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ABSTRACT

New optical spectra of 28 H1 regions in the M101 disk have been obtained, yielding 10 new detections of
the [O 111] A4363 auroral line. The oxygen abundance gradient measured from these data, combined with previous
observations, displays a local scatter of 0.15 & 0.03 dex along an arc in the west side of the galaxy, compared
with a smaller scatter of 0.08 + 0.01 dex in the rest of the disk. One of the Hul regions in our sample (H27)
has a significantly lower oxygen abundance than surrounding nebulae at a similar galactocentric distance, while
an additional, relatively nearby one (H128) was already known to have a high oxygen abundance for its position
in the galaxy. These results represent marginal evidence for the existence of moderate deviations from chemical
abundance homogeneity in the interstellar medium of M101. Using a variety of strong-line abundance indicators,
we find no evidence for significant large-scale azimuthal variations of the oxygen abundance across the whole disk

of the galaxy.
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1. INTRODUCTION

Radial gradients of metallicity in spiral galaxies have been
known for a long time, with typical values of 0.03—0.10 dex
kpc~!. The study of giant extragalactic H11 regions offered the
first evidence for the presence of oxygen abundance gradients
in galaxies (Searle 1971) and has been extensively used to
probe the stellar populations and the chemical composition of
nearby star-forming galaxies (Vila-Costas & Edmunds 1992;
Zaritsky et al. 1994; van Zee et al. 1998; Bresolin et al.
1999), placing strong constraints on galactic chemical evolution
models (Chiappini et al. 2001; Fu et al. 2009). In contrast,
surprisingly little is known about the possible presence of
azimuthal asymmetries in the abundance distribution in spiral
disks. From a theoretical point of view, a virtually uniform
distribution with negligible scatter could be expected along
the azimuthal direction as a result of relatively fast mixing
processes (except near corotation; Scarano & Lépine 2013) with
timescales on the order of ~100 Myr, in the turbulent interstellar
medium (Roy & Kunth 1995; Yang & Krumholz 2012).

Deviations of the radial abundance gradient from a simple ex-
ponential seem to be well-established from studies of Cepheids
(e.g., Luck et al. 2003) and open clusters (Twarog et al. 1997,
Lépine et al. 2011), showing a discontinuity at a galactocentric
distance of ~8.5 kpc and a flattening beyond that radius, pos-
sibly caused by the barrier effect of corotation, which isolates
the inner and outer regions of the disk one from the other due to
opposite directions of gas flow (Lépine et al. 2011). Similar fea-
tures can be observed in the H 11 region abundance distribution
of nearby spiral galaxies (Bresolin et al. 2009b, 2012; Scarano
et al. 2011). Investigations of Cepheids (Pedicelli et al. 2009)
and Hu regions (Balser et al. 2011) in the Milky Way have
provided indications for the presence, at least near the coro-
tation radius, of azimuthal gradients (~0.05 dex kpc™!) and
chemical inhomogeneities, which can be attributed to the spiral
arm structure and the consequent non-uniformity of the spatial
distribution of gas and star formation in the disk of the Galaxy
(Lépine et al. 2011). These results stress the importance of in-

cluding the azimuthal coordinate, in addition to the radial one,
in modeling the chemical evolution of the Milky Way.

The situation in other spiral galaxies is less clear, and suffers
from poor statistics (small number of Hul regions studied in
a given galaxy) and measurement uncertainties. In the galaxy
M33, Rosolowsky & Simon (2008) measured a substantial
intrinsic dispersion of 0.11 dex (in addition to the dispersion
due to observing errors) in the H1r region oxygen abundance
at constant radius. However, Bresolin (2011) showed that this
is due to poor detections of the [O1] A4363 auroral line
used to derive nebular electron temperatures, and that a much
smaller scatter of ~0.06 dex, consistent with the measurement
uncertainties, is obtained from the best-quality data. In a wide-
field integral field spectroscopy study of NGC 628, Rosales-
Ortega et al. (2011) found that the radial metallicity gradient
varies slightly for different quadrants, although the differences
are comparable to the uncertainties introduced by the nebular
abundance diagnostics and can be related instead to systematic
variations of the ionization parameter. The narrow-band imaging
across the disk of the same galaxy by Cedrés et al. (2012)
suggests that the detection of chemical inhomogeneities may
depend on the choice of strong-line diagnostics used to derive the
oxygen abundances. Recently, a large degree of inhomogeneity
on relatively small spatial scales (~0.5 kpc) has been claimed
by Sanders et al. (2012) for the H 11 region oxygen abundances
in M31. This result is not confirmed by other investigations in
the same galaxy, including the recent one by Zurita & Bresolin
(2012), and it is in general still unclear what role the sample
selection and choice of chemical abundance diagnostics play in
these results.

In an attempt to provide new observational constraints on the
presence of chemical inhomogeneities and azimuthal gradients
in nearby spiral galaxies, we turned to M101 (NGC 5457), a
nearby (D = 6.85 Mpc; Freedman et al. 2001), nearly face-
on, grand-design spiral galaxy that has been widely studied
as a prototype system for the investigation of radial gradi-
ents of element abundances (see Kennicutt et al. 2003 and
Bresolin 2007 for a review and references). There are more
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than 10° cataloged H 11 regions in its disk (Hodge et al. 1990).
Kennicutt & Garnett (1996) suggested the presence of a pos-
sible azimuthal asymmetry in the oxygen abundance distribu-
tion between the southeast (SE) and northwest (NW) regions
of M101, based on strong-line abundance diagnostics. How-
ever, this result is subject to the uncertainties and discrepan-
cies concerning the calibrations of these diagnostics (Bresolin
2007; Kewley & Ellison 2008). Kennicutt et al. (2003) im-
proved on previous studies using direct oxygen measurements
for 20 H 11 regions, which rely on the determination of the elec-
tron temperature from auroral-to-nebular line ratios, such as
[O111] A4363/1.5007. These authors found a ~0.2 dex metal-
licity spread for H 11 regions located at a similar galactocentric
distance in the southwestern section of the galaxy. However,
limited by the size of their H11 region sample, they could not
confirm the large-scale azimuthal asymmetry between the SE
and NW suggested by Kennicutt & Garnett (1996).

In this paper, we present new spectroscopic observations of
28 Hu regions in M 101, and are able to derive direct oxygen
abundances for a subset of 10. This new dataset allows us to
address the possibility of a non-axisymmetric distribution of the
nebular oxygen abundance in this galaxy. In addition, because
M101 is known to be currently experiencing an infall of high-
velocity gas, as shown by H 1 maps (Sancisi et al. 2008), and has
likely been recently subjected to interaction events, as shown
by the lopsidedness of its disk, the peculiar spiral structure and
faint tidal structures (Waller et al. 1997; Mihos et al. 2012), it is
well suited to verify to what extent these events can affect the
distribution of metals in a spiral disk.

This paper is organized as follows. In Section 2 we describe
the observations and data reduction procedures. In Section 3 we
present and analyze the radial gradients, and the local azimuthal
variations of oxygen abundance, using both the direct method
( [O1] A4363-based) and strong-line diagnostics. We test the
asymmetry of the oxygen abundance distribution between the
east and west sections of M101 in Section 4, and present our
conclusions in Section 5.

