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references therein). But can we apply the same principles
to an entire dwarf galaxy? How will the energetics differ if
the momentum transfer originates from ionizing radiation
instead of protostellar winds or Thomson scattering?

In the traditional Eddington approach (Eddington
1926), Thomson scattering is the source of radiation pres-
sure. The Eddington luminosity limit is

Ledd =
4πGMmpc

σT
, (1)

where M is the mass of object, mp is the proton mass,
and σT = 6.65 × 10−25 cm2 is the Thomson cross-section.
However, the absorption cross-section for hydrogen σHI =
6.35 × 10−18 cm2 at 1 Ryd, which is ∼ 107 times larger
than the Thomson cross-section. However, it should be noted
that a spectrum-weighted cross-section is somewhat lower
because σHI ∝ ν−3. Thus momentum transfer during the
absorption of ionizing photons might significantly affect the
large-scale dynamics in the galaxy.

For illustrative purposes, we focus on a single expanding
H ii region with hydrogen only that is embedded in a DM
halo. A shock front forms at the edge of the H ii region
as when the ionisation front becomes D-type (Osterbrock
1989), i.e., the expansion speed of the H ii region slows below
the sound speed of the ionised medium. If the ionisation
front coincides with the shock front, the optical depth from
the radiation source will exceed unity within the shock. We
can simplify the calculation by assuming that the H ii region
is optically thin and all of the ionizing radiation momentum
is transferred to the optically-thick shock.

Murray, Quataert & Thompson (2005) considered the
spherically symmetric and self-gravitating case where the
stellar system is contained within a halo with a gas frac-
tion fgas. Their main focus was on nuclear starbursts and
the resulting outflows and explaining the M − σ rela-
tionship (Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002). They neglected thermal pressure
forces from the H ii region because it is negligible for a stellar
system that is centered in the gravitational potential of halos
that host L ! L∗ galaxies. For a central ionising luminos-
ity L where each photon is absorbed once, the momentum
equation is

dP
dt

= −
GM(r)Mgas(r)

r2
+

L
c
. (2)

In the case where photons are absorbed and re-emitted many
times in a dusty medium, the second term can become im-
portant. Murray, Quataert & Thompson showed that for a
luminosity L ! 4fgasσ

4c/G, the gas moves outward driven
by radiation pressure, where σ is the halo velocity disper-
sion.

For a dwarf galaxy with σ = 20 km s−1 and the cos-
mic baryon fraction, this critical luminosity is on the order
of 1042 erg s−1, equivalent to a mass-to-light ratio on the
order of unity for a Salpeter IMF. The gravitational poten-
tial in dwarf galaxies with Vc " 30 km s−1 cannot prevent
the expansion of the dense shell surrounding H ii regions
into the IGM. Furthermore, star formation is not neces-
sarily concentrated in the centre of these small irregular
galaxies (Tolstoy, Hill & Tosi 2009). If the H ii region is
pressure-supported (e.g., see Ferrara 1993), then we can ne-
glect the gravitational force term in Eq. 2. Taking L to be
time-independent and instantaneously non-zero at t > 0,

Figure 1. Radius (top) and velocity (bottom) of an expanding
optically thick shell driven by momentum transfer from ionizing
radiation for a central luminosity of L = 105, 106, 107 L⊙ with an
average ionizing photon energy of 20 eV.

the momentum equation for the optically-thick shell is sim-
ply P (t) = Lt/c. We consider the spherically-symmetric case
where the shell sweeps all of the ISM with a density ρ = ρ(r)
in its path, and it moves at a velocity

v(t) =
Lt

cMshell
=

Lt
c

!

4π

" r

0

r′2ρ(r′)dr′
#−1

. (3)

Solving for radius and velocity with a homogeneous medium
ρ(r) = ρ0 and isothermal density profile ρ(r) = ρ0(r/r0)

−2,
we obtain

r(t) =

$

%

r4i + 2At2
&1/4

(ρ = ρ0)
%

r2i + At2/3r20
&1/2

(ρ ∝ r−2)
(4)

v(t) =

$

tA
%

r4i + 2At2
&−3/4

(ρ = ρ0)

t(A/3r20)
%

r2i + At2/3r20
&−1/2

(ρ ∝ r−2)
, (5)

whereA ≡ 3L/4πρ0c, and ri is the radius where the optically
thick shell first forms. The initial Strömgren sphere radius is
calculated by equating the ionizing photon luminosity Ṅγ =
L/⟨Eγ⟩ to the number of recombinations, so that

ri =

'

