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ABSTRACT
Far-ultraviolet (FUV), Ha, and H I observations of dwarf galaxy Holmberg II are used to investigate
the means by which star formation propagates in galaxies lacking global internal triggering mechanisms
such as spiral density waves. The observations trace the interaction between sites of massive star formation and the neutral and ionized components of the surrounding ISM in this intrinsically simple system.
Both local and large-scale triggering mechanisms related to massive star formation are seen, suggesting
that feedback from massive stars is a microscopic process operating in all galaxies to a certain degree.
The data emphasize the importance of local conditions in regulating star formation from evidence such
as massive stars inside ionized shells, compact H II regions surrounding aging clusters, and stars formed
in chains of progressing age. Surface brightness proÐles show that current activity correlates with the
time-averaged level of past star formation at a given radius demonstrating a reliance on local conditions.
Large-scale triggering by H I shells is supported by observations of progenitor populations as well as
secondary sites of star formation associated with their dense rims. Analysis of the energy available from
massive stars inside H I shells indicates that energy deposited into the ISM from supernovae and stellar
winds is sufficient to account for the H I morphology. Ages of individual star-forming regions are derived
using B, Ha, and FUV photometry and show both older, di†use FUV regions and younger, compact H
II regions. The distribution of ages is reconciled with the H I morphology, showing a clear preference of
young regions for areas of dense H I and old regions for H I voids. Global kinematical properties may
also play a role in the star formation process since di†erences in the rotation characteristics of the
neutral gas disk correlate with di†erences in triggering mechanisms. Large-scale feedback from massive
stars is shown to operate in regions that lack di†erential shear in the gas disk.
Subject headings : galaxies : dwarf È galaxies : ISM È galaxies : individual (DDO 50) È
stars : formation È ultraviolet : galaxies
1.

INTRODUCTION

to explore the processes that may inÑuence new star formation and its relation to the ISM within a relatively uncomplicated dynamical environment. Far-ultraviolet (FUV),
Ha, and H I images of dwarf galaxy Holmberg II (HoII) are
used to gain new insight into the star formation process by
studying the interconnection between massive star formation and the ionized and neutral components of the galaxyÏs
ISM.
Irregular galaxies lack a dominant internal global triggering mechanism for cloud compression and star formation such as density waves, yet they exhibit a wide range of

The pervading questions of our current view of largescale star formation are primarily associated with the need
to understand the mechanism for triggering and globally
maintaining star formation. The Ðrst step in forming a fundamental theory to describe star formation in all environments is understanding the process in intrinsically simple
systems. This study utilizes a unique observational data set
1 NASA Space Grant Fellow, University of Alabama 1995È1997.
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star formation activity. Noninteracting low surface brightness late-type galaxies, including Magellanic-type irregulars
(Im), are ideal for this study because they have a limited
number of global internal processes inÑuencing star formation while at the same time having star formation rates per
unit area similar to much more massive spiral galaxies
(Hunter 1997). Because of their small sizes, the amount of
energy input per a given star formation event has a pronounced e†ect on the global ISM. Instabilities in the ISM
introduced by massive star formation may play an important role in the star formation process in these systems.
They display relatively uncomplicated internal gasdynamics, generally characterized as slow solid body rotation. These characteristics create an environment of reduced
shear allowing features in the ISM to be longer lived. They
often possess huge gas envelopes extending well beyond the
optical regime of the galaxy. Large vertical scale heights
allow features in the ISM to grow to large sizes before
breaking out of the H I layer. In addition, these systems
allow for the test of star formation models at very low
metallicities. For these reasons, late-type low surface brightness galaxies are powerful tools for understanding the star
formation process and galaxy evolution.
The apparently noninteracting Im-type galaxy HoII
(DDO 50, UGC 4305) is a member of the M81ÈNGC 2403
group of galaxies. The galaxy is classiÐed as a David
Dunlap Observatory (DDO) dwarf galaxy because of its
low surface brightness (van den Bergh 1959). Although it is
slightly too bright to Ðt the magnitude criterion of a ““ true
dwarf ÏÏ galaxy of M Z [16 (Nilson 1973), it is usually
referred to as a dwarfB galaxy in the literature. IRAS observations of HoII suggest a minimal presence of dust, so little
hidden star formation is taking place (Hunter et al. 1989).
The galaxy has a low metal abundance, Z/Z D 0.4
(Hunter & Gallagher 1985), similar to that of the_ Large
Magellanic Cloud (LMC). Hodge, Strobel, & Kennicutt
(1994) Ðnd that the sizes of H II regions as well as their size
distribution are statistically normal in comparison to galaxies of the same type, distance, and luminosity. HoII has a
H I envelope extending to 1.5D , where the Holmberg
Ho by the B isophote at
diameter (D ) is the diameter deÐned
Ho
26.6 mag arcsec~2. The H I morphology of HoII is intriguing because of the various shells and holes present throughout the galaxy (Puche et al. 1992). Hoessel, Saha, &
Danielson (1998) estimate a distance of 3.05 Mpc using 28
Cepheid candidates. This is di†erent than the distance
estimate of 3.63 Mpc determined by Freedman et al. (1994)
for M81 using Hubble Space T elescope observations of
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Cepheid variables. Since HoII is likely the closest member
of the M81ÈNGC 2403 group, 3.05 Mpc is adopted for the
distance of HoII. Table 1 summarizes the parameters
assumed for the galaxy in this study.
Observations in the vacuum ultraviolet (912È3200 A )
isolate hot sources from the underlying optical cool star
background in galaxies. Ultraviolet observations allow
direct detection of young massive stars, which are
responsible for the majority of photoionization, photodissociation, elemental synthesis, and kinetic energy input
in galaxies. The UV observations used in this study are in
the FUV window (912È2000 A ) and are particularly useful
in characterizing high-mass star formation since the dominant luminosity sources at 1500 A are OB stars with mass
M Z 5 M (Fanelli et al. 1992). Understanding the UV
_
morphology and its relation to the star formation process
has broad implications considering that the rest-frame FUV
is detectable at high redshift, z Z 3, with optical and IR
instruments. OÏConnell (1997) stresses that determining a
““ morphological k-correction ÏÏ for galaxies is needed to
assess the morphology of distant objects. Therefore, understanding the processes responsible for the UV emission in
nearby systems will play an important role in advancing
our understanding of galaxy evolution.
This study addresses several issues that Hunter (1997)
stresses are vital to an improved understanding of star formation processes within irregular galaxies. These key issues
are tied to the need for a better understanding of the regulation mechanism for star formation on global and local
scales, including a quantitative description of both the feedback processes operating in irregular galaxies and the
impact that huge stellar complexes have on the surrounding
ISM. Morphological comparisons between the FUV Ñux
and other radiation linked to star formation provide valuable information regarding the interaction between a starforming site and its surrounding medium. For example, the
ratio of the FUV and Ha emission from a young starforming region is indicative of the cluster age. The suggested
link between massive star formation and H I shells can be
studied via the relative FUV and H I emission morphologies. Since the FUV is able to isolate the massive stellar
component over timescales similar to the kinematic ages of
H I shells, this comparison could identify a progenitor
population. Understanding whether characteristic di†erences in the ISM are related to di†erences in star formation
mechanisms is another important issue. The FUV image
can be used to probe the possible relationship between
massive star formation and the kinematics of its H I disk.

