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An Overview of the Interstellar Medium and Its Role in Star Formation.

Abstract:

The interstellar medium (ISM) is made up mostly of gas and dust, threaded by magnetic fields and
exposed to radiation and cosmic rays, and it provides the physical setting in which stars form. In its
coldest, densest regions, molecular clouds contract under their own gravity. The collapsing material first
organizes into filaments, and these filaments fragment into dense clumps, each of which may go on to
form a star. Protostars emerge from these fragments surrounded by rotating accretion disks. How much of
the structure of these regions, and of the pace of star formation, should be attributed to turbulence, to
magnetic fields, or to feedback from nearby stars is still uncertain; different studies weight the three
processes very differently, and no single mechanism seems likely to dominate everywhere. Many basic
guestions about star formation therefore remain open after decades of work. What has changed in recent
years is how well the process can be observed. The James Webb Space Telescope (JWST) and the
Atacama Large Millimeter/submillimeter Array (ALMA) have pushed observational detail far beyond
what was possible a decade ago and opened wavelength ranges that were previously inaccessible. Indian
astronomers have also contributed substantially to this progress, particularly in interstellar chemistry,
magnetic fields, and molecular cloud structure. This review presents the fundamental properties of the
ISM and the major physical processes involved in star formation, while summarizing recent observational
and theoretical developments. It provides a foundational framework for understanding the current state of
research and highlights important questions that remain open for future studies.

1. Introduction

1.1 Background

The interstellar medium (ISM) accounts for only a few percent of the baryonic mass in spiral galaxies like
the Milky Way, vyet its influence on galactic evolution is far larger than its mass would suggest [1]. It is
the medium through which elements made inside stars are redistributed across a galaxy, and it therefore
shapes the chemical composition of later generations of stars and planetary systems [2]. Its structure also
matters for observation. Much of star formation takes place in dense, dust-obscured regions, so
interpreting what telescopes detect usually requires knowing the distribution and physical state of the gas
in between [3].

Every star traces back to the interstellar medium, the baryonic reservoir that has fed stellar populations
across cosmic time [4]. Matter cycles through this reservoir continuously. Stars synthesize heavy
elements and return them to the surrounding gas through winds, supernovae, and other forms of mass
loss, and the enriched material becomes the raw ingredient of the next generation. The cosmic star
formation rate rose to a peak and has been declining ever since, and making sense of that history requires
understanding how the physical and chemical state of the ISM changes across galactic scales. How
diffuse atomic gas becomes dense molecular clouds, and eventually cores bound tightly enough to
collapse, is still one of the outstanding problems in astrophysics [4].

Calling the ISM a substrate understates its role [1]. It behaves as an active component of the galaxy,
exchanging mass, momentum, and energy with the stars [5]. Massive stars (above about 8 M©) enrich it
with heavy elements such as oxygen, carbon, silicon, and iron through winds while they live and
supernovae when they die [1]. This enrichment changes the thermodynamics and chemistry of the gas in
several ways. Cooling becomes more efficient through fine-structure and rotational transitions such as [C
1] at 158 pm and [O I] at 63 pum, the dust-to-gas ratio rises, and the Jeans mass, which sets the scale of
fragmentation, shifts with the opacity [3]. Since cooling efficiency depends strongly on metallicity, it
controls the thermal pressure balance and decides how much gas can reach the column densities needed to
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form molecular clouds and eventually stars [6]. Models disagree on how tightly this link between cooling
and fragmentation holds across metallicity regimes; some predict a sharper threshold than observations
show, which suggests the opacity-limited picture may need refinement at low metallicity [2].

The physical properties of the ISM, its temperature, density, ionization state, and turbulence, together
constrain galactic morphology and how efficiently a galaxy turns gas into stars [5]. Classical models rely
on hydrostatic equilibrium: the combined gravitational potential of stars and dark matter pulls gas toward
the galactic midplane, thermal pressure resists the pull, and the vertical gas distribution settles into an
equilibrium configuration. This picture runs into real difficulties. Clouds in the cold neutral medium show
velocity dispersions of about 5-10 km s, well above the sound speed expected in the warm neutral
medium, so thermal pressure alone cannot be providing the support. Turbulence, magnetic fields, or some
combination of the two must also be working against collapse [3].

