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Figure 1: Continuum image (colour scale) at 20 cm of the high-massfataring region S254/7 obtained
with the Very Large Array interferometer of the National Radstronomy Observatory. The yellow dashed
circle denotes a largelHregion which was resolved out by the interferometer. Thelaiex contours are

a map of the emission integrated under he 1 — 0 rotational transition of thé3CO molecule obtained
with the SEST telescope. Clearly, the molecular gas is enslimg the ionized regions, as expected if the
ionizing stars formed inside a molecular cloud.

1. Size of HI regions

It is well known that early-type main-sequence stars are powerful emifdryman contin-
uum radiation. Such stars are born deeply embedded in the densesbfpauttecular clouds,
whose main constituent is molecular hydrogen)(HStellar photons with wavelengths 912 A
can first dissociate thednolecules and then ionize the H atoms, thus creating a so-caliedeH
gion” around the star. Figuf¢ 1 shows a number of these objects in thé73284forming region,
whose radio continuum emission has been imaged with the Very Large Ateafjerometer. The
overlaied map of th&*CO(1-0) line emission demonstrates that thiereigions are still enshrouded
by the dense molecular cloud where the O-B stars were born.

While the shape and density of aniHegion is strongly dependent on the initial distribution
of the circumstellar neutral gas, the size of it is determined in all cases byathede between
ionization and recombinations to the ground state of the H atom. In fact, recatiolnis to levels
n> 1 are bound to produce photons wih> 912 A, which are lost to the ionization process. This
concept is expressed by the equation

Ny = / ne2atpdV (1.1)

where the integral extends over the whole volume of theregion andN,y is the number of
ionizing photons emitted by the star per unit tinmg,the electron density inside theliHegion,
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andne?a, the number of recombinations per unit time and volume to level®2. The underlying

assumptions are that theiHegion is fully ionized and all photons due to recombinations to the

ground staten = 1, are immediately re-absorbed by the H atoms (“on-the-spot” approximation)
It is instructive to discuss the simple case of a spherical, isothermakbion and obtain the

radius at which ionization equilibrium is attained, the so-called Stromgrens;a&§uln particular,

in the following we consider a constant density Hgion and one with a power-law density profile.

1.1 Constant density Hi region

In spherical symmetry, Eq[ (3.1) can be rewritten as
Rs
Ny = / N2 42 dR (1.2)
R.

with Rdistance from the staR, stellar radius, and,(cm3s1) ~ 4.1 x 10719[T(K)] 98, HereT,
is the electron temperature, which is quite constant (typically several 1pib&ide the Hi region
due to the nature of the balance between cooling and heatind|see [6]).

If the star lies inside a homogeneous molecular cloud wighvélume densityn,, one has
alsone=constant. Taking into account that, in practiBe,> R,, one obtains

Rg ~ < 3 Ny >3 (1.3)

47T a2

with ne = 2ny,. The factor 2 is due to the fact that each fdolecule produces two electrons (and
two protons), because molecular hydrogen is first dissociated into tworksdforming a layer of
atomic hydrogen around theHegion) and then each H atom is ionized into one electron and one
proton.

The condition of ionization equilibrium represented by this expression mmesorrespond to
pressureequilibrium, because the external pressure due to the neutral gaddicannot balance
the internal pressure of-a 10* K bubble of ionized gas. One has,

P = ZnekTe > PH, = nszTHz (1-4)

because the molecular gas temperatiyg, is typically a few 10 K and the electron density is
twice the H density (see above). Due to this non-equilibrium situation, the¢jion undergoes
expansion. Since the ionization time scale is much shorter than the dynamical sileedsaing
the expansion the ionization equilibrium condition expressed by[Eq. (1.8}isdied at all times.
This implies thahe [ Rs*%.
One can calculate the Strdmgren radius as a function of time[(see [1]):
4
7
Rs(t) = Rs(O) <l+ Z]Elt> (1.5)
whereRs(0) is given by Eq.[(T]3) an@ = (2kT./my)Y/? is the isothermal sound speed in the H
region. Expansion will go on until pressure equilibrium is attained, whefitthédensity satisfies
the condition 2fekTe = ny,KTh,. From this expression and the relatian= 2ny, (see above), one
obtains
nIa _ nfe _ Th,

<= =-2~107% 1.6
ne 2nH2 4Te ( )
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Taking into account thate [ RS*%, one finally gets

R N5 T\ S

S Ne Hp | °

= =(=) =(-2) ~100 1.7
whereRs' is the final Strémgren radius. This result shows that the final size ofianeljion is
much larger than the initial one.