TABLE 1
ADOPTED PARAMETERS FOR HOLMBERG II
Parameter

Value

Reference

Optical center (a
,d
)..........
8 13 53.5, 70 52 13
Dressel & Condon 1976
1950 1950
Dynamical center (a
,d
)......
8 13 53, 70 52 47.3
D. Westpfahl 1997, private communication
1950 1950
Distance (Mpc) . . . . . . . . . . . . . . . . . . . . . . . .
3.05
Hoessel et al. 1998
M ......................................
[16.52
RC3, de Vaucouleurs et al. 1991
B
Inclination (deg) . . . . . . . . . . . . . . . . . . . . . . .
41
Puche et al. 1992
Position angle (deg) . . . . . . . . . . . . . . . . . . .
177
Puche et al. 1992
Axial ratio, q \ b/a . . . . . . . . . . . . . . . . . . . .
0.74
Huchtmeier & Richter 1988
A .......................................
0.10
RC3, de Vaucouleurs et al. 1991
B
A
....................................
0.20
This study
FUV
NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds.
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The intrinsic dynamical reduction of shear in the gas disks
relative to that in spiral galaxies most likely inÑuences the
overall star formation rate.
Despite the wealth of information provided by UV
images, they are seldom used in star formation studies
because spatially resolved UV images are rare. The FUV
images used in this study are provided by the Ultraviolet
Imaging Telescope (UIT), which Ñew as a member of the
ASTRO Observatory on two space shuttle missions in 1990
December and 1995 March. Together, a total of D35 FUV
images of galaxies exhibiting recent star formation were
observed. The D3A spatial resolution of the UIT was a 5È20
times improvement over previously available UV imagery.
Besides the Apollo 16 UV image of the LMC in 1972 (Page
& Carruthers 1981), the only other UV image of a galaxy
similar in type to HoII prior to the ASTRO-2 mission was
the dwarf galaxy Holmberg IX. It was serendipitously
observed during the ASTRO-1 mission because of its close
proximity to M81. Using the UV data, Hill et al. (1993)
characterized the most recent star formation event, conÐrming that no recent star formation was occurring in Holmberg IX. During the second Ñight of the UIT, a dwarf galaxy
program was initiated. The results of this program were Ðrst
presented by Gessner et al. (1995). Detailed analysis of all of
the UIT dwarf galaxy targets is presented by Stewart (1998).
Global photometry of the galaxy is given in ° 3 and the
radial surface brightness proÐles in ° 4. Photometry of individual star-forming complexes along with their derived ages
and internal extinctions are presented in ° 5. Comparisons
between the relative morphologies of the FUV and Ha
emission are given in ° 6 and of the FUV and H I in ° 7. The
principal results are summarized in ° 8.
2.

OBSERVATIONS AND DATA REDUCTION

Holmberg II was observed by the UIT during the
ASTRO-2 mission in 1995 March. Table 2 summarizes the
observations of the galaxy used in this study. The targets
were observed using the broadband UIT B1 Ðlter, which
has j \ 1521 A and *j \ 354 A . The images were recorded oneff IIaO Ðlm and digitized with a PDS microdensitometer at Goddard Space Flight Center, producing
2048 ] 2048 pixel images with scale 1A. 14 pixel~1. The
images were calibrated using IUE spectrophotometry of
stars observed by the UIT. The FUV magnitudes are computed from FUV Ñux using m
\ [2.5 log (FUV)
[ 21.1, where FUV is the incident FUV
Ñux in ergs (cm210A s) ~1.
The chief photometric uncertainties are in the form of lowlevel nonuniformities introduced via the development and
digitization processes. Uncertainty in the absolute calibration can lead to uncertainties of up to 10%È15% in the
FUV Ñux. A detailed discussion of the reduction of the UIT
TABLE 2
SUMMARY OF OBSERVATIONS FOR HOLMBERG II

Telescope

Filter

Exposure Time
(s)

Date

UIT . . . . . . .
MLO . . . . . .
MLO . . . . . .
MLO . . . . . .
MLO . . . . . .

FUV (B1)
U
B
R
Ha

1310
1200
300
120
600

1995 Mar 11
1995 Nov 2
1995 Feb 24
1995 Feb 24
1995 Feb 24
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data to Ñux-calibrated arrays is given by Stecher et al. (1992,
1997).
The FUV background level (k [ 25 mag arcsec~2) is
checked by taking the mean of 20 boxes, each 20 ] 20
pixels, in areas void of any galaxy or stellar Ñux. The FUV
background level is minimal, 0.0 ^ 0.4 analog data units
(ADUs). The UIT has limited accuracy at the lowest light
levels. The error in the background level reÑects this intrinsic uncertainty.
CCD observations of HoII were obtained in the Johnson
U and B bands and the Kron-Cousins R and Ha bands with
San Diego State UniversityÏs 1.0 m telescope at the Mount
Laguna Observatory (MLO). The optical images are
median combined with at least two other images having the
same exposure time to remove cosmic rays and other
defects. Astrometry and photometry are implemented using
standard IDL procedures for data reduction. Background
values are determined for each image by taking the mean of
pixels in 20 boxes, each 10 ] 10 pixels. The HoII broadband images are calibrated using unpublished photoelectric
photometry of three bright stars in the galaxy (H. Corwin
1997, private communication). Total magnitudes given in
the RC3 agree with our measured values within reasonable
limits, providing a check of the calibration constants.
The Ha Ðlter at MLO has a centroid wavelength 6573 A
and width 61 A , which includes the [N II] lines. A correction
for this contribution to the Ha Ñux is made by assuming
f (Ha)/[ f (Ha) ] f ([N II])] B 0.88, based on spectral observations of H II regions by Hunter & Gallagher (1985). This
correction is applied using the calibration technique of
Waller (1990) and observations of the Ha standard star BD
]8 2015 (Stone 1977). Attempting to reproduce the irregular apertures deÐned by Hodge et al. (1994) for H II regions
in HoII provides a check for the Ha calibration constant.
Our photometry of these regions agree within D9%. Deviations may be caused by failure to reproduce the irregular
apertures exactly. An Ha emission image is produced by
scaling stars in the Ha image with those in the R-band
image and subtracting the stellar continuum component.
The 21 cm images were obtained with the VLA B, C, and
D arrays. The uniformly weighted column density map has
a spatial resolution of 4@@ ] 4A. 5, corresponding to a spatial
resolution of 60 pc at the distance of HoII. This image is
used in the Puche et al. (1992) study of HoII, where a complete description of its observational characteristics is given.
3.

GLOBAL PHOTOMETRY

In Figure 1a the 10@.0 ] 10@.0 FUV image of HoII is presented. The FUV morphology is quite patchy, with the
brightest features contained in a central star-forming arc.
There are a region of di†use FUV emission extending to the
southwest and three separate patches of FUV emission to
the north of the central arc.
Since galaxies at high redshift are seen in the rest-frame
FUV with optical instruments, the FUV image is compared
to the R-band image in Figure 1b to illustrate the importance of understanding the FUV morphology of local galaxies. The R-band image of the galaxy exhibits a relatively
smooth distribution of light compared to the irregular distribution shown by the FUV image. The true optical morphology of a high-redshift galaxy could be quite di†erent
than that observed in the optical bands.
Integrated magnitudes of HoII are obtained using elliptical apertures whose shapes and orientations are based
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FIG. 1.È(a) Registered FUV and (b) R-band images of Holmberg II

TABLE 3
INTEGRATED MAGNITUDES FOR HOLMBERG II

Filter
FUV . . . . . .
U .........
B ..........
R..........

Apparent
Magnitude
9.84
11.48
11.58
10.86

^
^
^
^

0.03
0.02
0.02
0.01

Absolute
Magnitude
[17.58
[15.94
[15.84
[16.56

^
^
^
^

0.15
0.15
0.15
0.15

A
g
0.20
0.12
0.10
0.06

NOTE.ÈMagnitudes are corrected for Galactic extinction. Optical magnitudes are derived with the foreground
stars masked.

