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Introduction and Motivation
•O stars have ionising-photon energy outputs E>1051 erg 

over their lifetimes... heating, shocks, shells.

• This is much larger than wind kinetic energy (especially 
at lower metallicity).

•Up to 25% of massive stars are exiled from their 
birthplace, as “runaways” (V*>30 km/s) or “field 
stars” (Gies, 1987).

• Their feedback effects are distributed more widely 
through the Galaxy, esp. out of the Galactic plane.

• They explode in random places 
(e.g. Eldridge, Langer, & Tout, 2011).

• Are they important to ISM structure or dynamics?



Questions to address

•How does photoionisation affect the ISM?

•How does photoionisation affect gas dynamics within 
the HII region?

•How do ISM dynamics, substructure, magnetic fields 
affect the HII region?

•What does all this mean for the wind bow shocks?

•What can we learn about the runaway star?



Zeta Ophiuchi
•O 9.5Vnn runaway star (Morgan, Code & Whitford 1955).

•Distance d≈112 pc (van Leeuwen 2007).

•Space Velocity in ISM v*=26.5 km/s (for this distance).

• rapidly rotating (v sin i =400 km/s, Howarth & Smith, 2001) 
and He enriched, so secondary of a binary system with 
supernova?

•Has magnetic field ~150G (Hubrig+,2011, AN).

•Widely varying estimates of mass-loss rate, Mdot.

•Mdot(UV) ≈ 1.58×10−9 M⊙yr−1 (Marcolino+,2009),
Mdot(Hα) ≈ 1.43×10−7 M⊙yr−1 (Mokiem+,2005),
Mdot(theory) ≈ 1.29×10−7 M⊙yr−1 (Vink+,2000),
Mdot(theory) ≈ 1.3×10−8 M⊙yr−1 (Lucy,2010).



Hα image from Southern Hemispheric Hα Sky 
Survey Atlas (SHASSA; Gaustad et al. 2001)
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Infrared Astronomical Satellite (IRAS) 60 μm 
image of the same field.
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Infrared Astronomical Satellite (IRAS) 60 μm 
image of the same field.
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Spitzer Space Telescope 24 μm image
 (PI: Noriega-Crespo) of the bow shock.
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Constraining Mass-loss rate

• Zeta Oph has: R0=0.16 pc, v*=26.5 km/s, RSt = 9.6 pc (observed), 
and S(0) = 3.6x 1047 s-1 from spectral type, M=2.5 for T=104K.

• For v∞ =1500 km/s, Mdot = 2.2 × 10−8 M⊙ yr−1.
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1.29×10−7 M" yr−1 (for stellar parameters derived by Mar-
colino et al. 2009), which is comparable to ṀHα ≈ 1.43 ×
10−7 M" yr−1, inferred by Mokiem et al. (2005) from synthe-
sizing the Hα line using the FASTWIND code. A value two
orders of magnitude lower, ṀUV ≈ 1.58×10−9 M" yr−1, was
inferred by Marcolino et al. (2009) from CMFGEN model
fits to the UV doublet of C iv λλ1548, 1551, while Lucy
(2010) predicted ṀLucy ≈ 1.30×10−8 M" yr−1 by using the
updated moving reversing layer theory of Lucy & Solomon
(1970).

The fast rotation of ζ Oph makes its spectral classifi-
cation somewhat ambiguous. Although the widely accepted
spectral type is O9.5V, some other classifications were sug-
gested as well. For instance, Conti & Leep (1974) classified
this star as O9V(e), while Herrero et al. (1992) prefer O9 III.
Like Marcolino et al. (2009), we adopt the spectral type of
O9.5V, so that S(0) = 3.63 × 1047 s−1 (Martins, Schaerer
& Hillier 2005b). The basic parameters of ζ Oph are sum-
marized in Table 2. To this table we added our estimate of
the mass-loss rate, Ṁobs, based on the observed parameters
of the bow shock and the H ii region associated with ζ Oph
(see next Section).

