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Topics

• Initial Conditions
• Outflows
• Disks
• Radiative Feedback
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Initial Conditions
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• Gas mass density
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Initial Conditions

Nielbock et al. (2012)
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M. Nielbock et al.: EPoS: The dust temperature and density distributions of B68

Fig. 6. Dust temperature a) and column density b) maps of B68 derived by line-of-sight SED fitting as described in Sect. 3.1. The temperature
minimum attains 11.9 K and is offset by 5′′ from the column density peak. The four positions from which we extracted the individual SEDs shown
in Fig. 5 are indicated with +. The central column density is NH = 2.7 × 1022 cm−2. The coordinates are given in arcminutes relative to the centre
of the column density distribution, i.e. RA = 17h22m38.s6, Dec = −23◦49′51′′ .

3.2. Dust temperature and density structure from ray-tracing
models

In a second step, we attempt to reconstruct an estimate of the
full temperature and density structure of the cloud by account-
ing for LoS temperature and density gradients in the SED mod-
elling. We make the simplifying starting assumption of spherical
geometry, i.e. we assume that the LoS profiles are equal to the
mean profiles in the plane of the sky (PoS), but then allow for
local deviations. For this purpose, we construct a cube with
the x and y dimension and pixel size equal to the flux maps and
100 pixels in the z direction. Each cell in this cube represents a
volume element of the size (10 Dpc AU)3, where 10 is the chosen
angular pixel size in arcseconds and Dpc is the distance towards
the source in pc, resulting in a resolution of 1.13 × 1049 cm3 per
cell. Each cell is assigned a density and a temperature. We start
with a spherical model centred on the column density peak de-
rived by the LoS SED fitting (Sect. 3.1) and at the cube centre in
z direction. For the density profile, we assume a “Plummer-like”
function (Plummer 1911)

nH(r) = n0

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

r0
(
r2

0 + r2
)1/2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

η

=
n0

(
1 +

(
r
r0

)2
)η/2 , (7)

introduced by Whitworth & Ward-Thompson (2001) to charac-
terise the radial density distribution of prestellar cores on the
verge of gravitational collapse. It is analytically identical to the
Moffat profile (Moffat 1969) and can also mimic a BES density
profile very closely for a given choice of parameters. To account
for the observed outer density “plateau”, we modify it by adding
a constant term:

nH(r) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∆n(
1+

(
r

r0

)2
)η/2 + nout if r ≤ rout

0 if r > rout.
(8)

The radius rout sets the outer boundary of the modelling.
Anything beyond this radius is set to zero. The peak density is
then

n0 = nout + ∆n. (9)

Adding a constant term to Eq. (7) slightly changes the behaviour
of r0 and η. Although this complicates comparing the results
with previous findings, we apply Eq. (8) to analytically describe
the radial distribution for the ray-tracing fitting, because it sim-
plifies the modelling and fits better to the radial profiles than
Eq. (7). This profile (i) accounts for an inner flat density core in-
side r0 with a peak density n0; (ii) approaches a modified power-
law behaviour with an exponent η at r ≫ r0; (iii) turns over into
a flat-density halo outside

r1 = r0

√(
∆n
nout

)2/η

− 1, (10)

which probably belongs to the ambient medium around and
along the LoS of B68, and (iv) is manually cut off at rout. The
outer flat-density halo and the sharp outer boundary are artificial
assumptions to simplify the modelling and account for the ob-
served finite outer halo. This outer tenuous envelope of material
is neither azimuthally symmetric nor fully spatially covered by
our observations. Therefore, its real size remains unconstrained.
Furthermore, its temperature and density remain very uncertain
because of the low flux levels and uncertainties introduced by the
background and its attempted subtraction. Therefore, the value
of rout should not be considered as an actual source property.

For the temperature profile of an externally heated cloud, we
adopt the following empirical prescription. It resembles the radi-
ation transfer equations in coupling the local temperature to the
effective optical depth towards the outer “rim”, where the ISRF
impacts:

T (r) = Tout − ∆T
(
1 − e−τ(r)

)
(11)

A11, page 7 of 23

• Velocity field /  Turbulence?
• Magnetic field?

