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Abstract. Numerical hydrodynamical modelling of supernova-driven shell formation is performed with a purpose to reproduce

a giant HI ring (diameter 1.7 kpc) in the dwarf irregular galaxy Holmberg I (Ho I). We find that the contrast in HI surface
density between the central HI depression and the ring is sensitive to the shape of the gravitational potential. This circumstance
can be used to constrain the total mass (including the dark matter halo) of nearly face-on dwarf irregulars. We consider two
models of Ho I, which dter by an assumed mass of the dark matter Mjo The contrast in HI surface density between

the central HI depression and the ring, as well as the lack of gas expansion in the central hole, are better reproduced by the
model with a massive halo dfl, = 6.0 x 10° M,, than by that with a small halo dfl;, = 4.0 x 16® M, implying that Ho | is
halo-dominated. Assuming the halo mass &%10° M, we determine the mechanical energy required to form the observed

ring equal to (3 + 0.5) x 10°° ergs, equivalent 308 50 Type Il supernovae. The inclination of Ho | is constrained to-2&°

by comparing the modelled HI spectrum and channel maps with those observed.
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1. Introduction considered: a fast rotating galaxy with a massive halo and a
slowly rotating one with a small halo. We attempt to determine
e amount of SNe required to reproduce a ring-like morphol-
of the distribution of the atomic hydrogenin Ho I. We show

The interstellar medium of gas-rich dwarf irregular gala
ies (dlrr) is usually dominated by features described as she

holes, or r!rgs.The r_lllImeerofsuch struclturesvarlels fkrjom af t modelling of the HI spectrum, HI channel maps, and the
(Ic 3]0’ Wi (I:Ots & Mi e(; 159.8) FO severa _t?]r)s (Holm Iirg I('j’radial HI profile may constrain the inclination angle and con-
Puche et al. 1992) and their sizes are within several hun uently the dark matter content of Ho I.

parsecs. However, there are a few dirr's the HI morphology o In Sect. 2 the origin of a ring-like HI morphology in Ho I is

which is totally dominated by a single ring structure of the Siz@iscussed. In Sect. 3 the numerical hydrodynamical model for

comparable to their optical extent (Ott 1999). Among them . e o
Holmberg I, a member of the M81 group of galaxies (distan é?mulatmg the supernova-driven shell dynamics is formulated.

~3.6 Mpc). Ott et al. (2001) have found that most of its HI conéoscrﬁ::)lfsjrzr:ﬁ;?r?]c;r;;:;ﬁr?rse;;nged In Sects. 4 and 5. Our
tent (75%) is localized within a giant ring of 1.7 kpc diameter. T
They suggested that strong stellar winds and supernova (SN)
explosions might be responsible for the peculiar HI morphoj- Origin of the peculiar HI morphology in Ho |
ogy inHo I. _ _ o _
In the present paper we test this hypothesis via detailed figure 1 shows the integrated HI emission of Ho | with the

merical hydrodynamical modelling. Two model galaxies atdnematical major and minor axes overlaid (Ott et al. 2001).
Most of the HI content is obviously concentrated in a ring, the

Send gfprint requests toE. |. Vorobyov, morphological center of which isfiset by 0.7 kpc from the
e-mail: eduard_vorobev@mail .ru dynamical center of the galaxy. The contrastin column density
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% inHoI. For computational purposes, the density profile of the
‘ ‘ ‘ ‘ ‘ ‘ 5 stellar component is chosen as:

14T ) & Ps= Pg sechg/zs) exp(-r/rs), (1)

13 [ ] % wherep! is the stellar density in the center of the galaxy, and
= r — andrg are the vertical scale height and radial scale length of the
S .t _ stellar component, respectively. The radial scale lengtan
s 1z r ] ”3 be estimated from thk-band radial surface brightness profile
o 1 of Ho | (Ott et al. 2001). If the mass follows the light at the
A 1l - 1 F 1, longerwavelengths, it resultsin~ 1.5 kpc. We have adopted

I . 1’ avalue of 300 pc for the vertical scale heightwhich is typ-
10 - 1 % ical for dwarf irregulars. Withrs andzs being fixed, the stellar
I [ densityp? at (zr) = 0 is varied so as to obtain the measured
21°09 Le 11t luminous stellar mass &fls = 1.0 x 10° M, within the compu-

e o ~———— —— o ftational domain. This results pf ~ 0.02 M, pc3.
9ITI5T 4170T 45 30 157 4070 The dark matter content of Ho | is uncertain. We assume
Fig. 1. Integrated HI emission of Ho I. In the bottom left corner wehat the density profile of the halo can be approximated by a

show the half-power beam’(8 x 7.0"). The grayscale represents thenodified isothermal sphere (Binney & Tremaine 1987)

HI column density. The data have been obtained from the Very Large

Array observations (Ott et al. 2001). Ph = A’ (2)
1+(r/rn)?