3 MASS-LOSS RATE OF ζ OPH

The structure of an H ii region created by a moving star
depends on the stellar velocity relative to the local ISM.
For supersonically moving stars the number density within
the H ii region is comparable to that of the ambient ISM,
while the radius of the H ii region is of the order of the
Strömgren radius (e.g. Tenorio Tagle, Yorke & Bodenheimer
1979), which is given by (e.g. Lequeux 2005)

RSt =

(

3S(0)

4παBn2

)1/3

, (1)

where αB is the recombination coefficient of hydrogen to all
but the ground state (≈ 2.6×10−13 cm3s−1 for fully ionized
gas of temperature of 104 K).

The stellar wind of a moving star interacts with the ISM
and produces a bow shock ahead of the star. The minimum
distance from the star at which the wind pressure is balanced
by the ram and the thermal pressures of the ISM, the stand-
off distance, is given by (e.g. Baranov et al. 1971)

R0 =

[

Ṁv∞
4πn(µmHv2∗ + 2kT )

]1/2

, (2)

where µ = 1.4 is the mean molecular weight, mH is the
mass of a hydrogen atom, k is the Boltzmann constant, and
T (≈ 104 K) is the temperature of the (ionized) ISM.

Eliminating n between equations (1) and (2), one has
the ‘observed’ stellar wind momentum rate

Ṁobsv∞ = 1.57 × 1025 g cm s−2
(

1 +
1

M2

)

(

R0

0.1 pc

)2

×
(

v∗
10 kms−1

)2
(

S(0)
1048 s−1

)1/2(
RSt

10 pc

)−3/2

, (3)

where M = v∗/cs is the isothermal Mach number and cs =
(2kT/µmH)1/2 is the isothermal sound speed (≈ 10.9 km s−1

for T = 104 K). For R0 = 0.16 pc, v∗ = 26.5 km s−1, S(0) =

3.63×1047 s−1, and RSt = 9.6 pc, one has from equation (3)
that Ṁobsv∞ ≈ 2.1× 1026 g cm s−2. Thanks to the excellent
consensus on v∞ of ζ Oph (see Section 2), one finds Ṁ of
this star separately, Ṁobs = 2.2 × 10−8 M" yr−1. This is
≈ 14 times larger than ṀUV, 7 times lower than ṀHα, and
comparable to ṀLucy. The discrepancy between ṀUV and
Ṁobs would be even more severe if the wind is clumpy. For
instance, ṀUV should be reduced by a factor of three (∼

√
f)

if the volume filling factor, f , in the wind is ∼ 0.1 (Marcolino
et al. 2009), so that Ṁobs ≈ 40ṀUV.

Using equations (2) and (3), one finds n ≈ 3.6 cm−3,
which agrees well with estimates of the electron number
density within Sh 2-27 of ≈ 3.0 cm−3 (based on radio ob-
servations, Hα surface brightness, and studies of interstellar
absorption lines; Gull & Sofia 1979 and references therein)
and the average line of sight electron and neutral hydro-
gen densities towards ζ Oph of ≈ 4.0 cm−3 (Howk & Savage
1999; scaled to d=112 pc).

Note that Ṁobs was derived for d = 112 pc, while Mar-
colino et al. (2009) adopted a somewhat larger distance
of 146 pc. An even larger value, d = 222 pc, was sug-
gested by Megier et al. (2009), whose estimate is based on
the empirical relationship between the strength of the in-
terstellar Ca ii lines and the distances to early-type stars.
Since v∗ scales with the distance as d0.6 (v∗ ≈ 31.2 and
41.7 kms−1 for d = 146 and 222 pc, respectively), one
finds that Ṁobs ∝ d1.7, so that the larger the distance
the larger the discrepancy between Ṁobs and ṀUV, namely
Ṁobs ≈ 22 − 45ṀUV for d in the range from 146 to 222 pc.
Correspondingly, ṀHα remains larger than Ṁobs by a factor
of ≈ 2 to 4. ṀVink also depends on the adopted distance (via
the stellar luminosity; Vink et al. 2000); this would decrease
(increase) ṀVink by a factor of a few for d = 112 (222) pc.

Similarly, it follows from equation (3) that Ṁobs ∝
S(0)1/2, so that Ṁobs ≈ 21ṀUV (or ≈ 0.2ṀHα) if ζ Oph is
an O9V star (Conti & Leep 1974), and Ṁobs ≈ 37ṀUV (≈
0.4ṀHα) if its spectral type is O9 III (Herrero et al. 1992).
Here we used the calibrations of Martins et al. (2005b).