2. OBSERVATIONS

We obtained multi-object spectroscopy of M101 during the
nights of 2010 May 7-8 with the R-C spectrograph at the May-
all 4-m telescope of the Kitt Peak National Observatory, us-
ing multi-object masks in five different fields, with 2 arcsec-
wide slits. The data were acquired at airmasses smaller than
1.25 to minimize the impact of differential atmospheric dis-
persion. In each field we integrated for 3 x 2400 s using the
KPC-10A grating (2.75 A pixel™!), which yielded a ~7.5 A
FWHM spectral resolution and covering approximately the
wavelength range between 3600 A and 7500 A.

Standard IRAF® tasks, in combination with the PyRAF4
command language, were used for bias subtraction, flat-field
correction, cosmic ray removal, spectral extraction, image co-
addition, and wavelength calibration (using He+Ne+Ar lamp
frames). We extracted one-dimensional spectra for each target
H 11 region after executing all the standard reduction procedures.
Three standard stars (Feige 34, Feige 67, and BD+28 4211) were
observed several times each night for the flux calibration.

3 IRAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

4 PyRAF is a product of the Space Telescope Science Institute, which is
operated by AURA for NASA.
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Table 1
Observed H 11 Region Sample
ID? RAP Decl.¢ R/Ry¢ ¢° Other IDf
(J2000.0) (J2000.0) (degree)
1 14 02 46.92 5414 50.1 0.50 212 H219
2 14 02 53.68 5415228 043 206 H321
3 14 02 57.54 541559.8 0.37 204 H370
4 14 02 30.61 5416 09.7 0.54 232 H149
5 14 02 25.73 5417342 0.53 244 H103
6 14 02 49.83 541743.0 0.32 226 H260
7 14 02 48.78 5417 56.3 0.32 229 H237
8 1402 18.22 5418 36.6 0.58 254 H41
9 14 02 27.01 541933.0 0.48 258 H120
10 14 02 29.49 541947.7 0.45 260 H140
11 14 02 19.92 541957.1 0.55 263 H59
12 14 02 16.85 5421 00.1 0.58 271 H27
13 14 02 22.06 5421577 0.54 278 H79
14 1402 17.83 5422324 0.59 282 H37#
15 1402 17.83 5422324 0.59 282 H378
16 14 02 20.39 5423 13.7 0.58 287 H68
17 14 02 27.50 5427 08.0 0.66 313 H125
18 14 03 50.86 5427359 0.61 40 H1151
19 14 03 49.98 5427 50.5 0.61 38 H1148¢
20 14 03 49.98 54 2750.5 0.61 38 H1148¢
21 14 03 49.18 5428 10.0 0.63 36 H1146
22 14 04 49.80 5428 14.0 1.12 63 H1262
23 14 03 46.84 5428373 0.64 33 H1137
24 14 02 39.30 5429 04.9 0.69 329 H188
25 14 02 49.65 542907.0 0.64 338 H253
26 14 03 44.30 5429 14.4 0.66 29 H1121
27 14 03 43.26 5429494 0.69 27 HI1118
28 14 03 13.70 543547.0 1.05 1 H681
Notes.

2 Hu region identification (in order of increasing declination).

b Right ascension. Units are hours, minutes, and seconds.

¢ Declination. Units are degrees, arcminutes, and arcseconds.

4 Deprojected galactocentric distance in units of the isophotal radius, Ry = 14/4,
taken from de Vaucouleurs et al. (1991).

¢ Position angle relative to the galaxy center, in degrees.

f Identification from Hodge et al. (1990).

& Two objects in the same slit.

Our observations yielded spectra for 28 Hu regions. Their
celestial coordinates, galactocentric distances normalized to the
isophotal radius Ry, position angles ¢ relative to the galactic
center, and identifications from the Hodge et al. (1990) catalog
are presented in Table 1 (where objects are listed in order
of increasing declination). We have adopted the following
parameters: center coordinates R.A. = 14:03:12.5, Decl. =
+54:20:56 (J2000), position angle of the major axis = 37 deg,
inclination angle = 18 deg (de Blok et al. 2008), distance =
6.85 Mpc (Freedman et al. 2001), and isophotal radius Ry =
14/4 (de Vaucouleurs et al. 1991), corresponding to 28.7 kpc.
Figure 1 shows the location of the target H 11 regions in M101.
Hu regions for which we detected the [O 111] 24363 auroral line
are labeled by double symbols, and we identify the different
data sources considered in this paper with different symbols.

2.1. Line Flux Measurement

The emission line intensities were measured with the splot
routine in IRAF by integrating the flux under the line profiles
between two continuum points selected interactively. A multi-
Gaussian profile fit was performed if evident line blending oc-
curred. A correction for interstellar reddening was performed
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Figure 1. Location of the H 11 regions in our study on a narrow-band He image of M101 (from the Canada—France-Hawaii Telescope data archive). The white cross
marks the center of the galaxy. The symbols indicate the different data sources: blue triangles—new observations; green circles—Kennicutt et al. (2003); magenta
stars—Bresolin (2007); orange diamonds—Kennicutt & Garnett (1996); white squares—van Zee et al. (1998). Hu regions with [O111] A4363 detections are labeled
by doubled line symbols. Note that four distant objects (H1262, H681, H682, and SDH323) are outside the field of view (the arrows indicate the directions to these

nebulae). The two curved dashed lines in the west mark the position of “arc A.”

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

adopting the Howarth (1983) analytical formulation of the
Seaton (1979) law, assuming a total-to-selective extinction
ratio Ry = Ay/Ep_y = 3.1. By comparing the measured
intensities of Ho and Hy, relative to HB, to the case B
theoretical values taken from Storey & Hummer (1995) calcu-
lated at the electron temperatures determined from the auroral
lines (or 10,000 K if these lines were not detected), we ob-
tained the reddening coefficient c(HB). The Balmer lines ratios
(Ho/HB, Hy /HB) were corrected for underlying stellar absorp-
tion in an iterative manner. The resulting reddening-corrected
line flux measurements, normalized to HB = 100, are tabulated
in Table 2. The errors in these fluxes were estimated from the
uncertainties in the line intensity measurements and the flux
calibration, the scatter of the continuum near the emission lines,
and the uncertainties in the extinction coefficient. We note that,
in general, the H11 regions in our sample are extended and are
not fully covered by the width of our slits. Thus, the HB fluxes
reported in Table 2 should be considered lower limits to the real
fluxes.