where the central densitgng and the characteristic scale

between the central HI depression and the ring is about a fadfgt9thrn were given by Mac Low & Ferrara (1999) and Silich
of 15. In principle, kpc-sized ring structures in the gas comp$- Ténorio-Tagle (2001):

nent of disk galaxies can be caused by a number of phenomena. M. \~23

Among them are resonant rings (Buta 1986), collisionally ipng = 6.3 x 1010(—h) h™/3 My, kpc™3 (3)
duced rings (Lynds & Toomre 1976), the infall of massive gas Mo

clouds (Tenorio-Tagle et al. 1987), gamma ray bursts (Efremov M \Y/2

et al. 1998), or multiple supernova explosions. In case of Ha|,= 0.89x 10™° (_h) h'/2 kpc. (4)
the first two scenarios can be ruled out because of the absence Mo

of spwal structure, the. appafe’?t absepce of lower-mass c rTé_re,h is the Hubble constant in units of 100 km*dvipc™
panions along the projected minor axis of Ho I, and the lac

of expansion motions in the ring. The latter three scenarios %a%%dgrbfrthe total halo mass. We addpt= 0.65 throughout

plausible. Hoyvever, _th_e H! fing in Ho | ShO.WS evidence f_or a We consider two dferent initial models that attempt to rep-
supernova-driven origin, since the B-band image of Ho | indi-

cates that there is a pronounced concentration of voun biesent the appearance of Ho | before the ring has been formed.
P young alﬁ:ast rotating galaxy with a massive hgleereafter model 1).

stars W|th|_n the ring (ott _et al. 2001), and the most massiye 111 the gravity force of a massive halo o0& 10° M,
stars of this population might have been a plausible source 0

energy input over the past 50 Myr in our model. In the follow"flnd a stellar disk oMs = 1.0 x 10° M, is balanced by a

) . . o ._Iast rotating gas disk. We note that the adopted halo mass of
ing sections the supernova-driven mechanism is numeric g .
. i L X L 0x 10° M, is in fact the total halo mass of Ho I. Particularly,
investigated. Other possibilities of HI ring formation in Ho

will be discussed in a subsequent paper the halo mass confined within the HI diameter of Ho | (5.8 kpc)

' is 3.3 x 10° M, which agrees with the corresponding upper
limit of 3.1 x 10° M, derived by Ott et al. (2001). We vary
the rotation curve until the initial gas surface density distri-
bution resembles that of Ho | at radii that are unperturbed
by shell expansion; > 2 kpc. We also make sure that the
total HI mass within the computational area is equal to the
We consider an axisymmetric model galaxy consisting of a rmeasured oneMy; = 1.1 x 10° M,). For the adopted halo
tating gas disk, a rigid stellar disk, and a rigid, spherically syymass, the central density and characteristic scale length be-
metric halo. Extensive radio and optical observations of Ho | lmpmepng = 0.04 Mg, pc andr, = 0.55 kpc, respectively.

Ott et al. (2001) provided important observational constraint$ie adopted halo density profile and the gas rotation curve
on the total mass and density distribution offelient compo- are shown in Fig. 2 by the filled triangles and filled squares,
nents of our model galaxy. The HI mass of Ho 1i$210® My, respectively.

with the total gas massMu + Mue + Mp,) amounting to b) Slowly rotating galaxy with a small haldereafter model 2).

1.5 x 10° M. Using aB-band luminosityLg = 1.0 x 10° L, In model 2 the gravity force of a small halo b, = 4x10° M,

and a mass-to-light ratiMs/Lg = 1, Ott et al. (2001) derived and a stellar disk afls = 1.0x10® M,, are balanced by a slowly

an estimate of the luminous stellar makk, = 1.0 x 10° Mo, rotating gas disk. For the adopted halo mass, the central density

3. Numerical model

3.1. Initial conditions
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Fig. 2. The radial density profiles of the halo and the initial rotatiofig. 3. The equilibrium radial surface density profiles and the verti-

curves for model 1 (filled triangles and filled squares, respectivelyal scale height of the gas as a function of galactocentric radius for

and model 2 (open triangles and open squares, respectively). model 1 (filled squares and filled triangles, respectively) and model 2
(open squares and open triangles, respectively).

and characteristic scale length became= 0.1 M, pc3 and
rn = 0.14 kpc, respectively. Thus, in a slowly rotating galaxg

the halo density has a rather cuspy profile as shown by the o
triangles in Fig. 2.

uations (6) and (7) are finiteftkrenced on a mesh of 350
grid points in radial and vertical directions, respectively,
and solved using the lower-upper decomposition method to
obtain the equilibrium gas density distribution in a compu-

3.2. Equilibrium solution tational domain of 3.5 kpe3.0 kpc. The equilibrium radial

) i , surface density profiles and the exponential scale heights of
Once the stellar and halo density profiles are fixed, we can PiRa gas for both models are shown in Fig. 3. In both models

ceed to obtain the initial gas de_nsity distribution by solving tk}ﬁe gas has an exponential radial profile, which is in agree-
steady-state momentum equation, ment with observations of the HI distribution in many dirr's
(Taylor et al. 1994). There is also a pronouncekdence be-
tween the models with massive and small halos, the latter has

