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First works by V.V. Sobolev were devoted to gaseous nebulae. He
proposed a method for determining the nebula temperature based on the
analysis of the energy balance of the electron gas. He also investigated
the transfer of Lα and Lc radiation and the role of light pressure in their
dynamics. The works by V.V. Sobolev were at the bases of constructing the
ionization models of gaseous nebulae. The Sobolev method is widely used
in solving the problems of radiation transfer in the nebulae. In our report we
review the impact of the ideas and methods proposed by V.V. Sobolev on both
the classic and contemporary researches in physics of gaseous nebulae.

1 Introduction

There were about 200 papers published in 1800 – 1941 (according to ADS)
before V.V. Sobolev started to study gaseous nebulae. First planetary nebulae,
the Dumbbell Nebula M 27, was discovered by Ch. Messier in 1764 (see, e.g., [10]).
W. Herschel proposed in 1791 that PNe derive their energy from a nearby star.

The first step towards an understanding of the nature of PNe was made
by W. Huggins in 1864 with his spectroscopic observation of NGC 6543 [5]. He saw
a single bright line in the spectra. Subsequent observations, with better resolution,
showed that this bright line was actually the famous N1+N2 doublet.

Studying Hβ, Menzel (1926) suggested that all the stellar outputs beyond the
Lyman limit (912 Å) should be utilized to ionize the hydrogen atom [11]. In 1927
Zanstra supposed that H-lines are the result of the recombination of ionized
hydrogen [20]. In 1928 Bowen identified the 8 strongest nebular lines as being
due to metastable states of NII, OII and OIII [3].

In 1929 Perrine interpreted the broad (or even split) emission lines in PNe
spectra as a result of an expansion of PNe [13] (not rotation as had been supposed
before). In 1933 Ambartsumian found that the mean electron temperature of PNe
is about of 10000 K [2].

For determination of the parameters of central stars (CS) of PNe, the methods
by Zanstra [21] and Stoy [18] were proposed. In 1938 Whipple established that
PNe ages are in the interval 103–105 years [19]. The physics of PNe was considered
in the series of 18 papers written by Menzel and Aller in 1937–1945 (see [1]).

Here we review the papers by V.V. Sobolev which influenced on our under-
standing of the physics of planetary nebulae.
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2 Sobolev’s works on physics of gaseous nebulae

V.V. Sobolev started to study the PNe when he was still a graduate student
by V.A. Ambartsumian.

Here we list the early papers by Sobolev which were not included in ADS:

1) V.V. Sobolev, “Determination of electron temperatures of planetary nebulae
and improvement of the method of nebulium to determine the temperature
of their central stars,” Trudy Astron. Obs. Leningr. Univ., 12, 3–16, 1941;

2) V.V. Sobolev, “Light pressure in the expanding nebula,” Astron. Zh., 21, 143–
148, 1944;

3) V.A.Ambartsumian, E.R.Mustel, A.B. Severnyi, V.V. Sobolev, Teoretiches-
kaya Astrophysika. Moscow: GITTL, 1952;

4) V.V. Sobolev, “Physics of planetary nebulae,” Voprosy Kosmogonii, VI,
112–155, 1958.

Results of the paper [1] were included in the PhD thesis of V.V. Sobolev.

A short review of other papers by V.V. Sobolev devoted to physics of PNe
is as follows. The diffusion of Lα radiation in nebulae and stellar envelopes was
studied in [15]. The problem of the brightness of a spherical nebula was considered
in [16]. The scattering of radiation of the central star in a spherical nebula was
investigated by Kolesov and Sobolev in [7, 8].

Many problems devoted to physics of the nebulae were generalized in the
famous Sobolev’s Course in Theoretical Astrophysics [17].

3 Energy balance in gaseous nebulae

In his paper [14] V.V. Sobolev used the law of energy conservation in the following
form:

n1αε = nen
+
∞∑
i=1

εi + E + n1ne

(
γhν0 +

∞∑
i=2

Dihν1i

)
. (1)

In the left part of the equation the energy gained by electrons due to
photoionization of the hydrogen atom is given, in the right part the energy
losses are enumerated. Here n1 is the population of the first atom level, α is
the rate of ionization of the neutral hydrogen atom due to the radiation of the
central star of the PN, and ε is the mean energy obtained by photoelectron after
photoionization.

The value ne is the electron number density, n+ is the number density of
ionized hydrogen atoms, εi is the part of energy lost by electrons at recombination
to level i, E is the energy spent to emission in OIII lines N1 (λ 5007 Å) and N2

(λ 5007 Å, see Fig. 1, left panel), hν0 is the energy of the hydrogen atom ionization
from the ground level, γ is the rate of the H atom ionization by electron collisions,
and Di is the rate of energy lost by electrons due to collision excitation from
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Figure 1: Left panel: ground and metastable OIII levels and corresponding forbidden
lines. Right panel: spectra of the high and low excitation nebulae (based on Fig. 12.3
in [9]).

the ground level to level i (in units of hν1 being the energy of excitation of the
level i).

The left part of Eq. (1) was calculated by Sobolev, supposing that the emission
of the central star (CS) of the PNe can be presented as the black-body emission
with the temperature emission and for ∝ ν−3 dependence of the photoionization
cross sections of the H atoms with the ground level i = 1.

The same approximation for a dependence of the photoionization cross sections
of the H atoms for an arbitrary level i was used to calculate the first term in the
right part of Eq. (1).

In the time when Sobolev wrote his paper the values of effective cross sections
for excitation of the upper levels of ion O2+ were unknown, so he estimated
the value of E via the line intensity ratio I(N2)/I(Hβ) supposing that the ratio
I(N1)/I(N2) = 3. Then

E =

∫
EdV = 4

I(N2)

I(Hβ)
A42hν42

∫
n4dV, (2)

where A42 is the transition probability for line Hβ, hν42 is the energy of the
transition 4→ 2 and n4 is the population of the level n = 4 of hydrogen. It means
that E ∝ I(N2)/I(Hβ).



102 A.F.Kholtygin, Yu.V.Milanova

Table 1: Calculations by Sobolev in a comparison with the data of other authors

Nebular parameters Contribution

Name I(N2)
I(Hβ)

TV V S∗
103K

T∗
103K

TV V Se
103K

Te
103K

Recom-
bination

N1+N2 Excita-
tion HI

IC 4593 1.7 25 28a 13 6.0c 0.25 0.60 0.15

NGC6543 1.6 41 47a 16 7.9c 0.20 0.30 0.50

NGC6572 2.4 48 66a 18 8.9c 0.15 0.40 0.45

NGC6826 2.0 29 33a 13 8.3c 0.20 0.60 0.20

NGC7009 3.1 45 98b 15 6.5c 0.15 0.55 0.30

NGC7662 3.7 76 118b 19 12.3c 0.10 0.30 0.60

Notes: aKaler, Jacobi (1991), bCapriotti, Kovach (1968), cMilanova, Kholtygin (2009).

The last term in Eq. (1) is determined by the value of n1 which is the mean
population of the ground level of hydrogen. For PNe, the ratio n1/n(H) � 1,
where n(H) is the full hydrogen number density. It means that the last term
in Eq. (1) is proportional to n1/n

+.

The final equation connecting the black-body temperature of the CS T∗ and
the mean electron temperature of the nebula Te is as follows (Eq. 19 in [14]):

AT∗ = BTe + C
I(N2)

I(Hβ)
+D

n1
n+

. (3)

Here the ionization ratio n+/n1 can be determined using the equation of the
ionization balance

nen
+

n1
= W

√
Te
T∗

(2πmkT∗)
3/2

h3
e−

hν0
kT∗ , (4)

where W is the dilution factor, m is the mass of electron, k is the Boltzmann
constant, h is the Planck constant, and hν0 is the ionization potential for the
ground level of H.

The coefficients A, B, C, D were calculated by Sobolev for T∗/103 K ∈ [20, 80]
and Te/103 K ∈ [1, 50] (see Tables 1, 2 in [14]). He used these calculations to
estimate the parameters Te and T∗ for selected PNe.

