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Abstract. Two continuum subtractdda HST frames of M101 1. Introduction

are used to determine the positions, angular sizes and abso}\tg?racers of recent massive star formationj Fegions are in

fluxes of 237 Hi regions using a semi-automated techniqua . . .
From these we have constructed the luminosity and diame ésfpensable. The radiation emitted by the hot gas carries the

distribution functions. frllirrﬁli?r?h(g ;Z?;Ioel:insg re],\(():E[rSotzltr:Z tci)cv\\:\tgil? ;:12? ;Zsbtl)réz.ncd%rzg IE;\-re
We repeat this process on the images after artificially redu%- Hng >0 Sp P . '
. ) . . : . udies on the statistical properties ofitdegions. These global
ing the linear resolution to that typically obtained with groun L . - )
Ipvestlgatlons are aimed at gaining an understanding of the con-

based imaging. We find substantial differences in the luminos . . .
ging g_ctlon between the large scale dynamics and the star formation

function and diameter distribution. The measured internal pro Foperties of galaxies (e.g. interactions and mergers, bars and
erties, such as central surface brightness and radial gradien 1P 9 9: . gers,
jrals, resonances and rings). Most of this work has focused on

dominated by the PSF at linear resolut|ons'less than roug luminosity and diameter distribution of the regions imaged
40 pc FWHM. From the ground such resolutions are curreno\/l S . .
er full galactic disks in the line dfia.

only obtainable for the nearest galaxies. . ., . .
Y g A long standing difficulty with making such measurements

Further support for the dominant role played by the seeing is . . e . X
provided by simple analytical models. We also study the Clusgl?jhlgs been in the identification of the regions. At low resolutions

; . ; . . . fhe blending together of regions can be significant. An initial
N9 p_ropertles of Hi regions and. the|r effect on the IumInOSItyestimate of?his%ffect was mgade by Kennicugt]t etal. (1989), who
LL\J/Z(}tiIr?(;] S\X dcs:cs;r?(frtlt(\)/\r/loo:ezimQsm(])?lcii?gr?rllr:ggo-:‘—rtiil(m?T)found that blending effects became important at linear resolu-

. . o S . tions less than 300 pc. However, at the luminosity limits now
gions and diffuse emission. These intrinsic clustering properti  ainable with mod[()arn CCDs, a study of resolutio)r/1 effects has
in combination with the spatial resolution typically obtainabl% t been mad '
from ground based observations might be responsible for " Fc?rethe c?ia?ﬁeter distribution of H regions Van den Bergh
break in the Hi region luminosity function WhiCh Is usuglly 1981) found the functional form of an exponential law. Hodge
I)c;usrtl: r?‘g?rgné%%r;r??éf eeg%se, 2;32?952[;?(2\? different reglme11987) confirmed this form for a sample of spiral galaxies and

From the high resolution HST data we find a Iuminositgﬁﬂgzdo";1 ?ﬁgZ;?aexr;?io\tvﬁgzr?;(;gsgf gﬁ?ggt’;g:}uzesm;%
Igzglogtsl{?rﬁ?nggﬂ:%_zf ?TG()?(;? /\gveFilf%g%?:zZt:rféai;SGO pc was observed for the different galaxies. Nevertheless,
tribut?on we find a chagracterisfic sgalé Bk — 29.2 pc from in other studies a power law form fit the diameter distribution
e — =29-2pC TTon better than the exponential function (Kennicutt & Hodge 1980;
an exponential fit. Hovyever, a scale_free power law with mdeﬁﬁmegreen & Salzer 1999). Likewise, Knapen (1998) found a
f = —2.:84:£0.16 provides a better fit to the data. value of Dy for M100 thatis 1.5t0 2.2 times smaller than found
in previous determinations at lower resolutions. The reliability
of available diameter measurements is highly questionable.
A systematic study of the luminosity function (LF) of the

H 11 regions in disk galaxies was carried out by Kennicutt et
al. (1989), using a sample of 30 spiral and irregular galax-
ies. They found the LF could be represented by a power law

Send offprint requests tppleuss@uni-sw.gwdg.de o - . . .
* Based on observations with the NASA/ESA Hubble Space Tel\év-Ith indexa = —2 = 0.5. A flattening at luminosities below

scope, obtained from the data Archive at the Space Telescope ScidfgdHo = 37 €rg/s was found and explained in terms of a tran-
Institute, which is operated by the Association of Universities for R&IUION fror.n.smgle lonizing stars to ionizing stellar clusters (Mc-
search in Astronomy, Inc., under NASA contract NAS 5-26555.  Kee & Williams[1997; Oey & Clarke 1998). The LF slope was
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also found to be systematically steeper for earlier Hubble types Also examined is the intrinsic clustering characteristics of

and the properties of regions in spiral arms differed to those like regions and diffuse emission and the role this plays in shap-

tween arms. Theoretical explanations for these variations warg the behavior of the blending. Evidence for a possible break

given by Oey & Clarke[{1998), who showed that evolutionargt a characteristic clustering regime will be presented, which

effects and maximum number of ionizing stars per cluster cainen combined with blending effects may provide a mecha-

account for such differences. Some galaxies also exhibiteasiam for producing the LF discontinuity along with it’s relative

breakin the LF at abolbg Ly, = 39 erg/s with a steeper slopestability in luminosity.

at the high luminosity end. In Sect[2 of this paper we present the data and reduction
Other surveys were carried out by Banfi et AL {11993) witlnethods. A description of the methods used to measure the

a sample of 22 spirals located mainly in the virgo cluster aquoperties of the Hi regions is given in Sedtl] 3. The results and

by Delgado & Perez (1997) with 27 spiral galaxies. In the lateomparisons to some simple analytic models are then given in

survey 25% of objects were identified as having double sloect[ %, followed in Sedtl 5 by a discussion of their implications.