. . ) a thicker gas disk. Indeed, in model 2 the cuspy halo mainly
whereP is the gas pressurg,is the gas densityp, and®s are |5 the matter toward the nucleus, while in model 1 the halo

the gravitational potentials of the halo and stellar disk, resp&fsnsity has a somewhat shallower distribution, thus contribut-
tively. We assume the gas distribution to be initially symmetrigg significantly to the vertical gravity pull at larger radii and

with respect to the rotation axis and equatorial plane, whighihsequently assisting to maintain a thinner equilibrium gas
naturally implies the use of cylindrical coordinatesrj for configuration.

solving Eq. (5). If the gas is initially isothermal, then Eg. (5)
can be transformed to the following set of equations:

1
ZVP = —(v- V)V = VO, — Vg, ()
0

3.3. Computational techniques

d Inp 102, 1 1 dds

a2 p(v h)r T2 ar (6) We use the ZEUS-2D numerical hydrodynamical code incor-
dInp 1 1 dos porating a rotating gas disk initially in equilibrium in the fixed
z —;(th)z = (7)  stellar and halo potentials. A usual set of hydrodynamical equa-

tions in cylindrical coordinates is solved using the method
Here,o is the gas velocity dispersion. Ott et al. (2001) foungf finite-differences with a time-explicit, operator split solu-
an average value of = 9 km s for Ho I. The halo gravity tion procedure described in detail in Stone & Norman (1992).
force can be expressed as: We have implemented the cooling curve of Spaans & Norman
_ _ 3,2 (1997) and Wada & Norman (2001) for a metallicity of one
V@ = V(1) = 47Gpnory/ - tenth of solar, which is close to the value &f= Z,/12 de-
x[r./rm —arctan(./rn)] €., (8) rived by Miller & Hodge (1996) for Ho I. The use of cool-

wherer? = r2 + 2 is the radial distance from the galactic ceniNd function simplifies the implementation of cooling by col-
ter, r is the galactocentric radiusjs the height above the mid- €Cting the #ects of various coolants. The cooling processes
plane, and. = r,/r. is a unit vector. The- andz-components tgken into account.a.re: (1) repor_nbma’uon of H, He, C, O, N,
of the halo gravity forceY®p),, (Vr),, can be found by pro- Si, and Fe; (2) coIhsm_mal excitation of Hl, CI-IV,_ and_ Ol-lV;
jecting Vo, on the corresponding coordinate planes. The stép) Nydrogen and helium bremsstrahlung; (4) vibrational and

lar gravitational potential is found by numerically solving th&°tational excitation of bt (5) atomic and molecular cool-
Poisson equation: ing due to fine-structure emission of C+Cand O and ro-

tational line emission of CO and HWe note that using an
ADg = 4nGps. (9) equilibrium cooling function, oversimplified particularly in the
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intermediate-temperature range bf< 10* K, is a common in the lifetimes of the most and least massive stars capable of
practice in modelling the SN-driven shell dynamics (see ejroducing SNe in a cluster of simultaneously born stars.

Mac Low & Ferrara 1999; Murakami & Babul 1999). Such an

oversimplification is justified by the fact that most amount of ) )

the thermal energy of the shell is lost in the high-temperatufe Multiple supernova explosions

(T ~ 10°-10° K) layers, while the energy lost at the low-y ; oo rotating galaxy with a massive halo (model 1)
temperature end contributes less to the total energy balance.

Variations of the cooling rate connected with the fractiond\e vary the energy input of the starburst in terms of SN explo-
ionization are important mostly to determine the cooling timgons in order to reproduce a ring-like gas morphology of Ho I.
of the low- and intermediate-temperature layers. However, B#fe start by showing in Fig. 4 the temporal evolution of the dis-
cause at these temperatures and the corresponding densitieithégion of the gas volume density for an energy input equiv-
cooling time is very short in comparison to the dynamical tim@Jent to 300 successive SN explosions. SNe generate a super
the overall dynamics is insensitive to details of the cooling rasenically expanding wind that compresses the surrounding gas,
atT < 10°K. thus creating a bubble filled with hot ejected gas. At the end of
ﬁhe energy input phase#£ 27 Myr) the shell loses its spherical

We use an empirical heating function tuned to balance t Stm transforming into a prolate spheroid. As a result, tangen-

cooling in the background atmosphere so that it maintains tt\qa? motion vortices develop in the hot ejected gas, which in

gas in hydrostatic and thermal equilibrium and may be thouQu[n trigger Kelvin-Helmholtz instabilities in the compressed

of as a crude model for the stellar energy input. The dlsadVa(%@(pandmg gas layer of the shell. This results in a characteris-