In Table 1 we list the values T V V S∗ and T V V Se obtained by Sobolev in [14]
(columns 3 and 5) in a comparison with the data obtained in papers [4, 6, 12]
(columns 4 and 6). In the columns 7–9 of Table 1 the contributions of different
sources of cooling in the total cooling rate in Eq. (1) calculated by Sobolev
are presented.

It is worth to note that the temperature of the central stars of the PNe obtained
in the cited papers essentially exceeds the values given by Sobolev. Conversely,
Sobolev’s electronic temperatures for these PNe (in column 5) are significantly
higher than the modern data by Milanova and Kholtygin [12] (column 6).
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Table 2: Corrected cooling process contributions

Contribution
Name

Recombination All collisions Excitation HI
q(N1+N2)

IC 4593 0.13 0.87 – 0.66

NGC6543 0.08 0.92 0.0002 0.32

NGC6574 0.06 0.94 0.0003 0.31

NGC6826 0.13 0.87 0.002 0.65

NGC7009 0.03 0.97 – 0.24

NGC7662 0.04 0.95 0.01 0.23

The main reason for this discrepancy in our opinion is underestimation of
the energy loss due to excitation of the metastable levels of not only OIII but
numerous ions of the other elements. If we look at Fig. 1 (right panel) we see that
the fluxes of N1+N2 lines in the spectra of some nebulae are small in a comparison
of the fluxes of other forbidden lines. It means that one has to add the new terms
in the value E in Eq. (1).

The corrected energy balance equation (3) can be rewritten as

AT∗ = BTe + E′ +D
n1
n+

, (5)

where E′ is the corrected value of the energy losses due to excitation of all
collisional transitions.

To estimate the value of E′ we use the following procedure. Firstly, we take
more exact than obtained by Sobolev values of T∗ and Te, which are given in the
columns 4 and 6 of Table 1. Secondly, we calculate the coefficients A,B,D and
the ratio n1/n

+, using the data of Tables 1–4 in the paper [14] for these updated
values of T∗ and Te.

Substituting those coefficients into Eq. (5), one can evaluate the full energy
loss value E′ and the ratio

q(N1 + N2) = C

(
I(N2)

I(Hβ)

)/
E′,

the fraction of the energy excitation of N1+N2 lines in all collision energy losses E′.

In the columns 2–4 of Table 2 we give the corrected values of the relative
contributions of the cooling processes for the same nebulae which are considered
in Table 1. In the last column we present the ratio q(N1+N2). Comparing Tables 1
and 2, we can conclude that the part of the energy losses which is spent to
the excitation of hydrogen is negligible due to the lower electron temperatures
than accepted in [14]. In the same time the recombination losses appear to be
significantly less important than they were estimated by Sobolev. This result is
in an agreement with Sobolev’s main assumption that the collision processes give
the most contribution to the energy loss by electron in the PNe.
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4 Conclusions

Sobolev’s works on physics of gaseous nebulae were among the first Foundation
Stones of physics of planetary nebulae. Our review of Sobolev’s work dedicated
to physics of the nebulae showed that the main ideas proposed by Sobolev appear
to be correct, but due to the poor knowledge of the atomic parameters in the time
when Sobolev wrote his paper, the important corrections to the parameters of the
PNe obtained by him have to be done.
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Diffuse Interstellar Bands Approaching
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The paper presents in short the history of the investigations of diffuse
interstellar bands (DIBs) – the longest standing unsolved problem of the
whole spectroscopy. The importance of “peculiar” objects is emphasized as
well as a search for the relations of DIBs to other (identified) interstellar
spectral features. Some suggestions, concerning possible carriers of diffuse
bands are presented as well.

1 Statement of the problem

The problem of DIBs is located in a broader subject matter of the physics
and chemistry of the interstellar medium (ISM), which consists of atomic gas,
molecules, and dust grains. The origin of these bands is as puzzling as since
their first detection, more than 90 years ago.

DIBs appeared in the literature more than 90 years ago [1] as described
in a nice, recent paper by McCall and Griffin [2]. However, the term “diffuse
interstellar bands” was introduced later by P.W. Merrill (1938) who was the first
to investigate these puzzling features systematically. At that time only six DIBs
were known but their interstellar origin considered as certain. Fig. 1 demonstrates
why the features are interstellar – they are stationary as well as NaI interstellar
lines in the sharp contrast to stellar lines – and why they are known as “diffuse” –
they are much shallower but broader than the NaI lines.

The application of solid state detectors to DIB observations led to discoveries
of new features. Currently, the list of known DIBs contains 414 entries [3]; a
majority of them – very shallow. Such a rich spectrum cannot share a common
carrier; moreover the DIB profiles differ seriously from as narrow ones as about 1 Å
(e.g. 6196) to more than 40 Å (e.g. 4430). They bear the name “diffuse”
because their profiles are always broader than those of many of the well known
atomic/molecular lines, even though the latter are much stronger (Fig. 1).

Nearly all conceivable forms of matter – from hydrogen anion to dust grains –
have already been proposed as DIB carriers, so far with no generally accepted
success. The abundance of elements in the Universe constrains the chemical
composition of the DIB carriers. They ought to be built out of the most abundant
elements: H, O, C, N, a small contribution of other elements also cannot be
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Figure 1: Interstellar NaI lines (right) and three diffuse bands in the spectra of HD 23180 –
the spectroscopic binary with a 4.5 day period. Stellar lines (identified) perform the
Doppler “dance”. Note that strong interstellar NaI lines are narrower than the indicated
DIBs.

Figure 2: The spectral range in which M.L. Heger found the first two DIBs allows now
to trace about 30 features, marked with vertical lines – a vast majority very shallow.

excluded. Among this group of elements carbon is in an exceptional position,
since it can form a great number of stable compounds with a linear, planar and
spherical structure. Bare carbon chains of 5 to 15 C atoms have been proposed as
carriers of diffuse interstellar bands by Douglas [4]. Fulara et al. [5] and Freivogel
et al. [6] later extended this hypothesis to the whole class of linear, unsaturated
hydrocarbons. The interstellar medium (star forming regions) contains a lot
of molecules based on carbon chain skeletons. Their vibrational and electronic
transitions cause features in the spectral range full of diffuse bands. Apart
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from (hydro)carbon chains and polycyclic aromatic hydrocarbons (PAHs), also
fullerenes (recently identified in circumstellar shells by [7]) fall in this category
having features in visible and near infrared spectral ranges. Unfortunately,
the existing spectra of the above mentioned molecules obtained in gas phase
experiments (see for reviews [8, 9]) do not match the astrophysical ones. On
the other hand, the spectra which have been acquired using the matrix isolation
spectroscopy (MIS) cannot be directly compared to the astrophysical spectra.
The features in MIS spectra are broadened and wavelength-shifted with respect
to the gas phase (the magnitude of the shift remains unknown); the rotational
structure is missing. However, the MIS spectra are necessary to determine relative
strength ratios of molecular features as the CRDS technique (Cavity Ring Down
Spectroscopy) – the method of acquiring gas-phase spectra of molecules – allows
only to scan a single feature in a single experiment.

The fine structure (reminiscent of the rotational contours of bands of
polyatomic molecules) has been detected in some DIBs [10, 11] giving a strong
support to the idea of molecular origin of DIBs.

It is evident that the only way to identify the DIB carriers is to compare
observed spectra with those of suspect molecules acquired in gas phase
experiments. It is extremely important to keep in mind that what we observe
are stellar spectra with interstellar features superimposed. No star is just a
lamp, producing continuous spectrum. Stellar spectra contain many atomic
lines originating in their atmospheres of the intensities depending on their
temperatures, profiles depending on the luminosity class and widths – on
rotational speed. This is why not every star allows to separate properly every
interstellar feature from its spectrum. The additional problem is the likely present
in a majority of targets Doppler splitting of interstellar features. DIB profiles
modified in this fashion must not be compared to laboratory ones. This condition
shrinks seriously the number of possible targets in which the DIB profiles can be
used for such comparison.