2.2. Electron Temperatures and Oxygen Abundances

Electron temperatures and oxygen abundances were obtained
adopting a two excitation zone structure for the Hu regions
characterized by the temperatures 7[O1] and 7T[Oui]. To
calculate the total oxygen abundances, we made the usual
assumption:

O/H = (O* + O**)/H". N

The electron temperature (7,) for the O™ -emitting region
(T[O 1)) and for the O*-emitting region (7 [O 11]) were derived
from the auroral-to-nebular line intensity ratios ([O 111] 24363/
AA4959, 5007 and [O 1] A7325/A3727), when available, with
the nebular module (Shaw & Dufour 1995) of the STSDAS
package running under IRAF. For nebulae without auroral
line detections we adopted 7, = 10* K. One or both of
the [O 1] A4363 and [O 1] A7325 auroral lines could be mea-
sured in 10 out of the 28 H11 regions in our sample: 7 objects
with both lines detected, 3 with only [O 111] 14363 detected, and
1 with only [O 1] A7325 detected. We compared our measured
T[O 1] values with those obtained from the theoretical relation
obtained by Garnett (1992):

T[Ou] = 0.70T[O11] + 3000 K 2)

and found that the two were consistent with each other within
the uncertainties. However, since the 7[O11] values obtained
from the auroral-to-nebular line ratios have significantly larger
errors (between 300 K and 900 K) than those propagated from
T[O 1] through Equation (2) (170 K to 400 K), a result already
noted by Kennicutt et al. (2003), we decided to adopt the 7'[O 11]
values calculated via Equation (2). In the end, this choice has a
limited impact on the abundance determination since the O/H
ratios obtained by adopting one or the other set of 7'[O 1] values
differ only by a few hundreds of a dex (0.07 dex at most), except
for H59, where the difference is 0.13 dex.
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Table 2
Dereddened Line Fluxes, Temperatures, and Oxygen Abundances from the Direct Method
ID Name [O1] [Om] [O1m] [N1] [Su] F(HPB) c(Hp) T[Om) 12 + log(O/H)
23727 24363 15007 16583 AA6717,6731 (ergs~' cm™?)  (mag) (K)
1 H219 413 £21 0.91 £ 0.05 178 £ 8 36.0 £ 1.5 413413 3.8 x10714 0.31 9420 + 258 8.42 + 0.08
2 H321 264 + 13 237 + 11 295+12 247407 33 x10714 0.43
3 H370 283 4+ 14 ... 129+ 6 783 +28 544414 1.6 x10~14 0.53 ... ...
4 H149 238 + 12 1.68+008 329+15 356+15 394+12 1.6 x10~13 0.35 9411 + 247 8.40 + 0.08
5 H103 343 £ 17 158 +7 426 +2.0 38.6+ 1.3 1.3 x10~14 0.18
6 H260 245 + 12 207 +9 36.6+ 1.4 354+1.0 3.6 x10714 0.45
7 H237 193 £ 10 106 £5 4754+ 1.7 385+ 1.0 8.2 x10714 0.51
8 H41 169 +9 3924018 476421 84404 158405 3.7 x10714 0.28 10894 + 327 8.25 + 0.08
9 HI120 419 £ 21 82+4 633 +£28 86.9 +£2.8 1.9 x10~14 0.26
10 H140 352+ 18 145+ 7 57.0+£2.5 67.1 £2.1 3.1 x10714 0.29
11 H59 305+15 2.30+0.11 290 + 13 172408 259 +0.9 2.1 x10714 0.16 10769 =+ 322 8.24 + 0.08
12 H27 341417  3.644+0.17 251+ 11 21.6+£1.0 58.0 £2.0 2.1 x10~14 0.16 13401 =+ 499 7.96 £ 0.08
13 H79 226+ 11 3.04+£0.15 330=%15 155+0.7 27.1 £0.9 1.7 x10714 0.25 11313 + 563 8.14 £0.11
14 H37 236 + 12 333+ 15 192409 22.1 £0.8 8.6 x10~15 0.19
15 H37 234+12 3314016  387+17 1494 0.6 28.5+0.8 2.5 x10~14 0.38 11043 + 344 8.22 + 0.08
16 H68 391 + 19 171 +7 338+ 15 75.6 £2.5 1.1 x10714 0.26
17 H125 350 + 18 327415 290+ 14 333+13 1.3 x10713 0.15
18 H1151 397 £ 21 158 +7 250+ 1.0 354+ 1.1 2.1 x10715 0.43
19  H1148 177+9 293+ 13 17.54+0.8 25.6+0.8 7.9 x10715 0.28
20  HI1148 199 + 10 383+ 17 11.0+04 145404 1.5 x10~14 0.40
21 H1146 212411 3.07+0.15 457420 17.7+£0.8 27.1+£09 9.6 x10~15 0.27 10219 =+ 299 8.35 + 0.08
22 HI262 200+ 10 316 + 14 13.0+0.7 31.6 £ 1.1 3.4 x10715 0.22
23 H1137 378 + 19 25+1 437420 87.5+29 2.3 x10715 0.25
24 H188 682 4+ 34 164 +7 238+ 1.1 58.7+2.0 3.9 x10715 0.23
25 H253 430 £22 7343 408+ 1.9 84.6 +2.9 3.6 x10715 0.17
26 H1121 336 £ 17 ... 217+ 10 2934+ 1.3 477+1.6 5.7 x10715 0.26 ... ...
27 H1118 222 +11 597+029 559 +25 89404 114404 6.4 x10715 0.27 11917 =+ 402 8.21 + 0.08
28 H681 232412 436+£020 260+ 12 974023 27.7+0.7 2.6 x10~14 0.59 14237 £ 559 7.80 £ 0.09

Notes. Line fluxes are normalized to HB = 100, after correcting for reddening. F(Hp) is the measured HB flux, corrected for extinction.

The measured 7, values of the O**-emitting region are
presented in Table 2. We assume, as indicated by the
[Su]A6717/ 16731 line ratios, that all Hir regions are in the
low density limit (7, < 10> cm™).

We derived the oxygen abundances both from the mea-
surement of the electron temperature (“direct” method or 7,
method), obtained as explained above, and strong-line diag-
nostics. Strong-line diagnostics were put forward to obtain the
abundances in H 11 regions when the temperature-sensitive lines
are not accessible (e.g., in metal-rich regions or high redshift
galaxies), by using combinations of more easily measured strong
emission lines as indicators of the abundance, such as the pop-
ular [On] 23727+ [O11] AA4959, 5007)/HB line ratio, oth-
erwise known as Ry3 (Pagel et al. 1979). As is well known,
strong-line indicators like R»3 can suffer from degeneracy when
calculating the chemical abundances, and abundances derived
from different strong-line methods and/or calibrations can vary
systematically up to Alog(O/H) = 0.7 dex (Kewley & Ellison
2008).

2.3. The Enlarged Sample

In order to increase the sample size and to cover a larger radial
and azimuthal range, we also collected data from additional
sources:

1. Kennicutt & Garnett (1996, KG96) presented spectroscopic
data for 41 Hu regions, including some distinct knots in
large complexes (NGC 5462, NGC 5447, and NGC 5471),
which could be used as control samples to examine the

intrinsic metallicity variation if we assume that within their
volume the oxygen abundance is homogeneous.

2. Kennicutt et al. (2003, KBGO03) observed 26 H1 regions,
with 23 targets in common with KG96; 17 of those
23 observations yielded [O 1] 14363 measurements. In
addition, they also observed three new objects: H70, H71,
and SDH323 (following the designation in KBG03), all of
them with [O 1] A4363 measurements.

3. Bresolin (2007, BO7) observed four Hi regions (H1013,
H493, H507, and H972) in the inner (central 3'), metal-rich
zone of M101; two (H1013 and H493) provided reliable T,
measurements.