The relative contribution of each support term is not fixed. It varies with galactocentric radius, the local
star formation rate, surface density, and cosmic epoch [7], and this variability probably explains why
empirical star formation laws diverge. The Kennicutt-Schmidt relation expresses the star formation rate
(SFR) as a power of gas density, with an index n between roughly 1.4 and 1.7 [8]. More recent
prescriptions built on molecular gas instead track the depletion time of dense gas. The two do not agree
across all regimes, and the mismatch has not been resolved.

The multiphase structure of the ISM adds further complexity. Cold gas near 100 K, warm gas near 10,000
K, and hot ionized gas at millions of degrees all coexist, each under its own pressure regime, and none of
them responds simply to outside perturbation [9]. Protostellar outflows push on their surroundings, H 11
regions expand, photodissociation eats into the molecular gas, and supernova blast waves propagate
outward [5]. These processes inject energy and momentum on very different spatial and temporal scales.
Together they keep the medium turbulent and its density structure fractal rather than smooth [3].

The turbulence is not confined to one scale. It cascades from kiloparsec-scale galactic shear down to sub-
parsec magnetohydrodynamic waves [7]. Within the cascade, a log-normal distribution of column
densities develops at intermediate scales, and at higher densities the distribution grows a power-law tail
driven by self-gravity and converging flows [6]. The star formation rate therefore cannot be read off the
total gas mass. It depends on the fraction of gas sitting in bound, self-shielded structures, which in turn
reflects the balance among turbulence, magnetic fields, and the efficiency of gas cooling [9]. Because
studies weight these three factors differently, predicted star formation efficiencies still vary a great deal
from one model to the next.

1.2 Historical Overview of Star Formation Theories

The idea that gravity might assemble stars from diffuse matter is older than the mathematics needed to
support it; eighteenth-century cosmogonists were speculating along these lines more than a century before
the problem was treated rigorously. The rigor came from Jeans in 1902, who derived the first quantitative
instability criterion for a self-gravitating fluid [2]. He showed that a uniform, infinite medium supported
only by thermal pressure becomes unstable once perturbations exceed a critical length, the Jeans length,
A, = ¢4 /(GP), which corresponds to a mass threshold, the Jeans mass, 4, = (4rz/
o (4,122 = (£%?/6)c 3 (63p) ™2 [3]. The result rests on several idealizations: the medium is static
and isothermal, and magnetic fields and rotation are ignored. Even so, the derivation gave astrophysicists
their first physically grounded estimate of the mass scale governing protostellar fragmentation. Applied to
typical giant molecular cloud conditions T~10 K, n~10?-10® cm™) [5], though, the Jeans mass comes out
to 47, ~10° Mg, several orders of magnitude above the characteristic stellar mass range of roughly 0.1-100
MO [5]. This gap proved hard to close, and only the later incorporation of hierarchical fragmentation,
magnetic support, and ambipolar diffusion resolved it in any real sense [10]. The classical Jeans
framework still appears in virtually every textbook, even though it is generally recognized to fail
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guantitatively at molecular cloud scales. It survives less as a predictive model than as a way of
introducing the underlying physics.

Observational work by Spitzer (1956) and later by Field, Goldsmith, and Habing (1969) overturned the
mid-century single-phase picture of the ISM [1, 11, 12]. Their results showed that the medium is
thermally bistable, held together by pressure equilibrium rather than uniform temperature [11]. Warm
neutral gas at roughly 8 x 10° K and warm ionized gas near 10° K make up the intercloud medium,
while cold, dense clouds sit near 100 K, and the phases coexist under an approximately common total
pressure [7]. The cooling function A(T) and the heating rate I' depend on temperature in different
ways, and wherever cooling rises with temperature more steeply than heating (8A/T > oI'/dT),
small perturbations grow instead of damping [11]. Gas does not settle at intermediate temperatures;
it gets driven onto the cold branch of the equilibrium curve. Once it was accepted that the ISM sorts
itself into discrete phases, each with its own filling factor and kinematics, 21 cm HI surveys had to be

reassessed. The mass spectrum of cold atomic clouds derived from them came to be read as a precursor
population to molecular cloud complexes rather than as noise [1].