1.2 Power-law density profile

In the real world, OB stars form in the densest parts of molecular clouts;e circumstellar
material is free-falling onto the star. The free-fall velocity and consemaf mass are expressed

by
12G
Vi = 7RM* (1.8)

M = 47R%my, Ny, Vir (1.9)

from which, taking into account that = 2n4,, one obtains the power-law density profile

e (| M o (1.10)
° | smGMang, '

In this case the solution of Eq. (IL.2) is

(1.11)

Ny 2nGM,m3
RS — R*exp<l_y|_|2>

C(2M2

which means thain spherical symmetran Hi region is squelched (i.eRs ~ R,) if the mass
accretion rate onto the star exceeds a critical value:

Ny 2nCM.my, (1.12)
o .

2. Continuum emission from Hil regions

The main source of continuum emission from egions at radio wavelengtha ¢~ 1 cm)
is bremsstrahlundfree-free) radiation. Here, we want to derive an expression ctntinuum
spectrum of such a region and show that important physical paramétis il region can be
obtained from this.
In the simple casee.=constant, the solution of the radiative transfer equation along a line of
sight crossing the H region is:
ly =By (Te) (1— e ) (2.1)

The free-free optical depth is equal to (sge [4])

4.955x 102
T = 3.014x 1072T, L5y ~2 {In <;<> +1.5In(Te)] / ne2dz ~

l.o.s.

~ 8.235x 107 2T, 13y -21 / ne2dz

l.o.s.
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Figure 2: Template spectrum (black curve) ofiHegion embedded in a dusty molecular cloud. The relevant
physical parameters are given in the figure, wHekd = 2Rsne? andRc is the radius of the cloud. Here,

B =2 is adopted for the dust opacity. The blue and red curvestdéim@individual contributions respectively
of the free-free and thermal dust emission.

where the integral is made along the line of sight (I.0.&)is expressed in Ky in GHz, ng in
cm~3, andzin pc. The quantittEM = ||, nedzis called “emission measure”.
Although most of the following results hold in general, for the sake of simplicity w

2
will refer to a spherical H region. In this casa(8) = 1sy/1— (&) with 175 ~ 8.235x

1072 T, 135 =21 2Rsne? and the flux density of the iHregion is

6
F, = / 1,dQ = [ By(Te) (1-e™©) 2m000 2.2)
Qg 0
—Is _
— 62By(To) {1+ (eTS+eTl)] 2.3)
S

In practice hv <« kTe and the Rayleigh-Jeans approximation can be used for the black-kdgdybr
ness:By (Te) ~ %g"z An example of free-free continuum spectrum from an tégion is shown
by the blue curve in Fid] 2.

It is useful to derive the approximate expression for fq] (2.3) in the alptithin and thick
limits. For1s > 1 one has

Fy ~ 03B, (Te) 0 62T, v? (2.4)
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Figure 3: Left panel Flux density of expanding i regions as a function of the Stromgren radius, for the
fiducial set of physical parameters listed in the top leftffddent colours correspond to different stellar

spectral types, as specified close to each curve. The thitlopaach curve comprised between two solid

dots represents the flux effectively emitted by the iegion between the initial radius (given by Eq. 1.3

with ne = 2ny,) and the final one (given by Eq. 1.7). For the sake of compatise dashed lines denote the

sensitivity at 22 GHz of the VLA interferometer in the mostended configuration, after 1 hour integration

on sourceRight panel Flux density as a function of time for the same curves aseridft panel.

from which one can get an estimate of the Kegion angular radius 0 v~ %
Fortis< 1

2
Fy ~ 1162 By(Te)37s U 02T, %Fn2Rs v 01 (2.5)

from which the electron density can be obtainagt] /%‘Q’va. Alternatively, the flux density
S
can be expressed as
Fy 0T *®Rs*ne?d 2 v 0t (2.6)

which makes it possible to derive the Lyman continuum luminosity of the stdry, =
AnRs®ne2a, O F,d2 T, 045101, For convenience of the reader, we also express the electron density
and Lyman continuum luminosity in terms of physical units commonly adopted imastrg

ne(cm3) ~ 1.44x 10° \/FV(Jy) v01(GHz)d-1(kpc) 653 (arcseg (2.7)
Ny (s71) ~ 7.55x 10 F, (Jy) d?(kpc) v®1(GHz2) (2.8)

2.1 Flux density of expanding Hi region

As previously discussed, aniHegion is in general not in pressure equilibrium and undergoes
expansion. Consequently, its flux density will change with time. The exaession ofF, as a
function oft can be obtained by substituting Ef|. [1.5) into §q.](2.3). This is illustrated irfgFig.
whereF, is shown both as a function & andt, for a given set of fiducial parameters of tha H
region and molecular gas.