%'ripple-like form of the shell. At approximately 40 Myr the

nova eiecta. This mav result in a SOUFIOUS eneray input at | |Erell breaks out of the disk, Rayleigh-Taylor instability ensues
J ' y P gy inp fm the shell acceleration, creating a characteristic bubble-

phases of the shell expansion when it occupies a large Comng-spike morphology, first mentioned in numerical experi-

tational volume. To minimize this numericdfect, we have in-
X ) . P Mac L . (1 . he shell stall
troduced a tracer field function defined by Yabe & Xiao (1993 _ents by Mac Low et al. (1989). Soon after the shell stalls

A . . nd starts to collapse in radial direction, simultaneously push-
The tracer field is advected with the same algorithm as the : : .
L . he h higher alti Jnf rt of th lax
density in order to follow the hot gas ejected by the supernov the hot ejecta to a higher altitude act, part of the galaxy

L o ; ) M will eventually be lost by Ho |, because its velocity ex-
Heating is prohibited in the regions where the tracer field S.eds the local escape speed. We compute the fraction of the

g;?igng’ g;)lljs la:}%slyor%du;:g%.rgfése O:; Sgg”toﬁesa?ﬁat:cn%total gas mass of Ho | lost by such an outflow at the time when
u S Interior by Ime-independen g Tungz o ring has collapsed & 72 Myr) by summing up the mass

tion. This is physically justified since most of the heating in thgf the gas expanding with velocities exceeding those of the lo-

warm interstellar medium comes from the photoelectric he%gél escape speed. The fraction is low, usually withis2%

N9 (ilf pOIYCyC“;?fmit'bc hy_?rzocarbon m(t)lzculehs_ (EIAHS)_an t t ¥ 54 Myr the shell appears as a ring if viewed face-on,
smati grains, which witt be either evaporated or Nghly I0NIZEL 4 4i¢ jiameter matches best that of Hl ring in Ho |. At later

in the hot &10° K) bubble filled with supernova ejecta. Cooling[i_mes of the evolutiont(> 70 Myr), the central depression

and heating are treated numerically using Newton—Raphsonlét-fota”y filled and Ho | appears as a dwarf irregular, with a

erations, supplemented by a bisection algorithm for occasiofy clining average gas surface density profile. Simulations in-

zones where th? Newton-Raphson method doe_s not CONVEliate that for a smaller starburst capable of producing only
In order to monitor accuracy, the total change in the inter

energy density in one time step is kept below 15%. If this con- 0-150 SNe, the shgll never.bre_aks_ out of the disk and hardly
dition is not met, the time step is reduced and asolljtion isag gfﬂz)ands.to 1.7 kpe diameter, md.lcatlng tha.lt 190_150 SNe are
sought ' A8t suficient to account for the size of HI ring in Ho I. For a
: larger starburst of 450-600 SN, the shell breaks out after ap-

The energy of supernova explosions is released in the foptoximately 35 Myr. However, the radial expansion of the shell
of thermal energy in the central region with a radius of foyrroceeds to a larger radius than that of Ho I's ring, mainly be-
zones. We use a constant wind approximation described in dause of the higher initial momentum acquired by the shell.
tail in Mac Low & Ferrara (1999). There is a certain degree of The total Hr luminosity of Ho | is 43x10*® ergs s* (Miller
freedom in how to distribute $8 ergs of mechanical energy& Hodge 1996), which implies a star formation rate of only
released by a single supernova. We decided to convert it tot€)lp04 M., yr~1. We searched for dense gas clumps in the ex-
into a thermal energy, since in the present simulations we dpahding shell that could be Jeans unstable. We assume that the
with large stellar clusters with hundreds of supernovae. Wigfas in a restricted computational domain becomes Jeans unsta
such an amount of SN explosions, the surrounding ISM willle if tg < Ar/vs, wheretg is the free-fall timear is the size of
be quickly heated and diluted, making radiative cooling ine& computational cell, and is the local speed of sound. We also
ficient. We admit that at the initial stages of the stellar clusteombined the neighbouring cells to search for a larger scale
evolution part of the energy of SNe may be radiated away d@##40 pc) Jeans unstable gas clumps. Our simulations show that
to the radiative cooling. Hence, our numerical simulations pron the scales of a giant molecular cloud 0—-40 pc) the shell
vide a lower bound on the number of SN explosions neededstable against self-gravity. We note however that our simu-
to create the observed ring. We choose the energy input phkti®ns were restricted in resolution to 10 pc, and thus we did
to last for 30 Myr, which roughly corresponds to dfdrence not follow possible gravitational instability on smaller scales
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Fig. 4. Temporal evolution of the gas volume density distribution in model 1, with the energy input equivalent to 300 successive SN explosions.
The velocity field is normalized by tHecal escape speed. In general, the escape speed is a function of both the galactocentric distance and the
height above the midplane. Normalizing the velocity field by the valledl escape speed helps tdfdrentiate the gas that can potentially
escape the galaxy. The contour line delimits the region filled with SN-ejected material. The grey-scale bar is in log unit$of g cm

