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ABSTRACT

Determining the shape of dwarf irregular (dIrr) galaxies is controversial because if one assumes that these objects
are disks and if these disks are randomly distributed over the sky, then their projected minor-to-major axis ratios
should follow a particular statistical distribution, which is not observed. Thus, different studies have led to different
conclusions. Some believe that the observed distributions can be explained by assuming the dlrrs are thick disks
while others have concluded that dlirs are triaxial. Fortunately, the central stellar velocity dispersion, o,
combined with maximum rotation speed, V,.x, provides a kinematic measure, Vy,.x/0, 0, Which gives the three-
dimensional shape of a system. In this work, we present the stellar and gas kinematics of DDO 46 and DDO 168
from the Local Irregulars That Trace Luminosity Extremes; The H1 Nearby Galaxy Survey (LITTLE THINGS)
and determine their respective Vi,.x/0.¢ values. We used the Kitt Peak National Observatory’s Mayall 4 m
telescope with the Echelle spectrograph as a long-slit spectrograph, which provided a two-dimensional, 3-long slit.
We acquired spectra of DDO 168 along four position angles (PAs) by placing the slit over the morphological
major and minor axes and two intermediate PAs. However, due to poor weather conditions during our observing
run for DDO 46, we were able to extract only one useful data point from the morphological major axis. We
determined a central stellar velocity dispersion perpendicular to the disk, o, of 13.5 =8 kms™' for DDO 46 and
(6,0) 0of 10.7£2.9km s~ for DDO 168. We then derived the maximum rotation speed in both galaxies using the
LITTLE THINGS H1 data. We separated bulk motions from non-circular motions using a double Gaussian
decomposition technique and applied a tilted-ring model to the bulk velocity field. We corrected the observed H1
rotation speeds for asymmetric drift and found a maximum velocity, V,,.x, of 77.4 3.7 and 67.4 £ 4.0 for DDO
46 and DDO 168, respectively. Thus, we derived a kinematic measure, Vi,x/0; 0, of 5.7+ 0.6 for DDO 46 and
6.3 £ 0.3 for DDO 168. Comparing these values to ones determined for spiral galaxies, we find that DDO 46 and
DDO 168 have Vi,ax/0, values indicative of thin disks, which is in contrast to minor-to-major axis ratio studies.
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1. INTRODUCTION

When classifying dwarf galaxies, it is commonly stated in
the literature that gas rich dwarf irregular (dIrr) galaxies are the
low luminosity tail of the spiral galaxy Hubble tuning fork
classification sequence (e.g., de Vaucouleurs 1959; Binggeli
et al. 1988). If this hypothesis is correct, then one would expect
these objects to be intrinsically disk shaped like the more
massive spiral galaxies. If one assumes that dIrr galaxies are, in
fact, disks and if those disks are randomly distributed across the
sky, then the projected minor-to-major axis ratios (b/a) and the
corresponding derived inclination angles should follow a
similar statistical distribution as for the spiral disk galaxies.
However, this is not what previous studies have shown and
different groups have interpreted the inconclusive results to
mean different things. Staveley-Smith et al. (1992) and Hodge
& Hitchcock (1966) surmised that their observed b/a statistical
distributions implied that dIrr galaxies are thick disks. Others

® ARC Centre of Excellence for All-sky Astrophysics (CAASTRO).

galaxies: kinematics and dynamics

have interpreted the distribution as evidence of a triaxial nature
(Binggeli & Popescu 1995), only a little less spherical than
dwarf ellipticals (dEs; Sung et al. 1998). Recent studies by
Sénchez-Janssen et al. (2010) assume galaxies are oblate
spheroids and find a trend in disk thickness with galaxy mass;
dIrr galaxies are thinnest near stellar mass M+« ~ 2 x 10’ M, and
thicken on either side of this mass. In contrast, Roychowdhury
et al. (2013) made no assumption on the intrinsic shapes and
found that dIrr disks thicken with decreasing luminosity; the
most massive, brightest dlrr systems have the thinnest disks
and the disks thicken as luminosity decreases.

