today, the chem-
istry of the Universe began with this ion. The lack of definitive evi-
dence for its very existence in interstellar space has been a dilemma 
for astronomy. The unambiguous detection reported here brings a dec-
ades-long search to a happy ending at last—a success that has become 
possible thanks to maturing terahertz technologies (incorporated in the 
upGREAT instrument) and the timely availability of the unique SOFIA 
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Fig. 1 | Spectrum of the HeH+ J = 1−0 ground-state rotational 
transition, observed with upGREAT onboard SOFIA pointed towards 
NGC 7027. ‘Contaminating’ emission from the nearby but well separated 
CH Λ-doublet has been removed from the data (see Methods for details 
of data processing). The spectrum has been rebinned to a resolution 
of 3.6 km s−1 (24 MHz). For comparison, the CO J = 11–10 line is 
superimposed (at a spectral resolution of 0.58 km s−1); this transition was 
observed in parallel and probes the dense inner edge of the molecular 
envelope near the ionization front from which the HeH+ emission is 
expected to originate. Tmb, main-beam brightness temperature. The grey 
shading shows the area above and below the zero line for each spectral 
channel.
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Fig. 2 | Temperature and density profiles for NGC 7027, as  
predicted by our astrochemical model for this source. The bottom panel 
presents an expanded view of the top panel. The model  
assumes a dissociative recombination rate (reaction (2)) of 
k2 = 3.0 × 10−10 (T/104 K)−0.47 cm3 s−1 (see Extended Data Table 2), and 
a radiative association rate (reaction (1)) of k1 = 6.0 × 10−16 cm3 s−1, 
adjusted to fit the observed J = 1–0 line intensity. T, temperature; n, 
density.
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Spectral line surveys

Left panel: ground-based Orion KL spectral surveys: 
794-840 GHz (Comito et al. 2005), 600-720 GHz
(Schilke et al. 2001) and 325-360 GHz (Schilke et al. 
1997). Right panel: THz Orion KL spectrum from
Herschel (Crockett et al. 2010).



Interstellar filaments

(Andre+ 2013)
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Polarization of dust and molecular 
emission

Polariza2on measurements help to study magne2c field in star 
forming regions

(Lai et al. 2003)
(Andre et al. 2013)
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CO outflows in S255IR

13

SMA+30m ALMA

Zinchenko et al. 2015

Zinchenko et al. 2018



E. van Dishoeck at OSSF14
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Herczeg et al. 2012 
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Studies of hot cores and ouslows by high 
excita2on lines of CO and other molecules 
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Surveys of star forming cores

• Provide statistical information on physical 
properties of star forming cores.

• Chemical variations.
• Search for prestellar massive cores.

Observations in the new frequency band can 
better constrain core properties.

16.09.2019 Millimetron workshop, Paris, Sep 2019 17
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(Pirogov, Zinchenko, Caselli, 
Johansson, 2007)

Examples of dense 
cores in regions of 
high mass star 
formation
Color maps show dust 
continuum emission at 1.2 
mm, blue contours indicate 
CS J=5-4 emission and 
yellow dashed contours 
correspond to N2H+ J=1-0
emission. 

Internal structure?
Chemical variations?
Evolution stage?



Search for prestellar massive cores
• Only a few high-mass 

pre-stellar cores 
(∼30 M⊙ for a radius 
of ∼0.03 pc) have been 
reported.

• The expected flux 
density at 300 μm for 
such core at the 
distance of 10 kpc is 
~ 100 mJy.

• Millimetron will be 
able to easily detect 
such objects across the 
Milky Way galaxy.

A&A 626, A132 (2019)

Fig. 2. Velocity integrated maps of the molecules that do not peak on core #6. The velocity range is indicated on the top of each box. For each
molecule, grey scale images correspond to the large-scale map with large dynamics in intensity, while the colour maps focus on a narrower region
around core #6 with smaller dynamics in intensity (as indicated by the two wedges on the right side of each panel). Temperature is the main beam
brightness temperature Tmb. The continuum map obtained from the Cont. 2 spectral window data is plotted in the bottom right panel. The contours
represent the 5–10–20� continuum emission, with 5� ⇡ 9mJy beam�1. The position is relative to the centre of the continuum core #6. The beam is
represented in the bottom left corner of each map. The CO emission is completely filtered in the 95–97 km s�1 velocity range around core #6 (see
Fig. A.2), but its presence is confirmed by the C18O emission.

12C/13C = 45± 13 (Milam et al. 2005), 32S/33S = 90± 30 (Chin
et al. 1996), and 18O/16O = 327± 32 (Wilson & Rood 1994).
The detection of 13CH3OH in core #6 is important since the

methanol is optically thick. We also preferred to use the available
isotopologues of CS and OCS to avoid some underestimations of
abundances.
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Diffuse interstellar gas Absorption lines 

- Diffuse and translucent clouds along the line of sight 
- HF as tracer of H2 column density because of simple chemistry (see C+, GOT-C+) 
- Constant H2O/H2 abundance of 5x10-8  (except GC), consistent with models 

Neufeld et al. 2010,  
Sonnetrucker et al. 2010 
Godard et al. 2012 
Emprechtinger et al. 2012 
Flagey et al. 2013  

Water  
o/p=3 

Strong background sources are required.
At Тsys ~ 1000 K, ΔV ~ 1 km/s and Δt ~ 1 h ΔS ~ 1 Jy
16.09.2019 Millimetron workshop, Paris, Sep 2019 20



Source counts

Blain et al. 200216.09.2019 Millimetron workshop, Paris, Sep 2019 21



ISM in external 
galaxies

NGC 6946, the same scale!

Optics HI

Map of М82 in the [OI] 63μ line 
obtained with Herschel-PACS
(Contursi et al. 2010).
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Submillimeter masers

2316.09.2019 Millimetron workshop, Paris, Sep 2019



Detection of a new methanol maser line 
with ALMA

24

Zinchenko, et al. (2017)
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Key problems

• General properties of ISM in galaxies
• The earliest stages of star formation
• Mechanisms of (high mass) star formation
• Astrochemistry, spectral surveys

16.09.2019 Millimetron workshop, Paris, Sep 2019 25



Possible observational programs

• HD surveys
• 12C II and 13C II surveys
• HeH+ surveys
• Water in protoplanetary disks and ouslows
• High excita2on CO and other lines
• Absorp2on spectroscopy of diffuse clouds
• Magne2c field from polariza2on 

measurements

16.09.2019 Millimetron workshop, Paris, Sep 2019 26



Conclusions

• Millimetron will be a unique instrument for many 
astrophysical problems, in particular in the field 
of the ISM and star formation studies.

• The best results can be achieved by combination 
of the space-borne and ground based facilities.

Thank you for attention!
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