On the other hand, the possible leakage of ionizing pho-
tons from the H ii region (caused by porosity of the ISM; see
Wood et al. 2005 and Section 4) would reduce our estimate
of Ṁobs. Conservatively assuming that a half of the photons
escape from Sh 2-27, one finds that Ṁobs should be reduced
by a factor of ≈ 1.4.

Note also that the possible existence of large-scale inter-
nal flows in the H ii region (e.g. caused by photoevaporation
of molecular clumps in the ISM; see Section 4) also can af-
fect the estimate of Ṁobs because R0 depends on the stellar
velocity relative to the local ISM. Assuming that the char-
acteristic velocity of the photoevaporation flows is of order
of the sound speed in the ionized gas, i.e. ∼ 10 kms−1, one
finds that Ṁobs might either be larger or smaller by a factor
of up to ≈ 2 if the flow velocity is antiparallel or parallel to
the vector of the space velocity of ζ Oph.

Finally, we note that the fast rotation of ζ Oph might
make the stellar wind anisotropic by increasing Ṁ in the
equatorial zone (Friend & Abbott 1986). This in turn might
affect the geometry of the bow shock and the UV line and Hα
diagnostic. The Hα diagnostic would also be unreliable if the
Oe status of ζ Oph is due to the presence of a circumstellar
disk (see, however, Vink et al. 2009). The anisotropy effects
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1.29×10−7 M" yr−1 (for stellar parameters derived by Mar-
colino et al. 2009), which is comparable to ṀHα ≈ 1.43 ×
10−7 M" yr−1, inferred by Mokiem et al. (2005) from synthe-
sizing the Hα line using the FASTWIND code. A value two
orders of magnitude lower, ṀUV ≈ 1.58×10−9 M" yr−1, was
inferred by Marcolino et al. (2009) from CMFGEN model
fits to the UV doublet of C iv λλ1548, 1551, while Lucy
(2010) predicted ṀLucy ≈ 1.30×10−8 M" yr−1 by using the
updated moving reversing layer theory of Lucy & Solomon
(1970).

The fast rotation of ζ Oph makes its spectral classifi-
cation somewhat ambiguous. Although the widely accepted
spectral type is O9.5V, some other classifications were sug-
gested as well. For instance, Conti & Leep (1974) classified
this star as O9V(e), while Herrero et al. (1992) prefer O9 III.
Like Marcolino et al. (2009), we adopt the spectral type of
O9.5V, so that S(0) = 3.63 × 1047 s−1 (Martins, Schaerer
& Hillier 2005b). The basic parameters of ζ Oph are sum-
marized in Table 2. To this table we added our estimate of
the mass-loss rate, Ṁobs, based on the observed parameters
of the bow shock and the H ii region associated with ζ Oph
(see next Section).

3 MASS-LOSS RATE OF ζ OPH

The structure of an H ii region created by a moving star
depends on the stellar velocity relative to the local ISM.
For supersonically moving stars the number density within
the H ii region is comparable to that of the ambient ISM,
while the radius of the H ii region is of the order of the
Strömgren radius (e.g. Tenorio Tagle, Yorke & Bodenheimer
1979), which is given by (e.g. Lequeux 2005)

RSt =

(

3S(0)

4παBn2

)1/3

, (1)

where αB is the recombination coefficient of hydrogen to all
but the ground state (≈ 2.6×10−13 cm3s−1 for fully ionized
gas of temperature of 104 K).

The stellar wind of a moving star interacts with the ISM
and produces a bow shock ahead of the star. The minimum
distance from the star at which the wind pressure is balanced
by the ram and the thermal pressures of the ISM, the stand-
off distance, is given by (e.g. Baranov et al. 1971)

R0 =

[

Ṁv∞
4πn(µmHv2∗ + 2kT )

]1/2

, (2)

where µ = 1.4 is the mean molecular weight, mH is the
mass of a hydrogen atom, k is the Boltzmann constant, and
T (≈ 104 K) is the temperature of the (ionized) ISM.

