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Abstract

We report one of the first extragalactic observations of electron temperature variations across a spiral arm. Using
Multi Unit Spectroscopic Explorer mosaic observations of the nearby galaxy NGC 1672, we measure the [N II]
A5755 auroral line in a sample of 80 H I regions in the eastern spiral arm of NGC 1672. We discover systematic
temperature variations as a function of distance perpendicular to the spiral arm. The electron temperature is lowest
on the spiral arm itself and highest on the downstream side. Photoionization models of different metallicity,
pressure, and age of the ionizing source are explored to understand what properties of the interstellar medium drive
the observed temperature variations. An azimuthally varying metallicity appears to be the most likely cause of the
temperature variations. The electron temperature measurements solidify recent discoveries of azimuthal variations
of oxygen abundance based on strong lines, and rule out the possibility that the abundance variations are artifacts
of the strong-line calibrations.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Spiral galaxies (1560); Spiral arms (1559); H I
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regions (694); Interstellar abundances (832); Chemical abundances (224)

1. Introduction

Since the first discovery of radial abundance gradients in the
interstellar medium (ISM) of nearby galaxies almost half a
century ago (Searle 1971), numerous observational and
theoretical efforts have been made to robustly measure the
gradient and understand its physical origin. It is now well
established that almost all nearby, normal star-forming disks
exhibit negative radial gradients in their gas-phase oxygen
abundance with virtually the same characteristic slope (Zaritsky
et al. 1994; Sanchez et al. 2014; Ho et al. 2015; Kaplan et al.
2016), except for the very inner part and outer part of the disks
(Belfiore et al. 2017; Lian et al. 2018; Sanchez-Menguiano
et al. 2018; Zinchenko et al. 2019). The gradient informs
us about the inside-out formation history of galactic disks
(Chiappini et al. 1997, 2001; Prantzos & Boissier 2000; Fu
et al. 2009; Pilkington et al. 2012).

Despite small dispersion around the linear gradients in
typical isolated disks (e.g., Kennicutt & Garnett 1996; Croxall
et al. 2016), recent integral field spectroscopy observations
have revealed systematic azimuthal variations of HII region
oxygen abundance in some galaxies. The reported variations
are small, typically smaller than 0.1 dex and only in two cases

up to 0.2 dex (Ho et al. 2017; Vogt et al. 2017). The variations
usually correlate spatially with spiral structures (Sdnchez-
Menguiano et al. 2016; Kreckel et al. 2019), with the
abundance typically reaching a maximum in the spiral arms
and a minimum in the inter-arm regions (Ho et al. 2017, 2018).
These observations imply that the dynamics of the density
waves could affect the chemical enrichment of the ISM through
possible sub-kiloparsec-scale mixing, and open up the
opportunity to compare with theoretical predictions for ISM
mixing (Roy & Kunth 1995; de Avillez & Mac Low 2002;
Grand et al. 2016; Ho et al. 2017; Krumholz & Ting 2018).
So far, all extragalactic observations using integral field
spectroscopy have relied on different strong-line calibrations to
constrain the oxygen abundance in order to measure the
azimuthal variations. However, all strong-line methods are
subject to different degrees of systematic uncertainties that
have not yet been fully understood and resolved (e.g., Kewley
& Ellison 2008; Peimbert et al. 2017). It remains unclear
whether the varying strong-line ratios reflect changes of the
actual gas-phase metallicity or other physical properties of the
ISM. Understanding the physical mechanisms causing the line
ratio variations is particularly important given that the observed
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Figure 1. Three-color emission line image of NGC 1672 from our MUSE mosaic observations at 0”8 (46 pc) resolution. Blue: [O I]A5007, green: Ha, red: [S 11]
A6716. Our analysis focuses on the eastern spiral arm segment inside the gray rectangle, the only location where we found azimuthal changes in the strong-line ratio.
The two dashed contours indicate deprojected radii of 80" and 100”, discussed in Section 3.