Magnetic fields and turbulence entered the theory in the same period, and together they displaced thermal
Jeans instability as the sole account of collapse [12]. Mestel and Spitzer (1956) introduced flux freezing:
ionized gas stays coupled to the field lines as long as the relevant timescale is shorter than that of ion-
neutral collisions, and the coupling produces magnetic pressure and tension strong enough to slow
gravitational contraction [12]. From this analysis a critical mass-to-flux ratio, «,, = 1/2z, was
derived, against which the dimensionless ratio # = #/(# sV &) can be measured [12]. Subcritical clouds
(v < x4 ) are magnetically supported, and collapse can only proceed through ambipolar diffusion,
the gradual decoupling of neutrals from the ions and field through collisions over a characteristic
timescale 7 4, ~L/(y ;) [12]. Because the process stretches over several free-fall times, it makes a
definite prediction: star formation should be slow and inefficient [12]. That prediction agrees reasonably
well with the 1-5% star formation efficiencies observed in Milky Way molecular clouds, though whether
ambipolar diffusion alone explains the full range of efficiencies is still debated.

Larson (1981) added another layer. His empirical scaling relations, with linewidth growing with size
roughly as o, @ £ %° and density falling off as » @ Z =1, established supersonic turbulence as a defining
property of the ISM [8] and brought a statistical element into models of star formation. Turbulence works
in two directions at once. It supports clouds against collapse through turbulent pressure 2,,,, = p o5,
and a mixture of compressive and solenoidal modes [13], and it also triggers collapse locally wherever
converging flows raise the density above the local Jeans mass [13]. Below the sonic scale, turbulent
motions become subsonic, and thermal pressure takes over again; the point where the thermal Jeans mass
matches the sonic scale sets the characteristic mass for core formation. These ideas were built into gravo-
turbulent fragmentation models, which replaced monolithic collapse with a hierarchical, turbulence-
driven picture [13]. The framework explains several things at once: the shape of the stellar initial mass
function, why binary and multiple systems are so common, and why star formation is so strongly
clustered in both local and high-redshift galaxies [10]. Whether these successes flow from a single
underlying mechanism or whether the framework simply accommodates each of them after the fact has
not been fully settled. This review brings together the current understanding of how the interstellar
medium gives rise to stars, tracing the process from large-scale structures in the ISM to individual
protostellar cores. By presenting these stages as connected parts of a continuous process, the review
provides a coherent overview of star formation and serves as a useful reference for students and
researchers beginning their study of the field.

2. Components and Phases of the Interstellar Medium
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2.1 The Coronal Gas and Warm Intercloud Medium

The interstellar medium spans about seven orders of magnitude in temperature while staying subject to
one shared constraint, approximate pressure equilibrium [1]. At the hot end lies the hot ionized medium,
or coronal gas. With temperatures of 10°-10’ K and densities of only 10°-102 cm?, this phase is
extremely tenuous [1]. Stellar ultraviolet radiation cannot produce ionization states this extreme; the
radiation of O and B stars is not enough. The phase is generated mechanically instead, by supernova
remnants, stellar winds, and the collective action of OB associations. Shocks from these events move
outward at 100-1000 km/s [12], and where they meet the ambient medium, adiabatic compression raises
post-shock temperatures to about 7,,, = (Bﬂmpvi)/(lﬁk 5)~10%-10" K [12][7]. The resulting
plasma fills between roughly half and three-quarters of the interstellar volume (/,~ 0.5-0.7). It is seen
through thermal bremsstrahlung and, in absorption against background ultraviolet sources, through highly
ionized species such as O VI 1032 A and C IV 1549 A [9]. It cools slowly: under collisional ionization
equilibrium, metal-line emission stretches the cooling time to about 10°-10® yr, which has real physical
consequences. The timescale is long enough that successive supernovae inside a single superbubble
merge into large connected hot structures reaching several kiloparsecs above the disk [11]. This is the
galactic fountain, the mechanism that circulates enriched material into the circumgalactic medium.