The author is collecting high resolution echelle spectra of OB stars since 1993
using different instruments at both hemispheres. The latter is of basic importance
for a reliable comparison between laboratory and astrophysical spectra. Very likely
the recent attempts to identify neutral PAHs in translucent clouds [12, 13] failed
because there are (most likely) a lot of different species in the space and thus
abundances of individual PAHs are very small pushing their features below the
detection level. Still much higher S/N ratio is necessary to discover ultraviolet
PAH features. The very high S/N ratio spectrum of HD 169454 seems to contain
the strongest feature of benzo[ghi]perylene (Fig. 3) – one of the investigated PAHs.
The evident, neighbour C3 band, is observed for the first time in this object [14].
High resolution echelle spectra allow to observe several spectral features of simple
molecular species: CH, CH+, CN, OH, OH+, NH, C2 and C3; recently also SH [15].
It is interesting whether their abundance ratios are similar in all objects or not.
The existing data suggest that CH and OH are closely related while NH and CH+

behave in a different fashion [16, 17]. Let’s emphasize that the above list allows
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Figure 3: The extremely shallow feature in between of strong CN and CH bands,
suggesting the presence of benzo[ghi]perylene in the spectrum of heavily reddened star.
The dash-dot line is the laboratory spectrum, courtesy of F. Huisken.

to constrain chemistry of all most important elements: hydrogen, carbon, oxygen
and nitrogen. The suggestion that profile widths of (some?) DIBs are related
to rotational temperatures of simple carbon centrosymmetric species [18] needs
a broader survey.

A comparison of band strength measurements, DIB profile details and their
mutual relations require very high resolution, S/N ratio and a broad wavelength
range. The necessary observations are very time-consuming and require well-
designed procedures of data acquiring and reducing.

2 Families of diffuse bands?

The term “families” was used for the first time in the literature in relation to
DIBs by Kre lowski and Walker [19]. High resolution and high SNR spectra
demonstrated that the strength ratio of the major DIBs: 5780 and 5797 changes
from object to object. A similar result, confirming the variable DIB strength ratio
was published soon after by Josafatsson and Snow [20] confirming that they are not
of common origin but belong to different “families” considered as sets of features
of common origin. Since 1975 the set of known DIBs was reasonably large [21]
which also could suggest diverse origin of the whole DIB spectrum.

The two first objects, in which the variable ratio of major DIBs was observed
as early as 1983, are HD 147165 (σ Sco) and HD 149757 (ζ Oph). The result
was, however, published a couple of years later [22] for it looked incredible at that
time. The terms σ and ζ type clouds, popular now, are rooted in that “ancient”
project. The objects were later observed several times and the σ and ζ type
clouds were connected not only to the 5780/5797 ratio but also to the shapes
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Figure 4: Major DIBs (lower panel) and the bands of simple interstellar radicals, observed
in the spectra of HD 144217 and HD 179406 – the typical of σ and ζ type clouds. Note
the identical intensity and profile of the 5780 DIB.

Figure 5: The nearly perfect correlation of the strengths of 6196 and 6614 DIBs.

of extinction curves (see [23]) and to the relative abundances of simple interstellar
radicals [24]. Both DIBs and bands carried by simple molecules are depicted
in Fig. 4, presenting the two σ and ζ type clouds of similar E(B − V ).

Naturally the very first idea was that one “family” members should share the
carrier and thus – should be of constant strength ratio. The first DIB survey [25]
found a pair that correlates almost perfectly: 6196 and 6614. The former is
quite narrow while the latter is quite broad which does not support the idea
of common origin. Their equivalent width ratio is nearly 4. This tight correlation
was confirmed later by other teams, e.g [26] – it is thus established beyond
a reasonable doubt. However, Galazutdinov et al. [11] demonstrated that while
the strengths of the two DIBs are well correlated, their FWHMs (full-width
half-maxima) are not. Figure 5 presents the above mentioned tight correlation
based on spectra from three major world spectrographs: HARPS fed with the
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Figure 6: The lack of correlation between FWHM’s of 6196 and 6614 DIBs. Note that
also some differences of the strength ratio may be physically grounded.

3.6m ESO LaSilla telescope, UVES – attached to the Kueyen mirror of the VLT
at Paranal and BOES – fed with the national Korean telescope at Bohyunsan. The
very high correlation coefficient is shown. It is, however, a necessary but not
a sufficient condition. Analyzing a spectrum of the Herschel 36, it is possible
to find more spectacular evidence that FWHMs of the two DIBs do not behave
in unison (Fig. 6). Moreover, the scatter, seen in Fig. 5, is very likely caused
by different physical conditions inside individual clouds – not by just the
measurements’ errors.

3 Rest wavelengths

Rest wavelengths of DIBs are necessary to identify these puzzling features.
However, having no identification we must not have the laboratory wavelengths of
any spectral line or band. It is natural that the observed wavelengths of interstellar
features are Doppler shifted because of the relative motions of interstellar clouds,
the Sun and the Earth. One can shift the wavelength scale of any spectrum to that
of some interstellar identified line; this may allow to determine the laboratory
wavelengths of unidentified features providing they share the place of origin with
the chosen identified line. This may be complicated because not all identified
interstellar lines or bands share the same radial velocity.

Seemingly the only proper way to determine rest wavelengths of DIBs is to find
an object (or a couple of objects) where radial velocities of all identified lines
or bands are identical and their profiles – free of the Doppler splitting. Such
objects are very scarce. They should be reasonably bright to allow acquiring
high S/N spectra and reasonably heavily reddened to make the tracing of weak
DIBs possible. The additional difficulty follows the fact that DIB profiles are not
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just Gaussians and thus their central wavelengths may not coincide in different
publications. This is broadly discussed in the paper by Bondar [27] where the rest
wavelengths of 336 DIBs are determined using high quality spectra of 10 stars.
However, even this method may not always lead to proper results. The example
is the Orion Trapezium [28] where the observed DIBs are apparently red-shifted.

There is no explanation of this effect. Anyway it creates possible doubts on how
far the wavelengths of DIBs, shifted to the rest wavelength frames of interstellar
lines, are equal to the laboratory ones.

4 Profiles of diffuse bands

As mentioned above, the intrinsic profiles of diffuse bands are not just Gaussians;
the profiles are not only quite broad but also asymmetric with possible
substructures inside. Since the first such analysis [29] it was established that
practically all narrow diffuse bands demonstrate some substructure patters,
suggesting their molecular origin. It was demonstrated clearly in the paper
by Galazutdinov et al. [11]. The profiles of very well correlated 6196 and
6614 DIBs apparently change from object to object where no Doppler splitting is
observed in identified lines. The influence of the Doppler splitting on the observed
DIB profiles was demonstrated, e.g., by Westerlund and Kre lowski [30]. This
mechanical broadening makes difficult a comparison of observed and laboratory
DIB profiles.

It seems reasonable that changes of DIB profiles are results of different
rotational temperatures of their carriers if the latter are molecules as well. It is
much easier to find differences in rotational temperatures of centrosymmetric
molecules as such temperatures may cover a very broad range [31].

Herschel 36 is a very specific object – the only such one in the sky. Oka
et al. [32] found the CH and CH+ molecules in its spectrum to be rotationally
excited. The exceptionally high rotational temperatures of the simple, polar
radicals are apparently related to severely broadened profiles of some DIBs
(Fig. 7). However, not all profiles are broadened; for example that of the
5850 DIB is free of any visible broadening.

Another unique object in the sky is HD 34078 (AE Aur). Adamkovics
et al. [31] found the exceptionally high rotational temperature of the C3 molecule
in this object. The object seems extremely interesting as the spectral features
in its spectrum, carried by simple interstellar radicals, decline with time. Despite
of this the profiles of diffuse bands seem to be broadened and their gravity centers –
blue-shifted [33]. Also in this case one can expect that the rotational temperatures
of the DIB carriers may be responsible for the observed changes of profiles.