4. van Zee et al. (1998, vZ98) published spectroscopic data
for 13 Hu regions in M101. These authors did not follow
the object identification from the catalog of Hodge et al.
(1990). Based on their map of slit positions, we identified
the corresponding objects in Hodge et al. (1990).

In assembling our catalog of line fluxes for Hu regions
in M101, we adopted the more accurate line fluxes given
by KBGO03 and B07 for the 26 objects in common with
KG96. Similarly, for H67 and H188, which were observed by
vZ98, we adopted our new data or those by KBGO03. Since
in KG96 and vZ98 only the sum of the [O 1] AA4959, 5007
and [N 1] AA6548,6583 line fluxes are given, we calculated the
individual line fluxes of the lines in the doublets using the
theoretical ratios (Storey & Zeippen 2000).

Table 3 presents line fluxes from different authors (KBG03
and B0O7) for the six objects in common with our new dataset
of 28 H1 regions (labeled as “New” in the table). In Figure 2
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Table 3
Comparison with Previous Observations
H10132 H972% H237° H149° H140° H681°
KBG03 188 148 136 212 317 244
[O1] 13727 BO7 221 139
New 192.8 238.5 351.8 232
[0 1m1] A5007 KBG03 103 30 114 318 114 304
B0O7 102 30
New .. 106.1 328.6 145.4 259
[N11] 16583 KBG03 64.6 86.9 48.3 359 60.2 11.3
B0O7 71 80
New ... ... 475 35.6 57 9.7
[ST] AA6717,6731 KBGO3 28.8 38.4 353 372 80.9 27
B0O7 29.8 41
New 38.5 39.4 67.1 277
[O 1] 14363 KBG03 ... 1.8
B0O7 0.24 ...
New 1.7
Ry KBGO3 3.27 1.88 2.90 6.40 4.71 6.54
B0O7 3.58 1.79
New ... 3.36 6.81 5.48 5.82
12 + log(O/H)z, KBGO3 8.71 8.33 7.92
BO7 8.52 ... ...
New 8.40 7.80

Notes. Six H1 regions are in common between KBGO03, B07, and our new observations.
2 For H1013 and H972, the BO7 line fluxes were adopted to construct the enlarged H 11 region sample (see

the text).

b For H237, H149, H140, and H681 the newly-determined line fluxes from our observations were used for

the enlarged sample.
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Figure 2. Comparison of line fluxes and derived quantities for Hir regions
from our new observations and those by Kennicutt et al. (2003; KBGO3).
(a) [O]A3727 (crosses) and [O11] A5007 (asterisks); (b) [N11] 16583 (dia-
monds) and [S 1] AA6717, 6731 (triangles); (c) log(R23); (d) T.-based oxygen
abundances. The dashed line represents the one-to-one correlation.

we display a comparison of line fluxes and derived quantities
(R23, O/H).

The agreement between the different studies is generally sat-
isfactory. There is only one object, H140, with a considerable

difference (~20%) in the [S1] flux between our new obser-
vations and those by KBGO03. Figure 2(c) indicates that Rp;

values are consistent between the different studies, with dif-
ferences <0.12 dex. There are only three objects in common
that also have an [O 11]-A4363-based oxygen abundances. For
H1013, BO7 provided an oxygen abundance 0.21 dex lower
than KBGO3. We adopted the value from B07, obtained from
deeper data, and which corresponds to an O** zone temperature
directly derived from [O11] 14363/(14959 + A5007), while in
KBGO3 it was derived from T [S u1]. Finally, we adopted the
H972 measurements from B07, while for the remaining four
Hu regions included in Table 3 our new observations were
adopted.

Our final sample comprises 79 H11 regions, with 28 objects
from our new observations, 20 from KBGO03, 4 from B07, 16
from KG96 and 11 from vZ98. In this merged sample, there are
29 measurements of the [O 1m1] A4363 auroral line (10 from our
new observations, 17 from KBGO03 and 2 from B07). In order to
ensure consistency in the analysis, we recalculated the T, and
the direct oxygen abundances when the [O111] 14363 line was
measured.

In Figure 3 we examine the excitation properties of our H1t
region sample by plotting the classic [O ] A5007/HB ver-
sus [N11] 46583 /Ha and [O11] A5007/HpB versus [S 1] A6717,
6731 /Ha diagnostic diagrams (Baldwin et al. 1981, BPT).

We include in the plot the boundaries between different pho-
toionization sources (star-forming regions versus active galac-
tic nuclei) by Kewley et al. (2001; shown by the long-dashed
line) and (Kauffmann et al. 2003; short-dashed line). Kewley
et al. (2001) used stellar population synthesis and photoioniza-
tion models to create the “maximum starburst line”” on the BPT
diagrams. A modification to this classification was provided
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The filled blue triangles mark the positions of H27 in our new observations.
Symbols as in Figure 1.

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

by Kauffmann et al. (2003) to include an empirical bound-
ary line between pure star-forming galaxies and Seyfert-H 11
composite objects. As shown in Figure 3, according to these
criteria all the objects in our sample are located in the pure
star-forming region of the diagram.

3. RADIAL ABUNDANCE GRADIENT AND
LOCAL AZIMUTHAL VARIATIONS

The first measurements of a radial abundance gradient from
H11 regions in M101 can be traced back to more than 40 years
ago (Searle 1971; Smith 1975). Based on our new spectroscopic
observations, in combination with the work published by other
authors as presented in Section 2, we are in the position to better
assess the spatial distribution of the oxygen abundance in the
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disk of this galaxy. Given the relatively dense spectroscopic
coverage in the western part of the disk, we can investigate how
the oxygen abundance varies along the arc-like region identified
in Figure 1, designated as arc A hereafter, covering the restricted
radial range R/ Ry = 0.54t0 0.59 and extending in position angle
between 230 and 290 deg (~17 kpc in projected length), where
we have a good amount of nebular spectra with [O 111] 24363
detections, in order to test whether we could confirm the local
azimuthal variation suggested by KG96.

3.1. Abundance Variations Based on the Direct Method

There are 29 Hu regions with [O111] A4363 line measure-
ments in our sample, covering the radial range from R/Ry =
0.10 (H493) to R/Ry = 1.25 (SDH323). The resulting radial
oxygen abundance gradient is presented in Figure 4. As the
figure shows, the data can be well fitted by a weighted linear
least-squares fit (the linear Pearson correlation coefficient is
—0.90):

12 +log(O/H)7, = 8.73(+£0.03) — 0.87(£0.04)R/Ry,  (3)

which, unsurprisingly, is consistent with previous results by
KBGO03, 12 +10g(O/H)7, = 8.76(£0.06) — 0.90(£0.08)R/ Ry,
and B07, 12 +1og(O/H)z, = 8.75(£0.05) — 0.90(£0.07)R/ Ry.

Let us examine the abundance distribution along arc A. As
shown by the gray shadowed region in Figure 4, this part of the
galaxy contains objects whose O/H abundance ratios appear to
cover a larger spread (at constant radius) than elsewhere. To
clarify the situation, in Figure 5 we zoom into this restricted
radial range (top panel), and plot the oxygen abundance as
a function of position angle (bottom panel). The red dotted
lines mark the range in O/H corresponding to the change in
galactocentric distance from 0.54 Ry to 0.59 Ry, as inferred
from the gradient given by Equation (3).