Below this sits the warm phase, which, despite its lower temperature, dominates the neutral gas mass
budget far more than the coronal phase does [4]. Two components share the regime, the warm ionized
medium (WIM) and the warm neutral medium (WNM), both at roughly 6 x 10°-10* K with densities of
0.1-1 cm™; between them they hold most of the diffuse ionized and atomic hydrogen in the disk [14, 4].
The WIM is ionized mainly by far-ultraviolet photons (6 < hv < 13.6 eV) from O and B stars, which
photoionize hydrogen and helium [4], while small grains and polycyclic aromatic hydrocarbons (PAHS)
add heating through photoelectric emission. One discrepancy is worth noting. The observed ionization
fraction of the WIM is higher than pure O-star photon transport models predict, and the proposed extra
ionization sources include turbulent mixing layers between hot and cold gas, possibly carrying entropy
and ionizing photons along field lines, and diffuse X-rays leaking out of the hot ionized medium [7].
Neither explanation has won out, and different studies invoke different combinations of the two. The
WNM, in broad outline, has a simpler thermal balance. It is largely neutral, with ionization fractions near
x,~107 set by the competition between FUV heating (grain photoelectric ejection and carbon
photoionization) and cooling through the fine-structure lines of C I, O I, and Si Il [11]. The warm phase
settles at a characteristic pressure of Z/# z~2 x 10° to 5 x 10° K cm® [11] and that value sets the
boundary condition against which everything colder and denser must form [7].

2.2 Cold Neutral Medium and Diffuse Clouds

As gas passes from the warm to the cold neutral regime, it undergoes a phase transition, which follows
from the nonlinear way the net cooling rate depends on temperature [11]. Below roughly 10* K, the
dominant cooling channel shifts from hydrogen recombination to fine-structure and metastable transitions
of heavy elements, above all the [C 11] ?P3,—°Py, line at 158 pum, which by itself carries away on the
order of 1% of the total radiated energy of the ISM [14]. The cold neutral medium (CNM) sits at 50-150
K and densities of 20-100 cm™ and fills only a small fraction of the volume (#, ~ 0.01 to 0.05), yet it
holds between 30% and 50% of all neutral hydrogen mass in the Galaxy [11]. The origin of the phase split
was worked out later: where the cooling function satisfies (dA/37 ), > (d° /7 ) p, isobaric
perturbations grow rather than damp, and gas gets pushed onto one of two stable branches at the same
total pressure [11]. For typical Galactic pressures, 2/# 5~ 3 x 10° to 5x 10® K cm™, the equilibrium
curves give CNM temperatures of about 80-120 K alongside WNM temperatures near 8,000 K [11, 7].
These values agree closely with 21-cm absorption and emission data, a notable success for a framework
that has stayed largely unchanged for decades.
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The CNM is detected mainly through the 21-cm hyperfine transition, at a rest frequency of 1420.405
MHz (21.106 cm), in which the relative spins of the electron and proton flip through magnetic dipole
coupling. The transition’s Einstein coefficient, 455 =2.85x 10" s, is so small that collisional

excitation dominates at essentially all relevant densities and temperatures [9]. Integrating the optical depth
) 7 (v) dv across an absorption profile against a background continuum source gives the column
density, typically #,~10"-10%" cm™ for diffuse clouds [1]. Heating comes mostly from the photoelectric
effect on small grains and PAHSs, with efficiencies of order Y ~ 10*-10" per FUV photon absorbed [11].
Cooling runs almost entirely through [C II] 158 um, with O I 63 pm and CO rotational lines contributing
only in the denser, better-shielded CNM cores where CO survives [14]. None of this is static. Pressure
equilibrium between the CNM and WNM is continually renegotiated at their interfaces, where thermal
conduction and turbulent mixing, both shaped by the magnetic fields threading the gas, move mass and
energy between the phases [9].

2.3 Giant Molecular Clouds (GMCs)

The condensation sequence of the ISM ends in giant molecular clouds (GMCs), the cold, dense
environments in which gravitational collapse proceeds all the way to protostellar cores and, eventually,
stars [1]. GMCs have temperatures of 10-20 K, densities of 7 ,;, > 10? to 10° cm™ masses in the range of
My ~10* to 10° Mgy, and sizes of R~20 to 100 pc [6][9]. They occupy barely 1% of the Galaxy’s
volume, yet they hold roughly half of its molecular hydrogen mass, and all present-day star formation
takes place inside them [10]. The conversion of atomic to molecular hydrogen cannot happen in the gas
phase alone. Two free hydrogen atoms cannot combine radiatively, because the potential barrier (~4.5
eV) is too high [2]. The reaction happens on dust grain surfaces instead, where adsorbed atoms migrate,
pair up, and are released as excited hydrogen molecules [2, 11]. At around 100 K, this proceeds on a
timescale of 7 ,yz(—;él;ﬂg}‘—*~ 10%-10° [6][2] yr is comparable to the dynamical timescale of the cloud
itself, so H, formation is one of the governing factors of star formation [2].