In order to resolve the b/a controversy and to determine if a
disk thickness with luminosity trend does, in fact, exist, a more
robust method for measuring the three-dimensional shape of
dIrr systems is necessary. The stellar kinematics, in particular,
the central (R =0) stellar velocity dispersion perpendicular to
the disk, 0,0, combined with the maximum rotation speed,
Vinax, usually determined from H1 kinematics, produces a
kinematic measure, Vi.x/0, 0. If an object is a disk, then it will
be dominated by rotation and supported by angular momentum
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Table 1
Global Parameters for DDO 46 and DDO 168
Parameter DDO 46 DDO 168 References
Other Names UGC 03966, PGC 21585 UGC 08320, PGC 46039 1
Distance (Mpc) 6.1 4.3 2
My, -14.7 -15.7 2
Galaxy Diameter to 25 mag arcsec™> in B, D55 (arcmin) 1.49 2.85 3
V-band Disk scale length, Ry (kpc) 1.14 £ 0.06 0.82 £ 0.01 2
Center (R.A., decl.) (J2000) (07:41:26.6, +40:06:39) (13:14:27.2, +45:55:46) 4
Minor-to-major Axis Ratio, b/a 0.89 0.63 4
Inclination from b/a, iy (degrees) 30 58
Lo (ergs s™) (6.17 + 0.14) x 10% 1.07 x 10% 3
Log Star Formation Rate (log SFRp) (M., yr™'kpc™) —2.89 £ 0.01 —2.27 £0.01 2
Stellar Parameters Determined from this Work
Vi (kms™") 1859 +£9.9
Kinematic Major Axis PA (degrees) 288
Average Central Velocity Dispersion, <o >(km s™") 13.5+8 10.7 £2.9
Total Stellar Mass—3.6um (log M) 7.73
Total Stellar Mass—SED (log M) 7.3910.48 7775913
Optical Scale-height, i, (pc) 155 110
H 1 Parameters Determined from this Work
Vi (km s™"), 360.8 + 1.3 1926+ 1.2
Kinematic Major Axis PA (degrees) 274145 2755+ 5.8
Inclination from Tilted Ring Model, iy, (degrees) 27.9 £0.1 46.5 £ 0.1
Kinematic Center (Xpos, Ypos) (R.A., decl.) (07:41:26.3, +40:06:37.5) (13:14:27.3, +45:55:37.3)
Vior (kms™") 69.7 + 0.6 547403
Vinax (kms™) 774 £3.7 674140
Average Velocity Dispersion, <oy, >(km s™") 6.5 11.0
Central Velocity Dispersion, oy, o (kms™) 10.0 12.0
Total Gas Mass (M) 2.2 x108 2.6 x10°
Mayn (M) 4.1 x10° 3.3 x10°
(Rmax =292 kpC) (Rmax =3.14 kpC)
Mpym (M) 3.8 x10° 3.0 x10°
Vinax/ 020 57406 63+03
My /M 8.9 4.4
Mpam/Myyr 16 9

References. (1) NASA Extragalactic Database, (2) (Hunter et al. 2012, and references therein), (3) Hunter & Elmegreen (2004), (4) Hunter & Elmegreen (2006).

(Vinax > 0;) (Binney & Merrifield 1998); on the other hand, a
triaxial system is pressure supported and, therefore, dominated
by the random motions of the stars (Viu.x < o). Thus, a spiral
galaxy disk has V. /0.0 > 1, usually between two and five
(Bottema 1993; Vega Beltréan et al. 2001; Beckman et al. 2004,
Martinsson et al. 2013), and triaxial systems such as giant
elliptical and dE galaxies have Vi.x/o.0 <1 (Binney 1982;
Binney & Tremaine 1987; Pedraz et al. 2002). Thus, Vyax/o.0
is a definitive method for understanding the intrinsic three-
dimensional shape of a galaxy.

There is evidence in the literature that dIrr galaxies may be an
earlier evolutionary stage of dSph and dE systems. Through ram
pressure stripping, harassment, tidal forces, and other interaction
mayhem, dIrr galaxies may morph into dEs, like the ones found
in the Virgo cluster that contain embedded stellar disks (Lisker
et al. 2007), or they may become dSph systems like those
observed around the Milky Way and M31 (e.g., Grebel
et al. 2003). Thus, dIrr galaxies may be innately triaxial, or,
through interaction processes, dIrr systems may transform from
a rotationally supported disk to a triaxial pressure supported
system. By studying the stellar and gas kinematics of nearby dIrr

galaxies, we may get a glimpse of the potential mechanism(s)
for transforming a dIrr system into dE or dSph systems.

In this work, we present the stellar and H 1 gas kinematics for
DDO 46 and DDO 168, two nearby dlir galaxies. Both DDO
46 and DDO 168 are “typical” dlIrrs representative of the Local
Irregulars That Trace Luminosity Extremes; The H1 Nearby
Galaxy Survey (LITTLE THINGS) sample; they have absolute
V magnitudes, My, of —14.7 and —15.7, respectively, which
places them at the peak of the histogram distribution for
magnitude versus number of galaxies for the dlrrs in LITTLE
THINGS as shown in Figure 1 of Hunter et al. (2012). Both
have typical star formation rates, H1 masses, and disk scale
lengths (Hunter & Elmegreen 2006; Hunter et al. 2012).