The star taken for comparison is HD 27778. Apparently, the 5797 profile
resembles that, observed by Oka et al. [32] in 9 Sgr. It is interesting that the
DIB is broadened in HD 34078 as well but it looks also blue-shifted. The rotational
components of CH+ and CH are not observed in HD 34078 and so the rotational
temperature of these species is apparently lower than in Herschel 36.
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Figure 7: 5797 DIB profiles broadened in the spectra of Herschel 36 and HD 34078. The
comparison of HD 27778 with Herschel 36 closely resembles Fig. 3 of [32]. Apparently
the DIB is broadened in HD 34078 but not as much as in Herschel 36. The spectra
of HD 34078 and HD 27778 are from MIKE (R = 67 000) while that of Herschel 36
from Feros (R = 48 000). All spectra are shifted to the rest wavelength velocity frame
using the KI 7699 Å line.

“Peculiar” cases, like AE Aur or Herschel 36, are extremely interesting
because they do reflect some specific situations which can take place only
in individual clouds (likely homogeneous environments). Unfortunately such cases
are extremely rare; it is of basic importance to hunt for more such “peculiar”
objects – perhaps they will allow to understand the physics and chemistry leading
to the formation of the DIB spectrum.

5 Identification propositions

The first proposition of a DIB identification, but signed with a question mark, is
the CH2CN− molecule proposed as the carrier of the 8037 Å DIB by Cordiner and
Sarre [34]. This feature is located in the wavelength range severely contaminated
with telluric lines and fringes. Thus it is very difficult to check whether the
identification is reliable because the profile of it is clearly seen only in a few
objects and no more its features are proposed.

Recently we found a very weak DIB which coincides with the electronic, gas-
phase band of HC4H

+; this finding [35] supports DIB molecular origin. The
identification was disputed by Maier et al. [36]; this fact clearly demonstrates the
necessity of close cooperation between experimentalists and observers. The lack
of the latter leads to obvious confusions. The wavelength of the above mentioned
feature may be a bit floating due to different rotational temperature of the
carrier. Unfortunately, the band is so weak that a proper statistics of observations
is hardly available.
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Another overlap between a lifetime broadened absorption spectrum, recorded
through a hydrocarbon plasma and a stronger DIB at 5450 Å was reported by [37];
an identification of the carrier was not possible yet. If l-C3H2 can produce the
5450 Å DIB, as proposed by Maier et al. [38] then the carrier is unacceptably
abundant; moreover the second l-C3H2 feature, near 4883 Å is clearly of another
origin [39].

The recently published by Campbell et al. [40] gas phase spectra of the C60
+

reactivated the dormant idea of this species to be the carrier of two near infrared
DIBs: 9577 and 9632. According to the authors the cation of C60

+ exhibits four
relatively strong spectral lines centered at 9365.9, 9428.5, 9577.5 and 9632.7 Å
with relative intensity 0.2, 0.3, 1.0 and 0.8, respectively, and the wavelength
precision not worse than 0.1Å. However, the authors did not collect big enough
sample of spectra allowing a comparison with the laboratory data. The strength
ratio of both strong, observed features may seriously differ from the laboratory
predictions; moreover the ratio is apparently variable if observed in a pretty big
sample of targets. Also the rest wavelengths of both DIBs do not match the
laboratory ones inside the possible errors.
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Polarimetry of stars background to dark clouds provides an important
tool to map the magnetic field in the cloud. These polarimetric measure-
ments have significance as the magnetic field plays a key role in star
formation dynamics. However, simultaneous interpretation of extinction and
polarization for such clouds poses problems for theoreticians. Some of these
problems are discussed in the present work and possible explanations are
provided.

1 Introduction

It is well known that light from celestial sources, when passes through the
interstellar medium, gets polarized due to the aligned dichroic interstellar dust
grains. At times, the light passes through denser parts of the interstellar medium
which usually contain interstellar clouds. Some of these clouds are undergoing
gravitational collapse and may form stars. The amount of the polarization caused
by such intervening clouds provides valuable information and acts as a good
diagnostic to understand various processes associated with star formation.

The dichroic grains present in such clouds generally get aligned by various
mechanisms, where the magnetic field is an important component [1]. The same
magnetic field also plays a key role in the dynamics of star formation and helps
in deciding the shape of the clouds [2]. Some of these clouds have rotations, which
together with the magnetic field sometimes impede the gravitational collapse [3].
The grains, on the other hand, absorb radiation at shorter wavelengths and
reradiate in the infrared, helping the energy balance mechanism. The thermally
re-radiated emission also shows polarization [4, 5].

In our galaxy we have many small compact dark clouds (known as Bok
globules), undergoing gravitational collapse, that may form low mass stars [6, 7].
They mainly contain molecular gas and dust, having the gas temperature
∼10–30 K and density ∼104 cm−3, the total mass about 10–100 M� and the size
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about 1–2 pc. The role of gravity is to be understood in a situation, where we have
thermal outward pressure, turbulence, rotation and the magnetic field (also
electrostatic charging [8] and so on). Towards the cloud core the total extinction
can be as large as AV > 25 mag, whereas in the outer periphery, where most of
the optical polarimetric observations are carried out, AV < 5 mag (see, e.g., [9]).

With this background, over the last few decades many dense interstellar clouds
were astronomically observed by various groups in polarimetry, to understand
the star formation processes in them. In spite of that, we still have a number
of unresolved critical issues associated with such observation and analysis, namely:
Are background star polarimetry and re-emission polarimetry really capable of
estimating magnetic field? Why the extinction data most often do not seem
to be related to the polarization data? How interstellar polarization measurement
is related to background star polarimetry?

In this paper, we go through some of these issues and draw conclusions.

2 Interstellar extinction and polarization

The interstellar extinction and polarization over a wide wavelength range
have been studied by many authors, which helped to characterize the grains’
composition, shape and size, and also the number density distribution and the
magnetic field. For instance, Gupta et al. [10] considered mixtures of silicate
and graphite oblate spheroidal grains of the aspect ratio a/b = 1.33 within
the wavelength range 0.1–3.4 µm to simulate the interstellar extinction. On the
other hand, Das et al. [11], considering homogenous carbonaceous and silicates
spheroids containing C, O, Mg, and Fe and the imperfect Davis–Greenstein (DG)
alignment mechanism, explained the interstellar extinction as well as polarization
curves. Voshchinnikov and Henning [12] also made such studies with a special
emphasis on the dust composition and found that the dust phase abundance
of Si, Fe, Mg played an important role to decide some of the observed phenomena.
Many other aspects of interpretation of the interstellar polarization and extinction
observations have been recently reviewed in [13].

3 Background star extinction and polarization
for dark clouds

For the stars background to diffuse clouds, we know that the dichroic grains
absorb optical radiation from background stars, resulting in the optical
polarization. The same set of dust reradiates thermally resulting in the sub-mm
and IR polarization. In past, Vrba et al. [14], Joshi et al. [15], Goodman et
al. [16], Myers and Goodman [17], Kane et al. [18], Sen et al. [19], Whittet [20],
Andersson and Potter [21] and other authors made such optical polarimetric
studies. The works on polarization by the thermal re-emission were reported,
e.g., by Ward-Thompson et al. [22] and Henning et al. [23] among others.
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The background star polarimetric results are generally analyzed in the same
way as interstellar polarization values. But since sometimes we encounter many
problems while interpreting results of background star polarimetry, it appears
that, understanding the processes in the background star polarimetry is not
as simple as understanding the interstellar polarization.

Some of the observations of the background star polarization need attention:

1. Optical and NIR polarimetry does not show an increase in the polarization
degree as one goes closer to the center of a dark cloud (signifying an increase
in the optical depth) (e.g., [15, 9]).

2. The extinction and corresponding polarization for a set of background stars
should be related for dark clouds, but most of the recent studies show
they are not. So, Goodman et al. [24] questioned the validity of this technique
to study the magnetic fields within the clouds.

3. For a set of eight clouds, Sen et al. [25] found that the perfect DG
mechanism could not explain the observed polarization. Many other
investigators also noted that the DG mechanism predicted much higher
values of polarization than the actually observed ones. The question
naturally arises, is polarization in the optical caused by grains which are
aligned by DG mechanism or other processes? If we understand the process,
then we can map the magnetic field more confidently.

4. Again far-IR observation gives polarization values which are consistent with
the thermal re-emission from grains [27, 26].

