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Figure 30. H1 holes of 1. Bagetakos et al. (2009, in preparation, green) and control fields (cyan) overlaid on Ho 11 images of (a) GALEX NUYV (Gil de Paz et al. 2007);
(b) LVL Hu (Lee et al. 2008); (c) SINGS 24 pm Kennicutt et al. (2003); (d) THINGS H1 (Walter et al. 2008). Despite the fact that all the H1 holes contain hundreds
or thousands of stars, from these images alone, it would seem that the H1 holes are void of stars. At low SFRs (< 1074 Mg yr‘1 , it seems that these tracers of recent
SF no longer reliably correlate with the underlying stellar populations (see Section 5.3 for further discussion).

(A color version of this figure is available in the online journal.)

similar study in the UV has yet to be conducted, given the small
number of stars expected in any given CMD, it is likely that the
UV has a similar cutoff SFR. Indeed, Stewart et al. (2000) used
FUV imaging of Ho 11 to show that there is some agreement
between H1 hole locations and bright UV regions, but did not
find a good one-to-one correlation.

We can test for UV-bright stellar populations within the outer
holes using data from the Local Volume Legacy sample (Lee
et al. 2008; Dale et al. 2009), which contains FUV and NUV
imaging originating from the GALEX Nearby Galaxies Survey
(Gil de Paz et al. 2007), and the Hoe and 24 ;#m images from the
Spitzer Infrared Nearby Galaxies Survey (SINGS; Kennicutt
et al. 2003). Overlaying the H1 hole and Rhode et al. (1999)
aperture locations over these images, we compared the location
of bright regions with known H1holes (Figures 29-31). Because
the correlation between low SFRs and He, 24 um, and UV
is not well understood, we are only able to make qualitative

conclusions. From all the images, it is evident that there is not a
one-to-one correlation between any of these fluxes and the stellar
populations inside the H1holes as shown in the HST/ACS based
CMDs. This simple test demonstrates that deep photometry is
necessary to understand the formation and histories of H1holes.

5.4. Comparison with the SMC and LMC

Perhaps the biggest challenge to the stellar feedback model
of Hr1 hole creation comes from observations of some of
the closest galaxies. The proximity of the SMC and LMC
allow for detailed observations, including high-resolution H1
imaging, which probes physical scales as small as ~15 pc
(Kim et al. 1999). Matching catalogs of young stellar objects
(e.g., OB associations, supergiants, WR stars) and He imaging
to H1 hole catalogs, three recent studies of the LMC (Kim
et al. 1999), the SMC (Hatzidimitriou et al. 2005), and the
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Figure 31. Photometric apertures of Rhode et al. (1999, red) and control fields (cyan) overlaid on Ho 11 images of (a) GALEX NUV (Gil de Paz et al. 2007); (b)
LVL He (Lee et al. 2008); (c) SINGS 24 pm Kennicutt et al. (2003); (d) THINGS H1 (Walter et al. 2008). Despite the fact that all the H1 holes contain hundreds or
thousands of stars, from these images alone, it would seem that the H1 holes are void of stars. At low SFRs (< 1074 Mg yr‘l , it seems that these tracers of recent SF
no longer reliably correlate with the underlying stellar populations (see Section 5.3 for further discussion).

(A color version of this figure is available in the online journal.)

Magellanic Bridge (Muller et al. 2003) do not find strong
correlations between the locations of young stellar objects and
H1 holes. The largest challenge to the stellar feedback creation
hypothesis posed by these studies are the presence of young H1
holes (~2-10 Myr) with no associated young stellar objects
(Stanimirovi¢ 2007). This is particularly problematic in the
SMC, where Hatzidimitriou et al. (2005) identified 59 young
holes (~5-10 Myr) that appear to be void of young stellar
objects. Hatzidimitriou et al. (2005) further find that the physical
characteristics of these particular holes are no different than
those with stellar components. Further, Hatzidimitriou et al.
(2005) conclude that the properties of the H1 holes in the
inner and outer region are indistinguishable and that from their
analysis there is no evidence to suspect a different creation
mechanism for inner and outer holes.