Table 1 lists some of the global parameters for our targets.
The stellar kinematics for our galaxies were obtained using the
KPNO'? Mayall 4 m telescope with the Echelle spectrograph.
We obtained long-slit, two-dimensional optical spectra

10 The Kitt Peak National Observatory is operated by the National Optical
Astronomy Observatory (NOAO), which is operated by the Association of
Universities for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
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Figure 1. LITTLE THINGS V-band images of DDO 46 (a) and DDO 168 (b) with outermost contour used to determine morphological major and minor axes. The
KPNO 4 m + Echelle spectrograph 3’ slit PAs are overplotted for each galaxy. The white dots mark the morphological center in each and the “a” and “b” letters mark
the semimajor and semi-minor axes, respectively. North is up and east is to the left.

centered on the Mg Ib triplet along four position angles (PAs)
per galaxy: major axis, minor axis, and +45° to the major axis.

The H1 gas kinematics are from high spatial and spectral
resolution data obtained with the NRAO'' Very Large Array
(VLA). The data for DDO 46 and DDO 168 are from LITTLE
THINGS (Hunter et al. 2012).

This paper is organized as follows: Section 2 describes the
observations, data reductions, and analysis for the optical
spectra; Section 3 describes the data and analysis for the H1
spectroscopy; Section 4 explores the results; Section 5 is our
discussion section; Section 6 presents the summary and
outlines the conclusions.

2. OPTICAL STELLAR SPECTRA
2.1. Observations

Figure 1 shows V-band images for DDO 46 and DDO 168
from the LITTLE THINGS data set with the 3’ slit positions
overplotted. The white dot in each image marks the
morphological center and the center of the slit. Figure 1 also
includes the outermost V-band intensity contour, which is what
is used to identify the morphological semimajor (a) and semi-
minor (b) axes for each object. Both a and b are marked on
Figure 1 for each galaxy and our b/a values and corresponding
inclinations, i (assuming an intrinsic disk thickness for
irregulars, g, = 0.4 (van den Bergh 1988)) agree with those
from Hunter & Elmegreen (2006). See Table 1 for the
respective b/a and i values.

Both galaxies were observed with the KPNO Mayall 4 m
telescope and Echelle spectrograph. DDO 46 was scheduled for
six nights in 2010 January along the major and minor
morphological axes, but due to rainy, cloudy weather, only
one night has usable data. DDO 168 was observed for two
nights in 2008 February along the major axis and then again in
2009 April and it was observed in all four PAs, morphological
major and minor axes and intermediate angles + 45° from the

! The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

major axis. The weather for all of the nights we observed DDO
168 was superb, with the exception of 2008 February 3 where
some clouds reduced the data quality.

Table 2 shows a summary of the observations. We used the
4 m +Echelle spectrograph as a 3’ long-slit, two-dimensional
spectrograph by replacing the cross-disperser with a mirror flat.
We opened the slit to 2”5 in order to maximize throughput
while maintaining high spectral resolution. The average seeing
at the KPNO 4 m telescope during our observing run in 2009
April for DDO 168 was quite good and generally less than 275,
although there was one night when the seeing worsened and
may have been about this. The cloudy, rainy weather
conditions that plagued our observing run in 2010 January
for DDO 46 made for poor seeing conditions and during some
nights caused seeing to jump above 2’5. Thus, the point-spread
function of the template stars in the case of DDO 46 and on one
night with DDO 168 were comparable to the slit-width and,
thus, the spectral FWHM of the stars were observed under
comparable slit-illumination conditions as the galaxy. How-
ever, on the other DDO 168 nights the spectral FWHM of the
stars was set by the seeing. This may potentially lead to an
overestimate of the line of sight velocity dispersions obtained
for the galaxies. However, this effect is likely minimal because
a comparison of the FWHM of the stars on nights of good
seeing are <15% different compared to the FWHM of stars
observed under poorer seeing conditions.