Once formed, molecular gas needs shielding; otherwise, FUV photons in the Lyman-Werner bands (912-
1108 A) dissociate it again [11]. Self-shielding becomes effective once the H, column density passes
roughly 10* cm™, and dust extinction adds to it. Beyond 4, >2-3 mag and column density /,~10** cm™
[1] [9], the gas is essentially fully molecular [11]. A practical difficulty appears here. H. has no
permanent dipole moment, so its rotational lines are nearly undetectable at cloud temperatures [6].
Observers rely on CO instead, the / = 1 — 0 line at 115 GHz, together with an empirical conversion
factor Xy = Ny, /Wiy ~2 X 10%%cm? (K km s%)? to translate CO brightness into Hz mass [14]. The

conversion works but is imperfect: the factor varies with temperature and density, which introduces
uncertainty whenever it is applied outside the Milky Way [6].

3. Physical Mechanisms of Cloud Collapse

3.1 Jeans Instability and Critical Mass Thresholds

Jeans’s original analysis considered a self-gravitating, inviscid fluid and asked what happens when its
equilibrium is slightly perturbed. Three equations govern the system: mass continuity, ¢ /d¢ + V-
(ov ) = 0[3][12]; Euler’s momentum equation; p(dv /ot + v -V v) = -V p —pV g[12]; and
Poisson’s equation relating gravity to density, V? & = 4zp [12]. The analysis starts from a static
background state of uniform density, pressure, and gravitational potential and adds small perturbations.
o =prew [[(k-7r—at)], 6v =view [[(£-7 —art)], and &g = grew {/ (£-7 —
ar )] [3]. Keeping only first-order terms reduces the system to a single dispersion relation, «? =
c2 k% — 476G po3],
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with ¢, = (P /é’p )1/2 the adiabatic sound speed [3]. When k falls below a critical value, # < 4, =
4775,00
——

e "‘"“ instead of oscillating [3]. Converting the critical wavenumber to a length scale 7, = 27 /# , gives
A, = cs(é)l/2 [3], the largest physical scale susceptible to gravitational instability. For parameters

ZL01/2[3], ” turns negative and ® becomes imaginary, and the perturbation grows exponentially as

typical of a molecular cloud (T~10 K, n ~ 10° cm®, #~2.3, giving ¢ , ~0.2 km s™, the Jeans length comes
outto 7 ,~0.5-1.0 pc [3, 16], modest by astronomical standards.

The corresponding mass scale follows from taking an isothermal sphere of radius 7 ,/2 [10, 16]:
3/2
M = _,0 (_L)3 = ” 3/2 1/2[3][15]

which is of order 10° M ® for the same cloud parameters. Stars do not form at this mass, so fragmentation
is required [16]. Collapsing gas meets its own smaller Jeans mass, fragments again, and cascades down
toward stellar scales [3]. The result can be stated more compactly in terms of timescales, the free-fall time
7 5 = (37 /326G po)M? [15] and the sound-crossing time z , = 4 /(2¢ ;)[13]. Whichever is shorter
decides the outcome: if 7 ,» = 7, gravity pulls the gas inward faster than a pressure wave can cross
and stabilize it, and collapse is unavoidable [10, 7].

3.2 The Counteracting Forces: Magnetic Fields and Turbulence

Applied to real molecular clouds, though, the Jeans framework fails in a characteristic way. The thermal
Jeans mass comes out far too small, and yet observed star formation rates stay well below what
unimpeded free-fall collapse would give [3, 12]. Something else must be supporting the gas, and two
mechanisms supply that support: magnetic fields and supersonic turbulence [9, 13].