5. Not only that, these far-IR polarization values are also consistent with the
absorption polarization in the optical region. The polarization in this region
comes from the low density region (AV ∼ 1–5 mag) of the cloud (near the
periphery), while in the sub-mm domain (850 µm) does from near the core
(AV ∼ 10–100 mag). The optical polarization direction is parallel to the
magnetic field. The sub-mm polarization is due to the preferential emission
from aligned elongated grains and should be perpendicular to the magnetic
field. A comparison of the optical (from the Indian telescope) and sub-
mm (from the SCUBA data archive) polarization vectors confirmed these
findings [27]. Recent Planck data give a deeper insight on the relation
between the sub-mm and visual polarization [5].

6. As found by Sen et al. [25] from a study of eight clouds, turbulence within
the cloud was influencing (rather disturbing) the grain alignment and this
could be modeled through a mathematical relation (see Fig. 1).

7. As an exception to point (2) above, Sen et al. [28] found that at least for some
clouds, there was a positive correlation between polarization and extinction.

Basing on points (1) to (3), one could say that the intervening cloud has
no role in the polarization that we observe for the stars background to the cloud.
But in that case, we can not explain the points (4) to (6) listed above, which
suggests that the polarization observed for background stars must have something
intrinsic to the cloud.
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Figure 1: The log of the average observed polarization ln(p) against the turbulence velocity
∆v (in km/s) for different clouds according to [25]. The line of the best fit ln(p) =
1.08 − 0.24 ∆v is shown.

There exist various possibilities which can explain the present situation.
There are now doubts that the DG-like mechanisms play a role as large as thought
earlier, and many researchers believe that the most important aligning force
could be radiative torques [29]. However, it does not exclude the role of other
mechanisms which can align grains.

It is very possible that some particular mechanism works in some parts of the
cloud as compared to others. Also a particular alignment mechanism may be more
effective for grains with a particular size and composition. Voshchinnikov [13],
while working on the interstellar polarization, discussed such possibilities. And
for dark clouds, it may be even more complicated. Within such a cloud, along
the line of sight different values of the parameters of the magnetic field (or other
aligning forces) are possible.

As listed in [30], a set of conditions should be fulfilled to get polarization out
of aligned grains. If these conditions are not satisfied, we can get extinction, but
not polarization.

Any misadjustment in these conditions should result in a poor correlation
between polarization and extinction. The grain shape, size, magnetic properties
(composition), alignment procedure are important parameters and some of these
physical properties should vary within the clouds. And recent studies of extinction
law, scattered light and sub-mm emissivity have already inferred changes in dust
properties with an increase of depth inside a cloud (see [31] and references therein).
So, the polarization observed for stars background to dark clouds may appear to be
quite different from the polarization observed for the diffuse interstellar medium.
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4 Conclusions

We can conclude as follows:

1. It is clear that the polarization values observed for stars behind dark clouds
are influenced by the physical processes within these clouds.

2. However, the physical processes responsible for producing the polarization
in the clouds are not well understood.

3. The processes producing the interstellar polarization and the polarization
of background star radiation in dark clouds are definitely not the same.

4. The processes responsible for the polarization in dark clouds should be
more clearly understood, as we find the situation is not as simple as in
the interstellar medium. Only after this, we can use in the full manner the
background star polarimetry to investigate star formation processes in dark
clouds.

Acknowledgments. The authors acknowledge a partial support of the work
by the grants of RFBR 16-02-00194, DST-RFBR 16-52-45005 and SPbGU
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The ultra-high angular and high spectral resolutions of RadioAstron
provide tight limits on the sizes of the most compact maser spots
and the estimates of their brightness temperatures. We present the
results of the maser survey obtained by RadioAstron during the first
four years of operation. Very compact features with angular sizes not
exceeding about 20–60 micro-arcseconds have been detected in star-
forming regions. Corresponding linear sizes are about 5–10 millions of
kilometers. Brightness temperatures for a number of maser sources are
estimated. Estimates of the brightness temperatures provide the values
from ∼1014 to ∼1016 K.

1 Observations of masers with RadioAstron

Maser sources represent one of the main targets of the RadioAstron (RA)
science program along with active galactic nuclei and pulsars. The RadioAstron
project allows us to observe maser emission in one quantum transition of water
at 22.235 GHz and two transitions of hydroxyl at 1.665 and 1.667 GHz. Water
and hydroxyl masers are found in star-forming regions of our and nearby galaxies,
around mass-loosing evolved stars, and in accretion discs around super-massive
black holes in external galaxies.

Masers have small angular sizes (a few milli-arcsec and smaller), very high
flux densities (up to hundreds of thousand Jy), and small line widths (normally
about 0.5 km/s and smaller). Due to that masers proved to be precise instruments
for studies of kinematics and physical parameters of the objects in our and other
galaxies.

The space radio interferometer RadioAstron provides a record of high angular
resolution, in some cases reaching a few tens of micro-arcseconds. This provides
tight limits on the sizes of the most compact maser spots and estimates of their
brightness temperatures, which are necessary input for the studies of the pumping
mechanisms.
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Typical values of the minimal flux density detectable with RA for the water
masers at 22 GHz and hydroxyl masers at 1.665/1.667 GHz are 15 Jy and 3.5 Jy,
respectively. These values were calculated for a typical line width of 0.1 km/s and
coherent accumulation time of 100 s and 600 s for 22 GHz and 1.665/1.667 GHz,
respectively. So, the sensitivity in Jy for hydroxyl masers is better than for water
masers. Anyhow, when we use the large ground-based antenna, for example
100-m GBT, and the source has wide line, RA proved ability to detect 3–4 Jy
water maser source.

2 Statistics of maser observations for the first 4 years
of operation

2.1 Maser observation program

The goal of the scientific program for the study of cosmic masers using space
interferometer RadioAstron was observations of maser emission in quantum
transitions of water at frequency 22 GHz and hydroxyl at frequencies 1.665 and
1.667 GHz. During the period from November 2011 to May 2012 interferometric
mode of RA operation was tested. For that purpose a number of bright quasars
and the brightest and most compact sources of maser emission were selected [1].
Basic conditions for choosing these sources were the existence of details that
remain compact (i.e. unresolved) on the longest baseline projections and the
highest brightness temperatures measured during VLBI and VSOP surveys. The
first positive detections of maser sources by space interferometer were achieved for
W51 (water) and W75N (hydroxyl) in two sessions in May and July 2012. Baseline
projections were 1.0–1.5 and 0.1–0.8 Earth diameters (ED), respectively. Later,
more sophisticated data analysis led to even more positive results in these test
sessions: compact water maser features were detected in W3 IRS5 and W3(OH)
in two sessions in February 2012. Baseline projections were 3.7–3.9 ED.

After the first successful tests the early science program started. The main
purpose of these observations was to obtain first astrophysical results and
measurements of the main parameters of the operating interferometer. List
of observed sources has been significantly expanded, objects of other types were
included in addition to the star-forming regions. Stellar masers in S Per, VY CMa,
NML Cyg, U Her and extragalactic masers in Circinus and N113 were observed.
It was proved that RadioAstron can observe cosmic masers with very high spectral
resolution. This was not obvious at the beginning, indicates presence of the ultra-
fine structure in the maser images, and that interstellar scattering does not prevent
observations of masers in the galactic plane [1]. Positive detections for stellar and
extragalactic masers were not obtained during the early science program.