We targeted the strong Mg Ib stellar absorption features at
5167.3, 5172.7, and 5183.6 A by isolating a single order using
a filter with a central wavelength of 5204 A and FWHM of
276 A. These Mg Ib absorption features are easily detected
because they are deep and this wavelength region is virtually
free of telluric features. Our setup produces a FWHM = 0.38
A as measured from the central lines of Th—Ar comparison
lamp exposures and gives a velocity resolution of ~22kms™",
which corresponds to a velocity dispersion, o, of ~9kms™".
We acquired an angular pixel scale of 172 pix~', after binning
by two pixels in the cross-dispersion direction, and a spectral
pixel scale of 0.14 A pix™".
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Table 2
KPNO 4 m + Echelle Spectroscopic Observations
UT Date PA® Nea® Ty (s)° Nay* Toy (s)° Nopee' Nry® Weather
Obs. Conditions
DDO 46
2010 Jan 15 84° (Major axis) 5 9000 5 9000 0 4 Clouds, rain
2010 Jan 16 84° (Major axis) 5 9000 5 7393 0 541 Clouds, rain
2010 Jan 17 84° (Major axis) 4 7200 4 5673 1 11+1 Strong winds, clear
2010 Jan 18 174° (Minor axis) 8 13,800 7 12,000 0 5 Heavy clouds
DDO 168
2008 Feb 02 153° (Major axis) 4 7200 4 6900 3 5+1 Clear
2008 Feb 03 153° (Major axis) 4 7200 4 7200 2 12+1 Clear, partly cloudy
2009 Apr 17 63° (Minor axis) 6 10800 5 9000 2 6 Clear
2009 Apr 18 153° (Major axis) 6 10800 6 10800 3 6+1 Clear
2009 Apr 19 198° 7 12600 7 12600 2 8+1 Clear
2009 Apr 20 108° 7 12600 7 12600 3 11+1 Clear
Notes.

 Position angle observed, parenthesis identify morphological position angle.
® Number of galaxy exposures co-added into a single spectrum.

¢ Total integration time, in seconds, on galaxy.

4 Number of sky exposures co-added into a single spectrum.

C_ Total integration time, in seconds, on sky.

T Number of one-dimensional spectra extracted.

€ Number of radial velocity standard stars used in cross-correlation method. The “+1” is in reference to the solar spectrum, from twilight flats, used as a radial velocity

standard star.

On the first night of every observing run, we stepped a radial
velocity standard star in equal spatial steps along the cross-
dispersion direction of the slit in order to model the cross-
dispersion curvature and to obtain the spatial pixel scale. We
observed several radial velocity standard stars at the beginning
and ending of every night and acquired comparison lamp
exposures at each star location in order to accurately solve for
the wavelength solution. Table 3 lists all of the radial velocity
standard stars observed each night along with their exposure
times, spectral types and classes, magnitudes, coordinates,
metallicities (where available), and heliocentric radial velo-
cities. We used these radial velocity standard stars in the Milky
Way as templates and applied a cross-correlation method
(CCM) to determine the velocities and intrinsic velocity
dispersions of the stars in each galaxy.

Careful sky subtraction is essential to our analysis and this
was achieved by observing equal amounts of time on the
galaxy as blank sky near the target position. Each night, we
observed one PA of the galaxy and took several 1800 s
exposures for each galaxy position and several 1800 s
exposures of blank sky near the galaxy position in order to
properly subtract sky. Comparison lamp exposures were taken
before and after each galaxy and sky exposure so that accurate
wavelength calibration could be performed.

2.2. Data Reductions

All optical stellar spectra were reduced using the Image
Reduction and Analysis Facility (IRAF).'”> We presented the
detailed data reduction process in a companion paper on NGC

12 IRAF is distributed by the National Optical Astronomy Observatory.

1569 and refer the reader to Johnson et al. (2012) for more
comprehensive information. Thus, we only briefly outline the
major steps taken in the data reduction process here.

We began our data reductions by fitting for the overscan to
remove the electronic pedestal in each image. Then, we
averaged and normalized 10 dome flats taken each night to
correct our spectra for any pixel variations or imperfections
from the instruments. We averaged and normalized a series of
twilight sky flats to correct for illumination variations along the
cross-dispersion direction of the slit. We took bias frames at the
start of each observing run to ensure that there was no
electronic noise pattern across the CCD but because no
significant variations were observed, we did not use the bias
exposures in our data reductions.

We used the radial velocity standard star that was moved in
equal spatial steps along the slit to correct for the slit
curvature. We used comparison lamp exposures to find our
wavelength solutions and found that our spectra are accurate
to 0.4 A for a given night, which enabled us to put all spectra
for a night on a single wavelength scale. We co-added all of
the galaxy exposures together to maximize signal-to-noise
ratio (S/N) and then subtracted the co-added sky exposures to
produce a single, two-dimensional spectrum. Table 2 lists the
total integration times for each galaxy and sky position per
night.