• Gas mass density • Gas temperature



Henrik Beuther &  Rolf Kuiper What are the differences between high- and low-mass star formation? July 12,  2021  

Initial Conditions

compiled from Motte & André (2001) and Gieser et al. (2021)

low-mass high-mass

G21

P20

W16

G13
B12

Z09
B07

W05

H03

B02

M02

HH211-MM

L1448-C

NGC 1333-IRAS4A
L723-MM

B335L588

L483-MM

L1157-MM
K04181+2654

M04248

M04381

TMR1

T04191

K04166

L1527

K04113

L1551-NE

L1551-IRS5

0.005 0.010 0.050 0.100 0.500 10.5

1.0

1.5

2.0

2.5

3.0

<r> [pc]

p
ρgas ∝ r−p



Henrik Beuther &  Rolf Kuiper What are the differences between high- and low-mass star formation? July 12,  2021  

Outflows, qualitative

Beuther et al. 2002

high-masslow-mass

Gueth et al. 1999



Henrik Beuther &  Rolf Kuiper What are the differences between high- and low-mass star formation? July 12,  2021  

Outflows, qualitative

Beuther et al. 2002
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Gueth et al. 1999

Beuther & Shepherd 2005

Arce et al. 2006
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Outflows, quantitative

Wu et al. 2004, 2005

Other compilations: Bontemps+ 1996,Beuther+2002, Zhang+2003, Lopez-     
                                Sepulcre+ 2009, Maud+2015, …
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Disks
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observations
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Andrews+ 2018
Maud+ 2019

Zhao+ 2018

A. Ahmadi et al.: Disc kinematics and stability in high-mass star formation

Fig. 3. 1.37 mm continuum images of the model simulations (top row), synthetic ALMA observations (middle row), and synthetic NOEMA obser-
vations (bottom row,) shifted to a distance of 800 pc (left column) and 2000 pc (right column). Each panel contains four sub-panels corresponding
to the image inclined by 10� (top left), 30� (top right), 60� (bottom left), and 80� (bottom right). The contours for the model simulations are drawn
at 1, 5, 9, 20, 40, and 60% of the peak of the emission. The two outermost contours for the synthetic observations correspond to the 6� and 12�
levels, the rest start at 30� and increase in steps of 80� (see Table 1 for the noise values). The synthesised beam is shown in the bottom left corner
and a scale bar in the bottom right corner of each set of synthetic observations. The intensity scale is different in each panel.
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Photoionization Feedback

The Astrophysical Journal, 772:61 (10pp), 2013 July 20 Kuiper & Yorke

Table 1
Overview of Simulations Performed

Tag Stellar Core β Erot/Egrav Ṁ∗ Rmax
∗ MDisk

∗ M
Bloating
∗ MZAMS

∗
Evolution Evolution ρ ∝ rβ (%) (10−4 M⊙ yr−1) (R⊙) (M⊙) (M⊙) (M⊙)

RHD+SE A Yes Yes −2.0 1.0 – 885 22 5.0–22.0 40
RHD+SE B Yes Yes −1.5 1.7 – 456 7 3.9–12.0 30
RHD+SE C Yes Yes −1.5 5.0 – 389 2.4 3.5–10.7 21

RHD A No Yes −2.0 1.0 – – 25 – –
RHD B No Yes −1.5 1.7 – – 7 – –
RHD C No Yes −1.5 5.0 – – 3.7 – –

SE Yes No – – 30 1366 – 5.3–39.2 70
SE A Yes No – – 20 845 – 4.6–23.0 52
SE Yes No – – 10 498 – 3.7–13.0 32
SE B Yes No – – 9 462 – 3.6–12.2 30
SE C Yes No – – 7 377 – 3.5–9.9 25
SE Yes No – – 5 286 – 3.3–7.7 21
SE Yes No – – 1 31 – 2.6–3.9 10