variations are typically small (less than 0.1 dex). Other means
of constraining the ISM metallicity using temperature-sensitive
lines (auroral or recombination lines; e.g., Li et al. 2013) are
observationally very expensive. Here, we present one of the
first extragalactic observations of azimuthal variations of
electron temperatures (7,) in the eastern spiral arm of
NGC 1672 (Figure 1). By virtue of the excellent sensitivity
of the Multi Unit Spectroscopic Explorer (MUSE) instrument
on the Very Large Telescope (VLT), the [N IIJA5755 auroral
line is detected in a sample of 80 HII regions. In a companion
work, the strong-line oxygen abundances were also found to
present systematic azimuthal variations (Kreckel et al. 2019;
panels (b)—(d) in Figure 2). Below, we will present the
observational results and discuss what changes in the ISM
could drive the systematic variations of 7.

Throughout this Letter, we assume a distance of 11.9 Mpc,
at which 1”7 is 57.7pc (Tully et al. 2009), and adopt an
inclination angle of 37°5 and a position angle of 135°7 east of
north, derived from CO rotation curve fitting (P. Lang et al.
2019, in preparation).

2. Observations, Data Reduction, and Data Analysis

NGC 1672 was observed as part of a large observing
program with the MUSE spectrograph (Bacon et al. 2010) at
the VLT (PHANGS'®-MUSE survey; PI: Schinnerer). The
inner spiral structure was mosaicked with eight pointings
(Figure 1), each covering a 1’ x 1’ field of view with 0”2 pixels
and a typical spectral resolution of ~2.5 A (FWHM) over the
nominal wavelength range (4800-9300 A). Each pointing was

18 Physics at High Angular resolution in Nearby GalaxieS (https://sites.
google.com/view/phangs/home).

observed in four rotations, with two sky pointings, and a total
on-source integration time of 43 minutes. Typical seeing is 078
(or 46 pc).

Details on the data reduction and HII region catalog
construction are contained in Kreckel et al. (2019) and briefly
summarized here. Observations are reduced using PYMUSE-
PIPE, a pipeline built on ESOREX and the MUSE pipeline
recipes (Weilbacher et al. 2016) and developed by the
PHANGS team.'” Absolute astrometric corrections for the
MUSE pointings are derived from PHANGS team R-band
imaging (as part of a narrowband Ha imaging campaign;
details in A. Razza et al. 2019, in preparation), with astrometry
determined from GAIA. Ha emission line maps are analyzed
with HIIPHOT (Thilker et al. 2000), where “seeds” in the HII
region distribution are grown until they reach a termination
criterion determined by the slope of the Ha surface brightness.

Integrated spectra of H II regions are then produced from the
HII region mask. The integrated spectra are then fit using
LZIFU (Ho et al. 2016) that utilizes PPXF (Cappellari et al.
2011; Cappellari 2017) for modeling the underlying continuum
and MPFIT (Markwardt 2009) to fit the emission lines as single
Gaussians. All the emission lines adopted in this study are fit
simultaneously and share the same velocity and velocity
dispersion. To reject regions with line ratios inconsistent with
H I regions, the empirical line by Kauffmann et al. (2003) is
adopted for the [N 11]/Ha versus [O111]/HS diagram and the
theoretical line by Kewley et al. (2001) for the [S1]/Ha
diagram.