Field strengths in GMCs typically run 10-100 puG, enough for the magnetic pressure 2, = £%/87 to
exceed the thermal pressure by a large factor [9]. The support works through two channels: pressure from
the field gradient, which resists compression across field lines, and tension from field-line curvature,

M = —
which resists bending [12]. Applying the virial theorem gives a critical mass [12], ¥ ¢ where
#p = mR?A is the magnetic flux through the cloud and ¢ = 0.12-0.18 depending on geometry. Defining
u 4= M| My clouds with mass-to-flux ratios below the critical value are called subcritical and staying
magnetically supported, while those above it are supercritical and can collapse [9, 12]. Zeeman
measurements across observed GMCs tend to give p ~ 1-3. These clouds are not fully stable; they sit in a

state of marginal balance [12].

1A »

Turbulence adds a pressure term of its own, 2., , = (1/3)p o2 [13], with Mach numbers of 10-100
characterizing the supersonic motions in GMCs [13]. The support persists down to a sonic length
A, = L /Mbelow which thermal pressure takes over as the main support [7]. Substituting the turbulent
velocity dispersion for the sound speed in the Jeans formula gives a turbulent Jeans mass close to the
observed cloud mass, which explains why such clouds are found near virial equilibrium [3, 13].
Turbulence is not uniform, though. It splits into solenoidal (divergence-free) and compressive (curl-free)
modes, and the compressive component matters more. Converging flows pile up density locally until
small regions exceed the Jeans threshold and collapse; on scales a purely global picture of turbulent
support would never predict [7]. Turbulence prevents collapse everywhere except where it causes it [13].

3.3 Ambipolar Diffusion and Shock Compression

For a magnetically subcritical cloud to collapse, the magnetic support has to be circumvented, and the
way around it is diffusive [12]. Molecular gas is only weakly ionized (x, ~ 107 - 10°°), with the ion
population dominated by metal species such as Na*, Mg", and HCO" rather than protons [9]. The neutral
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gas, which is nearly all the mass, feels the magnetic field only indirectly, through collisions with these
ions [12]. Gravity acts more strongly on the neutrals than on the ions, so the two populations drift apart at

1 . 13 13 Ll ol ;
oy V Py XEBXZE, withy~35x10" cm” g~ s the ion-neutral drag

coefficient [12]. The resulting ambipolar diffusion timescale is roughly 10°-10" yr, close enough to the
free-fall time that the two processes effectively compete [16]. As neutrals slip inward, the mass-to-flux
ratio moves from subcritical to supercritical, and collapse follows [9]. The slowness of the drift is
consistent with the stellar age spreads observed in real clusters [10], which is one reason the mechanism
has stayed theoretically viable. There is also a faster route that bypasses ambipolar diffusion entirely:
external disturbance [10]. Expanding H Il regions, stellar winds (M ~ 10'6-10‘5/1/O yr'')) and supernova
blast waves 2, ~ 10% km s all drive shocks into nearby molecular gas [7, 16], compressing it by factors
of 4-10 in the isothermal limit [16]. Since 47, @ p~*/? , compression alone can push a previously stable
cloud past the threshold for collapse [3]. Spiral density waves do something similar on much larger scales.
With pattern speeds of 20-30 km s™ kp ¢, gas is swept into converging flows along the spiral arms,
assembling giant molecular clouds over roughly 107 yr, so a galaxy’s spiral structure directly determines
where young stars form [10].

arate vy= v, —v, =

4. Protostellar Evolution and Early Stages

4.1 Core Collapse and Core Fragmentation

Inside a giant molecular cloud, collapse begins at a prestellar core, a dense condensation with densities of
10%-10° cm™ and a mass between 1 and 10 M® [16][6]. A core can reach this state by several routes: the
slow work of ambipolar diffusion, turbulent flows converging on it, or a shock compressing it from
outside [12]. The route matters little for what comes next [1]. Once p exceeds unity and the Jeans length
falls below the core’s diameter, the core decouples from its surroundings [16] and collapses freely on a
timescale 7 o = (37/32¢p )1/2 of roughly 10°-10° yr at these densities [15]. In the early stages the gas
stays nearly isothermal. Gravitational energy is radiated away almost as fast as it is released [3], vented
through CO, H,O, and [C II] lines and through dust grains thermally coupled to the gas, so the
temperature holds near 10-20 K [14] as long as the density stays below about 10°-10° cm?®, where
cooling remains fast relative to collapse [16]. The density profile steepens away from its initial
Bonnor-Ebert form toward a Larson-Penston solution, p ocr™® near the center, while the central density
keeps rising [3][16]. Eventually the dust becomes opaque enough that photons stop escaping freely. Once
the photon mean free path drops below the Jeans length, the isothermal phase ends [6]. The temperature
then rises adiabatically, and the resulting pressure gradient halts the infall, leaving at the center the first
hydrostatic core, also called the Larson core [16].