(<1 pc) corresponding to the subunits and the cores of molec- We have constructed the model HI spectrum of Ho | for
ular clouds that can be in principle Jeans unstable, while tiiferent inclination angles. We can surprisingly well repro-
clouds as a whole are stable (Scoville & Sanders 1987).  duce the measured HI spectrum for a small inclination angle,
Furthermore, we attempt to reproduce the HI spectrumiof 12°, represented by the solid line in Fig. 5; the spectrum
Ho I, shown in Fig. 5 by the filled squares (Ott et al. 2001) arfdr smaller inclinations practically coincide with the= 12°
scaled to Ho I's systemic velocity of 141.5 km'slts shape one. The model HI spectrum is takentat 54 Myr when the
is remarkably well described by a Gaussian with a FWHM déce-on (or zero-inclination) gas distribution best reproduces
27.1 km s, In order to model the HI spectrum, we assumtnat of Ho I. A small diference between the peak positions
that the gas is thermalized in each computational cell, with tirethe measured and model profiles most probably indicates
velocity dispersion controlled by the local gas temperature. \Weat there is a smallftset between the morphological center
also assume that the HI distribution in Ho | is optically thinof the ring and the dynamical center of Ho I, a feature sup-
which is justified considering its rather low HI surface densitported by the measurements of its HI velocity field (Ott et al.
Th < 10 Mg pc2. We use the following conversion formula2001). Another possibility is that the starburst responsible for
that links the HI mass per velocity channdly, /av with the creating the HI ring is not exactly located in the midplane, but

HI flux densitySy, (Binney & Merrifield 1998): instead closer to the near side of the galaxy.
M p 355 16 D \2 Su [ Mo ] (10) As we employ progressively higher inclination angles, the
™ _Mpc Jy) lkmsil agreement between the model and the measured HI spectrum

deteriorates. In Fig. 6 we plot the relative discrepancy be-
whereD is the distance to Ho . tween the model and measured HI spectrum averaged over
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0.071 measured HI spectrum of Ho | as a function of assumed inclination
L . 1 . obtained for model 1. The flux-weighted relative discrepancy (filled

|
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Fig.5. Model HI spectrum of Ho | obtained in model 1 for three
assumed angles of inclination= 12, 40°, and 70. The measured dominating at higher altitudes (see Fig. 4). The relative ampli-
HI spectrum is plotted with the filled squares. tude of azimuthal variations in the maximum Hl intensity along
the ring in the [13.5;-10.5] km s channel map, which is
equivalent to the observed [128-131] knt shannel map of
70 velocity channels, starting at35 km s® and ending Ott et al. (2001), is a factor of 2. This value decreases, as we
at+35 km st. The flux-weighted relative discrepancy is alst2ke progressively lower inclination angles and vanishes at zero
calculated to de-emphasize the low-mass wings of HI spéaclination. Hence, if Ho | is halo dominated as assumed in
trum. The best agreement is obviously found for low inclinanodel 1, then its inclination angle should be limited to a range
tion anglesj < 20°. The near-Gaussian shape of the HI spe®f 15°—20". The lower right panelin Fig. 7 shows the modelled,
trum indicates that the thermalrbulent motions dominate theintegrated Hl emission. Visual inspection shows that the size of
line-of-sight rotatior-expansion motions in Ho I. the ring and the HI column density distribution are similar to
As is seen from Fig. 6, modelling of the HI spectrum prghose in Fig. 1, indicating that the HI ring can indeed be a result
vides an upper limit to the inclination of Ho I. A lower limit of multiple SN explosions.
can be obtained by constructing the model HI channel maps The rotation curve of model 1 (the filled squares, Fig. 2)
and comparing them with the observed ones published by @grees well with the observed Hl rotation curve of Ho | for
et al. (2001). The latter show an interesting tendency: the com= 15° (see Ott et al. 2001, Fig. 9) only in the outer re-
plete ring appears only in a few channel maps near the sg#ns atr 2 1.2 kpc, which are unperturbed by the shell ex-
temic velocity, while the other channel maps show only part pansion. In the inner perturbed regions the observed velocities
it. Specifically, the part of the ring that is faint on the approackxceed those of model 1 by 5-10 kmt.sWe note here that
ing side seems to be luminous on the receding side of Hdhis discrepancy might be due to affset location of the dy-
and vice versa. We smoothed the [128-131] krh channel namical center of Ho | with respect to the geometrical center
map of Ho | (see Fig. 3 of Ott et al. 2001) to a resolution aif the HI hole (see Fig. 1), theffect that can hardly be mod-
206 x 21’2 and found that the relative amplitude of the azlled in our two-dimensional axisymmetric simulations. As a
imuthal variations in the HI intensity along the ring is a factoiesult, the mass redistribution due to th&center SN explo-
of 2.5. Furthermore, we constructed model channel majps atsions might have brought a considerable fraction of the fast
54 Myr for inclinations of 0—2C°. We find that the observedrotating gas towards the galactic center. Indeed, adopting the
variations in HI intensity along the ring can be obtained only {fbserved rotation curve of Ho | as the initial rotation curve of
the inclination is constrained to the range480°. As an exam- model 1 would result in the equilibrium gas distribution that to-
ple, we plot the model channel maps constructeid-ab4 Myr  tally lacks any gas in the central 1 kpc radius irrespective of the
for aninclination of 18 in Fig. 7. Itis readily seen that the aredalo mass we use; a realistic equilibrium gas distribution can-
near the central position shows virtually no emission throughet be obtained in this case, implying that the observed rotation
out all channels, a feature also reported by Ott et al. (2001). TH&Vve of Ho | is strongly perturbed in the inner regions.
asymmetry of the model channel maps indicates that the gas isFinally, in Fig. 8 we present the azimuthally averaged
participating in both, rotation and expansion motions, the lattexdial gas distribution at three ftérent phases of the shell
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too sharp-peaked at the time when it has reached a 1.7 kpc di-
ameter, very similar to the radial gas profile fdgy = 300