Using the same type of analysis as in Section 5.3, and the
assumption that inner and outer holes are indistinguishable in
their H1 properties Hatzidimitriou et al. (2005), we can compute
the properties of the expected stellar populations if these young
holes were formed due to stellar feedback. For the 59 empty
H1 holes in the SMC, we find that the mean size is ~128 pc,
the expansion velocity is 7.5 km s~!, and the inferred kinematic
age is 8 Myr. We also compute Epge ~ 56 x10°, assuming
an H1 volume density of 1.0 cm™>, and find that SFRgs =
7x107> Mg, yr~!. We simulate 100 CMDs assuming a distance
modulus of 19, photometric completeness limits of my = 22
and m; = 21.7 (Harris & Zaritsky 2004), and the parameters
listed in Section 3.2. We chose to only consider a burst model of
SF at 8 Myr, since the differences between a burst and constant
model of SF over such a short timescale are minimal. We ran
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100 simulations, to account for small number statistics, and
found that the typical CMD contained ~40 stars (within the
completeness limits) and the mean magnitude of the brightest
star in the CMD was m gsssy ~14.80. We found that only 25
out of the 100 simulated CMDs contained at least one star with
mrpsssw < 14, i.e., a bright OB type star. For mpsssy < 15,
we found 72 CMDs contained at least one such star. This test
signifies that for a episode of SF 8 Myr ago, only 25% of the
time we would expect to find a star brighter than m gss5y = 14,
and 72% of the time for m 555 = 15.

Applying these statistics to the 509 holes cataloged by
Hatzidimitriou et al. (2005), we expect 128 H1 holes with at
least one star brighter than mpgsssy = 14, or 367 holes for
mpsssw = 15. In comparison, Hatzidimitriou et al. (2005) find
330 H1holes with at least one star cluster, young star, or WR star.
Initially, they also found 80 holes that appeared void of stars,
however follow-up observations revealed that 21 of the 80 holes
appeared to have A spectral-type stars, leaving 59 holes without
detected stellar companions, which is consistent with the 143
of holes we predict will appear void of MS stars at m psssy =
15. The uncertainties in our calculation are at least 50%, due to
uncertainties in Ey,le, the stellar evolution models, and statistical
error. Further, we are not able to test out results directly as we
cannot reasonably compare our predicted stellar populations to
the various catalogs used for correlations by Hatzidimitriou et al.
(2005). However, we have demonstrated that even without the
detection of a bright object inside a young H1hole, it is possible
that the hole was created by stellar feedback.

6. CONCLUSIONS
In summary:

1. The HST/ACS based CMDs of stars within H1 holes
from the catalogs of Puche et al. (1992) and I. Bagetakos
et al. (2009, in preparation) revealed significant stellar
populations, including young MS and BHeBs with ages
less than ~50 Myr, in all holes. We found that < 1% of
the stars in the composite stellar population of either holes
catalog were luminous MS stars less than ~10 Myr in age.
This indicates that young OB associations are not reliable
tracers of the locations of H1 holes.

2. We searched for differences in the stellar populations inside
Hholes and those in selected control fields, regions similar
in size to holes, but that span a wide range in H1 column
density. We found that, on average, the control fields have
twice as many luminous (i.e., young) MS stars as the H1
holes, however this is consistent with statistical fluctuations
from small number statistics tests. We measured the SFHs
and cumulative SFHs of both samples (holes and control
fields) and found no significant differences. However,
because we are not sensitive to holes less than ~100 pc
in size, it could be that smaller holes are already forming
in control fields. Only further similar studies involving an
even wider range of hole sizes (e.g., SMC or LMC) can
address this question with the requisite level of precision.

3. Using the SFHs for stars in each hole as input into
STARBURST99, we calculated the energy associated with
SF over the past 200 Myr. From this we computed the
energy input over the inferred kinematic age of each
hole and calculated the feedback efficiency. Compared to
theoretical values, eight of the 23 P92 and 13 of the 19
THINGS holes have efficiencies greater 20%, with several
exceeding 100%. Looking at the energy profiles over the last
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200 Myr, we found that stellar feedback did produce enough
energy, in principle, to have created all the H1 holes, just not
necessarily within the inferred kinematic age. This finding
suggests that the inferred kinematic age (which is poorly
constrained from observations) may not represent the true
age of an individual H1 hole. Indeed, the concept of an age
for an H1 hole created by multiple generations of SF is
intrinsically ambiguous.