Notes. From left to right the columns denote the run tag, the code configuration, and whether or not the protostellar evolution and the evolution of the pre-stellar core
are computed. For cases when the evolution of the molecular core is computed, the next two columns denote the initial density slope β of the pre-stellar core and the
initial ratio of rotational to gravitational energy Erot/Egrav of the pre-stellar core. The assumed constant accretion rate Ṁ∗ given in the next column is only relevant
when the evolution of the molecular core is not computed. The last four columns denote the resulting maximum protostellar radius Rmax

∗ , the resulting stellar mass
MDisk

∗ , at which the (Keplerian) circumstellar disk is formed, the resulting stellar mass range M
Bloating
∗ , in which the protostar bloats up to its maximum radius, and

the resulting stellar mass MZAMS
∗ , at which the protostar reaches the zero-age-main-sequence. Dashes are given when these parameters are not relevant for a particular

sequence.
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Figure 1. Hertzsprung–Russell diagram for the protostellar evolution in the
collapse scenario “RHD+SE A” (solid line). The dashed stellar evolutionary
track denotes the evolution of the protostar in a comparison run assuming a
constant accretion rate of 2 × 10−3 M⊙ yr−1. The diagonal dashed lines denote
lines of constant stellar radii as labeled. The small numbers along the stellar
evolutionary track mark the protostellar mass.

scenarios in light of four main evolutionary phases: (I) pre-
bloating, (II) bloating, (III) Kelvin–Helmholtz contraction, and
(IV) main sequence, which we shall discuss in more detail below.
Note that Hosokawa & Omukai (2009) and Hosokawa et al.
(2010) use the terms “convection” and “swelling” for phases (I)
and (II). The four phases of evolution presented here are
consistent with the “cold disk accretion” evolution by Hosokawa
et al. (2010), but in contrast to their assumed constant accretion
rates, we use the accretion rate computed self-consistently from
the evolution of the collapsing pre-stellar core, including the
radiation pressure feedback of the forming star.

The protostellar evolution in the framework of the three
scenarios is shown in the corresponding Hertzsprung–Russell
diagrams and the evolution of the stellar radius with mass in
Figures 1–6. During phase (I) before the onset of bloating,
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Figure 2. Hertzsprung–Russell diagram for the protostellar evolution in the
collapse scenario “RHD+SE B.” The dashed stellar evolutionary track denotes
the evolution of the protostar in a comparison run assuming a constant accretion
rate of 9 × 10−4 M⊙ yr−1. Otherwise, symbols and numbers are as in Figure 1.

the accretion timescale is much shorter (up to four orders of
magnitude) than the Kelvin–Helmholtz contraction timescale
of the newborn protostar. Energy transport within the protostar
is initially primarily via convection, but the protostar later
becomes radiative. In either case the protostar is not in thermal
equilibrium and it eventually begins to expand rapidly when
the Kelvin–Helmholtz timescale is longer than the accretion
timescale. The maximum stellar radius and the mass range
of the bloating phase (II) are given in Table 1. When the
Kelvin–Helmholtz timescale becomes shorter than the accretion
timescale (phase III), the protostar begins to contract toward
the main sequence. This contraction is stopped when hydrogen
burning begins (phase IV).

The effects of protostellar feedback on the pre-stellar core
evolution in the three scenarios is most clearly shown by the
evolution of the accretion rate onto the protostar in Figures 7–9.
In general, the interdependence of protostellar and the
pre-stellar core evolution results in bursts of accretion and/or

3

Kuiper & Hosokawa (2018)

Kuiper & Yorke (2013)

Keto (2007)

following mass conservation regardless of the angular momen-
tum, the difference between the two cases relates to where in the
flow the gas density becomes observationally significant with
respect to the flattening of the flow. The flow becomes observable
as the gas density approaches the critical density for collisional de-
excitation, nc ¼ Aij /Cij, where Aij is the Einstein A-coefficient
(s"1) and Cij is the collision rate (cm"3 s"1) for the particular
molecular tracer employed in an observation. In a model with
low angular momentum, the gas will reach the critical density
before flattening into a disk, and the molecular accretion flow
will be detected as a quasi-spherical rotating flow or fat torus. In
the high angular momentum case, the flow will form a disk be-
fore the gas density in the surrounding flow exceeds the critical
density. In this case the observations will tend to see the flattened
disk.