LFs. More detailed studies have also been performed on single

objects. Scowen et al. (1992) have studied M101 and found an

index ofa = —1.85 + 0.05 for a power law fit to the LF. Rand i

(1992) examined M51, Walterbos & Braun (1992) M31 ang OPservations

Wyder et al.|[(1997) M33. Also an example of a barred galaxyhe galaxy studied here is the nearby grand design Sc galaxy
NGC 7479, was studied by Rozas etial. (1999), where evidemgg01. It was chosen because it is nearly face on and lies at the
for a difference in the properties of the regions located in thelatively close distance of about 7.4 Mpc (Kelson et al. 1996).
bar from that of the overall disk were found. These properties limit problems due to projection effects and
Studies of théloe emission in grand design spirals were carovide for very high linear spatial resolution.
ried out by Cepa & Beckman (1989. 1990), Knapen etal. (1993) The observations of M101 were obtained with the HST-
and continued in a series of four grand design spirals by Rozg&PC2 on the 15th and 16th of September 1994 and on April
etal. [1996¢. 1996b. 1998). The LFs in all four cases showed 1996. Both frames are public and have been retrieved from
clear slope transition dbg Ly, = 38.6 erg/s accompanied bythe HST-archive. Figd1 shows their approximate location in
a local maximum or “glitch”. In addition to the LF break, theythe outer spiral arms. The ground based image was taken by
also found a break at the same luminosity in the surface brigifandage (1961) in blue light (3300—50®Dat Mt. Palomar.
ness gradient of the Hregions. The gradients of less luminous  The pixel size i9)1 for the WF-Chips and defines the effec-
regions were about constant, whereas the gradients of moreilys resolution, i.e. the PSF FWHM is smaller. THe (F656N
minous regions were steeper and growing with luminosity. Yabn-shifted) data consists of two sets of two exposures. The
another break has been reported at this luminosity in the cggts have combined exposure times of 4000 s and 3600 s. Con-
tral surface brightness (Beckman, priv. comm.). These featuf@Rium subtraction was carried out either with exposures taken
have been interpreted by Beckman etal. (1998) as representingtf the wide R-Filter F675W2x 2000 s) or with the medium
physical change in the Hregions at this characteristic luminoshandwidth V-Filter F547M%x 400s).
ity. Specifically, they contend that a transition from ionization Besides the HST pipeline calibration, we used the data re-
to density bounding occurs kg Ly, = 38.6 erg/s. They have duction package IRAF and especially the package STSDAS for
also proposed the use of this feature as a standard candle. further processing. Particular care was required to remove the
Related studies of the diffuse ionized interstellar mediugbsmic rays through a multiple step process. All frames were
(DIG) have been carried out by Walterbos & Braun (1994), Fefiormalized to a count flux of0~!8 ergs—! cm~2 using the

guson et al.[(1996) and Greenawalt etlal. (1997). The diffusfethod described in Holtzman et &, (1995). Absolute fluxes
emission was found to be spatially associated with there-  were calculated using a distance of 7.4 Mpc.
gions and exhibited a variety of different morphologies. The Thelinear scale of the HST observations with a pixel scale of
fraction of emission coming from this diffuse component wag'1 and distance of 7.4 Mpc is 3.6 pc/pixel. For comparison with
estimated at 20-50% (Ferguson et al. 1996). Leaking photaysical ground based imaging conditions, we also generated a
from H1I regions, turbulent mixing and shock ionization hanet of re-pixe|ed frames based on a distance of 20 MpC and
been suggested as possible ionization mechanisms. pixel scale of)’28. This gives a linear scale of 27 pc/pixel and
This paper presents statistics on ther legions in M101 corresponds to a magnification factor of 7.5. The frames were
from HST observations. The very high resolution of the imag@srther processed by convolving with a gaussian corresponding

will allow us to investigate in detail the role played by resolup a seeing of/’8 FWHM, leading to a resulting linear scale of
tion. We will find that the linear resolution required to perforny7.6 pc FWHM.

reliable measurements of central surface brightness, radial gra-|n Fig.[2 is an example of a high resolutisfa: and V-Band
dients, and diameters is quite stringent and can be accomplisiggge, along with several additionBle frames which have
from the ground without the aid of adaptive optics for only thgeen shifted to varying distances using the above ground based
nearest galaxies. The effects of blending on the luminosity fungeeing conditions df’8 FWHM. The top left and right panels
tion will also be found to be significant, with the diffuse emissiogorrespond to the high resolutidiie and V frames, respec-
making an important contribution. tively. The lower four panels correspond, in clockwise order, to
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. Fig. 1. Ground based frame of M101 with
the location of the two WFPC frames.

distances of 10, 15, 20, and 35 Mpc and linear scales of 38.8 @i,Hi1r region. Regions that meet the first criterion, but fail the
58.2 pc, 77.6 pc and 135.8 pc FWHM, respectively. second one are marked as diffuse regions. Still, these account
for only 8% of the detected diffuse emission.

3. Methods . L :
3.2. H 11 region definition, low resolution

3.1. Hn-region definition, high resolution i . i
g g For the smeared frames we adopt the same first condition as in

As the first selection criterion for H regions we adopt the the high resolution case regarding size and flux. Therefore, with
requirement that they consist of at least nine contiguous pixed$, overall r.m.s of about 15 normalized counts the minimum
each with an intensity of at least three times the r.m.s. noiseninosity is1036 erg/s and the minimum diameter 81 pc. This
level over thdocalbackground, which includes any contributiontime we count every emission peak as an kegion.
from local diffuse emission. With an overall r.m.s. of about 2
normalized counts, the minimum luminosity according to thi
definition is1035-6 erg/s and the minimum diameter is 10.8 pc.§'3' The REGION software

At high resolution many blobs of diffudéa emission with To find the statistical properties of theiHregions we use the
various shapes can be seen which at lower resolution areRBGION software package (Rozas etlal. 1999; Heller et al.
longer clearly discernable. These “false” regions must be diE999). This semi-automated technique identifies the te-
criminated from the “true” Hr regions. We therefore adopt agions, determines their position, and measures their area and
second criterion that every low surface brightness region witllnx, corrected for the local background. Further processing can
clearly unsymmetric morphology must have a central stellbe applied manually: deleting, adding, separating, and the com-
counterpart in the V band. If in a multi-peaked complex we cdining and rounding of regions that do not meet our definition.
detect more than one well separated ionizing star cluster, it is We find 237 and 162 k regions, respectively, in the high
separated into multiple regions, otherwise the complex s treatett low (smeared) resolution frames.
as a single entity.