The Hu region H27 stands out with an abundance 12 +
log(O/H) = 7.96 + 0.08, while the corresponding radial fit
value at its galactocentric distance is 8.23 4= 0.05. The difference
between the measured and the fit value is 0.27 £+ 0.09 dex.
Therefore, H27 is a 30 outlier from the linear fit. An additional
object observed by KBGO03, H128, is also an outlier relative
to the radial fit with an observed value of 12 + log(O/H) =
8.45 £ 0.04 dex and a fit value of 8.25 4 0.05 dex (~3.10).
All other objects are consistent with the radial fit value for
their galactocentric distances within 3x their measurement
uncertainties.

Like all other objects, H27 and H128 are located in the
pure star-forming region of the BPT diagram (see Figure 3)

New observations e

e [ KBGO3 & -
T 851 BO7 x |
S r ]
D L i
I 8.0 j i
o r i

75 ‘ ‘ ‘ ‘ ‘ TR
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

R/R,

Figure 4. Radial oxygen abundance gradient determined from direct electron temperature measurements. The filled circles represent our new observations. The H1t
regions from KBGO3 and B0O7 are labeled by the diamond and the asterisk symbols, respectively. The solid line is the weighted linear least-squares fit of all 29 Hul
regions in the figure, with the 1o uncertainty represented by the two blue dashed lines. The grey shadowed region is the portion where we have the most data points
in a radial range of ~1.4 kpc (R/Ro = 0.54 to 0.59). H27 is the H 11 region with the most significant oxygen abundance discrepancy relative to the linear fit.

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

and we find no evidence for the presence of other ionization
mechanisms (e.g., shocks) that could explain its peculiar oxygen
abundance for its galactocentric distance. For example, we find
no significant enhancement in the strength of shock-sensitive
lines, such as [S1], [O1]. H27 lies within the region in which
Franchetti et al. (2012) made a spatially-detailed investigation
of supernova remnant (SNR) candidates in M101 from archival
Hubble Space Telescope images, and has been identified as a
superbubble, rather than an SNR.

Analyzing the scatter relative to the radial abundance gra-
dient is one approach to probe azimuthal variations of metals
(Bresolin 2011). The rms scatter around the least-squares fit for
our full sample of H11 regions (black solid line in Figure 4) is
0.11 dex. For the 11 objects contained within the grey shadowed
portion such scatter rises to 0.15 dex, while for the 18 remaining
objects it is 0.08 dex.

A scatter of 0.15 dex potentially represents a detection of
local inhomogeneities in the abundance distribution. In order
to test the significance of this result, we calculated the errors
on the scatter measured for these two data sets (inside and
outside the shadowed region in Figure 4), following a jackknife
procedure (Lupton 1993, p. 46). Simply put, jackknife resamples
a sample of size N, constructing N subsamples of size N — 1
by omitting an element of the sample in succession, and then
estimates the variance of the scatter ty from

N
o2 ZEZ(I C— o) )
,N N N—1,i —IN-1
i=1

where fy_ is the average of  over the N subsamples.
By applying this technique, the resulting scatters are 0.15 +
0.03 dex (objects within arc A) and 0.08 & 0.01 dex (objects
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outside arc A), respectively. Thus, the significance of the
difference is only at the ~20 level.

In summary, using the direct method on our enlarged sample
of 29 Hu regions with [O11] 24363 detections, we derive
a radial oxygen abundance gradient that is consistent with
previous results. We detect two outliers from the mean radial
gradient, H27 and H128, both of which with a significance at
the 30 level. No evidence of shocked gas are found for H27.
The objects located along arc A display an abundance scatter
of 0.15 & 0.03 dex, which represents a marginal detection of a
local azimuthal variation.

3.2. Abundance Variations Based on Strong-line Methods
3.2.1. Comparison of Different Strong-line Methods

In addition to the [O 1] A4363-based method, in order to take
advantage of the 79 objects in our enlarged sample of H 11 regions
we also considered a number of strong-line methods, in which
the strength of easily observed nebular emission lines can be
used to calculate the nebular abundances. Among the available
methods making use primarily of O lines we considered the Ry;
calibration by McGaugh (1991, M91; in the analytical form
provided by Kobulnicky et al. 1999), and the P-method by
Pilyugin (2001, PO1; 2005, P05). Other methods rely on the
calibration of the strength of other emission lines, typically the N
lines, in terms of the O abundance: Pettini & Pagel (2004; PP04-
N2 and PP04-O3N2), Pérez-Montero & Contini (2009; PM09-
N2 and PM09-O3N2), Pilyugin et al. (2010; ONS), Kewley &
Dopita (2002, KD02), and the empirical calibration of [N11]/
[O 1] from Bresolin (2007; NO). These methods are summarized
in Table 4 for clarity. They are somewhat arbitrarily divided in
“empirically” and “theoretically” calibrated methods to reflect
the fact that the calibration in terms of O/H abundance ratio
can be obtained from samples of Hir regions with available
direct abundances or from grids of photoionization models,
respectively.

For our purposes, we were interested to test how the strong-
line abundances compared with the abundances from the di-
rect method. We show in Figure 6 the comparison between
H 11 region abundances obtained from the 7, method (along the
x-axis) and those obtained from the various strong-line diag-
nostics. Since similar comparisons have appeared frequently
in the literature in the past decade, presenting comparable re-
sults, we keep our discussion limited to the essential. For further
details, the reader is referred to, for example: Kennicutt et al.
(2003), Bresolin et al. (2009a), Kewley & Ellison (2008), Pérez-
Montero & Diaz (2005), and Yin et al. (2007).

Empirically calibrated methods. The first two rows of
Figure 6 refer to empirically calibrated diagnostics. A quick look
at the figure shows that despite the fact that, by construction,
these methods should generally agree with the direct method,
the level of agreement varies greatly, at least for the sample of
Hu regions we are considering. In some cases this is due to
the fact that the O/H range in which the diagnostics were cali-
brated is narrower than the full range of abundances available in
M101 (which is unusually large). Secondly, possible differences
in physical conditions (e.g., ionization parameter) between the
calibrating sample and our sample can translate into the varia-
tions we observe. With these considerations in mind, we point
out the following points:

1. PPO4-N2 provides a relatively good match to the di-
rect abundances (with a rms scatter of 0.11 dex),
but large discrepancies arise at low metallicity, 12 +
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Figure 6. Comparison of oxygen abundances derived from different strong-line diagnostics with those obtained from the 7, method. For the M91 method only 17

Table 4

Summary of Nebular Abundance Diagnostics Adopted
Number Method Emission Lines Involved Calibration Class References
1 T, [O 1] 14363, [O111] A4959,5007 Direct Aller (1984), Stasiriska (2005)
2 PP04-N2 [N1u]/Ha Empirical Pettini & Pagel (2004)
3 PMO09-N2 [N1u]/He, [Nu]/[O1] Empirical Pérez-Montero & Contini (2009)
4 PP04-O3N2 [N1u]/He, [Ou1]/HB Empirical Pettini & Pagel (2004)
5 PMO09-O3N2 [Nu]/He, [Om]/HB, [Nu]/[O11] Empirical Pérez-Montero & Contini (2009)
6 PO12 Ry3, [Om]/[O 1] Empirical Pilyugin (2001)
7 P05? Ry3, [Om]/[O1] Empirical Pilyugin (2005)
8 ONS [Su]/[Ou], [Nu]/[Ou], [Om]/HB Empirical Pilyugin et al. (2010)
9 NO [Nu]/[Ou] Empirical Bresolin (2007)
10 M9l Ry3, [Om]/[O 1] Theoretical McGaugh (1991), Kobulnicky et al. (1999)
11 KD02-combine® [N1u]/[O1], Ry3, [O1m]/[O1], [N1]/[S1] Theoretical Kewley & Dopita (2002)
12 KDO02-R3¢ [Nu]/[Ou], Ry3, [Om]/[O11] Theoretical Kewley & Dopita (2002)
13 KDOZ—averageCI [Nu]/[Ou], Ry3, [O11]/[O1] Theoretical Kewley & Dopita (2002)
Notes.