Figure 2 shows two variations of the same model. Both mod-
els include a star of 20 M# and flux of ionizing radiation of 3 ;
1046 photons s"1 corresponding to type B0–O9.5. At this mass,
Rb ¼ 54 AU. In one model, the angular momentum is !0 ¼
0:04 km s"1 pc, while in the second model the rotation rate is
2 times higher. The values of Rd are therefore 38 and 152 AU,
respectively. Because of the greater inward increase in the gas
density in the flattened, high angular momentum flow, the
density in this flow is set lower, n0 ¼ 1 ; 106 cm"3, rather than
n0 ¼ 3 ; 107 cm"3, so that similar densities are maintained at the
center of the flow, and, therefore, there are similar opening an-
gles for the bipolar outflow. The mass accretion rates for each
model are 6:6 ; 10"6 and 1:8 ; 10"5 M# yr"1. The two den-
sity distributions shown in Figure 2 suggest that accretion
disks and ‘‘fat toroids’’ may be different expressions of the
same model accretion flow with different values of the angular
momentum or equivalently different values of Rd with respect to
Rb.

6.3. Limitations of the Model

The model of accretion on ballistic trajectories in x 3 does not
include pressure forces and therefore does not describe a pressure-
supported disk at the midplane. The density in such a disk could
potentially affect the morphology of an H ii region depending on
the structure of the disk. Little is known either observationally or
theoretically about disks around massive stars. If these disks are
similar to those around low-mass stars, then we can calculate how
a scaled-up, low-mass disk would affect the H ii region mor-
phologies in the examples above. To do this we add to the model
accretion flows in the examples above the density of a disk de-
scribed as (Whitney et al. 2003, their eq. [3])

!(r)¼ !0 1"
ffiffiffiffiffiffi
R$

r

r !
R$

r

" #"

exp " 1

2

z

H rð Þ

$ %2( )
; ð13Þ

where r is the radius in the disk midplane, z is the height above
the plane, " ¼ 2:25, and the scale height H(r) ¼ H0(r /R$)

#,
with H0 ¼ 0:1R$ (AU) and # ¼ 1:25. The density, !0 is de-
fined by the assumption that the total mass of the disk within
Rd is 0:1M$. These additional calculations (not shown) dem-
onstrate that the inclusion of such a disk does not affect the
morphologies of the H ii regions in these examples. This is
because the scale height of the pressure-supported disk at the
radii where the boundary of the H ii region meets the midplane
is small compared to the thickness of the ‘‘disk’’ created by
the flattening of the accretion flow. Because this pressure-
supported disk is an arbitrary addition to the model that does

fig. 1afig. 1bfig. 1c
Fig. 1.—Model of a high angularmomentumaccretionflowsubject to three levels

of ionizing radiation, (a) low, (b) medium, and (c) high as defined in x 6. The figures
show the log of the density of molecular gas in (a) blue and of the ionized gas in (b, c)
red in a slice in theX-Z plane of the flow. The color scales range from (a) 0 to 1:6 ;
107 cm"3 (molecular), (b) 0 to 1:2 ; 107 cm"3 (ionized), and (c) 0 to 1:3 ; 107 cm"3

(ionized). The circle shows the location of theBondi-Parker critical radius of the ion-
ized gas for spherical flow. The arrows show the velocity of the flow in the X-Z plane.
In panela, the longest arrow in themolecular flow represents 26.6 kms"1, and the lon-
gest arrow in the ionized flow represents 21.5 km s"1. In panel b, the longest arrow in
the molecular flow represents 8.0 km s"1, and the longest arrow in the ionized flow
represents 28.2 km s"1. In panel c, the longest arrow in the molecular flow represents
5.4 km s"1, and the longest arrow in the ionized flow represents 29.4 km s"1. In
the ionized outflow flow, the velocity is the sound speed at the critical radius. The
axes are labeled in units of Rd , 42 AU (top ), 47 AU (middle), and 51 AU (bottom).
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Fig. 1c
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Figure 11. Planck spectra of the protostellar effective surface temperature at
the end of the bloating phase (dashed line), after the initial stellar contraction
and disk formation (solid line), and at the beginning of the ZAMS (dot-dashed
line) in the collapse scenario “RHD+SE A.” The vertical dotted line denotes the
hydrogen ionization threshold of 13.6 eV.