Eliminating n between equations (1) and (2), one has
the ‘observed’ stellar wind momentum rate

Ṁobsv∞ = 1.57 × 1025 g cm s−2
(

1 +
1

M2

)

(

R0

0.1 pc

)2

×
(

v∗
10 kms−1

)2
(

S(0)
1048 s−1

)1/2(
RSt

10 pc

)−3/2

, (3)

where M = v∗/cs is the isothermal Mach number and cs =
(2kT/µmH)1/2 is the isothermal sound speed (≈ 10.9 km s−1

for T = 104 K). For R0 = 0.16 pc, v∗ = 26.5 km s−1, S(0) =

3.63×1047 s−1, and RSt = 9.6 pc, one has from equation (3)
that Ṁobsv∞ ≈ 2.1× 1026 g cm s−2. Thanks to the excellent
consensus on v∞ of ζ Oph (see Section 2), one finds Ṁ of
this star separately, Ṁobs = 2.2 × 10−8 M" yr−1. This is
≈ 14 times larger than ṀUV, 7 times lower than ṀHα, and
comparable to ṀLucy. The discrepancy between ṀUV and
Ṁobs would be even more severe if the wind is clumpy. For
instance, ṀUV should be reduced by a factor of three (∼

√
f)

if the volume filling factor, f , in the wind is ∼ 0.1 (Marcolino
et al. 2009), so that Ṁobs ≈ 40ṀUV.

Using equations (2) and (3), one finds n ≈ 3.6 cm−3,
which agrees well with estimates of the electron number
density within Sh 2-27 of ≈ 3.0 cm−3 (based on radio ob-
servations, Hα surface brightness, and studies of interstellar
absorption lines; Gull & Sofia 1979 and references therein)
and the average line of sight electron and neutral hydro-
gen densities towards ζ Oph of ≈ 4.0 cm−3 (Howk & Savage
1999; scaled to d=112 pc).

Note that Ṁobs was derived for d = 112 pc, while Mar-
colino et al. (2009) adopted a somewhat larger distance
of 146 pc. An even larger value, d = 222 pc, was sug-
gested by Megier et al. (2009), whose estimate is based on
the empirical relationship between the strength of the in-
terstellar Ca ii lines and the distances to early-type stars.
Since v∗ scales with the distance as d0.6 (v∗ ≈ 31.2 and
41.7 kms−1 for d = 146 and 222 pc, respectively), one
finds that Ṁobs ∝ d1.7, so that the larger the distance
the larger the discrepancy between Ṁobs and ṀUV, namely
Ṁobs ≈ 22 − 45ṀUV for d in the range from 146 to 222 pc.
Correspondingly, ṀHα remains larger than Ṁobs by a factor
of ≈ 2 to 4. ṀVink also depends on the adopted distance (via
the stellar luminosity; Vink et al. 2000); this would decrease
(increase) ṀVink by a factor of a few for d = 112 (222) pc.

Similarly, it follows from equation (3) that Ṁobs ∝
S(0)1/2, so that Ṁobs ≈ 21ṀUV (or ≈ 0.2ṀHα) if ζ Oph is
an O9V star (Conti & Leep 1974), and Ṁobs ≈ 37ṀUV (≈
0.4ṀHα) if its spectral type is O9 III (Herrero et al. 1992).
Here we used the calibrations of Martins et al. (2005b).

On the other hand, the possible leakage of ionizing pho-
tons from the H ii region (caused by porosity of the ISM; see
Wood et al. 2005 and Section 4) would reduce our estimate
of Ṁobs. Conservatively assuming that a half of the photons
escape from Sh 2-27, one finds that Ṁobs should be reduced
by a factor of ≈ 1.4.

Note also that the possible existence of large-scale inter-
nal flows in the H ii region (e.g. caused by photoevaporation
of molecular clumps in the ISM; see Section 4) also can af-
fect the estimate of Ṁobs because R0 depends on the stellar
velocity relative to the local ISM. Assuming that the char-
acteristic velocity of the photoevaporation flows is of order
of the sound speed in the ionized gas, i.e. ∼ 10 kms−1, one
finds that Ṁobs might either be larger or smaller by a factor
of up to ≈ 2 if the flow velocity is antiparallel or parallel to
the vector of the space velocity of ζ Oph.