Electron temperature and density are derived from [N II]
AN5755,6584 and [S1JAN6716,6731. The PYNEB module

19 https://github.com/emsellem /pymusepipe
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Figure 2. (a) Cutout of Figure 1 focusing on the eastern spiral arm. (b)-(d) Oxygen abundance offsets from the linear radial gradient (Kreckel et al. 2019). The dots
indicate positions of individual H I regions. The abundances are derived using the S-cal strong-line method (Pilyugin & Grebel 2016). The three panels correspond to
offsets of different ranges, as indicated at the top of each panel. (¢) ALMA CO(2—1) peak brightness map. (f)-(h) Electron temperature variations. The electron
temperature inferred from the auroral line [N IIJA5755 reflects the temperature of the low ionization zone. Typical 1o error of the temperature is approximately 700 K
for regions with 5 > S/N > 3. The ranges of T, are indicated at the top of each panel. The magenta lines indicate the spiral arm location, defined by eye using

panel (a).

version 1.18 is adopted for extinction correction and solving
iteratively for electron temperature and density using multi-
level atomic models (Luridiana et al. 2012). The default atomic
data are adopted. We assume an intrinsic Balmer decrement
(Ha/HP) of 2.85 and the CCM89 extinction curve (Cardelli
et al. 1989, assuming Ry of 3.1). The electron temperature
derived from the [N IJAA5755,6584 lines reflects the temper-
ature of the low ionization zone of the nebula.

In total, 80 H1I regions with signal-to-noise ratio (S/N) of
[NIJAS5755 greater than 3 are analyzed and presented below
(out of 225 detections). A subset of 33 regions has an S/N
greater than 5.

3. Results
3.1. Azimuthal Electron Temperature Variations

In panels (f)-(h) of Figure 2, we present the electron
temperature that is primarily constrained by the [N II] auroral to
strong line ratio. To visualize the correlation with the spiral
structure, we split the regions in three bins based on their
temperatures. We define the spiral arm by eye guided by the
color figure in panel (a). The spiral arm defined on the optical
emission line image (magenta curves) is very consistent with
where bright molecular clouds live (panel (e), showing
the ALMA CO(2—1) peak brightness map; Sun et al. 2018;
A. Leroy et al. 2019, in preparation). Figures 2(f)—(h) show that
the HI regions with low temperatures (7, < 7500 K)

preferentially coincide with the eastern spiral arm. Regions
with higher temperatures are more likely to appear at the
leading side of the spiral arm.

3.2. Dynamical Evolution and Spiral Pattern

To further investigate possible correlations between ISM
physical conditions and the spiral arm, we quantify the
dynamical time since the spiral arm passage ‘49, =
7/(Q —Q,) where , is the pattern speed of the two-armed
gas spiral and 2 = V,/R is the angular (circular) rotation rate
of material in the disk. This relies on a measure of the rotation
curve V. and an estimate of the pattern speed of the dynamical
structure in the disk. We adopt the rotation curve measured
from the CO velocity field out to 80” by P. Lang et al. (2019, in
preparation) and then extend this out to the edge of our field of
view using the smooth rotation curve model fitted by P. Lang
et al. (2019, in preparation).

Our spiral pattern speed estimate is assigned in relation to
that of the inner bar structure (as described below) and is
chosen to yield a picture in which all H I regions on the convex
side of the arm lie inside the spiral corotation radius and thus
downstream of the gas spiral. Our estimate relies on first
determining the inner bar pattern speed, which we assign based
on the expectation that the bar ends at, or very near to, its
corotation radius (Contopoulos 1980; and see, e.g., Elmegreen
1996; Rautiainen et al. 2008; Corsini 2011). We specifically
assume Rcg = 1.2 ap (Athanassoula 1992), where ag = 80" is
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Figure 3. Angular velocity curves in NGC 1672, Q (solid),  + x/2 (dashed),
and 2 + x/4 (gray solid) derived from the observed rotation curve at R < 80”
measured by P. Lang et al. (2019, in preparation) and extended to larger radius
using the smooth model fitted by P. Lang et al. (2019, in preparation). The
adopted bar and spiral pattern speeds (see the text) are marked by dotted
horizontal lines.