It is instructive, though, to discuss the solution in the optically thick and thin limitsa A
given frequency, the free-free opacity is bound to decrease with tiawguse we have seen that
T O Rsne? andne O Rs‘g, which impliests [ RS‘%. Therefore, initially the H region is likely
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optically thick and its flux i, 0 Rs?, while later on it will become thin with, 0 Rs®>ne? O Nyy.
This means that after undergoing a rapid increase, theggdion flux will soon saturate at a value
depending only oy, i.e. on the spectral type of the star.

3. Dust emission in molecular clouds

Dust grains are a fundamental component of the interstellar medium, desitentiss den-
sity being only 1/100 of that of the gas. The goal of this contribution is na\i@w the origin and
physical properties of dust (for which the reader can refer, e.@]ajut to describe the character-
istics of the continuum emission from a typical molecular, dusty cloud and Bbevknowledge of
the corresponding spectral energy distribution (SED) can providdathsaw estimate of the mean
physical parameters of the cloud itself.

The dust emissivity beside depending on the density and temperature abtlggains is also a
function of their composition and shape. While a detailed description of theogtisal properties
goes beyond our purposes, one can naively describe the dust dpatithe radio to the optical as
a decreasing function of wavelength, mostly due to pure absorption inubn{glimeter regime
(where most grains are larger than the relevant wavelength) and to liahpéion and scattering
in the IR and optical.

Both observations and theory (e.d] [3]) indicate that a suitable approximatithe dust
absorption coefficient in the (sub)millimeterks] vB, with B ranging approximately from O to 2
depending on the mean grain size. As already done for the free-fresiemfsom Hi regions,
it is instructive to consider a toy model consisting of a homogeneous, isothespharical cloud
and calculate the SED of the dust continuum emission. The flux density is bivéqg. (2.8)
whereTe and 1 must be replaced respectively by the dust temperalyrand opacityiy. This is
often referred to as “grey body” emission as it may be naively describadback-body spectrum
becoming optically thin at long wavelengths. An example is shown by the ree auFig.[2.

For a practical example, we consider a cloud with ra®es0.5 pc, Tg=30 K, gas densitp =
3x 10 1% g cm 3, a mass gas-to-dust ratio of 106,cm 1) = 0.005p(gcm 2) (v/2306GH2)?,
and B = 2. For these fiducial valuesg=1 atA = 90 um and the Rayleigh-Jeans approximation
(By(Tq) ~ 2I‘Td"z) holds forA >> 500 um. ForA < 90 um (i.e. in the optically thick regime)

c2

F, ~ m62B, (Ty) (3.1)

with 8 angular radius of the cloud. This shows that the measured flux depelydsthe apparent
source size and on the dust temperature, so that one can obtain an edtimatatter if the former
is known, e.g., from a map of the source. On the other hand\ f8r90 um (i.e. in the optically
thin limit), one has

F, ~ n@ZBV(Td)grd (3.2)
which in the Rayleigh-Jeans regime £ 500 um) takes the form
F, OTgMd—2vA+2 (3.3)

with M mass of the cloud. One can easily obt@irfrom the ratio between two values &f,
measured at two different wavelengths (provided> 500 um), while T4 can be estimated in the
optically thick limit, as explained above. Then, Ef.3.3) can be used to caddhkacloud mass.
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While this idealized example is very useful for illustrative purposes, it medtdpt in mind
that real molecular clouds are much more complex, which makes the derigdtibair physical
parameters a challenging task. In particular, temperature gradients medt@qgable the assump-
tion of constant temperature. Inhomogeneities, density gradients, andesoohpud geometries
all contribute to cause significant deviations of the SED from the idealtlgody approximation.
This is especially relevant at short wavelengths, where clumpiness nugg s&rong variations
of the measured flux depending also on the orientation of the cloud withctetsptine observer.
Complex numerical models have been developed to elaborate more realiEfia(See[5]).
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