35 galaxies exhibiting recent massive star formation, the
range of observed absolute magnitudes spans from [17 to
[22 (Fanelli et al. 1997b). The corresponding
FUV[B \ [1.74 ^ 0.03 color falls into the range
observed by Far Ultraviolet Space Telescope (FAUST ; a
balloon-borne UV camera) for a sample of Im-type galaxies
(Deharveng et al. 1994).
The integrated FUV Ñux as a function of radius provides
information regarding the concentration of recent massive
star formation. The FUV growth curve, corrected for
Galactic extinction, is shown in Figure 2. It illustrates that
recent massive star formation is not particularly centrally
concentrated in HoII despite the presence of the prominent
central star-forming arc. The aperture containing this
feature in its entirety (1@.7) contains only D43% of the total
FUV Ñux. Therefore, massive star formation extends well
beyond the central star-forming arc.
8

10
mFUV < R (magnitudes)

upon the derived H I structural parameters given in Table 1.
The dynamical center is adopted as the aperture center
since it has more physical signiÐcance than the optical
center, especially when comparing integrated parameters
from observations ranging from the R-band to the FUV.
The optical magnitudes are derived using images with the
foreground stars masked, the brightest of which are given
the average Ñux from the surrounding medium. Therefore,
the derived magnitudes may be slightly less than published
catalog values. Since the FUV image is free from foreground star contamination, foreground stars are masked
from optical images in order to make a true comparison
with the FUV band. The total integrated magnitudes, corrected for Galactic extinction, A , are given for each
g
bandpass in Table 3. Galactic extinction
in the FUV is
derived assuming the Galactic reddening curve of Savage &
Mathis (1979) integrated over the UIT B1 bandpass. These
are related by A /E(B[V ) \ 8.33 (Hill et al. 1997). The
FUVthe photometric uncertainty and D7%
errors account for
uncertainty in the distance estimate. Corrections for internal extinction will be discussed later (° 5.2).
The FUV magnitude is at the faint end of the range of
absolute magnitudes observed by the UIT. In a sample of
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18
0
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Radius (arcminutes)

FIG. 2.ÈFUV growth curve of Holmberg II
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TABLE 4

GLOBAL STAR FORMATION RATES FOR HOLMBERG II

log (L

)
Ha
39.55 . . . . . .

log (L

)
FUV
38.67

SFR
Ha
(M yr~1)
_
0.028

SFR
FUV
(M yr~1)
_
0.049

SFR /SFR
FUV
Ha
1.75

NOTE.ÈRates are not corrected for extinction internal to HoII.

3.1. Global Star Formation Rates
The intrinsic emission of a young stellar population can
be translated into a global star formation rate (SFR) by
comparing integrated Ñuxes with predictions from stellar
population synthesis models. The timescale characterized
by a given SFR depends upon the bandpass of the observation since the luminosity of a single generation of stars
decays roughly as a power law (OÏConnell 1997). The
Lyman continuum (Balmer emission lines) describes the
SFR over a timescale [5 Myr, while the UV continuum
characterizes the SFR over a 100 Myr timescale. Since
massive stars (M Z 10 M ) are the ionizing sources for the
_ here via the Ha recombination
Lyman continuum, observed
line, and the UV emission is dominated by stars Z5 M ,
_
the SFR derived using these bandpasses describes the formation history of massive stars. Late-type irregular galaxies
are dominated by short-lived massive stars and are therefore excellent sources to use to provide an estimate of the
SFR using either FUV or Ha observations.
The global SFR for massive stars in HoII is derived using
both the integrated FUV and Ha Ñux by applying formulae
that convert the integrated light from each bandpass to an
estimate of the global SFR. These formulae are taken from
Kennicutt (1998), who provides a self-consistent set of formulae for various regimes based on the calibration of
Madau, Pozzetti, & Dickinson (1998) for a Ðxed Salpeter
(1955) IMF with mass limits 0.1È100 M . The observed
_ and Ha lumi(not corrected for internal extinction) FUV
nosity and global SFR are listed in Table 4. The Ha luminosity and SFR agree reasonably well with the values
Ha & Hodge (1994) after di†erences in disderived by Miller
tances are removed.
Since internal extinction is not extreme in low metallicity
systems, the comparison between SFR and SFR
is
FUV
valid to the Ðrst order in estimating theHarecent to current
formation history of massive stars. For example, di†erences
in internal extinction e†ects between the FUV and Ha
observations for a given E(B[V ) are likely on the order of
A /A D 4, assuming a LMC extinction curve for interFUVreddening
Ha
nal
(this ratio doubles for the SMC extinction
curve). This di†erence translates into a higher SFR
than
SFR in a given system by underestimating A FUV to a
Ha degree than A . The results indicate FUV
greater
that the
Ha
““ recent ÏÏ (traced by the FUV)
and ““ current ÏÏ (traced by Ha)
massive star formation rates are comparable. The ratio
SFR
to SFR indicates that the FUV Ñux traces a
FUV larger fraction
Ha
slightly
of massive star formation than the
Ha Ñux, perhaps suggesting that HoII is in a postburst
phase.
4.

205

brightest of these stars is given the average value from their
surroundings. To compare the behavior of surface brightness proÐles of irregular-type galaxies e†ectively, the choice
of aperture center is important. As with the integrated magnitudes, the dynamical center is chosen as the aperture
center instead of the optical center or the brightest feature
in order to make a uniform physical comparison with other
galaxies.
4.1. FUV Surface Brightness ProÐles
The patchy distribution of FUV light shown in the UIT
image is represented in the surface brightness proÐles by
pronounced inÑections at various radii. The FUV surface
brightness proÐle, shown in Figure 3, has a double-peaked
shape with a central depression. At the aperture center, the
average surface brightness is k
\ 21.6 ^ 0.11 mag
FUV
arcsec~2, while at the Ðrst peak, 0@.9 from the center, the
average value is k
\ 21.2 ^ 0.03 mag arcsec~2. Surface
FUV
brightness maps of the galaxy indicate that the highest
levels of activity lie in the region responsible for this peak ;
the brightest knot in the center of the star-forming arc has
the highest levels, k
D 18.9 mag arcsec~2 in a resolution
FUV the peak, the proÐle exhibits someelement (5A). Following
what exponential behavior until r D 2@, where it takes a
constant value of k
D 22.4 mag arcsec~2. The Ñattening
of the proÐle is dueFUV
to Ñux from the group of regions on the
eastern side of the central star-forming arc. A second, yet
relatively small peak occurs at r D 2@.7, after which it falls o†
sharply. The second peak can be accounted for by the
di†use patches of emission in the northern part of the
galaxy.
The sample of FUV surface brightness proÐles presented
by Stewart (1998) o†ers little uniformity with regard to
identifying characteristics for late-type low surface brightness systems. It is a relatively heterogeneous group that
does not follow either a characteristic R1@4 law or a pure
exponential. However, some general trends that could have
important implications in interpreting optical observations
of high redshift galaxies where the observed light is the
redshifted UV continuum do emerge. These characteristics
are also exhibited by the HoII proÐle : generally Ñat with
inÑections associated with prominent star-forming complexes, healthy activity far from the galaxy center, and noncentralized organization of star formation. As compared to
21

22
µFUV (mag arcsec-2)
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23

24

RADIAL DEPENDENCE OF STAR FORMATION

Surface brightness proÐles are derived using magnitudes
corrected for Galactic foreground extinction in elliptical
annuli 16A wide. The optical proÐles are created using
images with the foreground star component masked ; the

25
0

1

2
Radius (arcminutes)

3

FIG. 3.ÈFUV surface brightness proÐle of Holmberg II
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FUV proÐles of other galaxies observed by the UIT, the
HoII proÐle has characteristics somewhat similar to those
of IBm-type galaxy NGC 4449 (Fanelli et al. 1997a). NGC
4449 has an exponential FUV surface brightness proÐle
with inÑections due to blue knots (Hill et al. 1998). The
proÐle does not have a central light depression, but this may
be due to the choice of the aperture center. Although steeper
than the HoII proÐle, the NGC 4449 proÐle shows similar
characteristic inÑections due to star formation at large radii
from the center.
4.2. Optical Surface Brightness ProÐles
In contrast to the lack of FUV proÐles, there have been
numerous studies characterizing the optical light proÐles of
low surface brightness galaxies (Karachentseva et al. 1996 ;
Patterson & Thuan 1996 ; Vader & Chaboyer 1994). The
B-band proÐle of HoII, shown in Figure 4, can be characterized as exponential with a central depression. This
behavior is typical of late-type low surface brightness galaxies. The underlying exponential component indicates the
presence of an optical disk superimposed on bright starforming knots, while the central trough demonstrates that
star formation is not centrally organized around a nucleus.
A rough estimate of the central surface brightness of the
HoII B-band proÐle is made by Ðtting it with a pure exponential that is extrapolated to the center of the galaxy. Corrected for Galactic foreground extinction, k (0) \ 22.3
B bright^ 0.02 mag arcsec~2. The range in central surface
ness of the galaxies in the Karachentseva et al. (1996)
sample is 22.2 [ k (0) [ 24 mag arcsec~2 compared to the
canonical value ofB21.65 ^ 0.30 mag arcsec~2 for disk galaxies (Freeman 1970). Holmberg II falls at the brighter end
of the observed range for low surface brightness irregular
galaxies. Other studies report an average Sk (0)T \ 23.5
^ 0.2 (Ronnback & Bergvall 1994) and SkB(0)T \ 23.5
^ 1.6 mag arcsec~2 (Vader & Chaboyer 1994). B
4.3. Radial Continuity of Star Formation
The general lack of correlation between star formation
properties and other global properties such as abundance
or global gas parameters in irregular galaxies suggests that
local rather than global conditions are important in regulating star formation. For example, Hunter, Elmegreen, &
Baker (1998) do not Ðnd a correlation between the star
21