at 27 Myr (see Fig. 8, dashed line). Note that a possible deple-
tion of HI column density Ky;) due to the ionization by an ex-
ternal UV background with-1° Lya photons cm? st Hz !
accounts foraNy ~ 3 x 10* N3t cm2 only, which is less
than 14% at > 54 Myr. Hence, we find that the energy output
equivalent to 30@ 50 SNe can be responsible for producing
the HI ring-like distribution of Ho I. If we assume a star for-
mation eficiency of 5%-10% and a Salpeter IMF, the mass of

a parent gas cloud must be aroun8-8.0 x 10° Mo, which is

not extreme.

- [-19.5; —16.5] [-13.5; —10.5] [-7.5; —4.5]

[16.5; 19.5] [19.5; 22.5]

I 1 4.2. Slowly rotating galaxy with a small halo (model 2)

@ Our numerical hydrodynamical simulations reveal consider-
- T able ditferences in the dynamics of the SN-driven shell for
the case of a slowly rotating galaxy with a small, cuspy halo

(model 2), as compared to the fast rotating galaxy with a mas-

Fig. 7. Model channel maps of Ho | at the assumed inclination-of sive, shallow halo (model 1). First, we find that the energy input

15°. The lower right panel shows the integrated HI emission obtain&?eded to _Create the obseryed ring-like morph(_)logy is a factor
in model 1. The grey-scale wedge is in units of &rand the velocity Of 2 lower in model 2 than in model 1. The radial gas surface

channels are in units of knts density profiles in both models are similar; however, the expo-
nential scale height of the gas is higher in model 2 (see Fig. 3),
which results in a smaller gas volume density. This fact, along
77777 =27 Myr with a much lower inward gravity pull by a small halo, renders
—— t=54 Myr the isotropic expansion of the shell much more easy, but on
———————— t=73 Myr | the other hand impedes break through. Figure 9 shows the time
evolution of the distribution of the gas volume density for an
energy deposition equivalent to 150 SN explosions. The shell
evidently never breaks out of the disk. This is mainly due to the
thicker vertical gas distribution and the lower energy input in
model 2, as compared to model 1. On the contrary, the lack of
T gas expansion in the central HI depression in Ho | reported by

0.0 0.5 1.0 15 2.0 2.5 Ott et al. (2001) implies that its shell has broken out of the disk.
Radial distance [kpc]
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Applying the same analysis as in Sect. 4.1, we find
Fig. 8. Azimuthally averaged radial gas distribution obtained witthe best agreement with the HI spectrum and channel maps
model 1 at three dlierent phases of the shell expansion. fieasured of Ho | for inclination angles = 25°-3(, in contrast to =
radial gas distribution of Ho | is plotted with the filled squares where5°—2@ for model 1. Thus, numerical models withfidirent
a possible contribution of He and: kb the total gas mass is taken intohgl0 masses predict flerent angles of inclination for Ho |I.
account friHerty/or = 1.4). Comparison with the inclination angle derived from observa-
tions could therefore help to constrain the halo mass of Ho I.
Unfortunately, Ott et al. (2001) were not able to get stable re-
expansion, taking the morphological center of the projectsdlts for the inclination. This implies that Ho | has a rather
shell as the origin. An inclination= 15° is assumed. The bestlow inclination, which favours model 1 as the prime choice
agreement with observations is found at55 + 5 Myr, which  of Ho I. Furthermore, in case of Ho | we do not see any Hi
implies that the shell in Ho | has attained its largest size along the line of sight to the central hole down to a column den-
the present time. The lack of expansion motions reported &ify of ~6.0 x 10'° cm2, or a surface density of &5 M, pc2,
Ott et al. (2001) is thus not due to the low inclination of Ho la feature which is much better reproduced in model 1 than in
but rather an intrinsic property. The measured contrasb] model 2. For instance, the gas surface density near the central
in gas surface density between the central depression anddpression in Fig. 10 never falls belowMs, pc2. Indeed, the
ring is well reproduced. We varied the total number of SN eshell has not yet broken out of the disk in model 2, thus con-
plosions (Nsy) in order to see how the energy input can influtributing substantially to the line-of-sight gas column density
ence our conclusions. As mentioned above Ngi < 150 the near the central depression. This tendency is clearly seen in
shell never expands to its present diameter of 1.7 kpc, thus eig. 10, which shows the azimuthally averaged radial gas dis-
ing out a small starburst as the origin of the HI ring in Ho fkribution at three dferent phases of the shell expansion, taking
On the other hand, foNsy > 450 the projected shell appearshe morphological center of the projected shell as the origin.
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Fig. 9. Time evolution of the gas volume density obtained with model 2, with an energy input equivalent to 150 successive SN explosio
The velocity field is normalized to the local escape speed. The contour line delimits the region filled with SN-ejected material. The grey-s
wedge is in units of g cn¥.
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w
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=4SMy 1 Ho I has a ring-like HI distribution, which is moderately non-