2.3. Extraction of One-dimensional Spectra

We summed along lines parallel to the cross-dispersion
direction in order to extract one-dimensional spectra. This
spatial summing process was necessary to produce adequate
S/N in all of the one-dimensional spectra. To preserve the
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Table 3
Radial Velocity Standard Stars Used in Cross-correlation Method®
HD Metallicity Spectral RA (J2000)  DEC (J2000) Vietio” Teep DDO 46 DDO 168
No. 1% [Fe/H] Type and Class (hh:mm:ss) (e m (kms™") (Seconds) UT Date Obs. UT Date Obs.
3765 7.36 0.10"' K2V 00:41:17.4 +40:13:56 -63.0+£0.2 90 2010 Jan 16
4388 7.34 K3 I 00:46:54.5 +30:59:52 -28.3+0.6 70 2010 Jan 15
8779 6.41 -0.407 KO IV 01:26:53.5 —-00:21:18 -5.0£0.5 36 2008 Feb 03
45 2010 Jan 16
45 2010 Jan 17
9138 4.84 -0.37° K4 11 01:30:37.9 +06:11:15 +354 +£0.5 7 2008 Feb 03
15 2010 Jan 16
15 2010 Jan 17
12029 7.44 K2 111 01:59:11.2 +29:25:16 +38.6 £ 0.5 80 2010 Jan 16
80 2010 Jan 17
22484 4.28 -0.10° F9 IV-V 03:37:18.5 +00:25:41 +27.9 £ 0.1 5 2010 Jan 17 2008 Feb 02
5 2008 Feb 03
10
23169 8.50 G2V 03:44:23.9 +25:45:06 +133+0.2 240 2008 Feb 03
170 2010 Jan 15
170 2010 Jan 17
220
26162 5.50 -0.02! K1 III 04:09:39.8 +19:37:52 +239 £ 0.6 30 2010 Jan 18
32963 7.60 0.08" G5 IV 05:08:27.3 +26:20:18 -63.1 £04 120 2008 Feb 02
120 2009 Apr 19
90 2010 Jan 15
90 2010 Jan 16
90 2010 Jan 17
90 2010 Jan 18
100
65583 6.97 -0.56° G8V 08:01:03.6 +29:11:09 +125+04 60 2009 Apr 19
80
65934 7.70 G8 1II 08:02:42.1 +26:36:49 +35.0+£0.3 120 2009 Apr 20
100
66141 4.39 -0.30° K2 IIIb Fe-0.5 08:02:42.5 +02:18:39 +70.9 £ 0.3 15 2009 Apr 18
10 2009 Apr 19
30 2009 Apr 20
75935 8.46 G8V 08:54:20.3 +26:52:50 -189+0.3 170 2010 Jan 16 2009 Apr 17
240 2010 Jan 17
200
90861 6.88 K2 1II 10:30:22.2 +28:32:15 +36.3 +£0.4 60 2010 Jan 16 2009 Apr 17
90 2010 Jan 17 2009 Apr 20
80
70
92588 6.26 -0.107 K1 IV 10:41:50.1 -01:47:11 +42.8 £ 0.1 35 2010 Jan 16 2009 Apr 18
35 2009 Apr 20
60 2010 Jan 17
102494 7.48 -0.26* G9 IVw... 11:48:22.8 +27:17:36 -229+0.3 90 2010 Jan 16 2009 Apr 19
100 2009 Apr 20
300 2010 Jan 17
103095 6.45 -1.12° G8 Vp 11:53:28.0 +37:39:28 -99.1 £0.3 50 2009 Apr 20
90 2010 Jan 17
107328 4.96 -0.46° KO0.5 IIIb Fe-0.5 12:20:46.9 +03:15:55 357+0.3 10 2009 Apr 19
12 2009 Apr 20
122693 8.11 F8 V 14:03:15.6 +24:31:14 -63+0.2 170 2010 Jan 18 2008 Feb 03
80 2009 Apr 20
200
126053 6.27 -0.45° Gl V 14:23:41.4 +01:12:08 -185+04 40 2010 Jan 18 2008 Feb 02
35 2008 Feb 03
40 2009 Apr 17
40 2009 Apr 20
132737 7.64 KO IIT 15:00:14.4 +27:07:37 -24.1+0.3 80 2008 Feb 02
80 2008 Feb 03
80 2009 Apr 18
200 2010 Jan 18
136202 5.06 -0.08° F8 MI-IV 15:19:44.9 +01:44:01 +53.5+0.2 24 2008 Feb 03
24 2009 Apr 17
30



THE ASTRONOMICAL JOURNAL, 149:196 (19pp), 2015 June JOHNSON ET AL.