Finally, we note that the fast rotation of ζ Oph might
make the stellar wind anisotropic by increasing Ṁ in the
equatorial zone (Friend & Abbott 1986). This in turn might
affect the geometry of the bow shock and the UV line and Hα
diagnostic. The Hα diagnostic would also be unreliable if the
Oe status of ζ Oph is due to the presence of a circumstellar
disk (see, however, Vink et al. 2009). The anisotropy effects
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1.29×10−7 M" yr−1 (for stellar parameters derived by Mar-
colino et al. 2009), which is comparable to ṀHα ≈ 1.43 ×
10−7 M" yr−1, inferred by Mokiem et al. (2005) from synthe-
sizing the Hα line using the FASTWIND code. A value two
orders of magnitude lower, ṀUV ≈ 1.58×10−9 M" yr−1, was
inferred by Marcolino et al. (2009) from CMFGEN model
fits to the UV doublet of C iv λλ1548, 1551, while Lucy
(2010) predicted ṀLucy ≈ 1.30×10−8 M" yr−1 by using the
updated moving reversing layer theory of Lucy & Solomon
(1970).

The fast rotation of ζ Oph makes its spectral classifi-
cation somewhat ambiguous. Although the widely accepted
spectral type is O9.5V, some other classifications were sug-
gested as well. For instance, Conti & Leep (1974) classified
this star as O9V(e), while Herrero et al. (1992) prefer O9 III.
Like Marcolino et al. (2009), we adopt the spectral type of
O9.5V, so that S(0) = 3.63 × 1047 s−1 (Martins, Schaerer
& Hillier 2005b). The basic parameters of ζ Oph are sum-
marized in Table 2. To this table we added our estimate of
the mass-loss rate, Ṁobs, based on the observed parameters
of the bow shock and the H ii region associated with ζ Oph
(see next Section).

3 MASS-LOSS RATE OF ζ OPH

The structure of an H ii region created by a moving star
depends on the stellar velocity relative to the local ISM.
For supersonically moving stars the number density within
the H ii region is comparable to that of the ambient ISM,
while the radius of the H ii region is of the order of the
Strömgren radius (e.g. Tenorio Tagle, Yorke & Bodenheimer
1979), which is given by (e.g. Lequeux 2005)

RSt =

(

3S(0)

4παBn2

)1/3

, (1)

where αB is the recombination coefficient of hydrogen to all
but the ground state (≈ 2.6×10−13 cm3s−1 for fully ionized
gas of temperature of 104 K).

The stellar wind of a moving star interacts with the ISM
and produces a bow shock ahead of the star. The minimum
distance from the star at which the wind pressure is balanced
by the ram and the thermal pressures of the ISM, the stand-
off distance, is given by (e.g. Baranov et al. 1971)

R0 =

[

Ṁv∞
4πn(µmHv2∗ + 2kT )

]1/2

, (2)

where µ = 1.4 is the mean molecular weight, mH is the
mass of a hydrogen atom, k is the Boltzmann constant, and
T (≈ 104 K) is the temperature of the (ionized) ISM.

Eliminating n between equations (1) and (2), one has
the ‘observed’ stellar wind momentum rate

Ṁobsv∞ = 1.57 × 1025 g cm s−2
(

1 +
1

M2

)

(
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0.1 pc

)2

×
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v∗
10 kms−1

)2
(

S(0)
1048 s−1

)1/2(
RSt

10 pc

)−3/2

, (3)

where M = v∗/cs is the isothermal Mach number and cs =
(2kT/µmH)1/2 is the isothermal sound speed (≈ 10.9 km s−1

for T = 104 K). For R0 = 0.16 pc, v∗ = 26.5 km s−1, S(0) =

3.63×1047 s−1, and RSt = 9.6 pc, one has from equation (3)
that Ṁobsv∞ ≈ 2.1× 1026 g cm s−2. Thanks to the excellent
consensus on v∞ of ζ Oph (see Section 2), one finds Ṁ of
this star separately, Ṁobs = 2.2 × 10−8 M" yr−1. This is
≈ 14 times larger than ṀUV, 7 times lower than ṀHα, and
comparable to ṀLucy. The discrepancy between ṀUV and
Ṁobs would be even more severe if the wind is clumpy. For
instance, ṀUV should be reduced by a factor of three (∼

√
f)

if the volume filling factor, f , in the wind is ∼ 0.1 (Marcolino
et al. 2009), so that Ṁobs ≈ 40ṀUV.