FUV

U

R

B

22

µ (mag arcsec-2)

23
24

22
23
24
25
1

2

3
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2

3
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FIG. 4.ÈOptical and FUV surface brightness proÐles of Holmberg II
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formation and the ratio of the H I surface density to the
critical density for gas instabilities in a sample of dwarf
irregular galaxies, while the stellar surface brightness does
correlate with this ratio. These results suggest that stellar
energy provides feedback for star formation to a certain
degree. Studies of the radial dependence of the optical and
Ha emission also suggest that local regulation of star formation may be important in both irregular (Hunter & Gallagher 1985) and spiral galaxies (Ryder & Dopita 1994). The
FUV bandpass gives some insight into the radial dependence of the recent star formation activity, but over longer
timescales than the Ha emission allows. Figure 4 displays
the FUV, U, B, and R-band proÐles of HoII on the same
linear scale. Beginning with the R-band proÐle and moving
counterclockwise around the Ðgure, the proÐles become less
smooth as the wavelength of the proÐle decreases. This is
expected because of the contribution from recent star formation, while at increasingly longer wavelengths the light is
more complicated measure of the entire history of star formation. The general shape of each proÐle is same, and the
radii at which increased star formation activity occurs
remain relatively constant over the timescale that these proÐles track star formation activity, roughly a few gigayears.
Figure 4 suggests that HoII is currently forming stars at the
same radii as it has in the past, supporting the supposition
that star formation in irregular galaxies is a local process
and that local conditions such as gas distributions and feedback from massive stars may play a signiÐcant role in the
star formation process.
5.

PROPERTIES OF STAR-FORMING REGIONS

Star-forming properties are examined in further detail by
characterizing the individual star-forming complexes. Star
formation for individual regions is quantiÐed by means of
photometry in the observed bandpasses, used to derive a
characteristic age and internal extinction for each region.
The physical property upon which the age derivation is
based is the di†erent timescale of decay of the Ha and FUV
Ñux from an evolving cluster. The Ha emission from an
evolving cluster peaks at roughly 1È2 Myr and falls o†
sharply. The FUV emission coming directly from the young
massive stars in an evolving cluster peaks at roughly 5 Myr
and decays on a much longer timescale than the Ha emission (see OÏConnell 1997, Fig. 1).
5.1. Photometry of Star-forming Regions
Star formation regions are deÐned by selecting regions of
associated FUV and Ha Ñux. Since both the FUV and Ha
emission deÐne a star-forming region in this context, the
ages provide a snapshot of the pattern of star formation
over a 100 Myr timescale. This is an unconventional
approach in deÐning the spatial distribution of young star
formation, which is normally described by Ha observations
alone. The registered FUV and continuum-subtracted Ha
images of HoII are compared in Figure 5 to highlight the
di†erences between the spatial patterns of current and
recent star formation activity.
The choice of region boundary is facilitated by creating
an FUV and Ha di†erence image, which reveals areas of
associated emission. Circular apertures are drawn so as to
include H II regions deÐned in previous studies (Hodge et al.
1994) and approximately all FUV emission above a limiting
surface brightness of 21.5 mag arcsec~2. Using these criteria, 45 regions are identiÐed. The apertures are drawn on

No. 1, 2000

STAR FORMATION TRIGGERING MECHANISMS

207

FIG. 5.È(a) Registered FUV and (b) Ha images of Holmberg II

an FUV, Ha di†erence image in Figure 6. Some regions are
deÐned by virtue of meeting this criteria in only one of the
two bandpasses. The choice of aperture size is straightforward when associated emission is compact and coincident.
Ideally, an aperture would contain only a coeval association and its immediate H II regions. However, the
resolution of the image limits the ability to select a single
generation of star formation. The e†ect that sampling
slightly di†erent ages in a single aperture has on the subsequent derivations is discussed below.
The FUV, B, and continuum-subtracted Ha Ñux are measured for each region. A correction for the background light
internal to the galaxy is made for the B-band photometry
by averaging the values immediately surrounding a region.
Since this quantity may be variable for some regions, especially the larger ones, this estimate is the greatest source of
error in the subsequent derivations. Two time-dependent
quantities, the FUV[B color and log (N /L
), are
FUV forederived for each region after correction for Lyc
Galactic
ground extinction. The latter quantity is the logarithmic
ratio of the number of Lyman continuum photons, converted from Ha Ñux assuming case B recombination, to
FUV Ñux. The observed FUV Ñux, FUV[B color, and
log (N /L
) are listed in Table 5 along with the aperture
sizes. Lyc FUV
5.2. Derived Ages and Extinctions
The two time-dependent parameters, FUV[B color and
log (N /L
), are compared to model values allowing a
Lyc FUVdetermination of the characteristic age and
simultaneous
internal extinction of each region. This method is used to
estimate the ages of H II regions in M81 and NGC 4449 in
Hill et al. (1995 and 1998, respectively), where it is described
in detail. A single generation instantaneous burst (IB)
model, assuming the stellar evolutionary tracks of the
Geneva group (Schaerer et al. 1993) and the stellar atmo-

sphere models of Kurucz (1992), is used. The model estimates L
, N , and L for an evolving cluster over 100
FUVa 0.5LycMyr timestep.
B
Myr with
These parameters are then
integrated over the each of the observed bandpasses.
Several assumptions are made to simulate the environment
in HoII. A mass range of 1È100 M for model stars is
assumed. Under the assumption that_regions are forming
O-type stars, a relatively Ñat slope for the model IMF is
chosen. A slope of [1.08, derived by Hill et al. (1994) for
Lucke-Hodge regions in the vicinity of the 30 Dor region in
the LMC, is used. However, the subsequent age derivations
are not very sensitive to di†erences in the IMF. For
example, using a model with a slope of [1.0 and one with
[2.0 results in only small di†erences in the internal extinction estimates. At maximum, an underestimation of the
extinction by E(B[V ) \ 0.01 for stars 3.5È10 Myr would
result. However, di†erences in the assumed cluster metallicity show substantial di†erences in the shape of the model
relationship. An LMC-like metallicity, Z/Z \ 0.4, is
_
assumed.
The observed values of FUV[B and log (N /L
) are
Lyc FUV
corrected with an array of E(B[V ) colors assuming
a LMC
curve, chosen under the assumption that the shape of the
curve correlates with metallicity (Verter & Rickard 1998). In
the FUV, A /E(B[V ) \ 9.04 for the LMC extinction
curve (Hill etFUV
al. 1997). The array of corrected observations
for each region are compared to the model plot. Since the
corrected data points are tied to E(B[V ) values and the
model is age dependent, the point at which a corrected
value agrees with the model curve gives both an age and
internal extinction estimate. To illustrate this method, the
LMC model for t \ 0È50 Myr is shown in Figure 7 with
several regions. The region number represents the uncorrected data point ; the dashed line connecting it to the model
represents the array of corrected values. The length of the
dashed line is a measure of the internal extinction, and the

208

STEWART ET AL.

