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• Interaction photon-atom 
not only conserves energy 
but also momentum
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Difficult to model:
•unknown spectral energy distribution of the source(s)
•track of ionization state + temperature + dynamics of the gas in sub-parsec scales
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references therein). But can we apply the same principles
to an entire dwarf galaxy? How will the energetics di!er 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 =
4!GMmpc

"T
, (1)

where M is the mass of object, mp is the proton mass,
and "T = 6.65 ! 10!25 cm2 is the Thomson cross-section.
However, the absorption cross-section for hydrogen "HI =
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 "HI # #!3. Thus momentum transfer during the
absorption of ionizing photons might significantly a!ect 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 $ " 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 ! 4fgas"

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

For a dwarf galaxy with " = 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 $ = $(r)
in its path, and it moves at a velocity

v(t) =
Lt

cMshell
=

Lt
c

!

4!

" r

0

r$2$(r$)dr$
#!1

. (3)

Solving for radius and velocity with a homogeneous medium
$(r) = $0 and isothermal density profile $(r) = $0(r/r0)

!2,
we obtain

r(t) =

$

%

r4i + 2At2
&1/4

($ = $0)
%

r2i + At2/3r20
&1/2

($ # r!2)
(4)

v(t) =

$

tA
%

r4i + 2At2
&!3/4

($ = $0)

t(A/3r20)
%

r2i + At2/3r20
&!1/2

($ # r!2)
, (5)

whereA % 3L/4!$0c, 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 Ṅ! =
L/&E!' to the number of recombinations, so that

ri =

'

3Ṅ!

4!n2
0%B

(1/3

, (6)

given an initial absorber number density n0 of the star-
forming region. Here &E!' is the average ionizing photon
energy, and %B ( 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

!,20 n!1/3
3 pc, (7)

where L6 = L/106 L#, E!,20 = E!/20 eV, and n3 =
n0/10

3 cm!3. We plot r(t) and v(t) for L = 105, 106, 107 L#,
$0 = 1 cm!3, and &E!' = 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
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Murray et al. , Hopkins et al. , Wise et 
al., Kimm et al., Ceverino et al., ....

Important role for galaxy formation. (but 
disagreement on the scale, boost factor?)

(Wise et al. 2012)

Significant ongoing effort in the community to include RP effects 
in galaxy-scale simulations

Radiation Pressure



Radiation Pressure in Arepo

• OTVET-like implementation for the radiative 
transfer (see Gnedin & Abel 2001, Petkova & Springel 2009)

• Results: 

- RP in constant density + central source L=106 Lsun     

- RP in   r-2 gas clouds + central source

• Conclusions 



Experiment 1: constant density box
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study the e!ects of di!erent timesteps on the accuracy of
our simulations, while in section 5.1.2 we evolve two nearby
sources with interacting ionised spheres. Then in section 5.2
we repeat the single ionised sphere expansion test, but this
time allowing the temperature to evolve. In section 5.3 we
present a shadowing test, where a dense clump is placed in
the way of a plane-parallel I-front. Finally, in section 5.4
we evolve the radiation transport in a static cosmological
density field.

5.1 Isothermal ionised sphere expansion

The expansion of an I-front in a static, homogeneous and
isothermal gas is the only problem in radiation hydrody-
namics that has a known analytical solution and is therefore
the most widely used test for RT codes. A monochromatic
source emits steadily Ṅ! photons with energy h! = 13.6 eV
per second into an initially neutral medium with constant
gas density nH. Then the Strömgren radius, at which the
ionised sphere around the source has reached its maximum
radius, is defined as

rS =

!

3Ṅ!

4"#Bn2
H

"1/3

, (82)

where #B is the recombination coe"cient. This radius is
obtained by balancing the number of emitted photons by
the number of photons lost due to recombinations along a
given line of sight. If we assume that the I-front is infinitely
thin, i.e. there is a discontinuity in the ionisation fraction,
then the expansion of the Strömgren radius can be solved
analytically and the I-front radius rI is given by

rI = rS[1 ! exp(!t/trec)]
1/3, (83)

where

trec =
1

nH#B
(84)

is the recombination time and #B is the recombination co-
e"cient.

The neutral and ionised fraction as a function of radius
of the stable Strömgren sphere can be calculated analytically
(e.g. Osterbrock & Ferland 2006) from the equation

ñHI(r)

4"r2

#

d! Ṅ!(!) e!"!(r) $# = ñ2
HII(r)nH #B, (85)

where ñHI is the neutral fraction, ñHII is the ionised fraction
and

%#(r) = nH $#

# r

0

dr" ñHI(r
"). (86)

Moreover, considering spherical symmetry and a point
source we can solve analytically for the photon density radial
profile n!(r), yielding

n!(r) =
1
c

Ṅ!