Using equations (2) and (3), one finds n ≈ 3.6 cm−3,
which agrees well with estimates of the electron number
density within Sh 2-27 of ≈ 3.0 cm−3 (based on radio ob-
servations, Hα surface brightness, and studies of interstellar
absorption lines; Gull & Sofia 1979 and references therein)
and the average line of sight electron and neutral hydro-
gen densities towards ζ Oph of ≈ 4.0 cm−3 (Howk & Savage
1999; scaled to d=112 pc).

Note that Ṁobs was derived for d = 112 pc, while Mar-
colino et al. (2009) adopted a somewhat larger distance
of 146 pc. An even larger value, d = 222 pc, was sug-
gested by Megier et al. (2009), whose estimate is based on
the empirical relationship between the strength of the in-
terstellar Ca ii lines and the distances to early-type stars.
Since v∗ scales with the distance as d0.6 (v∗ ≈ 31.2 and
41.7 kms−1 for d = 146 and 222 pc, respectively), one
finds that Ṁobs ∝ d1.7, so that the larger the distance
the larger the discrepancy between Ṁobs and ṀUV, namely
Ṁobs ≈ 22 − 45ṀUV for d in the range from 146 to 222 pc.
Correspondingly, ṀHα remains larger than Ṁobs by a factor
of ≈ 2 to 4. ṀVink also depends on the adopted distance (via
the stellar luminosity; Vink et al. 2000); this would decrease
(increase) ṀVink by a factor of a few for d = 112 (222) pc.

Similarly, it follows from equation (3) that Ṁobs ∝
S(0)1/2, so that Ṁobs ≈ 21ṀUV (or ≈ 0.2ṀHα) if ζ Oph is
an O9V star (Conti & Leep 1974), and Ṁobs ≈ 37ṀUV (≈
0.4ṀHα) if its spectral type is O9 III (Herrero et al. 1992).
Here we used the calibrations of Martins et al. (2005b).

On the other hand, the possible leakage of ionizing pho-
tons from the H ii region (caused by porosity of the ISM; see
Wood et al. 2005 and Section 4) would reduce our estimate
of Ṁobs. Conservatively assuming that a half of the photons
escape from Sh 2-27, one finds that Ṁobs should be reduced
by a factor of ≈ 1.4.

Note also that the possible existence of large-scale inter-
nal flows in the H ii region (e.g. caused by photoevaporation
of molecular clumps in the ISM; see Section 4) also can af-
fect the estimate of Ṁobs because R0 depends on the stellar
velocity relative to the local ISM. Assuming that the char-
acteristic velocity of the photoevaporation flows is of order
of the sound speed in the ionized gas, i.e. ∼ 10 kms−1, one
finds that Ṁobs might either be larger or smaller by a factor
of up to ≈ 2 if the flow velocity is antiparallel or parallel to
the vector of the space velocity of ζ Oph.

Finally, we note that the fast rotation of ζ Oph might
make the stellar wind anisotropic by increasing Ṁ in the
equatorial zone (Friend & Abbott 1986). This in turn might
affect the geometry of the bow shock and the UV line and Hα
diagnostic. The Hα diagnostic would also be unreliable if the
Oe status of ζ Oph is due to the presence of a circumstellar
disk (see, however, Vink et al. 2009). The anisotropy effects
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Simulations
•1D, 2D, 3D Cartesian simulations with radiation-MHD 

using raytracing photoionisation (Mackey+,2010,2011).

•Star at origin; uniform ISM flowing past star with:
(i)   no B-field, or 
(ii)  uniform B-field with B.v=1 (parallel), or 
(iii) B.v=0 (perpendicular).

•B-field strength 7muG.  ISM density nH=2.5 cm-3.

•Neutral gas heating and cooling based on Wolfire+(2003), 
with metal/dust terms multiplied by a constant.

•Atomic H, He cooling calculated explicitly based on ion 
fraction (Frank & Mellema,1994, Hummer 1994).

•Photoionised gas has cooling from C,O, (Henney+2009).