Vol. 529

FIG. 6.ÈHolmberg II star formation regions on an FUV, Ha di†erence image ; areas with Ha and no FUV emission are white and areas with FUV and no
Ha emission are black.

point at which it crosses the model is the approximate age
of the cluster.
The age obtained using this method should be treated as
the mean age of stars in the aperture because of the fact that
a single-generation model is used to interpret Ñux from
what is potentially a mix of populations of slightly di†erent
ages. To compensate for this uncertainty, regions are classiÐed into four age groups. These groups result from both the
shape of the model and how the observations are naturally
grouped with one another. This range is sufficient to establish the relative ages of regions for large-scale comparisons
and to identify star formation patterns. The age groups are
shown in Figure 7 by the alternating dotted and solid lines
of the model : group 1 ( Ðrst dotted line) \ 0È3.5 Myr, group
2 ( Ðrst solid line) \ 3.5È4.5 Myr, group 3 (next dotted
line) \ 4.5È6.3 Myr ; group 4 (last solid line) º 6.3 Myr.
When comparing regions, the actual age cuto†s for each

group should be ignored and groups should be thought to
consist of relatively very young, young, intermediate-age, or
older star-forming regions for groups 1È4, respectively. The
derived age groups and internal extinctions are listed for
each region in Table 5.
The ages of star formation regions are plotted on the
FUV image to reveal the spatial distribution of star formation as a function of age in Figure 8. The ages are identiÐed
by a symbol, representing the mean age of stars within the
circular aperture of like size. Two locations in the galaxy
generally contain the youngest regions, the eastern side of
the central arc and the linear group at the southern part of
the galaxy. Using Figure 6 to reference the region numbers,
these are region numbers 38È45 and 1È9, respectively.
However, the young regions are not restricted to these two
areas. The youngest derived age, D2.4 Myr, is located on
the western side of the galaxy (region 24) adjacent to the
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TABLE 5
DERIVED PROPERTIES OF STAR-FORMING REGIONS

Region

Aperture
(arcsec)

FUV Fluxa
(10~16 ergs cm~2 A ~1 s ~1)

FUV[B

O5 V
Starsb

Age
Group

1 .......
2 .......
3 .......
4 .......
5 .......
6 .......
7 .......
8 .......
9 .......
10 . . . . . .
11 . . . . . .
12 . . . . . .
13 . . . . . .
14 . . . . . .
15 . . . . . .
16 . . . . . .
17 . . . . . .
18 . . . . . .
19 . . . . . .
20 . . . . . .
21 . . . . . .
22 . . . . . .
23 . . . . . .
24 . . . . . .
25 . . . . . .
26 . . . . . .
27 . . . . . .
28 . . . . . .
29 . . . . . .
30 . . . . . .
31 . . . . . .
32 . . . . . .
33 . . . . . .
34 . . . . . .
35 . . . . . .
36 . . . . . .
37 . . . . . .
38 . . . . . .
39 . . . . . .
40 . . . . . .
41 . . . . . .
42 . . . . . .
43 . . . . . .
44 . . . . . .
45 . . . . . .

16.0
16.0
16.0
25.6
9.6
22.4
16.0
28.8
51.2
19.2
12.8
22.4
22.4
22.4
16.0
16.0
19.2
19.2
16.0
16.0
16.0
16.0
25.6
15.6
25.6
35.2
25.6
32.0
25.6
54.4
25.6
19.2
25.6
22.4
47.6
32.0
48.0
32.0
25.6
25.6
19.2
19.2
19.2
16.0
16.0

63.8
41.4
31.3
168.2
30.3
122.9
62.7
67.5
414.4
19.9
9.1
37.3
43.1
67.9
40.9
22.0
74.0
67.8
50.0
33.4
33.0
18.9
47.5
10.1
9.6
25.6
33.7
61.2
17.9
174.6
12.7
4.6
55.4
22.2
138.3
69.6
115.3
8.7
9.5
16.2
13.1
6.6
4.3
2.5
2.7

[3.18
[3.22
[3.45
[3.27
[3.34
[3.19
[2.97
[3.25
[3.15
[2.72
[3.04
[2.97
[2.53
[2.92
[3.09
[3.27
[3.04
[2.99
[3.08
[3.18
[2.82
[2.72
[3.27
[3.43
[2.28
[2.75
[3.18
[2.89
[2.73
[2.89
[2.55
[2.47
[3.04
[2.99
[2.60
[2.60
[2.92
[2.42
[2.62
[3.12
[3.33
[2.71
[3.16
[2.40
[3.13

24
11
7
50
10
47
28
17
172
11
2
12
18
26
9
7
22
19
11
7
8
9
11
4
10
16
7
14
8
44
8
3
29
6
49
21
25
10
10
5
3
4
2
2
1

1
2
2
2
1
1
1
2
1
2
3
3
4
3
3
2
2
3
3
3
4
3
2
1
2
2
2
4
3
4
3
2
1
3
4
4
4
2
1
2
2
2
1
2
1

E(B[V )
i
0.07
0.03
0.0
0.04
0.05
0.07
0.09
0.02
0.08
0.12
0.02
0.05
0.08
0.07
0.01
0.04
0.04
0.03
0.0
0.0
0.01
0.09
0.01
0.07
0.19
0.13
0.0
0.01
0.09
0.02
0.13
0.15
0.11
0.03
0.06
0.04
0.0
0.20
0.19
0.05
0.0
0.13
0.06
0.17
0.09

Ac
FUV
0.63
0.27
0.0
0.36
0.45
0.63
0.81
0.18
0.72
1.08
0.18
0.45
0.72
0.63
0.09
0.36
0.36
0.27
0.0
0.0
0.09
0.81
0.09
0.63
1.71
1.17
0.0
0.09
0.81
0.18
1.17
1.35
0.99
0.27
0.54
0.36
0.0
1.80
1.71
0.45
0.0
1.17
0.54
1.53
0.81

a FUV Ñux corrected for Galactic foreground extinction only.
b Equivalent number of O5 V stars at assumed galaxy distance, derived from internal extinction corrected FUV
Ñux.
c Internal extinction derived via LMC redenning law.

oldest group of regions. Being a strong, compact Ha source
and lacking FUV emission, this regionÏs young age is not
surprising, although its location seems somewhat peculiar.
The older regions in the galaxy are mostly the larger, di†use
regions in areas of less concentrated star formation (regions
30, 35È37). The oldest region, region 37, has a derived age of
Z10 Myr. It is most likely much older than this, but difficulties in measuring the Ha Ñux at this level do not allow
the limit to be constrained further. The origin of di†use
FUV emission found in a galaxy is sometimes hard to determine. Possible sources include scattering from dust grains
and light from a spatially unresolved population of hot
stars. In a low-metallicity galaxy with low global extinction,

scattering of UV light is not problematic and allows direct
imaging of high-mass star formation. Therefore, the di†use
light in the larger apertures is most likely a spatially dispersed population of B stars formed over the past few 100
Myr.
The derived internal extinctions, A , in Table 5 show
several trends when compared to FUV
their respective age
groups. Age groups 1È3 show a full range in extinction,
A
D 0È2, while regions in group 4 have substantially
FUV extinctions, generally A
lower
[ 0.3. Extinction estiFUV regions derived from
mates for individual star-forming
Ha/Hb line ratios for dwarf galaxies, including four regions
in HoII, also fall in this range (Hunter & Gallagher 1985).
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nature of using a global correction in irregular galaxies,
especially those with H I shell structures.

14
24

9

Log ( NLyc/FUV)

13

12

37

11

10

9
-4.5

-4.0
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FIG. 7.ÈCluster model with three Holmberg II data points. The uncorrected data points are represented by the region number. The age groups
are shown by the alternating dotted and solid lines of the model : group 1
( Ðrst dotted line) \ 0È3.5 Myr, group 2 ( Ðrst solid line) \ 3.5È4.5 Myr,
group 3 (next dotted line) \ 4.5È6.3 Myr ; group 4 (last solid line) º 6.3
Myr.

Extinction proves to be quite patchy when comparing the
spatial distribution of extinction levels. This distribution
can be reconciled with the shell-like H I morphology of the
galaxy (discussed in ° 7). The highest extinction levels are
found in the dense H I ridges and the lowest levels in the H I
voids. There is often not a smooth transition between
extinction levels of adjacent regions. The distribution of
internal extinction levels in HoII illustrates the problematic

5.3. Number of O Stars
To quantify further the FUV Ñuxes in individual starforming regions, the number of equivalent early O type
main-sequence stars is derived from the internal extinctionÈ
corrected FUV Ñux of each region and listed in Table 5.
This exercise allows a comparison between the relative
stellar content of regions to the Ðrst order. The derivation is
based on M
for normal stars in the UIT bandpasses
FUV
from the Fanelli et al. (1992) stellar library. To derive the
equivalent number of stars per a given region, the expected
Ñux of a single O5 V star is scaled to the galaxyÏs distance
and compared to the corrected FUV Ñux. A single O5 V
star is M (B1) \ [10.2 ; its unextincted magnitude at the
FUV
distance of HoII is m (B1) \ 17.2.
FUV of 172 early O type stars is estiAn equivalent number
mated for the most energetic complex in HoII, region 9.
This number is comparable to, but slightly less than, the
number generally accepted to be present in the central
(1@ ] 1@) 30 Dor complex in the LMC, D230 (Vacca et al.
1995). Using FUV data, Hill et al. (1997) estimate that the
brightest regions in Sbc spiral M51, Rand 308 and 78, have
equivalent numbers of early O type stars, 245 and 242,
respectively. Holmberg II is dominated by one large
complex that is able to produce a prodigious amount of star
formation comparable to that in much larger galaxies. Even
the large, FUV-di†use regions have signiÐcant equivalent
numbers of early O type stars present. For example, the
di†use FUV Ñux in region 35 is equivalent to 49 O5 V stars.
6.