over the accretion luminosity, even for collapse scenario “A”
with the highest accretion rates. This transitional phase is de-
fined by the decrease of the stellar radius from the largest stellar
radius at the end of the bloating phase to a local minimum,
which denotes the zero-age main sequence (ZAMS). In this
phase, the strongest interdependency of the stellar and the core
evolution is observed in run “RHD+SE A.” The reason is that
in the collapse scenario “A” the circumstellar disk forms di-
rectly at the end of the protostellar bloating phase. The disk
formation yields a decrease of the accretion rate. Due to the
diminished supply of accreting gas mass, the protostar contracts
much faster (factor of two) than in the comparison stellar evolu-
tion run (“SE A”) at constant accretion. The strong decrease in
the protostellar radius yields a rapid shift of the stellar spectrum
toward the EUV regime; see Figure 11. The exerted radiation
pressure of this event results in a strong decrease in the accretion
rate with respect to the core evolution comparison run “RHD
A.” Ultimately, the protostar reaches the ZAMS at 40 M⊙. Fur-
thermore, the rapid shift of the stellar spectrum depicts a sudden
onset of ionization. In the radiation-hydrodynamics evolution
of the stellar environment, the effect of ionization is not con-
sidered here. For the effects of ionization feedback during the
pre-main-sequence evolution of massive stars and implications
on observations of H ii region variability, we refer the interested
reader to recent studies by Peters et al. (2010a, 2010b), and
Klassen et al. (2012).

5.4. Phase IV: Main Sequence Evolution

In the various collapse scenarios, the protostars reach the
ZAMS at 21 M⊙, 30 M⊙, and 40 M⊙, respectively. The high
stellar masses correspond to lower Kelvin–Helmholtz contrac-
tion timescales, leading in general to a decreased dependency
of the stellar evolution on the accretion rate. After reaching the
ZAMS, the protostellar radius grows along the ZAMS as its
mass increases. We stopped the simulation runs shortly after the
(proto)star has reached the ZAMS.

6. AIMS AND LIMITATIONS

The stellar evolutionary tracks shown here are in reasonably
good agreement with previous studies on the evolution of mas-
sive protostars including the effect of accretion by Hosokawa &
Omukai (2009) and Hosokawa et al. (2010). The initial dominant
role of the accretion luminosity, the bloating phase of the proto-
star, and a smooth transition from the bloating phase towards the

ZAMS are robust features in all these studies. However, since
the evolution of the protostar will—in general—depend on the
initial starting model, we find some differences in the early evo-
lution to the published results by Hosokawa et al. (2010). As an
example, the maximum stellar radius during the bloating phase
computed here more closely resembles the result by Hosokawa
et al. (2010) for their initial condition of a shallower initial en-
tropy distribution (compare Figure 9 in Hosokawa et al. 2010),
although they assume a much larger initial stellar radius for
their starting models. Moreover, the evolution of the protostar
depends on the outer boundary condition as well. The outer
boundary condition of the stellar evolutionary model is deter-
mined by the detailed geometry of the accretion flow onto the
stellar surface and how much heat is deposited into the outer
stellar layers. In this study, the so-called cold disk accretion
boundary condition is used, in which the kinetic energy from
accretion is assumed to be radiated away without significantly
penetrating the stellar atmosphere.