• http://www.astro.uni-bonn.de/~jmackey/numerical.html

http://www.astro.uni-bonn.de/~jmackey/numerical.html
http://www.astro.uni-bonn.de/~jmackey/numerical.html


2D radiation-hydro/MHD simulations
• Cartesian dynamics on a 2D plane.

• Uniform ISM advects past star (at 
origin) at 26.5 km/s.

•O 9.5V star in ISM: n=2.75 cm-3.

• Ionising and FUV radiation 
included, but no stellar wind.

•Models run with parallel and 
perpendicular 7muG B-field, and 
pure hydrodynamics.

• Calculated for solar metallicity, 
0.3x and 0.1x solar, and metal-free.

• Hot HII region expands, creating a 
shell at the sides (Raga+,1997).

• Simulations relax to a stationary 
state, but with instability in the 
ionisation front.























Ionisation-front Instability

• Figure: Garcia-Segura & Franco (1996).

•We suggest that HII regions from runaway stars are the ideal 
place to study and observe this phenomenon.

• The ionisation front is (without instability) in steady state.

• Depending on star’s velocity, can be R-type or D-type.



A few observations

• There is an expanding conical shell of overdense gas behind star.

• Region directly behind star is underdense, moreso at lower 
metallicity (will be exacerbated by shocked wind).

• Ionisation front seems unstable (cf. Garcia-Segura+,1996,  Whalen 
& Norman,2008), moreso at lower metallicity.

• Instability gets stronger at higher resolution.

• Gas density at star not greatly changed from ISM value. 

• Conversion of thermal to kinetic energy is more efficient at low 
metallicity.

• 2 reasons: HII region is hotter, shocks are less dissipative.



Kinetic Energy as a function of 
metallicity.

• Results shown for 
perpendicular B-field 
simulations.

• resolution dx=0.16pc.

• Steady increase of KE 
with decreasing 
metallicity.

• Reasons: hotter HII 
regions, less dissipation.

• HII region temperatures 
6750 K, 8250 K, 9600 K, 
and 15000 K, respectively.

• Higher temperatures can 
drive stronger shocks.



3D simulations (preliminary)
• Same stellar source, same velocity.

• Low resolution: 1603, with cell size 
dx=0.32pc.

• Insufficient to resolve I-front 
instability.

• Same trend is seen, of increasing 
kinetic energy with decreasing Z.

• Efficiency of photon-to-K.E. 
conversion is low (0.25% for solar 
metallicity, ~1% for metal-free).

• Even still, K.E. of HII region shocks 
is larger than wind K.E. input even 
at solar metallicity.

• 1603 needs ~300 cpu-hours,
3203 ~ 5000 c.h,  6403 ~ 100k c.h.



H-alpha emissivity Z=1.0x solar

• Projection through 3D simulation.

• Star moving in image plane to upper left.

• Smooth b/c resolution is too low (and ISM is smooth).



H-alpha emissivity Z=0.3x solar

• Projection through 3D simulation.

• Star moving in image plane to upper left.

• Smooth b/c resolution is too low (and ISM is smooth).



H-alpha emissivity Z=0.1x solar

• Projection through 3D simulation.

• Star moving in image plane to upper left.

• Smooth b/c resolution is too low (and ISM is smooth).



H-alpha emissivity: Zeta Oph

• Clear substructure and clumpiness
 (pre-existing and/or self-generated)

• Upstream is bow-shaped, downstream is flatter.

•Modelling still needs a bit of work...



Conclusions and Future Work
• Dynamics of HII regions around moving stars is complicated.

• Runaway stars are ideal laboratories for observing/modelling ionisation 
fronts.

• 2D and 3D simulations have unstable ionisation fronts, forming dense 
knots of neutral gas (cf. Garcia-Segura & Franco, 1996).

• Kinetic energy is inefficiently generated from ionisation heating (~1% or 
less), but can still be at a greater rate than wind mechanical feedback.

• Despite the unstable ionisation front:

• Global shape and properties of HII region are not much affected.

• ISM density at star affected only at the 10-30% level.

• Future work: 
-- 3D simulations with higher resolution (in progress).
-- Modelling stellar wind bow shocks (see D. Meyer’s poster!).
-- Non-uniform turbulent ISM (3D simulations cf. Mellema+,2006).
-- Explode supernovae into the pre-computed circumstellar medium.