Small round high surface brightness regions without de-
tectable ionizing star cluster are included in the HIl region det- Results
inition, because we could not exclude the possibility that a cep- .
tral cluster lies below our V band detection limit or is hidden b&'l' Overall smearing effects
dust. This definition is more precise than the one of Rand (199%¥irst impression of the effect of resolution can be obtained
and Rozas et al_(1996a), who define every peak of emissiorfrasn Fig.[2, where differences between the high resolution
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Fig. 2a—f. A visual illustration of the effects of resolution on therHegion population. The two upper panels show the same area in a high
resolution HSTH« (a) and V band i) image with 3.6 pc pixelsize. The bottom four panels correspond, in clockwise order, to an equivalent
ground basedlia image at distances af10,d 15, e 20, andf 35 Mpc with an adopted seeing @8 FWHM. The resulting linear scales ate
38.8pc,d 58.2 pc,e 77.6 pc and 135.8 pc FWHM.
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oot et Table 1. Parameters of the integral diameter distribution

o
o
LR LR LR ] ™
[ ]
° |}

2+

Data Do [pc] No

a low resolution 64.8 1285
b low resolution corrected 70.0 687
¢ high resolution 29.2 318

log N(D>d)

3. Diffuse emission is reshaped by the smearing and detected
as an Hi region (41%).
0k . « |1 4. Small Hi1 regions disappear in the noise.

ccccccccccc

[ T T TN T The percentages refer to the number of identified regions in the
smeared imagest should be noted that more than 2/3 of the
regions in the smeared case actually consist of either multiple
regions blended together or are not genuktha regions, in that
they lack an internal ionizing source.

We also observed in the high resolution frames a class of
compact high surface brightness regions which show a very
-4 high degree of symmetry. They are often found close to a large
irregular region or complex. Because of their distinct morpholo-
gies these were considered truertiegions in the count, even
if an internal ionizing source was not observed.

log N(D>d)

1 4.2. Diameter distribution

The integral diameter distribution shown in Hifj. 3 demonstrates
the clear difference between the resolved and smeared frames.
The top panel shows the smeared case, the middle panel the
smeared case excluding those regions which are dominated (
80%) by diffuse emission, and the bottom panel the resolved
1k -{ case. Whereasthe resolved regions show a size distribution from
about 10 pc to 220 pc, the range in the smeared case includes
goessesssee 1 regions from roughly 150 pc to greater than 400 pc. Parameters
determined by fitting to the exponential form,

log N(D>d)

N = Nye s, 1)

. . I
0 100

. . I
200

. . I
300

400

) (Van den Bergh 1981) are given in Table 1.
diameter [pC] A plateau-like structure is seen in the resolved distribution
at the high luminosity end. In the high resolution study of Wyder

Fig. 3a—_c.|ntegra| diameter d|str|but|on_. Panaishows t.he d'ameter.et al. [1997) a similar distribution is found for M33, as well as a
distribution for the smeared frames (filled squares, linear resolution ~." *

77.6 pc FWHM) compared with the resolved distribution (small ope%mIlar r_ange Ofld'ameters' However, no O,bV'Ol_JS cprrespondmg
circles, linear resolution 3.6 pc pixelsize). Pahahows the distribu- f€ature is seen in the plot &g D vs.logL given in Fig[4. The
tion for the smeared frames excluding regions dominated by diffué@solved and smeared data can be fit by a power law with indices
emission. Pana gives the distribution for the resolved frames. Expoof 0.39 and 0.25, respectively. Substituting this relationship into
nential fits are shown with a solid line. the power law luminosity function of SeCt. 4.3 gives a power law
diameter distribution with an expected index®fE —2.9. An
earlier usage of this functional form for the diameter distribution
can be found in Kennicutt & Hodge (1980). Hig. 4 demonstrates
eg]at the two distributions only approach each other at rather high
luminosities, indicating that the measured diameters of regions
of all but the highest luminosities are significantly modified at
Bound based resolutions.
In Fig.[3 we show the corresponding differential diameter
istribution along with a power law fit of the form,

frames and the smeared ones in terms of therdgion sizes
and morphologies are clearly visible.

A first quantitative approach is taken by tabulating the
fects that the smearing has on the identified population:

1. An Hirregion and diffuse emission are smeared togetherq
form a more luminous region (31%).

2. More than one Hi region and diffuse emission are smeareg
together to form a more luminous region (28%). dN(D) =B D?dD, (2)
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tions can be fit by a straight line which represents a power law. The
measured diameters of regions of all but the highest luminosities are
significantly modified at ground based resolutions.
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Fig. 5. Differential diameter distribution along with a power law fit for _ ) . o )
the high resolution frames with 3.6 pc pixelsize Fig. 6a—c.Differential luminosity functions. Pan@ shows the LF of

the smeared frames (full squares) in comparison with the resolved
function (open circles). Panbldisplays the LF of the smeared frames
with index3 = —2.844-0.16. The resolved data are clearlyexcluding the diffuse emission dominated regions. Pargives the
better represented by the power law than by the exponentifilof the resolved frames along with a power law fit.
form. This is in contrast to the lower resolution data, where

the exponential is a better representatibherefore resolution
P rep .. 1989). It should be noted that due to completness effects most
effects do not only dramatically change the characteristic di-

. round based studies find a turn-over instead of a flattening.
ameterDy, but can affect the apparent functional form of th : . . . .
T If we include the diffuse regions in the LF, we obtain a
distribution as well.

turnover at lower luminosities rather than a flattening although

the power law index changes little. In particular, since there are
4.3. Luminosity function no diffuse regions withogL > 38.0 erg/s, the high luminosity
part remains unaffected.