Table 3
(Continued)
HD Metallicity Spectral RA (J2000) DEC (J2000) Vietio” Texp DDO 46 DDO 168
No. 1% [Fe/H] Type and Class (hh:mm:ss) (" (kms™) (Seconds) UT Date Obs. UT Date Obs.
144579 6.66 —0.69" G8 IV 16:05:14.4 +39:08:02 -60.0 £0.3 35 2008 Feb 03
35 2009 Apr 19
50
145001 5.00 -0.26° G5 III 16:08:27.6 +17:01:29 95+£02 15 2008 Feb 02
10 2008 Feb 03
10 2009 Apr 18
20 2009 Apr 19
10 2009 Apr 20
25
154417 6.01 -0.04° F8.5IV-V 17:05:42.8 +00:41:26 -17.4+03 20 2008 Feb 03
35 2009 Apr 17
182572 5.16 -0.37" G71V Hé 1 19:25:22.5 +11:57:47 -100.5 £ 0.4 24 2009 Apr 17
24 2009 Apr 18
24 2009 Apr 19
40 2009 Apr 20
187691 5.11 0.07 F8 Vv 19:51:26.1 +10:26:15 +0.1+0.3 24 2009 Apr 18
212493 4.79 KO IIT 22:28:17.3 +04:44:19 +54.3 +£0.3 20 2010 Jan 18
213947 6.88 K2 22:35:00.6 +26:38:32 +16.7+0.3 45 2010 Jan 15
45 2010 Jan 18
222368 4.13 -0.15° F7V 23:40:23.3 +05:40:21 +53+02 5 2010 Jan 15
5 2010 Jan 16
8 2010 Jan 17
5 2010 Jan 18
223311 6.07 K4 III 23:48:58.7 —06:20:00 -20.4+0.1 30 2010 Jan 15
30 2010 Jan 16
30 2010 Jan 17
Sun® 4.83 0 G2V 2008 Feb 02
2008 Feb 03
2009 Apr 18
2009 Apr 19
2009 Apr 20
Notes.

% All data in table, except for metallicity and the last two columns, come from the United States Nautical Almanac (2008). Metallicities are listed, where available, and

references are given below.
b . . . oy
Heliocentric radial velocities.

¢ We extracted a one-dimensional spectrum from the combined twilight flats on the nights we obtained them and used the spectrum as a standard star template in the

cross-correlation method, as explained in Section 2.1.

Reference. (1) Soubiran et al. (2008), (2) Randich et al. (1999), (3) Cenarro et al. (2007), (4) Yoss & Griffin (1997), (5) McWilliam (1990), (6) Chen et al. (2000),

(7) Fuhrmann (1998), (8) Luck & Heiter (2007), (9) Maldonado et al. (2012).

spatial resolution of the data for comparing the stellar and gas
kinematics at a given location, we limited the spatial area
summed to less than approximately three H1 beam widths (see
Section 3.1). For DDO 168, we summed 246 (513 pc at a
distance of 4.3 Mpc) to produce one-dimensional spectra along
the morphological major axis and the two intermediate PAs.
For the data taken along the morphological minor axis, we
summed over 123, or 256 pc, because of the increase in S/N
along this PA. For DDO 46, we summed over 12”3 (364 pc at a
distance of 6.1 Mpc). After the one-dimensional galaxy spectra
were extracted, we fit the continuum.

We also extracted one-dimensional spectra from the radial
velocity standard stars and fit for the continuum in each. We
used these stellar templates to create our own template library
and only the stars taken on the same night were used in the
CCM. This was to ensure that we did not introduce any
potential night to night variations. On the nights that we

observed twilight flats, we extracted a solar spectrum for use as
an additional template star in the CCM.

Figure 2 shows examples of continuum subtracted, one-
dimensional galaxy spectra along the major axes for DDO 46,
DDO 168 and a stellar template for comparison. The rest
wavelengths of the Mg Ib triplet absorption features are marked
for reference and the regions used in the CCM are shown by the
black horizontal brackets.

2.4. Analysis

We used the IRAF task rxcor (Tonry & Davis 1979;
Fitzpatrick 1993) to cross-correlate the galaxy spectra with the
stellar template library from the same night. Proper sky
subtraction is critical to produce a high S/N cross-correlation
peak. Thus, we tested all of the available scaling functions in
IRAF in the co-adding process before, during, and after sky
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Figure 2. Example of continuum subtracted, one-dimensional spectra for the major

axes of DDO 46 (a), DDO 168 (b), and one template stellar spectrum of HD

132737 (c) for comparison. The spectrum for DDO 46 has a S/N of ~3 and was extracted at a radius of —4/8 (west) from center. The spectrum for DDO 168 has S/N of
~6 and was extracted at a distance of +26/8 (east) from the center. The stellar template spectra is of HD 132737 and has a S/N of ~40, which was typical throughout

the observing runs. We used the regions shown by the horizontal brackets in the cross-
features are marked in each panel.