The early science program was followed by the key and general research
programs which were conducted (and the general program continues at the
moment) on the basis of the open call for proposals received from research
teams around the world. Details of the preparation and the conditions of the



Estimates of Galactic Maser Brightness Temperatures by RadioAstron 123

Table 1: Maser sources detected on the space–ground baselines

Source Observed line(s) Projected baseline length, ED

W3 IRS5 22 GHz (H2O) 2.5–2.8; 3.5; 3.9; 5.4; 6.0

W51 E8 22 GHz (H2O) 0.4–2.3; 1.3; 1.4–1.8

Cepheus A 22 GHz (H2O) 0.9–1.7; 1.1; 3.1–3.5

W49N 22 GHz (H2O) 2.2–3.0; 9.4

Orion KL 22 GHz (H2O) 1.9; 3.4

W75N 1.665 & 1.667 GHz (OH) 0.1–0.3; 0.1–0.8

Onsala 1 1.665 GHz (OH) 0.2–0.7; 1.0–1.9

W3(OH) 22 GHz (H2O) 3.9

NGC4258 22 GHz (H2O) 1.3

call for proposals are published at the RadioAstron project website [2]. The main
objectives of this phase of the maser program are studying the kinematics and
dynamics of the compact sources of maser emission in star-forming regions, as well
as the study of extragalactic masers, such as NGC3079 and NGC4258. As a result,
along with star-forming regions the signal from extragalactic maser NGC4258 was
detected. This maser is associated with the accretion disk around super-massive
black hole at the center of this galaxy. The projected baseline in this observing
session was up to 2 ED, which corresponds to an angular resolution of 110 µas.

2.2 General statistics of maser source detections

This section provides statistics from the beginning of RA maser observations
(November 2011) up to the present time (July 2015). During four years of
operation a large amount of data was accumulated, and this allows us to sum
up the first results of this work. 135 maser observation sessions were conducted,
and 31 sources were observed. The majority of masers observed in RA program
are related to star-forming regions – 19 sources in total. Eight masers sources in
the envelopes of late-type stars of the Galaxy were observed, and 4 extragalactic
masers in star-forming regions and circum-nuclear disks of external galaxies were
observed.

Due to technical reasons the scientific data have been corrupted or lost
in 10 sessions out of total 135. 103 observations of the remaining 125 sessions
at the moment (August 2015) are processed, positive detections are obtained
in 21 sessions. Thus, the current detection rate of fringes at space-ground baselines
is about 20.4 %. Some scientific data is still under consideration at ASC LPI data
processing center [3]. The final detection rate is likely to be higher.

All successful fringe detections for galactic masers at space-ground baselines
were obtained for the sources associated with star-forming regions, – 20 positive
detections. One detection was obtained for extragalactic maser. No fringes for the
stellar masers were obtained at space-ground baselines yet. Probably, the spots of
the brightest masers in the stellar envelopes are fully resolved at the space-ground
baselines.
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Figure 1: Statistics of maser observation results over projected baseline length of the
space interferometer RadioAstron.

Table 1 provides information on the observational sessions which provided
positive fringe detection with the space interferometer. The columns show source
names, observed lines and projected lengths of the space-ground baselines at which
the interferometric detection was obtained. Each baseline (or baseline interval)
corresponds to one observational session with positive detection of the fringes.

It is instructive to show the distribution of the number of detections
depending on the length of the baseline projection. Figure 1 presents statistics
of observational sessions for the whole set of database lengths. It is seen that
most of the positive detections fall in range from 1 to 4 ED.

3 Estimates of the minimal brightness temperatures
for the maser sources of the Galaxy

Brightness temperature is one of the observational parameters of the maser
emission which provides a basic and strong constraint on the theoretical models
of maser pumping. Usually the brightness temperature is estimated from the
source imaging using adequate range of baseline projections. This way requires
involvement of many telescopes and a rather long duration of observations
in order to obtain good sampling of the uv-plane. But at present the majority
of RadioAstron maser data consists of the short observations with duration
of about 1 hour with a few baseline sets, about 3 to 6. These are detection
experiments which do not allow producing map of the source. Nevertheless, using
some assumptions it is possible to estimate brightness temperature and size of the
source even for such short sessions.
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Table 2: Brightness temperature estimates for some H2O masers observed by RadioAstron

Source Baseline, ED Resolution, µas Minimal Tb, K Tb, K

W3 IRS5 3.5 62 9.0× 1014 1.5× 1015

W3 IRS5 5.4 40 1.5× 1015 8× 1015

W3 OH 3.8 58 2.1× 1014 7× 1014

Cepheus A 3.4 64 1.2× 1014 3× 1014

Orion 3.3 66 1.2× 1015 6× 1015

W49N 9.6 23 4.5× 1014 2.6× 1015

For example, we can assume that the shape of the brightness distribution is
a circular Gaussian. This proved to be a good approximation in many observed
cases. Under this assumption we can estimate brightness temperature of the source
using the formula proposed in [5]

Tb =
π

2k

B2V0
ln (V0/Vq)

. (1)

Here B is a baseline, Vq is an amplitude of visibility function at a single spatial
frequency q = B/l, and V0 is a space-zero visibility. It was shown [5] that Tb has its
lowest value when V0/Vq = e. This provides the minimal brightness temperature
estimate Tb,min when the values of baseline and correlated flux are obtained from
observations

Tb,min ≈ 3.09

(
B

km

)2( Vq
mJy

)
[K]. (2)

Principles of the maser data processing have basic similarities to continuum
data processing. However, maser observations greatly depend on the proper
selection of the frequency band and need a large number of frequency channels for
correlation. This imposes additional requirements on the correlator software. We
carried out post-correlation data processing using the VLBI processing software
package PIMA [4]. Source fluxes were calibrated using system temperature
measurements provided by the telescopes participating in observations with RA.

4 Results and conclusions

Here we discuss some estimates of Tb and Tb,min obtained from the measured
source flux S under the assumption that the brightness distribution is a circular
Gaussian. Some results for compact features detected in star-forming regions
W3 IRS5, Orion KL, W3 and Cepheus A are presented in Table 2. Each line
corresponds to one observational session. In the second column the baselines
in units of ED’s are given. In the third column resolution in micro-arcseconds
is given. The last two columns show estimates of the brightness temperatures Tb
and Tb,min in Kelvin. The highest temperature is obtained for W3 IRS5 source
(8×1015 K). Angular resolution is very high, so we observe very compact features
of about 20 to 60 micro-arcseconds. Such angular sizes correspond to linear sizes
of about 5–10 million km or several solar diameters.
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The main conclusions of the work are the following:

1. Space-VLBI observations of the water and hydroxyl masers show that
the bright details of the masers in galactic star-forming regions often
remain unresolved at baseline projections which considerably exceed Earth
diameter. Record resolution for the maser observations at present are
obtained for W49N water maser – 23 micro-arcsec at projected baseline
9.6 ED.

2. Very compact water maser features with the angular sizes of about 20–
60 micro-arcseconds are registered in galactic star-forming regions. These
correspond to linear sizes of about 5–10 million km (several solar diameters).

3. Estimates of the brightness temperatures for the ultracompact interstellar
water maser features range from ∼1014 to ∼1016 K.
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Metal Ions in the Circumgalactic Medium
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Recent observations show high column densities of metal ions in extended
haloes of galaxies within z ∼ 0–0.5. For instance, to explain column densities
of OVI ion observed around star-forming galaxies one should assume solar
metallicity in the extended haloes, and in this case the haloes become
the main reservoir of missing baryons and metals. Using time-dependent
radiation field of a nearby starburst galaxy we study how ionic species
depend on the galactic mass and star formation rate. We derive conditions
for the high ionic states of metals to appear in extended galactic haloes.

1 Introduction and model description

High column densities of OVI and CIV ions in halos of star-forming galaxies lead to
a conclusion on more massive galactic halos than thought before [1, 2]. In principle,
this conclusion for galactic haloes to bear such a large gas mass might solve the
problem of missing baryons and metals, though requiring enormously high oxygen
production and mass ejection rates. Taking into account galactic ionizing radiation,
the maximum OVI fraction can reach ∼0.4–0.9 that facilitates constrains on both
gaseous mass and metallicity for massive star-forming galaxies [3]. Here we are
interested in metal column densities in circumgalactic medium of less massive
galaxies with special attention for CIV and OVI ions. We present only a brief
description of our model, the details will be presented in our future paper.