4 P = [01m] A24959,5007/( [O 11] A3727+ [O 111] 1A4959,5007).

b Diagnostic recommended for an optimized abundance determination in KD02.

¢ The R»>3 method in KDO2.

4 The “combine average” method by KD02, which is the average of five independent strong-line methods.

log(O/H) < 8.0. Similarly for PP04-O3N2, but the scat-
ter is worse (0.17 dex).

2. PM09-N2 tends to systematically underestimate the abun-
dances, compared to the direct method. PM09-O3N2 yields
similar results.

3. The POI1 calibration was derived from nebular data with
12 + log(O/H) > 8.2, which is therefore the applicable
range of this method. Accordingly, it is not surprising to
see large discrepancies in the low metallicity regime.

4. P05 is a revised version of P01, providing calibrations

for both the upper and the lower branch of the rela-
tion between oxygen abundance and R,3. Here, we only
adopted the calibration for the upper branch, but even at
high metallicity the diagnostic underestimates the 7,-based
abundances.

. The ONS calibration provides abundances that are compa-

rable to those from the 7, method across the whole metal-
licity range, with a rms scatter of 0.09 dex.
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6. The NO calibration seems to largely agree with the 7,
method, although the scatter of the data points is larger
than in the case of the ONS method.

Theoretically calibrated methods. The last row of Figure 6
presents the abundances obtained from strong-line methods that
are calibrated from theoretical models. It is well known that they
provide systematically higher abundances than the 7, method
(e.g., Bresolin et al. 2009a). “KD02-combine” represents the
so-called “combined” diagnostic of KD02, recommended as
an optimized abundance determination by these authors, and
which can be used over the range of abundances from 12 +
log(O/H) = 8.2 up to 9.4, with a minimized scatter and showing
no systematic offset compared with “KD02-average.” “KD02-
R»3” is the Ry3 method calibrated from the models of KDO02:
compared to the 7, method it shows a large scatter both at high
and low metallicities. “KD02-average” is the average of five
independent strong-line methods. As we can see in Figure 6, it
overestimates the T,-based abundances, but the relative offset
appears unchanged across the full metallicity range.

Finally, M91 suffers from the well-known double-valued na-
ture of the Ry3 diagnostic. Additional line ratios and/or an initial
guess of the abundance are required to choose the appropri-
ate branch. We attempted to break the R,3 degeneracy by us-
ing the [N 11]/[O11] and [N 11]/He ratios, following the criteria
found in Kewley & Ellison (2008). According to these authors,
the separation between the R,3 upper and lower branches occurs
atlog(INu]/[Ou])=—1.2and —1.3 <log( [N 1u]/Ha) < —1.1.
These boundary values are marked by dashed lines in Figure 7,
where we plot the trends of both [N 11] /[O 11] and [N 11]/Ho with
Ry3. Only when both these criteria were simultaneously satis-
fied we assigned the objects to the appropriate branch. How-
ever, there is a large number of 22 objects in our sample whose
branches could not be firmly established, or remain dubious or
contradictory, based on these criteria. These objects are rep-
resented by black filled circles connected by dotted lines in
Figure 8, where we show how the M91-derived abundances
change as a function of R,3 parameter (top panel) and galac-
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tocentric distance (bottom panel). As the bottom panel of this
figure shows dramatically, the R,3 branch choice can yield very
different conclusions about the radial trend of the oxygen abun-
dance. This can make double-valued diagnostics like R,3 inap-
propriate to study radial abundance gradients in galaxies, and
as a minimum the results should be checked with additional
diagnostics.

In summary, the ONS calibration gives the best agreement
with the T, method for the oxygen abundances of the M101 Hut
region sample among the strong-line diagnostics considered in
our study. Most of the remaining empirically-calibrated strong-
line methods diverge from the 7, method at low metallicities.
The theoretically-calibrated diagnostics tend to systematically
overestimate the abundances, compared to the 7, method. The
excellent agreement of the ONS method with the 7, method is
not too surprising, given that it was specifically calibrated using
Hu regions with well-measured 7,-based abundances (but so
where the others). To further test its agreement with the T,
method we applied the ONS method to the H 11 region sample in
the galaxy NGC 300 presented by Bresolin et al. (2009a), who
found good agreement between the nebular abundances derived
with the 7, method and the metallicities of blue supergiant
stars (Kudritzki et al. 2008). The abundance gradient from the
ONS method is found to be represented by the following linear
fit: 12 + log(O/H) = 8.49(£0.02) — 0.33(£0.04) R/Ry. This
agrees well with the fit obtained from the 7, method, 12 +
log(O/H) = 8.57(£0.02) — 0.41(£0.03) R/Ry, and from the
blue supergiants, 12 + log(O/H) = 8.59(£0.05) — 0.43(£0.06)
R/Ry.

3.2.2. Abundance Variations Based on the ONS Diagnostic

In order to expand our analysis of possible spatial variations
of the chemical abundances presented in Section 3.1, we
used the oxygen abundances derived from the ONS method,
which shows the best agreement with the T, method for the
enlarged sample of H 11 regions. However, adopting other strong-
line diagnostics would yield the same conclusions concerning
azimuthal variations in the inner disk.

The radial oxygen abundance gradient thus derived is shown
in Figure 9. The solid line represents the least-square fit to the
data.

We note that there are five objects at R/ Ry = 0.81 displaying a
large abundance scatter. These are five individual emission knots
located within the supergiant H 11 region NGC 5471 (see KG96).
At least two of them have been associated with SNRs or the
presence of high-velocity gas (Skillman 1985; Chu & Kennicutt
1986; Kennicutt & Garnett 1996). Peculiar ionization conditions
in these knots could in principle affect the chemical abundance
determination (but we note that the 7, -based oxygen abundances
do not appear to be affected, and are quite homogeneous between
the different knots). Thus, the apparently large abundance scatter
between these data points, as seen in Figure 9, is unlikely
to result from a real oxygen abundance inhomogeneity in
this region (an interpretation supported by the T,-based O/H
measurements; see KBGO3 for a discussion of the N/O ratio),
but rather from a breakdown of the ONS diagnostic in this
nebular complex.