The combined luminosity function (LF) for the full set of re . .
I uminosity function (LF) . Parameters of a power law fit (Kennicutt et/al. 1989),

solved frames is given in Figl61t displays the characteristic
power law form along with a flattening at lower Iuminositiest(L) — AL~dL, 3)
The flattening may be explained as due to a transition from ion-

izing stellar clusters to single ionizing stars (Kennicutt et ahre givenin Table 2. The LF is consistent with a single slope with



P.O. Pleuss et al.: Resolution effects om fegions 919

"~ 1 "~ " T T T ]
[ ] — - .
1+ [ - 0 i i
N 39t * .

. o
0.5 ° ° - - T
— « ° . 0 -

1 ° L] I
— . ] ] 4
Y ok - - - - — - — — — — — — -o— _| i
S o 38 -
o5 | oo {1 © ]
. i
N®) 4
-1 Ld ] 8 A 4
O 37 -
) | ) ) ) ) | ) ) ) ) | ) q—) -
37 38 39 - ]
log L [erg/s] “ -
N R

Fig. 7. Logarithm of the ratio of the number of regions in the smeared
to resolved case for a given luminosity bin.

39
resolved log L [erg/s]

Table 2. Parameters of a power law fit to the luminosity functions
Fig. 8. Region luminosity in the smeared case vs. brightest mem-

LF Slope log L,..n Regions ber from resolved case. Symbols represent diffuse dominated regions
a low resolution 1.7 37.2 128 (triangle), single regions combined with diffuse emission (dots), and
b  low resolution corrected 16 37.3 67 blended regions together with diffuse emission (star).
¢ high resolution -1.74 36.8 150
Furthermore, we propose that a break or significant re-
exponeniy = —1.74 + 0.08 in the luminosity rangéogl = duction in this process occurs at luminosities abll, ~
36.7 to 39.3 erg/s. 38.6 erg/s. This point is demonstrated in Hig. 8 where we have

The corresponding LF for the smeared frames are givplotted the luminosity of regions identified in the smeared case
in Fig.[6a andb. Unlike the resolved frames, the LF for theagainst their brightest member as measured from the high res-
smeared frames may be fit consistently with either a single@lution frames. Many regions are shifted towards a limit of
double slope. Unfortunately, the lack of better statistics does et . = 38.5 erg/s due to blending with other regions and dif-
allow us to make a clear determination of whether a break in th&e emission. This mechanism may account for a break in the
LF does actually occur in this case. However two effects caF often observed around this limiting luminosity.
be clearly distinguished: a decrease in the number of regions
in the lower luminosity bins and an increase of regions in trhe4 Radial profil
intermediate luminosity range. This trend becomes even clearér’ 'al protiies
when regions dominated by diffuse emissiorB0% in L) are At high resolution the radial profiles typically display a core-
excluded. wing structure. The profiles inthe smeared case appear gaussian,

The presence of these two resolution effects is more cleawijth some core-wing structure in the brightest regions.
demonstrated in Fifl 7, where we plot the ratio of the number of
regions in the smeared to resolved case for a given Iuminosjlt)‘/3
bin. In this way one can easily see where there is an excess
or deficit of regions as compared to the resolved numbers. Tfe compare the surface brightness gradients of the resolved
figure shows a deficit dbgl < 37.6 and an excess betweerregions with earlier observations (Rozas et al. 1998), we need
logL. = 37.6 and 38.6, which peaks &igl ~ 38.4. At higher to determine a single gradient based on the profile. We decided
luminosities the resolved and smeared LFs appear to convetgdit a single gaussian to the core/wing profile and define the
at least within the statistical uncertainties. gradient as the slope at the half maximum radius.

These differences, combined with the additional effects dis- We adopt the same definition for the smeared regions, where
cussed in Seci_4.1, provide a picture of what happens as ithie even more appropriate. We also tried fitting a linear function
resolution is degraded. In general, regions are combined wéthd found that the difference compared with the gaussian is
diffuse emission and other regions, shifting them to higher lunabout 20%, which is much less than the intrinsic dispersion.
nosities. While this process has been discussed by other authorsThe surface brightness gradients of the resolved regions are
the degree to which this occurs at typical ground based resathiown in Fig[®. In contrast to the ground based work this dis-
tions has not been fully appreciated. tribution does not show a bilinear structure with a break at

. Surface brightness gradient
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Fig. 9. Surface brightness gradients of the resolved tdgions. Fig. 10. Surface brightness gradients. The dashed line represents the

best fit for the constant gradient of the resolved regions. The solid line
is the theoretical curve for the smeared regions. The symbols represent

logL. = 38.5erg/s. Rather it exhibits a constant upper limif,eaqured gradients from the resolved (circles) and smeared (triangles)
at all luminosities with a lot of scatter toward steeper gradientgames.

No other clear relation is visible.

However, the number of regions with luminosities greater We adopt a model resolution based on good ground seeing
than where the break would be is small, making the identificgs . jitions of FWHM = 08 and a distance ab — 20 Mpc,
tion of a possible break difficult. Because of this we bolster o lving a value ofr, — 32.9 pc. To find the constarit,, we fit
position with a simple analytic model of the effect of resolutioa § "

h di h del : £ 9-di ional e relation between measuregl and luminosity, obtaining a
on the gradients. The model consists of 2-dimensiona convoyﬁue ofk, = 3.09 x 1034 pcderg—1s.
i

tion between two gaussians, one representing a resolved pro ©The results of these calculations are plotted in Eid. 10,

Fo, the. other the. point-spread function (PSF) of the ef-fe(:ti\fSQetherwith the measured gradients for both resolutions. While
resolution or seeing, the statistics are lacking, the overall trend of the gradients in the