Using the photoionization code CLOUDY [4] we calculate all ionization states
of the elements H, He, C, N, O, Ne, Mg, Si and Fe. In our calculations the gas in
the circumgalactic medium is in local thermal equilibrium that means the equality
between cooling and heating rates in a gas parcel located at the radial distance r
from the galactic center and exposed to both galactic (reached to such distance)
and extragalactic radiation. In order to follow evolution of stellar mass, metallicity
and galaxy spectrum, we use the spectrophotometric code PEGASE [5]. We
assume a Schmidt-like power-law star formation rate (SFR) typical of star-forming
galaxies: SFR(t) =Mp1

g /p2, whereM is the normalized mass of gas in M�. In our
model we assume a closed-box regime. To extend the spectrum to higher energies
(up to ∼104 eV), we use the empirical relation between the X-ray luminosity
and the star formation rate [6]. For the extragalactic background we accept the
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Table 1: List of the main models

Total mass of gas M i
g,M� p2, Myr/M� (Name of model)

1010 3× 105 (A1), 3× 104 (A2), 3× 103 (A3)

5× 1010 3× 105 (B1), 3× 104 (B2), 3× 103 (B3)

1011 3× 105 (C1), 3× 104 (C2), 3× 103 (C3)

spectrum described in [7]. We suppose the density profile has a shape similar
to the Milky Way galaxy [8] normalized to mass of the dark matter halo. The
parameters of the models are listed in Table 1. A fiducial value of gas metallicity
in our models is assumed to be equal to 0.1 Z�.

2 Results

We consider gas in outer haloes of star-forming galaxies with stellar
mass ∼109 − 1011 M�. Figure 1 shows the dependence of specific star formation
rate, sSFR = SFR/M∗, on the stellar mass, M∗. Note that the value of p2 increases
from left to right. It is clearly seen that almost all points for the COS-Dwarfs
galaxies are locked between tracks for models A1–C2 as well as the data for
the star-forming COS-Halos galaxies are close to the tracks of the models C2–C3.
Therefore, we expect that spectral properties of the galaxies observed in the COS-
Dwarfs and COS-Halos surveys are similar to those in the models considered here
during the latest ∼3–4 Gyrs of their evolution.

Figure 2 shows the dependence of CIV column densities (left panels) in a halo
around a galaxy in models B*. The N(CIV) values become lower with a decrease
of both impact distance b and HI column density in the disk. This is explained
by an increase of photons ionized CIV, so that under such conditions carbon is
locked mainly in CV state. High column densities, N(CIV) >∼ 1014 cm−2, are found
at impact distances b <∼ 0.3 rv, moderate values∼1013.5–1014 cm−2 can be detected
at larger distances b ∼ (0.3–0.5) rv. Certainly, the increase of SFR from model
B1 (upper panel) to B3 (lower panel) leads to reducing N(CIV), especially this is
clear for moderate values of HI column density ∼1020–1020.4 cm−2. However, the
N(CIV) values calculated for galaxies in models B* and N(HI) >∼ 1020.4 cm−2 are
close to the measured ones in the COS-Dwarfs survey [2]. Note that the stellar
masses and SFR in models B* are also similar to those detected for the host
galaxies in the survey (Fig. 1). One can see that N(CIV) significantly depends
on the absorption of galactic radiation.

Figure 2 shows the OVI column densities (right panels) in a halo around
a galaxy in models B*. Similar to N(CIV) the OVI column density reaches
values as high as ∼1013.8 cm−2 at b <∼ 0.5 rv, but contrary to CIV it increases for
smaller absorption of the galactic radiation: N(OVI) becomes ∼1014.2−15 cm−2 for
N(HI) <∼ 1020.3 cm−2. Higher SFR is also favor to higher N(OVI). Such behavior
is due to a growth of galactic photons being able to ionize OV.



Metal Ions in the CGM 129

 8  9  10  11
log(M*, M⊙)

-13

-12

-11

-10

-9
lo

g(
sS

F
R

, y
r-1

)

A1
A2
A3
B1
B2
B3
C1
C2
C3

COS-dwarfs
COS-haloes: passive

COS-haloes: starforming

Figure 1: The dependence of specific star formation rate, sSFR = SFR/M∗, on the stellar
mass, M∗, for the models A*, B* and C* showed by small, middle-size and large open
symbols (Table 1). The value of p2 increases from left to right. The filled symbols among
open ones correspond to 1, 2, 5 and 10 billion years (from top-left to bottom-right points)
passed from the beginning of the evolution of a galaxy. Data for the COS-Dwarfs galaxies
from [2] are shown by small filled triangles and for the COS-Halos star-forming and passive
galaxies from [1] are depicted by small filled squares and rhombuses, respectively. The
gray-scale map is for SDSS+GALEX galaxies [9].

Note that both CIV and OVI column densities are as high as ∼1014−14.5 cm−2

and ∼1014.5−15 cm−2, respectively, at small b <∼ 0.2 for moderate values of
N(HI) ∼ 1020.4 cm−2. Whereas in other ranges of N(HI) and b either CIV or
OVI has high column density, in other words, there takes place the bimodal
distribution. It has been argued [2] that high CIV column densities can be found
in halos of dwarf galaxies, whereas high OVI values are usual in a gas around
massive star-forming galaxies [1], and have assumed the existence of bimodality
over mass of a galaxy. Here we consider the same total and initial gaseous masses
of a galaxy (in models B* the initial gaseous mass equals 5×105 M�, see Table 1),
but the SFR is taken different, so that during the evolution the stellar masses
reach different values ranged by more than an order of magnitude (middle-size
green symbols in Fig. 1). However, Figure 2 shows similar N(OVI) distributions
for all three values of SFR and significant dependence of N(OVI) on HI column
density.
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Figure 2: The dependence of CIV (left panels) and OVI (right panels) column densities
(in logarithmic scale) in a halo around a galaxy in models B* on impact parameter b
(which is given in kpc in the lower x-axis and in units of virial radius rv of a galaxy
in the upper x-axis) and the HI column density logNHI in the galactic disk. The upper
row corresponds to model B1 (M = 5 × 1010 M�, p2 = 3 × 105 Myr/M�), the middle
is for model B2 (M = 5 × 1010 M�, p2 = 3× 104 Myr/M�), and the lower one is for
B3 (M = 5 × 1010 M�, p2 = 3× 103 Myr/M�). The virial radius rv of a galaxy with
M = 5× 1010 M� at z = 0 equals ∼218 kpc.
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Energy Budget in Multiple Supernova

Explosions
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Standard models of large scale galactic outflows in starburst galaxies
assume a high efficiency of SNe in heating the gas in central regions
of starburst galaxy in order to launch outflows. We study the heating
efficiency of the interstellar gas by multiple supernovae (SNe) within 3D
simulations. We argue that SNe remnants have to act coherently in space
and in time in order to minimize radiative losses. We show that interacting
expanding shells from different SNe restrict the heating efficiency of multiple
SNe even when they explode with a high rate. As a result the heating
efficiency can considerably differ from a commonly assumed value (0.1–0.3).

1 Introduction

Heating of the interstellar medium by multiple supernovae (SNe) explosions is
at the heart of producing galaxy-scale outflows in starburst galaxies. Standard
models of outflows assume a high efficiency of SNe in heating the gas to X-ray
emitting temperatures and filling the central region of starburst with hot gas,
in order to launch vigorous outflows. The collective effect of clustered SNe is
believed to form a superbubble (e.g., [1]) whose shell of swept up mass moves
faster than the typical speed of OB associations (few km s−1) and which therefore
contains most of the SNe arising from the association. The study of the evolution
of these superbubbles has mostly assumed continuous energy release from the
center.

This problem becomes acute in the context of supernovae driven galactic winds
in which it is assumed that SNe can sufficiently heat up the ISM gas, at least in
the central region of disc galaxies, in order to launch a wind. This process assumes
that although SNe lose most energy in radiation in isolated cases, the efficiency
of heating the ISM can be large in the central region filled with hot and low density
gas and that the gas in this region is thermalized [2, 3]. Numerical simulations
(e.g., [4, 5, 6]) also implement the initial conditions leading to galactic winds
making similar assumptions. It is believed that in a multiphase medium and in the
case of multiple SNe events, the efficiency of SNe heating – the fraction of the total
explosion energy transferred into thermal energy – can be larger than ∼0.1. These
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estimates came from the numerical and analytical studies of energy loss in isolated
supernova remnants, which showed that the fractional energy retained in the hot
interior gas of remnants was of order ∼0.1. Larson [7] had first pointed out the
importance of cooling with regard to galactic outflows, and derived a critical
supernova rate density required to compensate for cooling.