In detail, the protostellar evolution depends on the actual
physics of this accretion layer. As an example, we have ad-
ditionally computed the protostellar evolution for an accretion
rate of Ṁ = 2 × 10−3 M⊙ yr−1 for cases in which a fraction
of the kinetic accretion energy is absorbed by the protostellar
atmospheric layer. In fact, we have studied the limiting and in-
termediate cases of cold disk accretion (η = 0, the preset model
for the previous RHD+SE and SE runs), minor energy absorp-
tion (η = 10−6), significant energy absorption (η = 0.1), and
full energy absorption (η = 1). The corresponding evolution
of the stellar radii and luminosities for these accretion layer
scenarios are shown in Figure 12.

In this case of an extremely high accretion rate, the maximum
radius of the bloated protostar depends quite strongly on
the absorption efficiency η. While the run of minor energy
absorption (η = 10−6) closely resembles the case of cold disk
accretion (η = 0), the models for significant (η = 0.1) and full
deposition of the accretion energy (η = 1) yield significantly
larger radii during the pre-bloated phase and smaller radii during
the bloated phase. Eventually, the models merge when the
protostar reaches the ZAMS.

Our particular choice of the initial model and boundary con-
ditions for the stellar evolution code were not made specifically
to quantitatively reproduce any particular previous stellar evolu-
tion result. The main goal of this study is to illuminate the inter-
dependencies of protostellar evolution and the evolution of the
host molecular core. Thus, to allow comparisons between our
self-consistent protostellar evolutionary tracks presented here
in three different collapse scenarios, we do not vary the stellar
evolution parameters, leaving this type of parameter study for
a future investigation. Regarding the hydrodynamical evolution
of the proto-stellar environment, we point out that in these ax-
ially symmetric studies fragmentation of the forming accretion
disk is neglected.

7. OBSERVING BLOATED MASSIVE PROTOSTARS

Apart from their long distance, observations of massive pro-
tostars in general suffer from the fact that the protostars are—
especially at these early time in evolution—deeply embedded
into their natal environment. On the other hand, due to their
high luminosity in combination with a low surface temperature
during the bloating phase, these massive protostars will have
unique signatures. First signs of a strongly bloated, relatively
cool central object were reported in an interferometry measure-
ment by Linz et al. (2009). However, this represents an indirect

6

Eric Keto: "If it's not driving an H II region, it's not a massive star!"

The H II region does not impact the formation 
of it's engine, so it's only a by-product.
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Fig. 12. Scissor handle like push e↵ect of the expanding HII region. From left to right: accretion disk and protostellar outflow at t = 20, 30, and
40 kyr of evolution. The disk density is color-coded as in Fig. 1. The outflow velocity is color-coded as in Fig. 3. The images cover ⇡5000 au in
width. The outermost velocity iso-contour at each time resembles the extent of the HII region in the polar direction.

finally, all simulations with photoionization feedback result in
epochs of enhanced disk-to-star accretion rates compared to the
corresponding simulations without photoionization (see follow-
ing section for a more detailed discussion of the stellar evolution
and their final masses).

Other than this “scissor handle” e↵ect, the impact of pho-
toionization on the highly optically thick massive disks is lim-
ited. Only the disk’s inner rim and its atmospheric layers
get photoionized. The disk’s midplane, for instance, remains
fully una↵ected (Fig. 10, top panel). The e↵ect of disk mass
loss due to photo-evaporation seems to play a minor role for
these disks, since, when compared to simulations without pho-
toionization feedback, the scissors handle like push e↵ect de-
scribed above yields a stronger impact than the photo-evaporated
mass loss.

4.3. Stellar evolution

As depicted in Fig. 11, stellar accretion and therefore stellar evo-
lution is tightly coupled to the evolution of the accretion disk.
Speaking only somewhat hyperbolically, the disk is not evolving
around the star, but the star is evolving inside its accretion disk,
leading to our choice to discuss the evolution of the accretion
disk in the previous section before now turning to the evolution
of the central host star. E↵ects on larger scale and associated
morphologies will be discussed in the following sections.

In contrast to our earlier studies in Kuiper & Yorke (2013b),
here we do not solve for the interior stellar structure simulta-
neously to the gravitational collapse. Instead, we use the stellar
evolutionary tracks from Hosokawa & Omukai (2009) to deter-
mine the stellar properties from the current stellar mass and its
accretion rate (see Kuiper et al. 2010a for technical details). For
completeness, the evolution of the main stellar properties is also
visualized here in Fig. 13.