Fy(r) = Fy(r)*xF (r) smeared case follows that found by Rozas et al. (1998). They ar-
L .2 1 2 gue thatthisis evidence for a transition in the physical properties
= 2oz 200? % *mo? 205 of the Hir regions. However, the simple model shows that the
I e gradients measured in the smeared frames are in fact completely
= 55 e ot (4) dominated by the effective seeing at the lower luminosities and
2m (022 + 05?) do not represent the intrinsic properties of the clouds. The break
The surface brightness gradients are then given by, in the gradients which is seen in lower resolution observations
marks the zone of transition where the size of the regions is of
Ok ()| _ Y22 Go (L, 0y) (5) the same order as the effective seeing gaussian. The fact that
or . 4o, 3 Y the measured gradients lie above the theoretical curve is likely
due to the neglect of the contribution from diffuse emission and
OF(r)|  _ _I V2In2 =G (L,0,). (6) blending in our simple model.
or . 47 (o2 + 052)% ’ In Fig.[11 we plot various model curves representing the

resolution effects on the measured surface brightness gradients
15t different distances at a seeing FWHM®R. For the given
range of luminosities, all galaxies at distances larger than about
10 Mpc display seeing dominated radial profiles, corresponding

A reasonable assumption for the model is to take the val
for the gradient in the resolved case;, as a constant defined
by the upper band of points in Figl 9. Solving fgf in Eq.[3

gives, to a linear resolution (FWHM) of around 40 pc.
, V2In2
o3 = Y22 = kL. (7) ,
47 Gy 4.6. Central surface brightness

Sub_stitu_ting this into the smeqred profile, E. 6, we obtain ﬂﬂ? this section we consider the central surface brightrtgss
luminosity dependent expression, of the Hir regions. Beckman et al. (priv. comm.) find that for
LvV2In2 regions belowogL = 38.6, S, is proportional toL'/3, while

: for regions above this value the central surface brightness rises

Gi1(L)= - - 7
dr | (ke L)® + 0—52] more steeply and shows a larger scatter.
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Fig. 11. Theoretical curves showing the resolution effects on the mdaig. 12.Central surface brightness. The dashed line represents the best
sured surface brightness gradients. The dashed line representsfibaf the resolved data. The solid line shows the theoretical curve for
constant best fit to the resolved data. Solid lines show the expectieel smeared regions. Open circles are the resolved data points, solid
gradients under ground based conditions for distances between 5 @ndes represent the smeared data.

35 Mpc, corresponding to linear resolutions between 19.4 pc FWHM

and 135.8 pc FWHM. The steps in distance are 5 Mpc, increasing up-

wards. The results of the calculations are plotted agaiist in

Fig.[12, together with the data for both resolutions.
For a theoretical treatment similar to what we have done The two datasets exhibit large differences. The smeared data
with the gradients, a more reliable estimate of the core profdgow a nearly constant behavior with little scatter uptd. ~
is required. If we use our previous fits to the entire region Wi 6, beyond whichS, rises more steeply and shows larger
would greatly underestimate the central brightness. Therefegtter. This behavior closely matches that of ground based data
we determine. from a gaussian profile thatis fitonly to the corgBeckman, priv. comm.). In contrast, the resolved data exhibit
area of each region in both the resolved and smeared frameg.|larger scatter at all luminosities.

The core profile may be defined as Considering the rough approximations used in deriving the
L 2 2 theoretical relationship for the smeared regions, the fit to the
Fo (r) = omo2 © 2007 = Sepe 2067 (9)  smeared data is remarkably good. The correspondence could be

_ o ) ~ further improved if the effects of blending and diffuse emission
Next we convolve this core profile with the seeing gaussian @gre taken into account.

defined in SecL_4I5, This simple model provides a reasonable description of the
Fo(r) = Fu % +F, characteristics of the central surface brightness in the lower res-
I e olution ground based observatioftsdlemonstrates that resolu-
= — = ¢ 20cPHes?) tion effects are important not only for measurements of gradi-

2 2 . . .
2m (0 +04?) ents, but also for the determination of central surface brightness.

In Fig.[I3 we plot various model curves representing the
resolution effects on the measured central surface brightness
Substituting the approximate relationship for different distances at a seeing FWHM @f8. Again we
find that for galaxies at distances greater than about 10 Mpc

2

= Seee Weie), (10)

o = k. L (11) i i i i i
¢ ¢ the central surface brightness is dominated by the seeing. This
into Eqs[® anf 10, we find corresponds also to a linear scale of about 40 pc (FWHM).
L L3 . _
So=g—5=—7% (12) 4.7. Minimal spanning tree

210 or
In order to investigate the clustering properties of the regions we
compute a Minimal Spanning Tree (MST) based on the spatial

S — L L (13) locations of the H1 and diffuse regions (Se¢i—3.2). The MST

and

2m (02 +05%)  op |:(kc L)% + o2 ' for any given set of points consists of a unique set of edges
connecting the points, such that the sum of the edge-lengths is
As determined from the resolved data, we take a valugfof a minimum. The MST provides a reproducible and unbiased
6.3x 10735 pclerg~s. graph that contains information on the intrinsic linear associa-
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tions in the point set. For the analysis of linear features the MST
has been found to be superior to other methods, such as the dwd
point correlation function (Barrow et al. 1985). g I D=5 Mpc/ Z

We have chosen to include the diffuse regions in the analysis- 2 b -
because they are a good tracer of the spatial distribution of tl@ i _ ]
diffuse emission in general, even though they represent onlys - [ Z ]
8% of the total diffuse flux. A graphical depiction of the region ¢ [ y ]
spatial distribution and the corresponding MST are shown in~ 1 » | D=35 Mpc «
Fig.[14 for the two different WFPC2 fields in the galaxy. 9 ; 7 1

The spatial distributions exhibit some clear features. The’ 05 L resolved E
regions are not located uniformly over the frames, but rather Ire~ [ > ]
along ring- or bubble-like structures. Furthermore, on the firsy,” Z = ]
frame four particularly luminous regions lie along a common 0 : llog Ly, =38.6 ]
edge of two rings. An explanation for this distribution could —— ‘0‘5‘ b ; —— ‘1‘5‘ —— é B
be induced star formation in an expanding supernovae shell. A (1/3) 13 B '
rough estimate of the radii of these structuresis 0.7-1.0 kpc. This L x10°7 [L in erg/s]

Is of the O‘Tder of the Iarg”est HI holgs observed in galaxies, tEE} 13.Theoretical curves showing the resolution effects on the mea-
so-called “superbubbles” (Kamphuis etlal. 1991; Oey & Clarkgeq central surface brightness. The dashed line represents a possible
1997). Another possible formation mechanism for the observgdy the resolved data. Solid lines show the expected central surface
features might be through gravitational and thermal instabilitigfightness under ground based conditions for distances between 5 and
in a differentially rotating disk (Wada & Norman 1999). 35 Mpc, corresponding to linear resolutions between 19.4 pc FWHM
Similar distribution features are also observed for HI gas.@ad 135.8 pc FWHM. The steps in distance are 5 pc, decreasing up-
study of 11 nearby spirals by Braun (1997) has found that pwards. The transition from a nearly constant value to increasing bright-
tween 60-90% of the total Hl line flux comes from a network gfess is clearly visible.
filamentary features with typical widths of about 150 pc, which

is comparable to the region distribution in Figl 14. Table 3. Parameters of power law fit to the edge-length distributions.

