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Why consider dynamics of  H II regions? 

• Local working zone of feedback 
from massive stars


• Ionized sound speed well matched 
to formation environment


•Clear a path for wind/SN energy


•Many observational diagnostics 
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Complication 2:  Confinement

🛑 !
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Complication 3:  Radiation pressure

Proto-stellar
jets & 

outflows

Ionizing 
photons

Photon 
momentum

Stellar winds

Supernovae

Ionizing 
photons

(Lyman  
pressure?)

α
(Reprocessed radiation 

pressure?)

(Trapped wind 
pressure?)

7
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Radiation force radius

Draine 2011

Krumholz & CDM 09

∝
Prad

Pgas
𝒰 =

nγ,ion

n

Ionization parameter
saturates

Dust optical depth 
also saturates
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HII rgn. in a cloud: compare the pressures

Hydrostatic pressure

Photo-ionized gas pressure

Direct radiation pressure

Assumptions:
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Velocity dispersion: 
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Star fraction: f*
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Disruption by HII
[ HII confined ]

Potential for 
disruption:
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Disruption by HII
[ HII confined ]

Evap. limits effic. 

What about 
evaporation?
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Disruption by HII
[ HII confined ]
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outflows

Supernovae 

Complication 4: 
Outflows & SNe
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Rahner+17 

Complication 5: 
Trapped wind 
pressure? 
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Complication 5: 
Trapped wind 
pressure? 
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The Astrophysical Journal, 757:108 (18pp), 2012 October 1 Yeh & Matzner

compact in radius. It must either be bounded inward by a bubble
of hot gas, or be matched to a spherical solution (as in Dr11).4

In the radiation-confined shell, the column density of
ionized gas takes a characteristic maximum value: either
≃2.2kBT c/(αēi) if dust absorption is negligible, or several times
σ−1

d if it is not. What happens if the mean column density of
the ambient medium is less than four times this shell column, so
there is not enough matter to achieve it? In this case, it is easy to
show that the initial Strömgren sphere forms outside r̃ch, so that
Ψ > 1 and Γ < 1: the radiation-dominated phase never occurs.

2.3. Pressurized Inner Boundary

The ionizing sources of H ii regions (typically stars, star
clusters, or AGN) often produce fast outflows which decelerate
or are deflected before they reach the IF, thereby creating regions
of hot and pressurized gas within the photoionized zone. What
new parameter should we introduce to capture the effect of such
zones on the H ii regions’ emission?

The ratio of outer to inner pressures is not appropriate because
the two are equal in a classical H ii region and also in a wind-
confined shell. Neither is the volume fraction of the interior
zone, because photoionized gas can be confined to a thin shell
by radiation pressure just as well. Instead we choose

Ω ≡ PinVin

PIFVIF − PinVin
, (13)

where PIFVIF−PinVin is the difference of the product of pressure
and volume between the IF and the inner edge of the H ii region
(the outer edge of a pressurized bubble). This combination
reflects the strength of the interior pressure, both for classical
and radiation-dominated H ii regions. In fact Ω directly reflects
the contribution of the interior bubble to the total kinetic energy
of the region, which, according to the virial theorem (McKee
& Zweibel 1992), controls the expansion of it and any shell of
neutral matter it pushes outward (e.g., KM09).

In Figure 1 we indicate the physical regimes of spherical,
quasi-static, dusty H ii regions surrounding a central wind
bubble.

Quasi-static H ii regions typically have an inward gradient of
U . For classical H ii regions this is simply because the ionizing
flux is greater at smaller radii, while for radiation-confined
regions it is due to the gas density gradient. In either case,
replacing a region’s inner portion with hot gas has the effect of
removing its most highly photoionized zone. This effect will be
greatest for lines which form preferentially in regions of highest
U . See Section 3.1 for a discussion of the effect on Uobs.

In radiation-dominated (Γ ≫ 1) and relatively dust-free
(γ ! 1) regions, low-density ionized gas fills the interior
(Appendix B). Because this low-density gas is ideal for the
formation of lines sensitive to regions of high U , we expect
these line ratios to be especially sensitive to interior pressure
when Γ ≫ 1 and γ ! 1.

3. FACTORS AFFECTING Uobs IN
INDIVIDUAL H ii REGIONS

Several physical effects modify Uobs relative to its theoretical
maximum value Uobs,max within an individual H ii region. In

4 Along with the relatively short dust drift timescale (Dr11), this suggests
that dust-free gas may escape inward of the dusty layer even when γ is initially
large. We do not account for this effect in our equations and models, as we
assume a uniform mixture of gas and dust.
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Figure 1. Parameter space of quasi-static, spherical, unmagnetized, dusty H ii
regions surrounding central wind bubbles. Wind-confined, radiation-confined,
dust-limited, and classical (Strömgren) regions are indicated. Black contours
denote the radial dust optical depth τd from the source to the ionization front;
blue contours indicate the radial thickness of the ionized zone, ∆R/RIF. We use
thick contours to separate fiducial regimes. For this figure we adopt β = 1 and
γ = 7.4; the radiation-confined state is encompassed by the dust-limited state
so long as γ > 1.
(A color version of this figure is available in the online journal.)

the following subsections we consider stellar winds, neutral
clumps, dust absorption of non-ionizing light, and magnetic
fields. Of these, only magnetic fields act to raise Uobs relative to
Uobs,max. Although highly magnetized regions can, in principle,
have Uobs > Uobs,max, we shall see that this is very difficult to
arrange in practice.