The linear fit to the radial abundance gradient is not signifi-
cantly affected by the inclusion of the knots in NGC 5471. We
obtain:

12 +1og(O/H)ons = 8.74(£0.03) — 0.82(£0.05)R/Ry (5)
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(A color version of this figure is available in the online journal.)

with a linear Pearson correlation coefficient of —0.90. The
intercept and the slope of the regression are consistent with
the result derived from the direct method (Equation (3)).

As done earlier, in Figure 10 (top panel) we zoom into the
radial range R/Ry = 0.54 to 0.59 (highlighted in gray in
Figure 9), and plot the oxygen abundance as a function of
position angle (bottom panel). Hu regions H27 (filled blue
triangle) and H128 (filled green circle), which were found to be
possible outliers from the radial abundance gradient obtained
from the direct method, are not so using the ONS method.
However, a new object, corresponding to slit 6 in van Zee
et al. (1998), is now found to have quite a low O/H abundance
ratio, 12 + log(O/H) =7.84. This can be explained by the fact
that the criterion used in the ONS method to assign an H1ut
region to a particular excitation class fails for this particular
nebula. The criterion, based on the [N 11]/[S 11] line ratio, assigns
this object to the “hot” class, but if we calculate its O/H
abundance as if it were a “warm” Hu region its O/H ratio
would increase by 0.3 dex, which would thus remove the
systematic abundance offset relative to the other nebulae with

'y
N

R/R,

Figure 9. Radial oxygen abundance gradient from the ONS method. The solid line is the linear least-squares fit including 74 H 11 regions. H27 is marked by the filled

10

similar galactocentric radius. The problem of misclassification
in the ONS method has already been discussed by Bresolin et al.
(2012). In addition, for the specific case of M101 Pilyugin et al.
(2010) recommended to use the “hot” classification only for
objects lying at R/ Ry > 0.90.

The rms scatter around the least-square fit for 74 H 11 regions
(the enlarged sample with the five knots in NGC 5471 removed)
is 0.10 dex. For the 17 objects in the grey shadowed region of
Figure 9 the scatter is 0.14 dex, and for all the remaining objects
it is 0.09 dex. However, if we focus on the 13 objects along arc
A only we find that the scatter is comparable to what we find for
the remaining objects (~0.10 dex). In other words, based on the
ONS method, we find no evidence for local inhomogeneities of
the oxygen abundance along arc A.

4. A GLOBAL ASYMMETRY IN THE
OXYGEN ABUNDANCE?

It is interesting to test not only for local chemical inho-
mogeneities, as done in the previous sections, but also for
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large-scale azimuthal variations in the disk of M101. Is it true
that the metal abundance distribution in the disk is azimuthally
axisymmetric, as usually assumed in chemical evolution mod-
els? To start to answer this question in the case of M101, further
examination of the two dimensional distribution of the oxygen
abundance is required.

As a simple test, we divided the galaxy into two halves with
respect to the major axis: an SE part (position angle: 37 to
217 deg, including 37 objects) and a NW part (complementary
position angles, with 42 objects), as shown in Figure 11. KG96
suggested that objects in the SE have lower oxygen abundances
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compared to H i1 region in the NW. This result was obtained from
the use of the R,3 parameter. We plotted the radial dependence
of Ry3 in M101 in Figure 12 in the same way KG96 did, but
including about twice the number of objects (79 versus 37).
The distribution of data points is virtually the same for the two
subsamples, and thus we do not confirm the non-axisymmetric
distribution suggested by KG96 considering the R,3 diagnostic
alone.

As a further test, we used six different strong-line methods
to calculate the oxygen abundances and fitted the radial distri-
bution with linear functions of the form 12 + log(O/H) = a +
bx(R/Ryp). Since we find (see Figure 13) that different abun-
dance diagnostics yield qualitatively different radial trends in
the outer disk, only object with R/Ry < 0.8 were included in
the fit. In Table 5 we summarize, for each diagnostic, the lin-
ear fit parameters a and b and their uncertainties, the Pearson
correlation coefficients, the rms scatter of the fit, and the char-
acteristic oxygen abundances measured at R = 0.4 Ry, which
correlate with the integrated galaxy metallicity (Zaritsky et al.
1994; Moustakas & Kennicutt 2006). Figure 13 illustrates the
results of the fitting procedure for the two H 11 region subsam-
ples (SE and NW) for each diagnostic. Table 5 shows that the
linear radial gradient parameters (e.g., slope and zero point) are
highly dependent on the abundance diagnostic adopted, which
is not surprising given the different behaviors found among the
strong-line methods when comparing with the 7, method. The
possible breakdown of many of the diagnostics at low metallic-
ities is evident in Figure 13, which shows that in several cases
(e.g., for PO1 and KD02-combine) the radial abundance gradi-
ent reaches a minimum abundance at ~0.8 R, and then rises
again in the outer disk. This situation has been more thoroughly
discussed by Pilyugin (2003). If we believe that these results are
unphysical, i.e., that the actual galactic gradient does not “turn
over” at a certain galactocentric distance, we need to discard the
abundances inferred from the strong-line diagnostics that are
affected by this issue (we stress that the direct abundance are
not affected). However, we point out that in recent years several
reports of metallicity gradients becoming flat or turning over at
large galactocentric radii in the Milky Way and other galaxies
have been made (e.g., Worthey et al. 2005; Yong et al. 2012;
Bresolin et al. 2009b). The radius where such a break appears
to occur in M101 agrees well with the results from the recent
work of Scarano & Lépine (2013), who noted a good correlation



THE ASTROPHYSICAL JOURNAL, 766:17 (14pp), 2013 March 20

9.0
8.8

8.6
A
8.4

8.2

12+log(O/H) .

8.0

7.8

[

\
.
[
[
[
!

7.6

0.

0 02 04 06 08 1.0 1.2 1.

SE e
NW A

9.0 2"
8.8
8.6
8.4
8.2

A® o
8.0

12+log(O/H) gane

7.8

[owe

[ ]

|

|
7.6 !
|

0

.0 02 04 06 08 1.0 1.2 1.

9.0
8.8

8.6
8.4
8.2

12+10g(O/H)po

8.0

7.8

PO1

7.6

R/R,

12+log(O/H)yo 12+l0g(O/H)ops

12+log(O/H)

2 14

L1, BRESOLIN, & KENNICUTT

|
| SEe |
[ NW A
|
| ]
|
o ]
|
ol ]
e A
: ]
| [ ]
7.8f ® o A 1
ONS ‘ °
7.6¢ I b
|
4
4

92K o SE e
9.0 NW 2
8.8 ]
A J
8.6 fy e
8.4 ]
|
8.2l . ]
|
8.0" ]

KD02-combine'

P S S R AU BN R
0.0 02 04 06 08 1.0 1.2 1.4
R/R,
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linear regressions to the two samples, limited to data points located at R < 0.8 Ry (marked by the vertical dashed line).

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

between the radial positions of the break and corotation radii
for a sample of spiral galaxies. Our Figure 13 shows, however,
that the various abundance diagnostics we considered still leave
some ambiguity concerning both the presence of the break and
the gradient slope in the outer disk (this problem is absent in
other outer disk nebular abundance studies, e.g., Bresolin et al.
2009b, 2012). Since the main goal of this work is to investigate
the possibility of azimuthal variations in the inner disk, where
the metallicity trends are less ambiguous, we decided to limit
our analysis to R/ Ry < 0.8.