4.7.1. Resolution effects field Slope 109 bin _Imin [PC]

. . afirst -1.49 1.20 16
Tomodel the resolution effects oniHegions, we adopta Gaus-, second -1.69 1.65 45

sian profile for the regions similar to Sect.14.5. For simplicity combined  -1.53 1.40 25
of the calculations we discuss the effect on two identical re-
gion profiles. A simple calculation shows that the peaks of two

identical gaussian profiles remain resolvable under convolution |p Fig.[18 we present the differential MST edge-length dis-
with a seeing gaussian if the peaks are originally separatediiution along with power law fits. The parameters for the fits
a distance larger thah/oZ + o7. Only for the most luminous are given in Table 3. The power law index varies little between
regions iss, greater thaw. Because the luminous regions arghe frames (1.5-1.7), but the critical length where the distribu-
not clustered close together (see Eid. 14), we can as a resongigfiattens differs substantially (16—45 pc). This could be a hint
approximation drop.. Therefore regions that are closer thafyr a different minimum clustering regime for the two regions

two seeingr; can not be separated. The pixelsize places furth@rthe galaxy. This range of values is below the resolution of
constraints on the resolvability of regions. In order to discrimgg pc of our smeared frames.

nate two emission peaks from each other, they must be separatedfo further quantify the impact of region clustering combined

by atleast one pixel of lower flux. Hence the separation betwegiih insufficient resolution, we simulate the blending of regions
the peaks must be at least two pixels. Our adopted ground ba@??emoving the edges that are longer than twice the seging

conditions are given by a pixelsize and seeing FWHM of respeghe clipping lengtH, is now treated as a function of the distance
tively, 028 and0'’8, which correspond te, = 0”'34. Thenthe p.

limiting quantity is20, of 0”68, corresponding to a linear di- .
mension of about 66 pc at a distance of 20 Mpc. .= m-0.68 (14)
Theintegral edge-length distribution, shown in Eig. 15, gives ~ 3600 - 180

directly the fraction of edges which have lengths above a givgfe define a cluster as two or more regions which remain con-

value. We can see that about 45-50% of all edges cannotje@ted by edges following the clipping. With this definition all

resolved at our adopted ground based resolution, demonstrafiregions in a given cluster would be smeared together into a

the importance Of blending. The degree Of blending will depelaq—]g|e region at the speciﬁed Seeing and distance.

not only on the resolution, but also on the clustering properties Fig.[17 shows the number of clusters as a function of the

of the Hi1 regions and diffuse emission. clipping distance and the equivalent galaxy distance, with an
assumed seeing 6f 8. The curves first increase rapidly, reach
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mately linearly with the clipping (smearing). The difference in
slopes could be statistical, but also may have a physical origin
in differing clustering properties of the two fields.

The clustering behavior may be interpreted in terms of two
physical spatial regimes. Regions that are separated by edges
lying in the first regime of 40 pc are thrown together by the
smearing, creating a large number of clusters. This first regime
corresponds to the flat part of the differential edge-length dis-
tribution. With increasing cutoff length the clusters, which are
now grouped in the second regime, are slowly blended together
according to their power law distribution. This behavior can
been seen by eye in Figl 2.

A check may be made by determining the sum of the num-
bers of clusters and unclustered regions Witlhl. > 36.7 erg/s
at a clipping of 60 pc. This sum should be roughly equal to the
number of regions in the smeared frames. This is because a clip-
ping of 60 pc corresponds to a distance of approximately 20 Mpc

Fig. 15. Integral MST edge-length distribution of the two fields com{Eq.[14) and the smallest detected regions in the smeared case

bined at a linear pixel scale of 3.6 pc.

have luminosities ofog. = 36.7 erg/s. The totals are in fact
quite close, with values of 162 and 157, respectively.
If the blending of regions were responsible for the observed

a maximum number of clusters at around a clipping length Break in the luminosity function, with these clustering properties
40 pc, and then slowly decrease as the clipping becomes lar§8€ would expect that the break would first appear at distances
In Fig. 18 the corresponding average number of regions graround 10 Mpc '8 FWHM) and then only change slowly
cluster is given. While differing in detail, the overall clusteringVith increasing distances. The corresponding linear scale again
characteristics of the two fields are similar, growing approxis about0 pc FWHM.
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galaxy distance.

4.8. TheHa flux

To make a quantitative estimate of the diffuse emission con-
tribution, we subtract the contribution of thetHegions from
the totalHa flux. Since the local background has been removed
from the region flux, our measurement of the region contribution
corresponds to a lower limit. To obtain an upper limit we sub-
1 tractthe region background fluxes as well. We find that 35-39%
* | oftheHa fluxinthe resolved framesis attributable to individual

1 Hirregions. For comparison, Ferguson et al. (1996) find values

Fig. 16a—c.Differential edge-length distribution for the MST of iH

log | [pc]

of about 50-70% and Rozas et al. (1999) 40-65%. The remain-
ing flux must come from the diffuse regions and background. If
we determine the same ratio for the smeared frames we obtain
a somewhat different result. Here 64—74% of the total emission

and diffuse regions for the individual fields & b) and for both fields is found to be attributable to H regions and only 26-36% to

combined €) at a linear pixel scale of 3.6 pc.