axisymmetric with respect to its morphological center (see
Fig. 1). The ellipticity of the ring makes it ratherfficult to
draw any quantitative comparison with the observations on the
basis of two-dimensional axisymmetric simulations. However,
the basic qualitative features of the gas distribution and veloc-
ity structure in Ho |, such as the size of the ring, the contrast
L in the gas surface density (hereaftgg) between the central
0.5 1.0 15 2.0 2.5 . ; N
Radial distance [kpc] depression and the ring, and_the lack of gas expansion in the
central hole can be modelled in the two-dimensional case.
Fig. 10. Azimuthally averaged radial gas distribution obtained with
model 2 at three diierent phases of the shell expansion. Teasured
radial gas distribution of Ho | is plotted with the filled squares.
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The lack of gas expansion in the central depression re-
ported by Ott et al. (2001) argues that the shell hatesed

a blowout. Otherwise, one would expect the shell to be still
in the Sedov expansion phase with some piled-up gas in the
z-direction. However, we do not see any HI along the line of
An inclination ofi = 25° is assumed. As is seen, the surfacgight to the central hole down to a column density~@&0 x
density of the gas near the center always exceeds that of Hi® cm2. The measured contrast By between the central
shown by the filled squares. depression and the ring (a factor of 15) is also indicative of a
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blowout, since the “limb brightening”fiect may account for 00 0;5 : 1;0 : 1;5 : 2;0 : 2;5 :
a factor of 2 diference inXy between the projected rim of a T =27 Myr |

three-dimensional shell and its center. Hence, the occurrence o =54 Myr 7
of a blowout (implied by the measured contrasEipbetween i P TR
the central depression and the ring) at the time when the shell
has expanded out to its present size of 1.7 kpc is the main cri-
terion for the selection between the two models.

As discussed in Sects. 4.1 and 4.2, the blowout scenario
of Ho | is better reproduced in model 1tat 55+ 5 Myr. Ata
first glance, the radial gas distribution in model 2 at 73 Myr
seems by eye to better fit the overall observational data.
However, it is not only the measured size of the ring (1.7 kpc),
but also the measured contrasEiybetween the central depres- , -
sion and the ring (a factor of 15) that are not reproduced for this 04 g a
case. We would like to note here that the estimated decrease in
HI column density near the central depression caused by the . . .
external UV background is approximately 2%tat 45 Myr 0.0 05 10 15 20 25
in model 2. Hence, the external UV radiation field cannot rec- Radial distance [kpc]
onC|Ig th(_e m,eas%”ed contrast of 15. Alt,hOUQh the overall rad .11. Azimuthally averaged radial gas distribution obtained for a
gas distribution in model 2 at 73 Myr fits better the measurg e-varying mechanical luminosity with) model 1 ancb) model 2

profile, it fails to reproduce both the size of the ring and thg three direrent phases of the shell expansion. Tiheasuredadial
measured contrast in the gas surface density between the g@B-distribution of Ho | is plotted with the filled squares.

tral depression and the ring.