Doing so, the differences in slope and intercept of the linear
regression between the SE and the NW portions of the disk are
found to be smaller than the corresponding uncertainties, con-
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firming the absence of obvious large-scale abundance variations
in the azimuthal direction. A much more extensive spectroscopic
coverage of M101 would be required to test for the presence of
azimuthal variations among smaller sections (e.g., quadrants) of
the disk.

5. SUMMARY AND CONCLUSIONS

Using a data sample of 79 H11 regions, with 28 from our new
observations (yielding 10 new detections of the [O111] 14363
line) and the rest from additional sources in the literature, we
have obtained and analyzed the radial oxygen abundance gradi-
ent in M101 based on the direct method ([O 111] A4363-based) as
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Table 5
Parameters of the Separate Linear Fits to the Radial Gradients

Region a b o(a) o(b) Correlation Coeff. Scatter 12 + log(O/H)r=0.4R,
(rms)

PP04-N2

ALL 8.68 —0.75 0.03 0.06 —0.83 0.10 8.38

SE 8.72 —0.88 0.04 0.10 —0.87 0.08 8.37

NW 8.66 —0.69 0.04 0.09 -0.79 0.10 8.38

PP04-O3N2

ALL 8.85 —1.03 0.05 0.09 —0.80 0.14 8.44

SE 8.88 —1.15 0.06 0.15 —0.84 0.13 8.42

NW 8.84 —1.00 0.07 0.13 -0.77 0.15 8.45

PO1

ALL 8.77 —-0.78 0.03 0.07 —0.81 0.10 8.46

SE 8.72 —0.69 0.04 0.10 -0.79 0.09 8.45

NW 8.82 —0.86 0.05 0.09 —0.82 0.11 8.48

ONS

ALL 8.75 —0.85 0.03 0.06 —0.87 0.09 8.41

SE 8.74 —0.88 0.05 0.11 —-0.84 0.10 8.39

NW 8.77 —-0.87 0.04 0.07 —0.89 0.09 8.42

NO

ALL 8.75 —1.18 0.03 0.06 —-0.92 0.09 8.27

SE 8.73 —1.22 0.04 0.10 —-0.93 0.08 8.25

NW 8.78 —-1.22 0.04 0.08 —-0.93 0.09 8.30

KDO02-combine

ALL 9.15 —0.96 0.03 0.06 -0.90 0.08 8.77

SE 9.11 —-0.90 0.04 0.10 —0.88 0.08 8.75

NW 9.19 —1.02 0.04 0.07 -0.92 0.08 8.78

Note. Linear fits a + bx(R/Rp) including only objects with R/Ry < 0.8.

well as various strong-line diagnostics. We found an exponen-
tial abundance profile with a gradient of —0.87 #+ 0.04 dex R, ™!
and a central abundance of 12 + log(O/H) = 8.73 % 0.03 from
the direct oxygen abundance measurements. The scatter in the
radial abundance gradient along arc A, located in the western
disk of M101, is 0.15 % 0.03 dex, while for the remaining H 1t
regions of the M101 disk the scatter is 0.08 & 0.01 dex. In the
same section of the galaxy we found that one H 11 region, H27,
deviates from the overall galactic abundance gradient, having
a significantly lower oxygen abundance, 12 + log(O/H)r, =
7.96 £ 0.08, compared to nearby objects. One additional neigh-
boring nebula, H128, has instead a large metallicity value, 12 +
log(O/H)r, = 8.45 £ 0.04, for its galactocentric distance, as
already found by Kennicutt et al. (2003). These results pro-
vide evidence that marginally significant deviations from local
metallicity homogeneity can arise in the interstellar medium of
this part of the galaxy over spatial scales of a few kpc.

Among the strong-line abundance diagnostics we considered
to derive the O/H abundance ratio for the full sample of 79
Hu regions we found that the ONS method (Pilyugin et al.
2010) provides the best agreement with the direct method. With
the ONS method we did not find any significant difference in
the abundance scatter between H 11 regions in the western arc of
M101 and the rest of the galaxy, being approximately 0.10 dex in
both cases. The rather large deviations from the main abundance
radial gradient measured for H27 and H128 from the direct
method are not confirmed by the ONS method. On the other
hand, the ONS method provides a large (0.4 dex) spread in
the abundance of individual knots in the supergiant H11 region
NGC 5471, which is not seen in the 7,-based data, and which
we interpret as an example of the fact that strong-line method
results should always be taken with care and be considered

13

valid in a “statistical” sense. For individual measurements the 7,
method should be preferred. On the other hand, the result of our
test of possible large-scale azimuthal abundance trends between
two opposite sides of M101 using strong-line methods, i.e., that
there is no detectable variation, should be considered robust. The
small scatter we generally observe in the abundance gradient,
when we consider that it includes H 11 regions on opposite sides
of the galaxy, is also a good indication for a fairly homogeneous
azimuthal abundance distribution.

In general, findings of large local deviations from abundance
homogeneity obtained from strong-line methods should be
verified with direct, T,-based measurements. We point out
that the abundances of individual emission knots within large
(~1 kpc) Hur region complexes are consistent with chemical
abundance homogeneity when using 7,-based data. Besides
the case of NGC 5471 mentioned above, this is true for the
NGC 5447 (H128, H143, H149) and NGC 5462 (H1159,
H1170, H1176) complexes. On the other hand, claiming sizable
inhomogeneities from abundances measured from some strong-
line indicators appears risky. For example, the N2 parameter
(in both the Pettini & Pagel 2004 and Pérez-Montero &
Contini 2009 versions of the calibration considered here) yields
abundance variations on the order of ~0.2 dex between the
few knots contained in the Hi region complexes mentioned
above, i.e., over spatial scales of a few hundred pc. Among the
N-based diagnostics, the NO indicator calibrated by Bresolin
(2007) appears much more robust, yielding variations on the
order of 0.03 dex among these objects.

It is tempting to try and interpret the relatively small abun-
dance peculiarity we detected in the western disk of M101 us-
ing the direct method with the notion that metallicity inho-
mogeneities could arise from metal-poor gas infall and galaxy
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interactions. The presence of high-velocity clouds and distor-
tions in the spiral structure in the eastern disk of M101 (van der
Hulst & Sancisi 1988; Waller et al. 1997; Sancisi et al. 2008)
can be attributed to tidal interactions between M 101 and one or
more of its surrounding neighboring dwarf galaxies. Very re-
cently, Mihos et al. (2012) presented a new deep H1 map of the
M101 group, which revealed the presence of newly-discovered
H1clouds and an H1 “plume” extending from the SW of M 101,
likely of tidal nature. It is of course difficult to associate any
of these features with the observed metallicity patterns in the
M101 disk, but it is tantalizing to observe that the marginally
larger scatter in the abundance distribution that we detect in the
western arc is taking place on the same side of the galaxy where
these tidal features appear now more evident. Future studies
should address this possibility by obtaining a large number of
high-quality spectroscopic observations and direct abundances
in this part of M101.
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