The question of heating efficiency of SNe crucially depends on the evolution
of multiple SNe which has not yet been studied in detail. Nath and Shchekinov [8]
have argued that the energy input from multiple SNe in the central regions
of starbursts cannot heat the gas to T ≥ 106 K unless the SNe events act coherently
in space and time. Here we study two aspects of the problem of multiple SNe with
gas-dynamic simulations, namely, we test the importance of coherency condition
and consider the time scale and conditions under which percolation of hot gas
becomes possible. This allows us to study the efficiency of heating by multiple
SNe events, in particular the efficiency of heating gas to high temperature.

2 Numerical method and initial conditions

We use three-dimensional unsplit TVD code based on the MUSCL-Hancock
scheme and the HLLC method (e.g., [9]) as an approximate Riemann solver. In
the energy equation we take into account cooling processes adopted the tabulated
non-equilibrium cooling curve [10]. This cooling rate is obtained for a gas cooled
isobarically from 108 down to 10 K. The heating rate is adopted to be constant
whose value is chosen so that the background gas does not cool.

We have carried out 3-D gasdynamic simulations (Cartesian geometry) of
multiple SNe explosions using periodic boundary conditions. The computational
domains have size 2003 pc3 which consists of 3003 cells corresponding to a physical
cell size of 0.75 pc. The background number density considered ranges between
0.1–10 cm−3, the background temperature is 104 K. The metallicity is constant
within the domain, and we consider the cases with Z = 0.1, 1 Z�. We inject the
energy of each SN in the form of thermal energy in a region of radius ri = 1.5 pc.
SNe are distributed uniformly and randomly over the computational domain.

3 Results

We have performed runs with SNe exploding continuously in the computational
domain of 2003 pc3 with resolution of 1 pc and gaps of ∆t = 103, 104, 2 ×
104, 3 × 104, 4 × 104 and 105 yr. In other words, one supernova explodes after
every ∆t. The positions of SNe are distributed randomly in space. Figure 1 shows
the results of heating efficiencies (left) and filling factors (right) for gas with
different temperatures, for all time delays (from short to long delays, from top
to bottom). We denote the efficiency of heating gas to ≥ 106.5 K by η[106.5] and
define it as the ratio of thermal energy stored in gas with T ≥ 106.5 K at any
given time to the total explosion energy deposited up to that time. It is clear
that the case of more frequent SNe (∆t = 103 yr) shows continuous decline in the
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Figure 1: The evolution of the heating efficiency (left) and filling factors (right) for
gas with different temperatures for a continuous series of SNe separated by time delay
∆ = 103, 104, 2× 104, 3× 104, 4× 104, 105 yr (from top to bottom).

heating efficiency η[106.5] and only after t ' 105 yr when the remnants practically
fill the whole computational domain (60% of the volume), η increases to ∼0.4
because the subsequent SNe mostly expand into hot diffuse medium. Explosions
with a longer delay of ∆t = 105 yr (bottom most row) show on average similar
trend on longer time scales, though as expected, with lower heating efficiency
of order η[106.5] ∼ 0.1. Similar to the previous model, the efficiency first declines
and then increases after the remnants occupy roughly 30% of the computational
zone at t ' 106 yr to η[106.5] ∼ 0.1.

A common feature in the behavior of the heating efficiency in all models can be
obviously noted: after a continuous decline down to η(T ) <∼ 0.1, it stabilizes and
then grows slowly for all temperature fractions, particularly for the gas with
T ≥ 3× 106 K which carries a considerable amount of thermal energy. The most
reasonable explanation is that the epoch of increasing η coincides with the state
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when the filling factor of the corresponding temperature fraction reaches a critical
value f(T ) ∼ 0.3 when different bubbles percolate.

The time required for the percolation of hot gas can be found by using the
result that the threshold filling factor is ∼0.3 and can be estimated as [11]

tperc ≈ 10 Myr

(
n

E51

)4/7 (
νSN

10−10 pc−3 yr−1

)−4/7

. (1)

For a typical starburst SNe rate density of ∼10−9 pc−3 yr−1 and gas density
of n ∼ 10 cm−3 in starburst nuclei, the time scale for heating efficiency to become
≥ 0.1 is of order 10 Myr.

It is interesting to note that recent observations of 10 starburst galaxies show
that there is a time lag of ∼10 Myr between the onset of star formation and
the excitation of galactic winds [12]. Our simulations and the important result
of percolation of hot gas when the overall filling factor crosses a threshold of ∼0.3,
therefore, allow us to interpret this time lag as required for heating efficiency
to become sufficiently large for an outflow to be launched.

Using our simulations for different gas densities (n = 0.3, 1, 3, 10 cm−3)
and keeping the SNe frequency a constant, we can infer the scaling of the heating
efficiency with the SNe rate density and ambient density [11]. We find that roughly
η[106.5] ∝ ν0.2SN n

−0.6 for the heating efficiency of X-ray emitting gas.
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Dust in Outer Layers of B5 Globule
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We present results of UBV RI polarimetry of about 30 stars in a vicinity
of the well-studied Bok globule Barnard 5 (B5). We find a correlation of the
maximum polarization wavelength λmax with extinction in the cloud when
AV > 1.5 mag. We conclude that multicolor polarimetry of background stars
can be a useful tool to characterize dust in outer regions of dark clouds.

The properties of dust in dark clouds are still not well understood. Recent
studies of extinction law, scattered light and submm emissivity have inferred
changes in dust properties with an increase of depth inside a cloud (e.g., [1]).
However, there are doubts that the wavelength dependence of polarization P (λ)
of background stars can be useful to characterize dust grains as different factors
can affect this dependence in typical molecular clouds [2]. For globules, being
smaller and more simple geometrically and physically, the situation can be
different, but observations of P (λ) variations with the depth have not been made
since the work [3].

We performed UBV RI polarimetric observations of about 30 stars around
B5 at 2.6-m ZTS and 1.25-m AZT-11 telescopes with the standard equipment at
the Crimea Observatory in 1990–93. These polarimetric data supplemented with
those available in the literature allowed us to derive much more reliable estimates
of λmax than in [3] (see as examples the values of λmax in micron in the table).

Stars data from [3] this work

J1 0.79 ± 0.06 0.77 ± 0.02

J6 0.80 ± 0.11 0.55 ± 0.06

Stars data from [3] this work

J2 0.85 ± 0.08 0.76 ± 0.02

J16 1.11 ± 0.29 0.93 ± 0.12

For 20 out of 36 stars considered, we accepted the spectral classes found from
Vilnius system photometry in [4]. For other 8 stars, we took the classes given
by HDEC and assumed that the stars belong to the MS. For the weakest rest
8 stars, we estimated spectral classes from 2MASS data in a usual way. That gave
us estimates of AV and distances to the stars as photometric data are available.

We used data from the COMPLETE survey that has given various detailed
maps of several star-forming regions including that in Perseus with the globule
B5 being located at its edge [5]. In the figure we show a map of B5 with the

1 Sobolev Astronomical Institute of St.Petersburg University, Russia
2 Pulkovo Observatory of the RAS, Russia
3 Crimea Astrophysical Observatory, Crimea
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Figure 1: Map of B5 globule. Continuous lines present the extinction contours with
AV = 3 and 5 mag from [5]. Points with the number marks show our stars. Numbers
above these marks give the obtained values of λmax in micron.

extinction contours from this survey (and our stars with λmax values derived).
We find a good agreement of our estimates of AV with those of [5].

For the field stars, we found locally increased λmax ≈ 0.6 ± 0.05µm, which is
typical of star-forming regions and is usually related to an effect of close stars.

Our data show that the stars J11, J18, J25 and F11 are foreground as the
distance to them is less than that to B5 (∼350 pc). For other stars, we see a certain
increase of λmax values when the cloud contribution to AV grows.

Generally, we did not find clear effects of the halo on the maximum polarization
wavelength, but detected a certain increase of λmax when the contribution of the
outer layers was significant (AV > 1.5 mag).
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