4"r2
exp

$

!

# r

0

&(r") dr"
%

. (87)

From this we obtain ionised fraction profiles ñHII(r) for the
whole evolution time.

The Strömgren radius obtained by direct integration of
equation (85) di!ers from the one obtained from equation
(82) because it does not approximate the ionised region as a

sphere with constant, but with varying ionised fraction. We
compare our results with both analytical solutions.

For definiteness, we follow the expansion of the ionised
sphere around a source that emits Ṅ! = 5"1048 photons s!1.
The surrounding hydrogen number density is nH =
10!3 cm!3 at a temperature of T = 104 K. At this temper-
ature, the case B recombination coe"cient is #B = 2.59 "
10!13 cm3 s!1. Given these parameters, the recombination
time is trec = 125.127 Myr and the expected Strömgren ra-
dius is rS = 5.38 kpc. We impose periodic boundary condi-
tions in order to make sure that the density field is e!ectively
infinite and uniform. We note that this does not a!ect our
RT calculation since the Eddington tensor is computed non-
periodically.

We present results from the fully-anisotropic and the
anisotropy-limited Eddington tensor formalism simulations
by comparing first the final state of the ionised sphere
and then the evolution of the I-front. Figure 2 shows the
spherically averaged ionised and neutral fraction as a func-
tion of radial distance from the source, normalized by the
Strömgren radius rS, at time t = 500 Myr # 4 trec. In this
case we compare the resolution e!ects on the accuracy of
our numerical predictions by using simulations with 83, 163,
323, 643 and 1283 particles, corresponding to mean spa-
tial resolutions of 2.0 kpc, 1.0 kpc, 0.5 kpc and 0.25 kpc.
In both formalisms the accuracy increases with resolution
and the profiles converge for the higher resolutions. We also
note that the anisotropy-limited Eddington tensor formal-
ism gives very accurate predictions for the ionised fraction
in the regions outside the Strömgren radius (r > rS), but
fails to give correct values in the inner parts of the ionised
sphere. The fully anisotropic Eddington tensor formalism,
on the other hand, predicts the ionisation state in both re-
gions quite accurately.

We compare also the scatter of the ionised and neutral
fraction profiles. Figure 3 shows the scatter (gray areas) of
the spherically averaged ionised and neutral fraction profiles
for four di!erent resolutions (163, 323, 643 and 1283 parti-
cles) at the end of the I-front expansion. All results agree
well with the analytical radius of the Strömgren sphere. The
range of the scatter does not change significantly with res-
olution, since it is due to the intrinsic di!usive nature of
SPH and the inaccuracies of the SPH density estimate. This
means that we obtain a density scatter of about 0.01% and
thus introduce fluctuations in the gas density, which result
in fluctuations in the hydrogen densities of the SPH particles
and thus of the ionised and neutral fractions. The SPH den-
sity scatter in the 1283 particle simulation is zero (thanks
to the use of a Cartesian grid – but note that in real-world
dynamical applications some density scatter is unavoidable)
and thus there is no scatter in the ionised and neutral frac-
tions. Moreover, the scatter in the fully anisotropic Edding-
ton tensor formalism simulations is larger than in the other
formalism simulations due to the larger retained anisotropy
in the di!usion term of the RT equation.

The evolution of the I-front expansion is shown in Fig-
ure 4, comparing the two formalisms at di!erent resolutions.
The results from both formalisms agree very well with the
analytical predictions and the accuracy increases with res-
olution. The fully anisotropic Eddington tensor formalism
simulations show better results and smaller relative error
for the I-front position. In both formalisms the error stays

v= c mion

L t with mion enclosed within 
ionization radius:

Computing the radiation pressure driven velocities:

3

33

3



RP at different temperatures

3N

4 B nH2
rs3=

.
, B(T) ~ (T/1e4)-0.85

Fixed T!
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- with RP           

Black body 
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Experiment 2: constant density box with 
varying temperature



Effects of RP + Photoionization

t=100 trec t=10 trec



Experiment 3: r-2 density profiles

Follow ionization
Follow T evolution

- without RP
- with RP           

Black body 
spectrum T=1e5 K

+



movie



Cloud 1
M ~ 2x106 Msun

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



velocity

density
But... wait...

what’s is going on?



• “optically thick shell” provides a good description of radiation 
pressure,  but quite different from what indeed happens

• In optically thick regime, RP  is inefficient and largely subdominant to 
photoionization (maybe different in opt. thin?, help from dust?, Ly 
trapping?)

• Controlled idealized experiments can help to gain a better 
understanding of the radiation-gas interaction that will lead us to more 
realistic sub-grid models for stellar feedback
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