the bar length measured by Herrera-Endoqui et al. (2015; see
also Figure 1). This yields €2, 5 = 25 km s 'kpc™!. We then
estimate our lower spiral speed assuming that the bar and spiral
arm are dynamically coupled (i.e., Masset & Tagger 1997;
Rautiainen & Salo 1999; Figure 3) and overlap at resonances
defined by intersections with the angular frequency curves
Q — k/m where m is a positive integer and & is the radial
epicyclic frequency in the disk. Given the observed shape of
the rotation curve, x ~ 21 over most of the disk, except
toward the center. This places the inner Lindblad resonance of
the spiral (where €, = Q — x/2) far from the bar corotation
radius. We therefore assume that the bar corotation overlaps
with the inner ultraharmonic resonance of the two-armed spiral
(where €2, = Q — x/4), which is another possibility suggested
by observations (Meidt et al. 2009). This yields the spiral
pattern speed €2, s = 12km s ' kpc !, placing all HII regions
inside the spiral corotation radius at approximately 200”.%
We adopt an uncertainty on the measured rotational velocities of
40.1 V. due to the inclination uncertainty (P. Lang et al. 2019, in
preparation) and let this define the primary uncertainty on the
measured timescale #4y, at all positions, which corresponds to
43 Myr, on average across the radial zone of interest.

While a two-pattern-speed scenario is more realistic, we
have also derived the dynamical time assumin% only a single
spiral pattern speed of €, s = 12km s 'kpc~'. The conclu-
sions of this work remain the same.

3.3. Variations of ISM Physical Conditions

In Figure 4, we present the dynamical time (f4y,) in panel (a)
and compare in panels (b)—(e) to the strong-line metallicity
offset, T, n., and pressure (n.7.). We split the H I regions into

20 Note that the scenario where the spiral rotates at the same speed as the bar is
arguably ruled out by the presence of H I regions on the convex side of the gas
spiral arms, a scenario that requires the regions to lie inside the spiral corotation
radius.
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two groups based on their dynamical time. The first group with
Iayn between £3 Myr®! is directly associated with the spiral
arm, whereas the second group, with #4,,, greater than 3 Myr, is
not. Panels (d)—(e) compare the distributions of the two groups
using both histogram and cumulative distribution function.
Using a two-side Kolmogorov—Smirnov test, we test the null
hypothesis that the two distributions are drawn from the same
distributions. The resulting p-values are 8.8 x 107%, 4.1 x
10*, 0.53, and 0.43 for panels (b)—(e), respectively. Figure 4
demonstrates that the spiral and downstream H II regions, short
and long dynamical time, respectively, are systematically
different in electron temperature and strong-line metallicity
offset. There is no evidence that the electron density and
pressure are systematically different.

We note that the product of n. derived from [STI] and T,
from [N 1I] is only an approximation of the ISM pressure given
that different ions are excited in different zones within an H1I
region and that H II regions may not be in pressure equilibrium
with their surroundings. Deriving n,. from the [S II] doublet also
assumes that the temperature of the [S1I] and [N II] zones are
similar. Also, the [S1I] lines are not very sensitive to n, in the
low-density regime.

4. Discussion
4.1. What Drives the Temperature Variation?

Our observations suggest that the H1I regions on the spiral
arm have a lower [N II] temperature than the downstream side.
There are several possible reasons for why this occurs. One
of the most straightforward explanations is that the lower
temperature on the spiral arm is due to the higher metal
abundance that causes effective cooling of the nebula.
However, at the spatial scale of marginally resolving individual
H 1I regions and dynamical timescales of a few Myr, variations
in [N1I] temperature could also reflect changes in other ISM
physical conditions or stellar characteristics.