From this point the outcome diverges. Whether collapse produces a single star, a binary, or a higher-order
multiple depends mainly on the initial angular momentum and internal turbulence of the parent core [10].
The deciding quantity is the ratio of rotational to gravitational energy, & = £, /|£ 4 1[16] . Below
about 0.005, collapse stays essentially spherical; above roughly 0.02, centrifugal effects become
significant, a disk forms, and the core often fragments into several pieces connected by filaments [7].
Turbulence adds density fluctuations near the Jeans scale, and any fluctuation that exceeds the local Jeans
mass collapses on its own, independent of the rest. This process ultimately generates the stellar initial
mass function [3]. Fragmentation is also self-limiting: as protostellar cores grow, their own heating raises
the local Jeans mass, and radiation from the young protostars warms the surrounding gas further.

4.2 Accretion Disks and Bipolar Outflows

Angular momentum is conserved during collapse, and this creates a serious problem for the infalling gas
[12]. The specific angular momentum inherited from the cloud’s initial rotation, j ~ 10%*-10% cm? s™, is
several orders of magnitude more than a protostar rotating at breakup speed could hold [16]. The gas
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therefore cannot fall straight in. It meets a centrifugal barrier at #,,,, ~/?/(&M.) , around 100-1000
AU and settles into a rotating disk [6, 16]. The disk becomes the main channel feeding the growing star,
moving material inward at accretion rates of 10°-10* M® yr™ [16]. The later evolution is described by
the observational sequence of Classes 0, I, II, and Ill, which traces the shift from a deeply embedded
protostar surrounded by envelope material, through a disk-dominated T Tauri phase, to a star with little
disk left [17].

Removing the excess angular momentum takes magnetic assistance, much of it described by the
Blandford-Payne mechanism. When a field line is inclined at less than about 60° to the disk plane, the
frozen-in condition lets gas be flung outward along it [12]. Where the Alfvén speed exceeds the local
sound speed, the field controls the dynamics entirely [9], and gas can reach terminal velocities of several
hundred km s™ [12]. Toroidal magnetic pressure pinches the flow into a collimated jet, while poloidal
tension keeps it converging [9]. Alongside the jet, a slower and wider wind, and a magnetic tower built
from accumulating toroidal flux, sweeps ambient cloud material into broad bipolar lobes [7, 9], carrying
enough momentum to shape the star-forming environment well beyond the immediate disk [17].

4.3 The Transition from Protostar to Main Sequence

Once accretion drops below about 10® M® yr, the stellar surface becomes visible [17]. For stars below
roughly 3 M@, this marks the start of the Hayashi track: a nearly vertical descent in the Hertzsprung-
Russell diagram at an effective temperature held near 3000-4000 K, while the fully convective star keeps
contracting and dimming [13]. Energy transport in this phase is governed by convection, characterized
loosely by a mixing-length parameter, with the adiabatic gradient near 0.4 [16].

Contraction continues, and the core heats up on a Kelvin-Helmholtz timescale that stretches to 10°-10° yr
for a solar-type star [16]. Near 10° K, deuterium starts fusing with protons, releasing enough energy to
slow the contraction and produce a modest bump in luminosity [15]. The deuterium runs out within a few
million years, though, and cannot hold the star up for long [13]. The star then follows the Henyey track,
nearly horizontal in the diagram, with the effective temperature climbing as the interior gradually turns
radiative rather than convective [15]. The switch happens where the radiative temperature gradient falls
below the adiabatic gradient, at which point a radiative zone grows outward from the core [16].

The pre-main-sequence phase ends when the core reaches about 4 x 10° K, hot enough to ignite the
proton-proton chain, which powers most stars below about 1.3 M ®. In heavier stars, at around 2 x 10’ K,

the CNO cycle takes over instead; its much steeper temperature sensitivity makes it the main channel
above roughly 1.5 M® [15]. Hydrogen burning then stabilizes the structure. Pressure balances
gravity, and the star settles onto the zero-age main sequence [4]. Its position is set by mass alone,
with luminosity and temperature following through L o« M®, where « is near 3.5 for lower-mass stars
and closer to 4.5 for heavier ones. Most stellar population synthesis rests on this relation [17].