subtraction and analyzed the noise statistics and strength of the
peak in the cross-correlation function to find the best sky-
subtracted, extracted spectra. We explored the effects of
various spectral regions used in the cross-correlation function
making sure to avoid any residual sky lines. The main outcome
from all of our tests is that the heliocentric radial velocities of
the stars in the galaxy, be it DDO 46 or DDO 168, as
determined from Fxcor, did not change by more than 10%
regardless of which scaling function (or none at all) or spectral
regions we used. We did, however, achieve a higher S/N cross-
correlation peak depending on the quality of sky subtraction
and avoidance of residual sky lines, which in turn, produced a
more robust (smaller standard deviation) stellar velocity
dispersion. Because the data quality was so good for DDO
168, the sky subtraction issues did not cause much variance in
the resulting velocity dispersions. However, because of the
poor weather conditions and troubles with sky subtraction,
there was only one extracted spectrum from DDO 46 that
produced a cross-correlation peak above 3.

Table 3 shows the dates that the standard stars were observed
and all stars observed on the same night make up the number of
stars used in the CCM. For example, to obtain the stellar
kinematics for the morphological major axis of DDO 168
observed on 2009 April 18, we used the following seven stellar
templates also observed on 2009 April 18 in the CCM: HD
66141, HD 92588, HD 132737, HD 145001, HD 182572, HD
187691, and the Sun. We derive the heliocentric radial
velocities of the stars in each object using the peaks of
the CCM.

correlation method (CCM). The rest wavelengths of the Mg Ib absorption triplet

For each night, we cross-correlate the standard star templates
with themselves in order to check the radial velocities and also
to model the instrumental FWHM (FWHM;,q,) of the cross-
correlation peak. On average, we found that the FWHMj,q.
~30kms~'. We subtracted the FWHM,,, in quadrature from
the FWHM of the individual galaxy spectra cross-correlated
with the template stars (FWHM,y,) in order to determine the
intrinsic velocity dispersion of the galaxies. In Equation (1), we
use the definition of a Gaussian to derive the observed stellar
velocity dispersions of the stars:

JFWHM g2 — FWHMp,2
235 ’

Figure 3 shows example cross-correlation peaks for the cross-
correlation between the summed regions of each galaxy and a
single radial velocity standard star. The S/N ratio for the cross-
correlation peak is above three for each spectrum and because
of the low S/N in the peak of DDO 46, the profile has a bumpy
appearance.

We observed as many different spectral types and classes
(and metallicities, when available) of radial velocity standard
stars each night (of which there are not that many to choose
from in a given night) in order to create as diverse a stellar
template library as possible. The spectrum of HD 132737 in
Figure 2 is representative of how the stellar template spectra
have deeper, more well defined absorption features than the
galaxy spectra. It is difficult to measure the effect of this
template mismatch on the velocity dispersion results. However,

ey

Oobs =
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Figure 3. Example of cross-correlation peaks for DDO 46 (a) and DDO 168 (b) cross-correlated with radial velocity standard star, HD 102494 and HD 66141,

respectively.

the FWHM values determined from the CCM for DDO 46 and
DDO 168 are all remarkably consistent for a given galaxy
spectrum and do not vary by more than 10% between the
template—galaxy pairs. Also, we found that there is less than a
10% difference between the FWHM values from the cross-
correlations between the different pairs of template stars, which
is the same as for the template—galaxy pairs. We noticed that
the solar spectrum has consistently higher FWHM values when
cross-correlated with the other templates (although only
slightly and all within 10% of the other templates) and this is
likely attributed to the Sun’s higher log(g) value compared to
the giant template stars. We determined the errors on the
instrumental dispersion by determining the standard deviation
of the FWHM values from rxcor for each template star using
the mean of the template—template pairs for each template and
then, using the standard deviations as weights, we calculated
the weighted average of all the templates from a given night to

derive the final instrumental FWHM. Thus, our errors are
reflective of any systematic effects.

The results of the CCM provide the observed stellar velocity
dispersions along the line of sight. In order to determine if
DDO 46 and DDO 168 are disks or triaxial in nature, we
require the central velocity dispersion perpendicular to the disk,
0,0, in order to derive Vi, /o.o. Therefore, we need to
decompose o, into its three velocity components, og, o,
and oy.

We begin our analysis by assuming that the stars in both
systems follow the trends observed in spiral galaxies and have
constant scale heights (Yoachim & Dalcanton 2006), constant
mass-to-light ratios (M/L) (Kauffmann et al. 2003), and are in
isothermal rotating disks, the last of which is a fair assumption
given that the gas disks are rotating and the stars appear to be
following this rotation as shown in Figures 4 and 5. From these
assumptions, we apply the following equation from Gerssen
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Figure 4. Position—velocity (P-V) diagram showing morphological major axis, PA = 96°, along which we determined the stellar kinematics for DDO 46. The H 1 is
shown as contours and stellar velocity data point is plotted as a red plus sign for DDO 46.