We discuss three points in time which denote special mile-
stones in the stellar evolution: At about M⇤ ⇡ 5 M�, the internal
luminosity wave arrives at the stellar surface, and as a conse-
quence, the stellar luminosity rapidly increases. Earlier times are
dominated by accretion luminosity.

After that, the importance of radiation feedback increases as
depicted in Fig. 13, bottom left panel, in terms of the Eddington
factor with respect to dust opacities �⇤ = L⇤/M⇤ ⇥ P(T⇤)/4⇡Gc.
Here, the Eddington factor denotes the ratio of the radiative force
exerted on directly irradiated dust (i.e. for a medium optical
depth less than unity) compared to the gravitational attraction
of the star. Due to the fact that both forces scale with the inverse
of the radius squared, their ratio �⇤ is scale-independent. The star

becomes super-Eddington (�⇤ > 1), and thus radiative repulsion
is able to compensate the stellar gravitational attraction, at about
M⇤ ⇡ 10 M�. From now on, radiation forces denote (by far) the
dominant force in directly irradiated regions until at later times
and larger scales, thermal pressure from photoionization domi-
nates.

Despite the strong increase in luminosity in between M⇤ ⇡
5 M� and M⇤ ⇡ 10 M�, which gives rise to the radiation forces,
photoionization is still negligible during this phase of stellar
evolution, because the star is still on the track toward its max-
imum bloating radius of Rmax

⇤ ⇡ 160 R�. Consequently, the
photospheric temperature is far too low for there to be a sub-
stantial amount of photoionizing EUV radiation. We estimate
a turnover point as the point in time, where a corresponding
black body would emit half of its energy in the EUV regime
(h⌫ > 13.6 eV), which is about T⇤ ⇡ 45000 K. This critical
value is added as a horizontal line to Fig. 13, bottom right panel.
This estimate is only used here in the analysis of the stellar evo-
lution to get an idea of the onset of photoionization feedback; the
simulation code always allows for the emission of the EUV frac-
tion of the stellar spectrum using a Kurucz atmosphere model
to properly determine the stellar spectrum instead of a black
body assumption (see Kuiper et al. 2018 for details). Examining
where the stellar temperature crosses this threshold shows that
the onset of strong photoionization feedback can be estimated
as M⇤ ⇡ 30 M�, i.e. directly at the end of Kelvin-Helmholtz
contraction toward the zero age main sequence. After this point
photoionization will create an HII region, which expands into the
surrounding medium due to its high thermal pressure. We will
further discuss the morphology of these HII regions and their
feedback e�ciency in Sect. 4.5.

4.4. Star formation and small-scale feedback

These basic stellar evolutionary tracks describe the stellar prop-
erties only as functions of the actual stellar mass. During the
course of the simulations, the stellar evolution also depends on
the accretion history, which can be severely altered by means
of feedback. The resulting accretion histories are shown for the
di↵erent mass reservoirs and di↵erent feedback components ac-
counted for in the individual simulation runs in Fig. 14.

In models using a finite mass reservoir (upper panel), rep-
resenting e.g. isolated pre-stellar cores of 100 M�, the central
star grows up to M⇤ ⇡ 51 � 66 M�, depending on the feedback
components taken into account. As expected from the above es-
timates of evolutionary milestones, the di↵erences between the
tracks are insubstantial in the regime M⇤ < 10 M�. After that,
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Discussion

Further Topics:
• Larger scales (molecular clouds, galactic disk, …)
• Stellar clusters
• Small scales / stellar evolutionary timescales

• high-mass stars accrete while burning hydrogen
• high-mass stars undergo a bloating phase early in their evolution

• Chemistry
• …

Questions:
• What processes do scale? 
• What processes do not scale?
• What are the best parameters for comparison?
• Can we actually learn something about the physics of star formation by 

determining the high-/low-mass distinction?