3Ṅγ

4πn2
0αB

(1/3

, (6)

given an initial absorber number density n0 of the star-
forming region. Here ⟨Eγ⟩ is the average ionizing photon
energy, and αB ≈ 2.5× 10−13 cm3 s−1 is the Case B recom-
bination rate at T = 104 K. Molecular complexes are very
clumpy and, in the Galactic plane, they have an average
density in the range of 102 − 104 cm−3 (Bergin & Tafalla
2007). For a representative stellar cluster,

ri = 1.57 L1/3
6 E−1/3

γ,20 n−1/3
3 pc, (7)

where L6 = L/106 L⊙, Eγ,20 = Eγ/20 eV, and n3 =
n0/10

3 cm−3. We plot r(t) and v(t) for L = 105, 106, 107 L⊙,
ρ0 = 1 cm−3, and ⟨Eγ⟩ = 20 eV in Figure 1 for a uni-
form and a isothermal density profile. We set r0 = 15 pc
so that both the uniform and isothermal sphere with ra-
dius 3r0 contains 104M⊙. In a uniform medium, the shell

c⃝ 2012 RAS, MNRAS 000, 1–17

The Role of Radiation Pressure in Early Dwarf Galaxies 3

references therein). But can we apply the same principles
to an entire dwarf galaxy? How will the energetics differ if
the momentum transfer originates from ionizing radiation
instead of protostellar winds or Thomson scattering?

In the traditional Eddington approach (Eddington
1926), Thomson scattering is the source of radiation pres-
sure. The Eddington luminosity limit is

Ledd =
4πGMmpc

σT
, (1)

where M is the mass of object, mp is the proton mass,
and σT = 6.65 × 10−25 cm2 is the Thomson cross-section.
However, the absorption cross-section for hydrogen σHI =
6.35 × 10−18 cm2 at 1 Ryd, which is ∼ 107 times larger
than the Thomson cross-section. However, it should be noted
that a spectrum-weighted cross-section is somewhat lower
because σHI ∝ ν−3. Thus momentum transfer during the
absorption of ionizing photons might significantly affect the
large-scale dynamics in the galaxy.

For illustrative purposes, we focus on a single expanding
H ii region with hydrogen only that is embedded in a DM
halo. A shock front forms at the edge of the H ii region
as when the ionisation front becomes D-type (Osterbrock
1989), i.e., the expansion speed of the H ii region slows below
the sound speed of the ionised medium. If the ionisation
front coincides with the shock front, the optical depth from
the radiation source will exceed unity within the shock. We
can simplify the calculation by assuming that the H ii region
is optically thin and all of the ionizing radiation momentum
is transferred to the optically-thick shock.

Murray, Quataert & Thompson (2005) considered the
spherically symmetric and self-gravitating case where the
stellar system is contained within a halo with a gas frac-
tion fgas. Their main focus was on nuclear starbursts and
the resulting outflows and explaining the M − σ rela-
tionship (Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002). They neglected thermal pressure
forces from the H ii region because it is negligible for a stellar
system that is centered in the gravitational potential of halos
that host L ! L∗ galaxies. For a central ionising luminos-
ity L where each photon is absorbed once, the momentum
equation is

dP
dt

= −
GM(r)Mgas(r)

r2
+

L
c
. (2)

In the case where photons are absorbed and re-emitted many
times in a dusty medium, the second term can become im-
portant. Murray, Quataert & Thompson showed that for a
luminosity L ! 4fgasσ

4c/G, the gas moves outward driven
by radiation pressure, where σ is the halo velocity disper-
sion.

For a dwarf galaxy with σ = 20 km s−1 and the cos-
mic baryon fraction, this critical luminosity is on the order
of 1042 erg s−1, equivalent to a mass-to-light ratio on the
order of unity for a Salpeter IMF. The gravitational poten-
tial in dwarf galaxies with Vc " 30 km s−1 cannot prevent
the expansion of the dense shell surrounding H ii regions
into the IGM. Furthermore, star formation is not neces-
sarily concentrated in the centre of these small irregular
galaxies (Tolstoy, Hill & Tosi 2009). If the H ii region is
pressure-supported (e.g., see Ferrara 1993), then we can ne-
glect the gravitational force term in Eq. 2. Taking L to be
time-independent and instantaneously non-zero at t > 0,

Figure 1. Radius (top) and velocity (bottom) of an expanding
optically thick shell driven by momentum transfer from ionizing
radiation for a central luminosity of L = 105, 106, 107 L⊙ with an
average ionizing photon energy of 20 eV.

the momentum equation for the optically-thick shell is sim-
ply P (t) = Lt/c. We consider the spherically-symmetric case
where the shell sweeps all of the ISM with a density ρ = ρ(r)
in its path, and it moves at a velocity

v(t) =
Lt

cMshell
=

Lt
c

!