The [N II] temperature in an HII region can be changed by
the pressure of the nebula. In the latest MAPPINGS V
photoionization models by Kewley et al. (2019), the authors
construct model grids as functions of metal abundance,
pressure, and ionization parameter. At solar and supersolar
metallicities of their plane-parallel models, pressure correlates
positively with [N II] temperature (panel (b) of Figure 5). From
log(P/k) of 5 to 6cm K, the [NII] temperature increases
from approximately 4000 to 5000 K for twice-solar metallicity
models. At half-solar metallicity, the positive correlation only
starts at an extreme pressure of log(P/k) > 7 cm—3 K. Our
HII regions are at approximately 0.8 solar metallicity and
log(P/k) = 5 cm~3 K; it is thus unlikely that the pressure can
substantially change the [NII] temperature. Moreover, if one
attributes the temperature variation purely due to pressure
variation, this would imply that the spiral arm H II regions have
lower pressure than those in the inter-arm regions. This is not
supported by the data (n.T.; panel (e) of Figure 4) and also
contradicts the expectation of higher pressure in the spiral arm
due to higher gas and star formation rate surface densities.

Another possible driver of the temperature variations is the
aging of the ionizing source. As a stellar population ages,
evolution of the spectral energy distribution alters the
ionization structure of the H I region and hence the measured

2! The negative dynamical time here is to take into account the width of the
spiral arm and the uncertainty of defining the spiral arm by eye.
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Figure 4. (a) Dynamical time since the spiral arm passage derived using our dynamical model (see Section 3). Positive time means the spiral arm has passed. The
dashed magenta line indicates the spiral arm, and the two dotted lines t4y, of £3 Myr. From (b) to (e): the two histograms represent regions of short
(3 > tgyn > —3 Myr) and long (fay, > 3 Myr) dynamical time, corresponding to spiral arm and downstream H II regions. The curves indicate the corresponding
cumulative distributions. The left y-axes correspond to the histograms and the right to the cumulative distributions. (b) Strong-line oxygen abundance offsets (from the
linear gradient; Figures 2(b)—(d)). (c) Electron temperature derived from the [N II] auroral line. (d) Electron density derived from the [S 1] doublet ratio. (e) The

product of electron temperature and density as a tracer of pressure.

electron temperature. To understand this effect, we derive [N II]
temperatures at different ages from the MAPPINGS III models
by Levesque et al. (2010; see panel (e) of Figure 5). For the
instantaneous burst models,>” a systematic decrease in [N II]
temperature of up to 2000 K is apparent for the first 10 Myr of
the stellar evolution for the models with metallicities above 0.4
solar. If star formation occurs only on the spiral arm, then as
stars age and drift off the spiral arm, we would expect the
temperature of the HII regions to decrease, leading to lower
temperatures on the downstream side. This is opposite to the
observation where the H II regions on the spiral arm have lower
temperatures than those on the downstream side. The reality is
likely more complex given that the dynamical time of some of
our regions is much longer than the typical lifetime of HII
regions (up to 30 Myr versus a few Myr), which suggests that
many downstream HII regions are inconsistent with being
formed on the spiral arm. It is unlikely that the aging effect
alone could produce the observed temperature variations.

4.2. Azimuthal Variations of Metallicity

Of the three possibilities discussed above, the most likely
cause of the observed temperature variations is the higher ISM
metallicity on the spiral arm than the downstream side. The T,
measurements would thus confirm the finding from the strong-
line method (panels (b)—(d) in Figure 2). That is, the inverse
correlation between strong-line metallicity and 7, reflects
simply metal cooling of the nebula.

22 The instantaneous burst models are more appropriate than the continuous
star formation history for comparing with our data given that our spatial
resolution can almost isolate individual H II regions.

To quantify the absolute abundance variation from the T,
measurements is nontrivial. The [O T \4363 auroral line and the
[0 m]AN3726,3729 strong lines fall outside the MUSE passband,
so it is not possible to directly constrain the oxygen abundance.
Alternatively, we can compare the observationally derived 7, to
the MAPPINGS V models by Kewley et al. (2019). The median T,
is 7294 K for the spiral arm regions and 7980 K for the
downstream regions (Figure 4(c)). This corresponds to 0.81 and
0.77 solar metallicity,”® respectively, using the models of
log(P/k) of 5 cm > K and ionization parameter of 10’ cms .
The abundance difference of 0.04 dex is larger than the
0.01-0.02 dex from the strong-line method (Figure 4(b)).
However, given the calibration uncertainty of the strong-line
method, particularly for high-metallicity regions, and the
simple geometry and sparse metallicity sampling of the models,
we consider that the two estimates are not inconsistent.