4.7.2. Physical clustering

Putting resolution effects aside, we now examine the physica

the diffuse part.

A substantial fraction of the total diffuse emission is in-
cluded in theH 11 region luminosities by the effect of smearing.
This is another indication of the importance of resolution in the
inﬁerpretation of Hi region data.

spatial clustering properties of therHand diffuse regions. In
Fig. 19 we show the separate differential edge-length distrit®i- Discussion
tions for the Hi regions and diffuse regions. The slopes of the

power law fits arex = —1.17 £ 0.07 anda = —1.29 +0.12,
respectively. The flattening of the distributions occurs at edgfﬁi
lengths of about 20 and 32 pc. These values do not differ s

stantially, indicating a similarity in the clustering properties ol

the Hir and diffuse regions.

We have shown in the previous sections that the basic proper-
s of Hiiregions determined from high resolution HST frames
ffer significantly from even high quality ground based mea-
urements. Only a few previous studies have had the necessary
linear resolution to make reliable measurements of their statis-
tical properties, such as size and luminosity distributions (Wal-

terbos & Braun 1992; Wyder et al. 1997).
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We simulate the effects of lower resolution on our HSTig. 19.Differential MST edge-length distribution a@fH 11 andb dif-
frames by artiﬁcia”y Smearing the data to typica| ground baséuie regions from both fields combined at a linear pixel scale of 3.6 pc.
resolutions. The diameter distribution from high resolution HST
observations exhibits a totally different range of values com-
pared to those determined from lower resolution data. We fisHifting effect. The blending of regions alone is not sufficient
a diameter distribution which is more consistent with a powés explain this limiting luminosity, but requires the inclusion of
law than with the often used exponential function. This puts intbe diffuse emission. While still not fully understood, it appears
doubt the concept of a characteristic size fan kHegions. that the intrinsic properties of the diffuse emission clouds, such

The luminosity function can be fit by a single slope poweas their size, surface brightness, and spatial association with
law above a luminosity dfogL = 36.8 erg/s. Below this value the Hir regions, play an important role. Modeling of the LF
the distribution is flat. Unfortunately, the existence of a breatith the inclusion of the various effects of degraded resolution
at higher luminosities can not be reliably determined througBect[4.11) would be helpful in determining the nature of the
direct examination of the luminosity function derived from th&igh luminosity break and its possible relation to the diffuse
M101 data because of the small number of regions with lungmission.
nosities above the expected location of the break. In order to The idea that the high luminosity break is a result of the
make such a determination, greater coverage of M101 will beending of Hirregions and the masquerading of diffuse regions
needed to increase the statistics, particularly at the high luras genuine ionization sources differs from the hypothsis that it
nosity end. is due to a transition in the physical state of ther lHegions

The LF of the artificially smeared data (Figa)6is flatter fromionization bounded to density bounded (Rozas etal. 1996a;
in the mid-luminosity range. A clear identification of a higlBeckman et al. 1998). Still a connection might be given by the
luminosity break can also not be reliably established. A closature of the diffuse emission. If the diffuse emission close to
comparison of the frames at the two different resolutions htee Hir regions is only ionized by the nearest source, then it
given us important insight into the influence of resolution on thlmay be considered as being associated with the regions. When
measured Hi region properties. We find that as the resolution &region and its associated diffuse emission are thrown together
reduced regions which are spatially close together are blendigdthe effects of resolution, then the blended region may be
into a single observed “region”, along with a significant amouseen as being ionization bounded when sufficient diffuse gas
of diffuse emission. This process leads to the shifting of regioissincluded. On the other hand a region may be seen as density
from low luminosity bins to higher bins. Aluminosity tfg. ~ bounded when the amount of diffuse gas included is insufficient
38.5 erg/s appears to mark an upper limit for this luminositwith respect to the luminosity of the internal ionizing source.
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In this scenario the amount of diffuse gas included in a blendeibutions show similar slopes, the value at which the power law
region is controlled by the resolution and hence to some extéiattens out differ by about 30 pc. It is not clear if this difference
so would be the position of the high luminosity break in the H has a physical origin or is merely statistical. Such a difference
region LF. is not found when we compare the luminosity functions or di-
With even good ground based data the definition of whatasneter distributions for the different fields. The flattening of
an Hi region is heavily influenced by the resolution. At highhe luminosity function is found for both fields kg L = 36.8,
resolution one can see that these smeared “regions” really caich corresponds to a diameter of about 30 pc. If the differ-
sist of acomplex of associated structures, such as diffuse clowawe is indeed physical in nature, then one must explain how
arclets, shells, and filaments. Hence the surrounding gas istfe properties of the fragmentation regimes can differ without
from being evenly distributed around the ionizing source. Withifecting the other star formation properties.
such a non-uniform topology it would be difficult to achieve a Our simple analytic model of the resolution effects on the
true ionization bounding, because the possibilities for a Lymaprofiles can successfully reproduce the general behavior of the
continuum photon to escape unhindered are numerous. Ssatface brightness gradients seen at lower resolutions. While
a situation is a poor representation of an idealized Stromgttée profiles of the lower luminosity region®¢L < 38.5) are
sphere. Itis also not clear to what degree external sources rdayninated by the point spread function, the profiles of higher
contribute to the ionization of the diffuse component and pduminosity regions which have spatial sizes greater than the
ticularly of the diffuse regions. seeing scale are expected to represent the true properties of the
A direct examination of a sequence of artificially resoluregions. We therefore interpret the break in the surface bright-
tion degraded frames, and confirmed by the MST analysigss gradient distribution as a resolution effect. This simple
shows that the effects of smearing become particularly promiodel provides a prediction on how the luminosity of the break
nent around a critical linear resolution of about 40 pc FWHNMhanges with distance.
and thereafter only worsens slowly. If the high luminosity break The measured central surface brightness of the resolved re-
in the Hi1 region luminosity function is an artifact of resolutiongions shows a large scatter and does not exhibit a well defined
then this characteristic behavior may explain the stability of tlieend with luminosity. This is not true for the smeared regions
break luminosity over a relatively large range of galaxy disvhich exhibit a nearly constant value upltgL = 38.5 erg/s.
tances. Therefore the stability of the break luminosity is néffter this the central surface brightness increases steeply with
unambiguous evidence against blending as a mechanismif@reasing luminosity. Our simple model again reproduces this
producing the discontinuity. Clearly, modeling of this mechdehavior fairly well and predicts the transition luminosity will
nism will be required to determine its viability. However, thezary with distance.
importance of the diffuse emission should not be ignored and In both cases the profile and the central brightness become
any model of the blending will need to take this into accousteing dominated at linear resolutions worse than 40 pc FWHM.
along with the characteristics of the clustering. Therefore this linear resolution marks the minimum resolution
The underlying reason for this behavior seems to be thexjuired for reliable determinations of region characteristics.
clustering characteristics of theiHregions and diffuse emis- This kind of resolution is currently only achievable from the
sion. The MST edge-length distribution exhibits a power laground for the nearest galaxies. Taking this into account the
form with a flattening at about 25 pc. The length at which thizsbserved breaks at lower resolution do not seem to be reliable
transition occurs may be the primary factor influencing the levidence for a transition from ionization bounded to density
cation of the high luminosity break. The physical reason for theunded Hi regions.
flattening at this value of edge-length is not clear, but may be re- Concerning the question as to whether the high luminosity
lated to a typical maximal fragmentation length within a singlereak in the LF can be used as a standard candle as proposed
precursor gas-cloud. The power law slope would then represbyptBeckman et al. (priv. comm.), more observations will be
the distribution of distances between the precursor gas-cloudsjuired to validate the stability of the break luminosity with
Another possibility could be related to two different mechadistance (resolution) and galaxy type. A clearer understanding
nisms of star formation as described by Scowen et al. (1996).its physical origin would greatly assist in such an effort. In
Whereas the power law edge-length distribution might correur interpretation, the break is a result of the clustering charac-
spond to the fragmentation of the ISM induced by the passageistics of the Hi regions and diffuse emission. As seen in the
of a spiral arm density wave, the flat part may represent typidd5T analysis, the differences between the two fields we studied
spatial sizes of local subsequent star formation. In this case thé1101 may be an indication that significant differences in the
patches of diffuse emission might be interpreted as expandirigstering properties exist even within a single galaxy. Depend-
HIl region remnants. If the break in the LF is interpreted dng on the degree to which this were true, the utility of a global
due to these clustering properties, its frequent appearancelde-of a galaxy as a measure of its star formation properties
rived from ground-based data may suggest a similarity of tweould be compromised.
different regimes of star formation in M101 and other late-type A further indication of variations in region clustering may
spirals. be in the study of the barred galaxy NGC 7479 by Rozas et al.
There is an indication that the clustering characteristics H8999), who find differences between the bar Hgion popula-
tween the two observed fields differ. While the edge-length disen and that of the overall disk. Furthermore this galaxy shows
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a different behavior in comparison to the non-barred galaxies We have further investigated this effect by examining the
with respectto the break luminosity in the central surface briglgtustering quantitatively with a minimal spanning tree (MST).
ness distribution. This could be a hint for a possible variation @here we find a power law function for the edge-length distri-
H 11 region clustering properties with galaxy type. bution which flattens at about 25 pc and has an index of about