FIG. 8.ÈDerived ages of Holmberg II star-forming regions plotted on
the FUV image.

MASSIVE STARS AND THE LOCAL ISM

Massive stars dump energy into their surrounding ISM
via ionizing photons, supernovae explosions, stellar winds,
and outÑows. Combined, these processes have a profound
a†ect on the surrounding region of gas. The ionizing photon
bath alone, provided by UV photons from massive stars,
can deposit prodigious amounts of kinetic energy into the
ISM. The ““ champagne ÏÏ model (Tenorio-Tagle 1979), summarized by Hunter (1992), describes the process by which
massive stars ionize their surrounding gas, creating
compact H II regions that evolve into extended objects. As
the ionization front reaches the edge of the parental molecular cloud, ionization of the neutral medium commences,
whereby the stars lie in a half-open cavity in the dense cloud
and the H II region emerges as a ““ blister ÏÏ on the side of the
cloud. Numerous observationally based studies support
both the existence of champagne Ñows and the premise that
expanding ionized structures are caused by localized energy
sources (Lafon et al. 1983 ; Heydari-Malayeri & Testor
1981). A tedious approach to identifying massive stars
inside ionized structures can be made through spectroscopy. Optical observations of massive stellar populations,
the less massive remnants of the population actually
responsible for the expanding features, have been employed
to compare the energy available from the population with
the ionization and formation requirements of the expanding
ionized structures (Hunter, Boyd, & Hawley 1995). In contrast, Parker et al. (1998) uses UIT observations of the LMC
and SMC to identify the hottest OB stellar members, those
responsible for the majority of the ionizing Ñux, and correlates the FUV photometry of these stars with the Ha Ñux of
the associated H II regions.
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FIG. 9.ÈRegistered Ha and FUV images of Holmberg II, region 6. The dark bar in the lower left-hand corner represents 100 pc in Figs. 9, 10, 12, and 13.

6.1. Morphology of Massive Stars and Ionized Gas
Several examples illustrating the relationship between
massive stars and ionized structures in various evolutionary
stages are found in HoII. Figure 9 shows registered Ha and
FUV images of region 6. The shell in the center of the Ha
image encircles a group of massive stars present in the FUV
image providing evidence of a causal relationship. The
emission on the edges of the Ha shell itself is not symmetrical ; the emission on the left side of the shell is more prominent than on the right, consistent with the champagne
model. Region 9 presents similar evidence in Figure 10,
where a more complex system of shells is present, suggesting
that a less spatially concentrated group of massive stars is
responsible for the ionization. The FUV image identiÐes the
distribution of these stars, a D400 pc chain decreasing in
intensity from the lower right to the upper left. The FUV
luminosity of this region indicates the presence of an equivalent number of 172 O5 V stars ; an average age of D3.3
Myr is estimated for the entire complex.
6.2. L ocal T riggering Mechanisms
As illustrated by Elmegreen & Lada (1977), the high pressures generated by stellar winds, ionized gas, and supernovae explosions can act as a triggering mechanism to
convert stable conÐgurations of gas to unstable ones. The

ionization front emerging from a star formation complex is
followed by a shock front generated by the supersonic Ñow
of the ionized material. If formed on the edge of a molecular
cloud, the successive passage of ionization and shock fronts
into a neighboring cloud allows unstable conÐgurations of
dense neutral material to accumulate to form new stars.
These stars generate new ionization fronts, and the cycle
continues (Blaauw 1991). Massive star formation has the
ability to inÑuence the formation of new sites of star formation, creating linear sequences of stellar subgroups within
OB associations, potentially allowing self-propagation
throughout a region.
The cumulative chain reactions initiated by these local
events have been suggested as an overall mechanism for star
formation in irregular galaxies. First proposed by Gerola &
Seiden (1978) as a global mechanism for star formation, the
stochastic self-propagating star formation model (SSPSF)
describes the propagation of star formation between neighboring regions by means of a ““ percolation ÏÏ process.
Gerola, Seiden, & Schulman (1980) adapt the SSPSF to
small galaxies with no di†erential rotation and Ðnd the
model predicts characteristics that correlate nicely with
those of dwarf galaxies. In particular, the model produces
galaxies that form stars in a bursting mode of short-lived
episodes and an SFR that varies drastically with time.

FIG. 10.ÈRegistered Ha and FUV images of Holmberg II, region 9
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FIG. 11.ÈNormalized FUV and Ha Ñux for an evolving star cluster

While the average SFRs are low, the galaxies have instantaneous SFRs that range from bursting to quiescent, which
could explain the diverse star formation characteristics
observed in dwarf galaxies. However, a recent survey of
110 Virgo dwarf irregulars indicates that star formation is
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generally preferential to the edges, mostly to one side of the
galaxy, while the SSPSF model does not predict patterns
that predominately favor any particular location (Brosch,
Heller, & Almoznino 1998).
Sequential star formation has been documented observationally in galaxies of similar type as the present sample
(Lortet & Testor 1988 ; Dopita, Mathewson, & Ford 1985).
On local scales (within the same molecular cloud), sequential star formation can be inferred by observations of two
spatially adjacent regions with slight age di†erences. Comparisons of Ha and FUV emission morphologies can indicate the relative ages of adjacent young star formation sites
because of the longer timescale of decay of the FUV emission in a given region. The relationship between the Ha and
FUV Ñux as a function of time for a given cluster is shown
in Figure 11, illustrating the physical basis for this qualitative treatment of relative cluster ages. A relatively strong
FUV source surrounded by compact H II regions is suggestive of sequential star formation using this method. Region
23, shown in Figure 12, exempliÐes this scenario. The
region, having an average age of D4.3 Myr, consists of two
compact H II regions surrounding a relatively strong FUV
source. The group of regions on the western side of the
central star-forming arc (regions 15È22), shown in Figure
13, illustrates the geometry of sequential star formation as

FIG. 12.ÈRegistered Ha and FUV images of Holmberg II, region 23

FIG. 13.ÈRegistered Ha and FUV images of Holmberg II, regions 15È22
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suggested by the SSPSF model. Age estimates of the individual regions show a mix of age groups 2[4. A chain of
young star formation seen on the Ha image is located to the
right of a faint chain of FUV emission, suggesting star formation is propagating from left to right.
7.