Despite that a quantitative statement to an accuracy of a few
times 0.01 dex is not yet feasible, it is clear that qualitatively
H I regions on the spiral arm have higher oxygen abundance
than those at the downstream side. Such a signature has been
reported in a number of nearby spiral galaxies using different
strong-line methods (Sdnchez-Menguiano et al. 2016; Ho et al.
2017, 2018; Vogt et al. 2017). In Ho et al. (2017), the authors
argue that the decrease in metallicity is due to mixing triggered
by a spiral density wave. Prior to density wave passage,
chemical inhomogeneity (between star-forming and non-star-
forming sites) was established due to inefficient mixing, when
materials travel in the inter-arm region. The passage of the
spiral density wave drives large-scale mixing with the
surrounding lower-metallicity gas, resulting in the low

3 We linearly interpolate between the 0.5 and 1 solar metallicity models.



THE ASTROPHYSICAL JOURNAL LETTERS, 885:L31 (7pp), 2019 November 10 Ho et al.
L6 @) 11 ¢ |16
H .
. s
14r 1t 1 ' ' : s : L {14
v ! i !
<« 12t H {12
=} ] H |
= 1.0f . ] 1.0
= ; b :
= 3
~ 08 . i ] . 0.8
[ s s 8 s
] ' ’ §
06 ® 0.05Z, e 1.0Z, 1t . i ] 10.6
02Z, ® 2.0Z, .o i 5> tyyn / Myr > -5
04re 047, i 1 tayn / Myr > 5 {04
107 100 2 5 6 7 8 9 o 2 a
Z[Zo] log(P/k) [em~3 K] No. density
(normalized)
16 (d) . . . e« 11 (e) — Instantaneous burst 1 1(f) 11.6
. ° o Continous star formation
14 ° . i ; i | {114
% A I :
< l2r ¢ s {1} s . . L ————— . . 112
o § (] .
— [ ] ¢ . i o3
—10F ¢ : : i L J J
Sool doq o000 T
‘O’J 0.8 . . N . . . ; H {o0.8
g A I I I I e
0.6 : {0.6
0.41 {0.4
65 7.0 75 8.0 85 0 2 a 6 8 0 2 a
log(q) [cm s7?] Age [Myr] No. density

(normalized)

Figure 5. (a), (b), (d) T.([N 11]) of H 1l region models as functions of metallicity, pressure, and ionization parameter from the latest MAPPINGS V grids by Kewley et al.
(2019). (e) T([N 11]) from the MAPPINGS III models by Levesque et al. (2010) as functions of ages and metallicities. These particular models have an input density of
100 cm ™~ and ionization parameter of 2 x 107 cm s—'. The MAPPINGS model line fluxes are treated like the observational data to derive T.(IN 11]) and ng([S 11])

(Section 2). (c), (f) Our H II region temperature distribution for comparison.

metallicity and high temperature in the downstream HII
regions. It remains unclear why such a signature is only
observed in some galaxies, and even more puzzling why
sometimes only seen in one spiral arm (e.g., this study; also see
Kreckel et al. 2019). It could be that right combinations of
dynamical time, star formation, and gas surface densities are
required to drive large metallicity variations. Dynamical
properties of spiral arms may also be important (e.g., short-
versus long-lived arms, material arm versus density wave), and
the mixing processes could be more complicated than that
proposed in Ho et al. (2017). Simulations of the dynamical
effect of spiral arms on star formation and chemical mixing and
also observations of multiple temperature-sensitive lines (e.g.,
the CHAOS Project; Berg et al. 2015; Croxall et al.
2015, 2016) and resolved stellar populations with the Hubble
Space Telescope could be possible ways forward.
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