4. Using the BHeBs from the full HST/ACS CMD of Ho 11,
we constructed two spatially resolved recent SFH movies
of Ho 11 with look-back times of ~100 Myr and ~200 Myr.
Comparing these movies with the H1 distribution, we found
that low levels of SF have been common, and only in the
past ~40 Myr has the SF rate elevated significantly. Since
many of the holes are older than ~40 Myr, this suggests
that holes are formed through a series of small SF events as
opposed to a larger event at a single epoch.

5. From the HST/ACS photometry, we constructed CMDs
corresponding to the apertures used by Rhode et al. (1999).
In all cases, we found mixed age stellar populations of
hundreds or thousands of stars. Using Monte Carlo tests of
synthetic CMDs and empirical comparisons from the HST/
ACS photometry, we demonstrated that integrated light
does not accurately trace the SFHs of stellar populations
inside H1 holes. We also show that young MS stars
(<75 Myr) are not highly clustered, which may imply that
the single-age stellar cluster method of H 1 formation is not
the most likely model. This assumption can account for
why Rhode et al. (1999) did not detect a greater number of
holes with stars inside.

6. Using the Monte Carlo technique, we computed expected
stellar populations for H1 holes outside the optical body
of Ho 1 and found that low levels of SF (~107> M)
could account for the presence of those holes. The remnant
populations would be quite faint as only a handful of young
stars would remain to be seen at the present time. We also
examine the use of other SF tracers, Ho, 24 um, and UV,
and find that at such low SFRs, they do not reliably correlate
with the stellar populations of H1 holes.

7. We applied similar analysis to the 59 young (~8 Myr)
H1 holes that appear empty in the SMC (Hatzidimitriou
et al. 2005), finding SFRgs = 7x 107> M, yr~!. Using the
integrated stellar mass, we assume a burst of SFH at 8 Myr,
and construct 100 simulated CMDs. The resulting synthetic
stellar populations show that only 25% of the CMDs have
at least one MS stars brighter than mpgsssywy = 14% and
72% have at least one MS star brighter than m gsssyw = 15.
Applying this to the 509 holes in the sample, we expect
128 H1 holes with at least one bright star in the 25% case,
367 holes in the 72% case, and 143 holes to be without any
MS star brighter than m psssy = 15. Hatzidimitriou et al.
(2005) find 330 holes that have at least one bright object,
and 59 H1 holes that do not have any objects. While this
comparison is subject to large uncertainties, it demonstrates
the plausibility of a stellar feedback origin for young H1
holes without a bright stellar companion.

The evidence presented by the HST/ACS observations of
Ho 1 suggests that stellar feedback provides enough energy,
in principle, to create the observed H1 holes in Ho 1. The
traditional theory that single epoch episodes of SF, and singled
aged clusters, are responsible for H1 hole creation is unlikely,
because of the presence of mixed age stellar populations inside
all of the holes, including holes with younger inferred ages. The
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conclusions of Rhode et al. (1999) and those in this paper are not
contradicting, rather they both seem to reinforce the idea that H1
holes are not often created by single-aged stellar populations.
The summation of the evidence is that the likely mechanism for
the creation of H1 holes is stellar feedback from SNe due to
multiple generations of SF. An important caveat is found in the
similarity of the stellar populations in control fields and the H1
holes. While this detracts from the potential casual relationship
between stellar feedback and H1 hole creation, this result could
simply be explained by the fact that we are not sensitive to holes
smaller than ~100 pc. Applying similar analysis to galaxies
with a wider range in H1 holes sizes (e.g., SMC or LMC) could
reveal the extent of this effect and provide further insight into
the potential link between stellar feedback and the formation
and growth of H1 holes.
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