Clearly additional high resolution work is needed to both = —1.5.
confirm and extend these results. More sophisticated methodsThe edge-length where the flattening occurs may be the pri-
should be applied to the radial profiles in order to better chanary influence on the location of the break. The two different
acterize their properties. Even a rough determination of clustgratial regimes are interpreted as two different regimes of star
age from broad band imaging would be useful for constrainifigrmation in M101. If the break in the LF is interpreted as due
the physical origin of the larger scale HI structures and theo these clustering properties its frequent appearance derived
relationship to the star forming clouds. from ground-based data may suggest a similarity of two dif-

With respect to possible further high resolution observéerent regimes of star formation in M101 and other late-type
tions, obtaining better statistics is vital for making furthespirals.
progress on the luminosity and diameter distributions. To gen- The surface brightness gradients as a function of luminosity
eralize the results, these investigations should be carried outffarthe smeared regions may be described by a bilinear fit, but a
different galaxy types. A comparison between a barred and neimple analytic model shows that this feature results completely
barred galaxy would be an important test of the stability of tHeom the degraded resolution. With the same mathematical ap-
high luminosity break as the dynamics of the two systems gmach the break of the central surface brightness of the smeared
quite different. regions is predicted correctly, indicating that neither break can
be considered as a real physical effect.

The minimum linear resolution needed to reliably measure
internal quantities is found to be about 40 pc FWHM. Such
resolutions are only currently obtainable from the ground for

In this paper we present high resolution HB& data of M101. the nearest galaxies.

For a comparison with previous ground based observations we In our view the hypothesis that the high luminosity break in

artificially shift these frames to an effective distance of 20 Mg8e LF is due to a transition from ionization bounded to density

by rebinning, changing the pixelsize 828, and convolving Pounded Hr regions is still not firmly established and resolu-

with a Seeing gaussian of 8 FWHM. For both resolutions we tion effects need to be better taken into account when making

derive the integral diameter distribution, luminosity functioruch studies. The intrinsic clustering properties of the ite-

surface brightness gradients and central surface brightnessé&#ons and the associated diffuse emission combined with typical
For the integral diameter distribution at high resolution wigsolutions may be able to produce the observed break.

find a characteristic diametér, = 29.2 pc. However, a power Further hlgh resolution observations will be needed to con-

law fits the data better with a sloge = —2.84 + 0.16. The firm these results and obtain reliable statistics on the character-

luminosity function in the resolved case can be fit by a singlgtics of Hii regions in galaxies. Only then will it be possible to
slope power law withv = —1.74 in the luminosity range be- determine whether the clustering characteristics of fegions
tween1036-7 and103%-3 erg/s. It flattens for lower luminosities. differ with galaxy type and environment, and any connection it
The surface brightness gradients exhibit a constant limit witH2ay have with the local dynamics.

lot of scatter to steeper gradients. Because of large scatter i iIs( . -
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