3.1. Pressurization by Shocked Stellar Winds

As discussed in Section 2.3, any force that clears ionized gas
from the interior of an H ii region will have the effect of reducing
the characteristic value of Uobs, especially for those lines which
form in regions of highest U . The most relevant force is the
pressure of a shocked wind produced by the same source that
ionizes the region. Most such regions are ionized by hot stars,
which inject fast line-driven winds. However, the significance
of stellar wind pressure depends on the wind strength, e.g.,
the ratio fw = Ṁwvwc/L between the momentum fluxes of
winds and starlight, and the trapping of wind energy within the
region. KM09 combine these into a single parameter ftrap,w ≡
4πPinR

2
inc/L " fw which encapsulates the contribution from

shocked winds relative to the direct momentum flux of starlight.
So long as the combined force of winds and radiation

compresses the ionized layer into a thin shell, the enclosed
volume is constant and Ω reduces a comparison of pressures.
Since PIF ≃ Pin +L/(4πr2c) in this case (Appendix A, ignoring
on the last term the factor [1+β(1−e−τd )]/(1+β) which accounts
for incomplete absorption), we expect

Ω ≃ 4πr2cPin/L = ftrap,w. (14)

Further, if we consider a typical location where half of the
incident radiation has been absorbed and its pressure applied to
the gas, the same approximations lead to the estimate

Ξ ≃ 1
2ftrap,w + 1

, (15)
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Figure 12. Samples of individual H ii regions and galactic-scale regions, plotted and divided into groups according to how Uobs is estimated. The thick horizontal
line divides individual regions (upper portion) and galactic-scale regions (lower portion). We further distinguish the individual regions into two categories, based on
whether U is estimated geometrically (Ugeom = S/(4πR2

IFni,obsc)) or inferred from observed line ratios. Vertical dashed lines indicate theoretical maximum values
Ugeom,max (Appendix B; estimated from max(Ξi,geom)) and Uobs,max (from [Ne iii]/[Ne ii]; Figure 8), as well as the value of Uobs at which dust absorption becomes
significant in the sense that fion = 0.5 in individual young regions with our fiducial parameters (Figure 8). Open circles, single H ii regions in M82, McCrady &
Graham (2007); large open circle, H ii region M82-A1, Smith et al. (2006); open squares, resolved H ii regions in the Antennae Galaxies, Snijders et al. (2007); cyan
and black left-pointing triangle, NGC 3256, Thornley et al. (2000); cyan and black diamond, NGC 253, Thornley et al. (2000); cyan and black circle, the central 500 pc
starburst region of M82, where the bar indicates the possible range of log10 Uobs modeled by Förster Schreiber et al. (2003); and crosses, recalibrated log10 Uobs values
of the galaxies in Thornley et al. (2000). Snijders et al. (2007) report a value which corresponds to our Ugeom, so we apply the approximate upper limit on this quantity.
(A color version of this figure is available in the online journal.)

Table 4
Physical Parameters of Starburst Galaxies

Object ne log10 S Uobs References
(cm−3) (s−1)

M82 central 500 pc 10–600 54.09 −2.1 – −2.6 a
NGC 253 430+290

−225 53.00 −2.2 – −2.6 b, c, d
NGC 3256 !1400 52.30–53.78 −2.3 e
Antennae . . . . . . −1.57 f

Notes.
a Förster Schreiber et al. (2001).
b Carral et al. (1994).
c Engelbracht et al. (1998).
d Thornley et al. (2000).
e Roy et al. (2005).
f Snijders et al. (2007).

average over galactic scales. Because Ξ ∝ U in each parcel of
gas, and becauseU controls the ionization state and therefore the
emitted spectrum, it is possible, in principle, to derive the role of
photon momentum in the kinematic feedback from young star
clusters into the nearby dense neutral gas. (Although supernovae
tend to inject more energy, they are thought to couple very
poorly to dense, star-forming gas; Matzner 2002.) Because
emission line ratios reflect local conditions, this information
would be complementary to the global analysis of Andrews &
Thompson (2011). To this end we explored the properties of

strongly radiation-confined layers using the analytical theory of
Dr11 (Appendix B), considered a host of physical effects and
scenarios which could affect Uobs in real regions (Sections 3
and 4), and engaged in a suite of numerical models of dusty H ii
regions in quasi-static force balance with an interior pressurized
wind bubble (Section 5). Our models, though not meant to probe
the full parameter space of H ii regions, are the first to explore
a wide range of both the radiation force parameter (Γ or Ψ) and
the wind pressure parameter (Ω).

Two effects complicate our plan to measure radiation pressure
feedback using the apparent ionization parameter. First is
the fact that strongly radiation-dominated regions compress
their ionized gas into thin layers whose internal pressure
gradient balances the radiation force (Binette et al. 1997). The
ionization parameter recorded in any line ratio reflects the ratio
of radiation to gas pressure where the lines are produced, and in
radiation-confined regions Uobs saturates at a maximum value.
The resulting values of log10 Uobs,max depend on the lines in
question (Section 5) and parameters such as the dustiness of
the region and the ionizing spectrum, but are roughly ∼−1.5,
the value for which Ξ ≃ 1. For the particular neon line ratio
plotted in Figure 8, the upper limit is actually −1.97. Only
significant levels of ram pressure or magnetic pressure, or
serious departures from force balance, allow for Uobs to exceed
this putative maximum (Section 3.3-3.4), and this point may be
useful in diagnosing the physical states of unresolved regions.
Conversely, any significant pressure on its inner boundary, such
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Further complications… 

5. Low metallicity 
•Winds and supernovae suppressed
•Photo-ionized gas is warmer 
•Lyman  photon pressure can be significant
•Very massive stars form more readily

α

6. Top-heavy IMF 

•Luminosity enhanced 
•Ionization strongly enhanced 
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In summary:

HII regions are important for 
patterning the matter for shocks and 
for hadronic interactions. 


Modelling them analytically is useful 
even when everything can be 
simulated. 