On the other hand, our best model is not optimized to fit the
observations. At the time when the ring has attained its presémplies a SFR of only 04 M, yr~*. Indeed, assuming the
size of 1.7 kpc, the maximum gas surface density exceeds tbatstant SFR of 004 M, yr~! and an age of Ho | of 10 Gyr,
of Ho | by approximately 3, pc 2 (see Fig. 8, the solid line). one obtains an estimate on the total stellar massof@ M,
At the same time, the width of the modelled ring is smallavhich is 2.5 times lower than that actually measured for Ho |
than that of the observed ring. This is most probably due Ott et al. 2001). Variable star formation is plausible. However,
the two-dimensional axisymmetric nature of our simulatioris dirr's variations have a burst-like nature (see e.g. Searle et al.
attempting to reproduce a moderately non-axisymmetric strd@73). Our model corresponds to an explosive energy input fol-
ture, or azimuthal averaging of the inclined ring with verticdbwing evolution of a single OB association with a total mass
walls. Three-dimensional non-axisymmetric modelling of Hodf ~3 x 10* M. A comparison of the photometry presented
is required for a fine tuning of the model radial gas distributiom Ott et al. (2001) with the STARBURST99 synthesis mod-

There are a few assumptions inherent to the model that nedsl (Leitherer et al. 1999) shows that tBeband magnitude
further justification: as well as théJ — B color of the optical emission within the
The assumed cooling functioithe cooling function below giant HI hole is in agreement with a stellar cluster 55 Myr
10* K depends on the degree of ionization of the gas. We magfeage (predicted by model 1) and a mass~@ x 10° Mg
a few test runs with the cooling function of Spaans & Norma®alpeter IMF,Z = 0.004 metallicity, upper and lower mass
(1997) truncated at the lower temperatures, i.e. the cooling wagoff: 100 M, and 1M, respectively). Such a stellar popula-
set to zero all < 10* K, and found that the influence of thetion can easily provide the mechanical energy input to Ho |
cooling atT < 10* K on our results was minimal, which isneeded to satisfy model 1. The discrepancy of the observed
due to the fact that thermal energy of the shell is mostly loststellar mass with our simulations (about 1 order of magnitude)
higher temperatures as mentioned earlier. is most likely due to confusion with older stellar populations.
Injection of energy by supernova explosidnghe present sim- Nevertheless, we examine if variable star formation can af-
ulations we use a constant wind approximation (Mac Low &ct our conclusions. We assume that the mechanical luminos-
Ferrara 1999). However, our simulations have shown that titye produced by SN explosions is time-dependent, for instance
injection of thermal energy due to discrete SN explosions praith a Gaussian shape. Its maximum is centered at 15 Myr
duce similar results. Indeed, the frequency of SN explosionsafter the beginning of the energy input phase, with a FWHM
an instantaneously born stellar cluster remains nearly constaf.5 Myr. This time-dependent mechanical luminosity is sup-
if a Salpeter initial mass function and an upper stellar magesed to mimic the energy input from successively born stel-
of 100M, are assumed. This finding was also confirmed in nlar clusters within a single stellar association. To be consistent
merical simulations of Mac Low & McCray (1988). with the simulations in Sect. 4, we set the energy input phase
Star formation historyln the present simulations we have ago last for 30 Myr and the total energy input equivalent to 300
sumed a single starburst localized in the central region of Hahd 150 SNe for model 1 and model 2, respectively. Figure 11
that provides the energy for 30 Myr. Constant star formatiahows the azimuthally averaged gas distributions obtained at
in Ho | can be ruled out because of the low totat Himi- the same phases of the shell expansion as in Figs. 8 and 10.
nosity of 43 x 10°® ergs s* (Miller & Hodge 1996), which As is obviously seen, model 1 with variable star formation

"""" t=27 Myr

b) '
t=45 Myr 1

- t=72 Myr

30

20

Gas surface density [Msun pc'z]
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reproduces the observed distribution and the contraglyin ago a stellar cluster was born near the dynamical center of
between the central depression and the ring (the solid linlee galaxy from a parent gas cloud of§23.0) x 10° M.

Fig. 11a) even better than the same model with a single st8bsequent SN explosions created an expanding shell filled
burst approximation (the solid line, Fig. 8). Model 2 clearlyvith the hot SN ejecta. About 15 Myr ago the shell broke out of
fails to reproduce the measured contrasijrior both star for- the disk pumping the hot gas into the halo. The fraction of the
mation frameworks. Our simulations also show that multiplegtal gas mass of Ho I lost in a blow-out is low, withir2%. At
successively born smaller clusters are leBsative in creating present the shell has attained its biggest size of 1.7 kpc. In an-
a bubble structure than a single starburst with the same taitiier 20 Myr the central hole would fill in and Ho | would ap-
ejected energy. pear as a dirr, with a wave-like declining radial gas distribution.
Numerical resolutionWe made a few test runs with a higher

resolution of 5 pc. Although the higher resolution simulationgcknowledgementsThe authors are thankful to M. Spaans and
provide more details on the gas flow dynamics and the devel-Norman for providing their cooling curves. This work was done
opment of Rayleigh-Taylor and Kelvin-Helmholtz instabilitiesinder the INTAS grant YSF-2002-33. EV is grateful to thefatfithe
(Figs. 4 and 9), the integrated images such as the HI spectriadioastronomisches Institut der UniveasBonn for their hospitality
the channel maps, and the radial gas distributions (Figs. 8, 20 help with data processing. YS acknowledges partial support from

and 11) remain very similar to those derived with a lower resée German Science Foundation, DFG (project SFB 591, TP AG). We
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