
Lecture notes 11: Interstellar material

& the formation of stars

The space between the stars is not empty. Rather it contains vast quantities
of gas and dust; our own galaxy the Milky Way has some tens of percent of
its mass in the form of gas (90 − 99%) and dust (1 − 10%). This material was
first commented by Herschel as “holes in the sky” more than 200 years ago. It’s
nature was deduced by Trumpler in the 1930’s through an analysis open cluster
sizes D.

The idea behind the analysis was that if D was independent of distance r
from the sun then θ = D/r should decrease with distance as

θ2 = (D/r)2 ∝ 1/r2.

When plotted against the summed flux from the open clusters f = L/rπr2 one
should expect a straight line. This was not observed, rather the radiative flux
fell off much more rapidly than expected at small θ2. The explanation for this
effect could be

1. That the Earth is in some special location.

2. An observational selection effect.

3. That far away clusters are fainter.

4. Dimming by interstellar dust.

The latter explanation is the correct one. Interstellar dust, consisting of silicates
(sand), graphite, and silicon carbide, can dim starlight from stars far away.

Dust and Gas

Dust can have other effects than dimming (extinction), among these being

1. Reddening. The size of dust grains is such that blue light is more easily
scattered (by Rayleigh scattering ∝ 1/λ4) than red light. The net effect
is to make light redder as it passes through dust.

2. Polarization. Oval dust grains will orient themselves such that they are
aligned with the interstellar magnetic field. This causes linear polarization
of starlight passing through such aligned dust grains. Measurements of
the degree of polarization can therefore be used to measure the galactic
magnetic field.

3. (Reflection). Dust clouds around newly formed star clusters and stars will
reflect (mainly) the blue light towards an observer. The result is blueish
“reflection nebulae”, such as those around the Pleiades.
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Figure 1: The emission nebulae NGC 3603 (left) 7200 pc away, and NGC 3576
which is 2400 pc away. Note that NGC 3603 is much redder than NGC 3576
even though the light they send out originally is from the same spectral lines,
i.e. has the same colour.

Interstellar gas was discovered much earlier than dust through stationary ab-
sorption lines by Hartmann in 1904. These lines are very narrow, indicating
low temperatures and at line shifts indicative of the velocities of interstellar
gas clouds, which also helped separate them from eventual circumstellar clouds
which presumably would have the same line shifts as the stars they surround.

Gas and dust are mixed and gaseous nebulae are evident in a wide variety
of astrophysical contexts:

1. Reflection nebulae. Already mentioned above.

2. H ii regions. Gas clouds that are ionized by near lying O and B stars —
these send out enough UV radiation at wavelengths < 91.2 nm required
to ionize hydrogen. When protons recombine with electrons some of this
energy is re-radiated in spectral lines visible to the naked eye giving char-
acteristic red Balmer lines as well as green lines from twice ionized oxygen
(O iii) at 500.7 nm and 495.9 nm. The region that is ionized is sometimes
named the Strömgren sphere.

3. Planetary Nebulae. As discussed before the remains of the stellar envelope
thrown off during the last stages of a low to medium mass stars’ life. Pow-
ered by the remnant stellar core, a still very hot (105 K) carbon/oxygen
white dwarf which will emit copious UV-radiation.
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Figure 2: A reflection nebulae.

4. Supernova remnants. Powered by the pulsar in their midsts.

5. Dark nebulae. Barnard objects and Bok globules. Dense, cold regions
with densities on the order 1010

− 1015 /m3 and temperatures 10− 100 K.
Barnard objects can have masses on the order of thousands of solar masses
and diameters of, say, 10 pc. The Horsehead Nebula is a Bernard Object
33. Bok globules constitute the inner core of a Barnard object, their outer
less dense parts often rinsed away by stellar radiation and winds. The
volumes of Bok globules are on the order of 1/10 of Barnard objects. It
is in Bok globules one finds protostars; stars in the act of being born.

6. Molecular clouds. Much of the hydrogen in interstellar space is in molec-
ular form, H2 does not radiate and is difficult to observe. On the other
hand asymmetric molecules such as CO do radiate with both vibrational
and rotational lines in wavelengths between 1 − 10 mm. Over 100 differ-
ent molecules have been found in interstellar space. Such radiation is a
marker for large cloud complexes of which there are more than 5000 in
the galaxy. These have masses on the order 105

− 2 × 106 MS , diameters
on the order 15 − 100 pc and densities of roughly 2 × 108 H atoms/m3.
Embedded in these cloud complexes are the H ii regions and dark nebulae
described above. The molecular clouds lie as pearls on a string along the
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spiral arms of the Milky Way at a separation of roughly 1000 pc as they
do in other disc galaxies. The Orion nebula, and the Horsehead Nebula
25 pc away, both lie in an enormous molecular cloud with an estimated
mass of 5 × 105 MS .

Stellar birth

Embedded in the densest region of interstellar clouds we find protostars. These
newly forming stars; the observational manifestation of which are called T-

Tauri stars are due their location often invisible to visible radiation and must
be observed in IR which has a greater probability of traversing the gas and
dust clouds. T-Tauri star spectra are dominated by strong emission lines, in-
dicative of strong chromospheric activity. They have strong stellar winds, up
to 10−7 MS/yr, and their luminosity is highly variable on time-scales of days.
T-Tauri stars have masses on the order of 3 MS . The abundance of lithium in
these stars is also high,indicative of a young age since Li is quite easily fused to
heavier elements even at fairly low temperatures and has essentially disappeared
from the solar spectrum. T-Tauri stars’ location in the HR-diagram, high lumi-
nosities with low effective temperatures, is as predicted from the calculations of
Henyey and Hyashi.

It seems that at the densities found in the Milky Way at present are not great
enough that star formation can start on its own. Among agents for initiating
cloud contraction and stellar birth are considered:

1. The shock wave associated with spiral arms. There are indications that
this process leads to an overabundance of O and B stars.

2. Shock waves from super nova explosions. Simulations indicate that super
nova shocks produce a larger spread in the spectral classes of the stars
initiated. It is believed that the formation of the Sun was initiated by
a super nova shock, due in part to analysis of the Allende meteorite, a
carbonaceous chondrite.

3. Strong stellar winds from O and B stars.

Hyashi - Henye tracks

Tracks such as those shown in figure 3 are based on numerical calculations
and show the latter stages of cloud collapse and stellar birth before stars settle
down on the hydrogen burning main sequence. Convection ensues when the
stellar material becomes too opaque for energy transport by radiation, as such
the stars move along Hyashi tracks vertically in the HR diagram with effective
temperatures of roughly 2 500 K. As the stellar interiors heat up radiation is
able to carry energy from the stellar interior and the stars follow the radiative
Henyey tracks that go horizontally towards the main sequence.

Notice that heavier stars develop much more rapidly than the lighter stars.
Notice also that stars lose much material during their formation (in the form of
winds).
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Figure 3: Hyashi—Henyey tracks along with isochrones for stellar birth. Figure
taken from Universe by Friedmann and Kaufmann

Protostars

Protostars have large luminosities but are invisible in the visible region of
the spectrum. Their energy comes from the gravitational energy released in
the collapse of the cloud half of which goes into heating the gas, half of which
is radiated as dictated by the virial theorem. Protostars with masses of <
3 MS show accretion disks, the disks planetary systems are thought to be
constructed from. Protostars (T-Tauri stars) also often show jets — Herbig-
Haro objects — that perhaps assist in carrying away excess angular momentum
from the collapsing cloud.
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Figure 4: A protostar with disk and jet.
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