5. Feedback Loops and Star Formation Efficiency

5.1 Stellar Winds and Photoionization

A massive star (above ~8 M®) does not sit passively in its natal cloud; it starts disrupting its
surroundings at once. The first agent is photoionization. Ultraviolet photons from the stellar surface
(T 230,000 K) strip electrons from the surrounding hydrogen, carving out a bubble of ionized gas
known as a Strémgren sphere [1],
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typically a few parsecs across [17]. The ionized gas inside is heated to about 10* K, and its pressure
comes to exceed that of the surrounding cloud by factors of hundreds [14]. The imbalance cannot last. It
drives an expanding shock front that sweeps cold gas into a dense shell, in some cases gathering several
hundred times the mass of the star that produced it [10].

Stellar winds add to the effect. OB stars lose mass at 107-10° M® yr™ in flows moving at thousands of
km s, carving a hot, low-density cavity even more over-pressured than the ionized gas around it [7].
Eventually the ionized bubble finds a weak region of the cloud and vents outward, and once that happens,
cloud dispersal accelerates sharply [10].

5.2 Supernova Feedback and Regulatory Mechanisms

Stellar winds are only the preliminary phase of disruption; the dominant impact comes at the star’s death
[7]. A single supernova deposits roughly 10> erg into the ISM, the equivalent of tens of thousands of
stellar winds, and such events happen often enough (roughly once every few decades across the Galaxy)
that their cumulative effect outweighs everything before them [18]. The remnant passes through a well-
characterized sequence of stages: rapid free expansion, a Sedov-Taylor phase with R o t*°, cooling and
deceleration into a radiative shell, and finally a momentum-conserving coasting phase [10].

Multiple such events within a single stellar association produce a superbubble, a cavity extending
hundreds of parsecs in diameter that can break through the galactic disk and vent hot gas [18]. This is the
galactic fountain mechanism discussed above [7].

Averaged over a whole galaxy, the net effect holds the star formation efficiency near 1-2% of gas
converted into stars per free-fall time, with feedback acting as a regulatory thermostat [6].

Feedback is not purely destructive, however [18]. It disperses molecular clouds and suppresses star
formation locally, but the shocked, swept-up shells it produces are often dense enough to become
gravitationally unstable, seeding the next stellar generation. Evidence for this appears in the arrangement
of young stellar objects along the rims of evolved H |1 regions, with stellar ages increasing systematically
with distance from the region’s center [1]. Feedback therefore acts at once as an agent of destruction and
of triggered star formation [18].

Conclusion and Future Directions

Seen from far enough away, the processes described above form a closed loop rather than a chain. Twelve
orders of magnitude separate galactic-scale dynamics from the sub-parsec envelope of a single forming
star, yet each end of the hierarchy shapes the other. Spiral waves, shear, and supernova-driven turbulence
set the conditions under which giant molecular clouds assemble and disperse, and they hand those initial
conditions down to small-scale collapse. That collapse, contested among magnetic fields, turbulence, and
angular momentum, produces protostars that immediately push back on their environment: ionizing,
driving winds, and eventually exploding, reheating and enriching the gas they came from. Cloud after
cloud, the loop converges on the same star formation efficiency of 1-2%. Star formation is better
described as a self-regulating system than as a causal sequence, and the gas-density—SFR relations used at
galactic scales are the visible signature of that regulation.

Where the field goes next will be set largely by what current instruments can resolve. JWST looks
through the dust surrounding Class 0 and Class | protostars, recovering disk structure and planet-forming
chemistry at 2-20 um, while ALMA resolves structures at ~10 AU in nearby regions, close enough to
watch multiple systems and disk substructure form rather than infer them. Combined with
magnetohydrodynamic simulations that now include radiative transfer and non-ideal effects, these
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capabilities put several longstanding questions within empirical reach: whether the initial mass function is
truly universal or shifts subtly with environment, what sets the characteristic stellar mass and how local
metallicity and pressure enter, and how effective feedback really is, a number on which simulations still
disagree. None of these questions are settled, but each is closer to resolution than it has ever been.
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