LARGE-SCALE TRIGGERING MECHANISMS

Massive star formation can inÑuence new star formation
activity on larger scales as high pressures from supernovae
push gas away from aging OB associations. In theory, when
a star-forming complex has a sufficient number of mainsequence O and B stars, the combined pressures from stellar
winds and supernovae are able to drive an expanding
ionized shell of gas and, at the same time, create a void in
the neutral gas (Tenorio-Tagle & Bodenheimer 1988).
Sequential star formation typically acts on only one side of
a molecular cloud, whereas large-scale triggering describes
the process by which a centralized source destroys the
remainder of its parental molecular cloud, creating a void in
the gas and a dense ridge of swept up material carried
to large distances (Weaver et al. 1977). Described by
Elmegreen (1992) as the ““ collect and collapse ÏÏ method,
dynamical instability of the accumulated gas collapses
under self-gravity to form new stars along the periphery
of the shell. This scenario is a plausible explanation for the
correlation between stellar age and proximity to the H I shell
boundary in dwarf galaxy Sextans A, where the youngest
stars are primarily found in the interior of the H I shell (Van
Dyk, Puche, & Wong 1998). The ridge surrounding a sweptup shell may fragment leaving chains or arcs of new star
formation, allowing a means for star formation to propagate on large scales. Efremov & Elmegreen (1998) recently
demonstrated that two arcs of clusters inside and on the rim
of the superbubble LMC 4, which surrounds a roughly 30
Myr old dispersed group of supergiants and Cepheid variables in the LMC, may have been formed by the selfgravitational collapse of gas in swept-up pieces of rings or
shells. On smaller scales, feedback from massive star formation is also evident in H I data, such as the turbulent and
fractal nature of the local ISM shown by the H I mosaic of
the LMC (Kim et al. 1998).
Puche et al. (1992) point out that the observed radial
expansions, energy requirements, and kinematic ages of the
holes in HoII indicate that they originate from internal,
pressure driven events. Radio continuum observations of
HoII conÐrm that supernovae do lie within several H II
regions (Tongue & Westpfahl 1995). Further analysis indicates that the supernova energy injection rate into the
galaxy is sufficient to account for the global number of H I
features. On the other hand, numerical simulations using
hydrodynamic methods to simulate powerful local energy
sources have failed to reproduce all the features in the
neutral medium of HoII (Maschenko & Silich 1995). Some
of the H I holes in HoII, especially those located beyond the
optical disk of the galaxy, are likely formed by alternate
mechanisms such as gravitational instability via collisional
dissipation of gas particles (Byrd & Howard 1992) or infall
of gas clouds (van der Hulst & Sancisi 1988). Rhode et al.
(1999) identify a single high-velocity cloud candidate in
their H I data. However, the distribution of holes is too
regular and present at all radii to be explained entirely by
infall. Other environmental factors, such as tidal perturbations, are not a factor because of the fact that HoII is
fairly isolated.
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The closest neighbor to HoII is M81 dwarf A (Kar 52).
Given that the kinematic H I mass of HoII is a factor of 100
greater than that of M81 dwarf A (Melisse & Israel 1994),
the latter is unlikely to have a†ected HoII. Moreover, M81
dwarf A is at a distance on the sky of roughly 27 kpc from
HoII with a relative radial velocity of 44 km s~1. The
current tidal perturbation of HoII due to this neighbor will
be very tiny compared to the internal gravitation. Using the
values of the known components of position and velocity
along with the masses, a positive two-body orbital energy is
obtained. The calculated value is less than the actual positive value if the unknown components of position and
velocity were included. Thus, analysis of the orbital energy
indicates that the companion is likely to be in a hyperbolic
orbit. There is not a high probability of a close encounter,
especially a prolonged one. The hyperbolic relative velocity
with HoII indicates that an interaction might have happened D600 Myr ago, roughly three rotation periods
within 1.8 kpc (the majority of the optical portion of the
galaxy). This timescale is sufficient for the e†ects of a weak
interaction to have dissipated via di†erential rotation.
Rhode et al. (1999) search for the lower mass remnants of
the population that in theory created the H I holes in several
dwarf galaxies, including HoII. They estimate the expected
number of A and F main-sequence stars from the kinematic
ages of the holes and the energy required for their creation.
They do not Ðnd sufficient numbers of these stars in the H I
holes in deep optical searches to support the stellar wind/
supernovae scenario, although the expected number is
dependent upon the choice of IMF. In addition, Massey et
al. (1996) Ðnd that the UV-bright stars in M33 are evolved B
supergiants, indicating that the optically brightest stars are
not necessarily the ionizing sources. Since FUV observations isolate the massive stellar component on timescales
similar to the kinematical ages of H I holes, they can
provide an observational ““ smoking gun ÏÏ to the theoretical
concept of pressure-driven shells. Instead of searching for a
requisite number of lower mass neighbors, a search for the
progenitor stars themselves can be made. In addition, FUV
observations can show sites of secondary star formation in
the dense ridges, allowing insight into the possibility that
star formation triggering via giant H I shells is a viable
mechanism for star formation. FUV observations have the
potential to provide a snapshot of a full cycle of propagating star formation.
7.1. Relative FUV and H I Morphology
The numerous voids in the H I morphology of HoII are
evident on the 21 cm map presented in Figure 14 ; the FUV
surface brightness contours are overplotted on the image.
The large spatial extent of the H I disk is also apparent,
extending well beyond both the FUV and optical disks. The
H I holes are distributed evenly across the entire H I distribution, including regions extending beyond the stellar
disk. The largest hole is a D1.7 kpc diameter void with a
dense ridge in the southern part of the galaxy.
Since the expansion velocities of the H I holes were likely
greater in the past, estimates of the kinematic ages using
present-day expansion rates yield upper limits. Puche et al.
(1992) derive ages for the H I holes ranging from 26È136
Myr assuming a constant expansion rate. Given these ages,
some measure of FUV emission should be spatially coincident with the voids if they are caused by massive star
formation. Even if only the most massive stars are
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FIG. 14.ÈH I image of Holmberg II overplotted with the 19, 20, and
21.8 mag arcsec~2 FUV surface brightness contours.

responsible for the generation of the H I holes, their less
massive neighbors (early B-type stars) would still be detectable on the FUV images. However, the existence of H I
holes beyond the stellar disk is not consistent with the
supernovae/stellar wind scenario for their creation unless a
very unusual IMF is present in the outer parts of the galaxy.
It is likely that an alternate mechanism is responsible.
However, this mechanism is not a viable feedback mechanism for new star formation because of the absence of dense
rims and corresponding secondary sites on the peripheries
of these holes.
The lack of FUV emission in the centers of H I holes in
the outer parts of HoII does not disprove the generation of
large shells by massive stars since several H I voids in the
inner part of the gas distribution are coincident with FUV
emission. In addition, density enhancements along the rims
of H I shells correspond to sites of FUV emission suggestive
of propagating star formation. The largest H I hole illustrates the connection between two generations of star formation. The FUV-bright central star-forming arc is aligned
with the northern rim of this H I hole, while di†use patches
of FUV emission lie within its boundary. Other examples of
FUV emission coincident with H I voids are the eastern two
patches in the northern part of the galaxy. Several of the
second generation sites also show they are beginning to
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disrupt the surrounding gas. For example, the intense star
formation on the eastern edge of the central arc has H I
density enhancements located on either side. Tongue &
Westpfahl (1995) conÐrm the existence of supernovae inside
star-forming regions in this area (regions 1, 4, and 6) using
radio continuum observations. These supernovae are likely
responsible in part for reshaping the surrounding neutral
medium. Photodissociation of H on the interior of surfaces
2
of the molecular cloud may also be responsible for the H I
density enhancements surrounding the intense young starforming regions to a certain degree. However, Tacconi &
Young (1987) do not detect any 12CO emission above the 3
p level in HoII. Lacking other observations to trace the
molecular component, its morphology remains a mystery.
In general, evolved star-forming knots are fairly efficient in
converting in converting H to H I (Allen et al. 1987).
2
The derived ages for individual star-forming regions
further illustrate the connection between massive star formation and the H I morphology. The age groups for individual star formation regions are displayed in Figure 15 on
the H I map. Each of the seven regions in the oldest age
group (group 4, [6.3 Myr), lies in a H I hole or local
minimum in the H I density. The largest hole contains three
large regions in age group 4 on the western side of its interior. The youngest regions (group 1, 2.5È3.5 Myr) are each
spatially coincident with H I density enhancements, suggesting that the potential for new star formation is high on the
dense rims of the H I holes. The majority of new star formation in the whole system is occurring on the periphery of the
largest hole. The distribution of star formation ages in
general can be interpreted by this comparison. The spatial
proximity of a very old region and a very young one is
reconciled by the H I density distribution.
7.2. H I Hole Energetics
A quantitative approach to test the observational evidence suggesting that massive star formation triggers holes
in the neutral medium is o†ered by comparing the energy
delivered to the ISM by massive stars and the required
creation energy of the H I holes. FUV observations of the
clusters interior to the H I holes provide an estimate of the
total mechanical energy delivered to the ISM, assuming the
derived ages and internal extinctions. Several of these clusters are spatially coincident with H I holes included in the
Puche et al. (1992) study, where estimates for their creation
energy, E , are given. These hole/cluster combinations are
0
listed in Table
6. Region numbers refer to the previously
deÐned star formation regions, and hole numbers are taken
from Puche et al. (1992). For reference, H I images showing
each hole used in this comparison are presented with the
FUV contours in Figures 16, 17, and 18.
The observed FUV luminosity, L
, for each cluster is
FUV

TABLE 6
DERIVED PROPERTIES OF CLUSTERS IN H I HOLES

Region

Hole

Age
(Myr)

L
FUV
(1036 ergs s~1)

28 . . . . . . . . . .
13 . . . . . . . . . .
36, 37 . . . . . .