4π

" r

0

r′2ρ(r′)dr′
#−1

. (3)

Solving for radius and velocity with a homogeneous medium
ρ(r) = ρ0 and isothermal density profile ρ(r) = ρ0(r/r0)

−2,
we obtain

r(t) =

$

%

r4i + 2At2
&1/4

(ρ = ρ0)
%

r2i + At2/3r20
&1/2

(ρ ∝ r−2)
(4)

v(t) =

$

tA
%

r4i + 2At2
&−3/4

(ρ = ρ0)

t(A/3r20)
%

r2i + At2/3r20
&−1/2

(ρ ∝ r−2)
, (5)

whereA ≡ 3L/4πρ0c, and ri is the radius where the optically
thick shell first forms. The initial Strömgren sphere radius is
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L/⟨Eγ⟩ to the number of recombinations, so that

ri =

'

3Ṅγ
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Murray et al. , Hopkins et al. , Wise et 
al., Kimm et al., Ceverino et al., ....

Absorption of photons from young stars photoionizes 
the gas but also impartes momentum. How important 
can this process be? 

(Wise et al. 2012)

Photoionization and Radiation 
Pressure
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Cloud 1
M ~ 2x106 Msun

R = 3 kpc
T0 ~ 500 K 
L = 106 Lsun

Idealized radiative transfer 
experiments with Arepo
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Sales et al. 2014
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Photoionization

0.5 Myr
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1.5 Myr
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3.0 Myr

RP has the capability,  but is slower than photoionization
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(see also Walch et al. 2012, Rosdahl et al. 2015, Raskutti et al. 2017,Haid et al. 2018)
Sales et al. 2014



Stellar FeedbackGravity
Supernova

Photoionization + Radiation pressure

Heating/Cooling

Cooling: gas allowed to cool down to low 
temperature ~10K via low-temperature 
metal line, fine-structure and molecular 
cooling processes, fit to CLOUDY tables.

Heating: Cosmic ray and photoelectric 
heating. 

Stochastic heating + 
momentum within 
kernel

Energy + momentum

Boost for unresolved 
Sedov-Taylor phase:

New ISM treatment in Arepo
Marinacci, Sales, Vogelsberger, Torrey, et al. , in prep.
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Gravitational forces are calculated 
using a Tree-PM scheme. Long range 
forces = particle-mesh / short scale = 
oct-tree 

(modelling follows Hopkins et al. 2018)



Resolving the multi-phase nature of gas in Arepo

Marinacci, Sales, Vogelsberger, Torrey, et al. , in prep.
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Marinacci, Sales, Vogelsberger, Torrey, et al. , in prep.
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Self-regulation of star formation

MW disk Dwarf galaxy

med,      =35pc 
high,      =15pc 
med,       =15pc 
high,       =5 pc

Marinacci, Sales, Vogelsberger, Torrey, et al. , in prep.
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Momentum budget in MW-like disk

Momentum input 
dominated by SNRoughly equal 

momentum from AGB 
winds and radiation

AGB to radiation AGB to SN SN to radiation

Marinacci, Sales, Vogelsberger, Torrey, et al. , in prep.
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Properties of gas clouds
Feedback fragments the ISM with more and smaller clouds than no-feedback runs

Hicks, Sales, Marinacci, Vogelsberger, et al., in-prep 
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1:1

1:1
1:1

00
1:1

00

Reasonable mass-size 
relation for clouds

Observed MW-relation

Hicks, Sales, Marinacci, Vogelsberger, et al., in-prep 

Lower SF efficiency in 
clouds with feedback

Properties of gas clouds
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Hicks, Sales, Marinacci, Vogelsberger, et al., in-prep 

Feedback allows for lower mass, smaller radius and          ~5-10 km/s

Good agreement with Grisdale et al. 2018 using RAMSES 

Properties of gas clouds

Laura V. Sales2018 Thinkshop Photoionization, stellar feedback and ISM modeling



- Survival time of clouds is 
shorter in feedback runs 

- Massive clouds dissolve more 
quickly 

Hicks, Sales, Marinacci, Vogelsberger, et al., in-prep 

Properties of gas clouds
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Summary

Radiative feedback from young stars is important to achieve self-regulation in star 
formation, but is subdominant in terms of momentum input and outflows in MW and 
dwarf models.  

Photoionization quickly propagates into the cold ISM and might weaken the effect 
of radiation pressure compared to idealized models 

ISM models including SN and radiative feedback establish a multi-phase gas 
distribution. Gas clouds are less massive, smaller radius and with lower efficiency to 
form stars. Properties agree to first order with observed MW clouds. 

Results should be compared with full radiative transfer runs
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