48
23
21

8.5
8.5
10.0

7.4
9.3
23.6

Mass
(103 M )
_
7.57
9.53
32.10

E
0
(1050 ergs)

E
SN
(1050 ergs)

470.3
41.1
2025

608.8
766.4
3036.9

NOTE.ÈRegion numbers refer to clusters deÐned in Table 5. Data for the H I holes encircling a
given cluster are taken from Puche et al. 1992 including hole numbers and creation energy, E .
0
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FIG. 15.ÈH I image of Holmberg II shown with the derived ages of star-forming regions

estimated from the FUV Ñux and internal extinction correction given in Table 5. Cluster mass is estimated by comparing the observed L
with the model of L
(ergs s~1
FUVcluster at the given cluster
FUV age. This
M~1) for an evolving
_

FIG. 16.ÈH I image of Holmberg II region 28 overplotted with the 21.5
and 22 mag arcsec~2 FUV surface brightness contours. Figs. 16, 17, and 18
are displayed so that the H I holes appear as dark voids and the H I density
enhancements are bright.

model is used to derive the ages and internal extinctions for
all star formation regions and has been described previously
(° 5.2). Evolutionary synthesis models of populations of
massive stars given by Leitherer & Heckman (1995) provide
estimates of the deposition rates from stellar winds and

FIG. 17.ÈH I image of Holmberg II region 13 overplotted with the 21
and 21.7 mag arcsec~2 FUV surface brightness contours.
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FIG. 18.ÈH I image of Holmberg II regions 36 and 37 overplotted with
the 19, 20.5, and 21.75 mag arcsec~2 FUV surface brightness contours.

supernovae for an instantaneous burst as a function of time
and mass. From clusters of similar IMF and metallicity, an
average rate of L
D 3 ] 1034 ergs (s M )~1 is assumed.
mech energy deposited into
_ the ISM by
The net mechanical
supernovae and stellar winds, E , is estimated assuming
SN the derived cluster age.
this rate, the total cluster mass, and
The derived properties of the clusters spatially coincident
to H I holes are given in Table 6. In each case, E [ E
SN by
0
indicating that, to the Ðrst order, the energy provided
massive stars is sufficient to create the H I holes that encircle
them. The largest hole (hole 21) actually contains two starforming regions that are added together to estimate the
energy input. All the star-forming regions interior to H I
holes are in the oldest age group (group 4, [ 6.3 Myr). The
derived ages in Table 5 for these regions are upper limits in
the sense that these regions are likely much older. (The
technique to derive the ages depends upon the presence of
Ha emission and is not reliable for absolute ages less than

50

vrot (km s-1)

40

30

20

10

0
0

2

4
Radius (arcminutes)

6

FIG. 19.ÈHolmberg II rotation curve taken from Puche et al. (1992)

8

FIG. 20.ÈH I image of Holmberg II shown with a 2@ ellipse. The interior
of the ellipse represents the solid body regime of the neutral gas disk.

6.3 Myr.) For these regions, E is a lower limit and would
increase linearly with the trueSNcluster age. Region 13 has
signiÐcantly more energy than the creation energy of its
associated H I hole. It is possible that this region is also
responsible for an adjacent hole (hole 22), which would
increase E by 35 ] 1050 ergs. These comparisons suggest
0 stars do provide sufficient mechanical energy
that massive
to account for the observed properties of associated H I
holes in HoII.
7.3. Characteristic Di†erences in the ISM
The question remains : if massive star formation can
provide sufficient energy to generate holes in the surrounding neutral medium, why are there not H I holes around
every OB association ? The answer may be related to global
properties of the ISM. Characteristic di†erences in the kinematical properties of the ISM can be traced to di†erences in
the star formation mechanisms.
Solid body rotation of the gas disk is a general property
of dwarf galaxies, which makes them appealing for star formation studies. The lack of shear in the absence of di†erential rotation allows features in the H I gas to be longer lived.
The thicker gas disks and lack of shear in irregulars allow
the growth of larger gas clouds (Hunter 1997). This combination provides an excellent environment for stars to
form in giant complexes. Since larger complexes impact the
surrounding ISM to a greater degree and H I features
survive longer in regions of reduced shear, H I holes and
associated sites of secondary star formation are more likely
to be found in areas of the gas disk exhibiting solid body
rotation.
The rotation curve of HoII, taken from Puche et al.
(1992) and displayed in Figure 19, exhibits solid body rota-
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tion to a radius of r D 2@, beyond which it Ñattens and
exhibits di†erential rotation. An ellipse with a major axis of
2@, reduced to the plane of HoII, is plotted on the FUV
image of the galaxy in Figure 20. The majority of the FUV
emission is contained within the ellipse. This is also the
region where examples of large-scale star formation triggering via H I shells are found. This simple illustration demonstrates that massive star formation in HoII can operate
more easily as a feedback mechanism in regions with
uncomplicated global kinematical properties.
8.

SUMMARY

This study uses FUV, H I, and Ha observations of dwarf
irregular galaxy HoII to trace the interaction between sites
of massive star formation and the neutral and ionized components of the surrounding ISM and to identify the means
by which star formation propagates in this intrinsically
simple system. Both local and large-scale triggering mechanisms related to massive stars are identiÐed, suggesting that
feedback from massive stars is a microscopic process operating in all galaxies to a certain degree.
The key results from the study can be summarized as
follows.
1. In comparison to its optical images, the FUV morphology of HoII is patchy and irregular. Massive star formation does not have a smooth spatial distribution ; it is
concentrated in several dominate complexes. The fact that
massive star formation is not centrally organized has
important implications for interpreting images of highredshift galaxies (z Z 3) where the rest-frame FUV is
detected using optical and IR instruments.
2. Surface brightness proÐles are used to characterize the
radial dependence of the azimuthally averaged star formation activity. The FUV proÐle is generally Ñat with inÑections due to prominent complexes. The B-band proÐle
displays an exponential shape with a central light depression, characteristic of dwarf galaxies. The derived central
surface brightness, k (0), lies in the expected range for dwarf
B of proÐles in the R, B, U, and FUV
galaxies. Comparisons
bands indicate that proÐles retain the same general shape
while inÑections due to star formation increase as the wavelength of the proÐle decreases. The radial continuity of star
formation sites demonstrates that the time-averaged level of
activity in the past correlates with the current activity at the
same radius, supporting the theory that star formation in
irregular galaxies is dominated by local processes.
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3. Star formation rates derived from Ha and FUV photometry are used to characterize the current (traced by Ha )
and recent (traced by FUV) global star formation activity.
Comparisons of the two rates allow a rough estimate of the
recent star formation history and indicate that the galaxy is
sustaining a somewhat recent star formation event.
4. Ages for individual regions are derived using B, Ha,
and FUV photometry and show both older, di†use FUV
regions and younger, compact H II regions. The distribution
of ages is reconciled with the H I morphology, showing a
clear preference of young regions for areas of dense H I and
older regions for H I voids.
5. Local star formation triggering mechanisms are identiÐed via the relative Ha and FUV morphologies. Observational evidence of the inÑuence that massive stars have on
their surroundings includes massive stars inside ionized
shells and compact H II regions surrounding aging clusters.
Causal relationships between massive star formation and
secondary sites of star formation are shown. Star formation
progression patterns are consistent with the SSPSF model
in that progressively older chains of star formation are seen
in clusters.
6. Large-scale star formation triggering by H I shells generated by massive stars is seen by comparing the FUV and
H I morphologies. Given the timescale over which FUV
observations trace massive star formation, both secondary
sites of star formation and progenitor populations are identiÐed. Analysis of the energy available from massive stars
inside H I voids indicates that energy deposited into the
ISM from supernovae and stellar winds are sufficient to
account for the observed properties of the H I holes.
7. Global kinematical properties may also play a role in
the star formation process since di†erences in the rotation
characteristics of the neutral gas disk are coupled with differences in triggering mechanisms. Large-scale feedback
from massive star formation is shown to operate in regions
that lack di†erential shear in the gas disk.
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