F PA = 153 Degrees . 4

w
~. 120 .
£ 2 February 2008 3
E 140 3 February 2008 ’
Z 160 ¢ <> 18 April 2009 B
> 180 F =
5 R00E ]
O R20F 3
O 240 ) ) ) ) ) E
> _2’ _1' OI 11 21
Angular Offset
(a) PA = 153°, morphological major axis
{ 120 F PA = 63 Degrees ]
& 140L[ 9 17 April 2009 ]
< 1e60¢ ) ]
b 180 | k|
= 200¢ - ]
9 220} § ]
5 3 == ]
> 240 ‘ ‘ ‘ ‘ ‘
72’ 71’ Ol 11 2,
Angular Offset
(b) PA = 63°, morphological minor axis
{ 120 F PA = 108 Degrees ]
£ 140} 920 April 2009 ]
2 160 - e
s 180 ]
-
= 200 i
O 220 i
q) -
2 240
Angular Offset
(c) PA = 108°, —45° from morphological major axis
& 120} PA = 198 Degrees i
£ 140} ¢ 19 April 2009 ]
X 160} ]
s, 180¢ i
% 200 F i
o R20F - i
O 240¢ i
=~ \ \ \ \ \

_or —1! o' 1! o1
Angular Offset
(d) PA = 198°, +45° from morphological major axis

Figure 5. Position—velocity (P-V) diagram showing morphological major axis, PA = 153° (a), morphological minor axis, PA = 63° (b), and intermediate position
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et al. (1997):

62 =[ & si’(n — 0) + o cos?(n — 9)]

X sin’i 4+ 62 cos? i )
where 7 is the observed PA within the plane of the galaxy, 6 is
the receding kinematic major axis PA, and i is the inclination of
the disk.

Following the reasoning of Hunter et al. (2005) and Johnson
et al. (2012), we use the approximation from the Milky Way
and other spiral galaxies that show that o /og ~0.7 (Gerssen
et al. 1997; Binney & Merrifield 1998; Bershady et al. 2010, to
within their errors). An application of the epicyclic approxima-
tion to measurements of red giant stars near the Sun where the
rotation curve of the Milky Way is flat comes the relationship
oplop =051+ (d In v/d In R)] ~0.7 (Binney & Tre-
maine 1987; Binney & Merrifield 1998). These ratios, o /og
and o4/o, appear to be constant with radius in spiral galaxies
(Binney & Tremaine 1987; Binney & Merrifield 1998;
Bershady et al. 2010) and putting these relationships together
gives o, ~ o4 ~ 0.70g. If we take this reasoning at face value,
then along the kinematic major axis PA (5 — 6 = 0), the
dependence on inclination drops out, so Equation (2) reduces
{0 Opps = 0.

How valid the above assumptions and o./oz and o,/og
relationships are to DDO 46 and DDO 168 is unclear. One
thing we do know, however, is that in the region where we
measure the stellar velocity dispersions, the rotation curves in
DDO 46 and DDO 168 are rising in a solid body manner and
thus, the ratio ogh/ox = 1 rather than 0.7. Therefore,
Equation (2) becomes

-1
+ cos? i]

s o | sin?i
0; = Oobs
0.49

3)
when o /og ~ 0.7.

For DDO 46, we suffered rainy, cloudy weather and
therefore, we were only able to extract one central data point
from the morphological major axis. The velocity of this single
point, 377 + 12kms™', matches the H1 gas velocity at the
same location in the disk as shown in the position—velocity (P—
V) diagram in Figure 4. The resulting stellar velocity
dispersion of this point is 15 +9kms™" and if we use the H1
inclination determined from the tilted-ring model of i = 27.9
and apply Equation (3), we obtain 0. = 13.54+8kms".

For DDO 168, the velocities of the stars match the H1
velocities as seen in the P-V diagrams in Figure 5. However,
the morphological major axis (PA = 153°) is not aligned with
the kinematic major axis. There are three pieces of evidence for
this misalignment: (1) there is rotation in the stars and gas
along the morphological minor axis, (2) there is a lack of
rotation in both the stars and gas in PA = 198°, and (3) there is
strong rotation in the Hr along intermediate PA = 108°. The
H1 kinematic analysis performed using the tilted-ring model
and described in Section 3.2.2, shows that DDO 168 has a
kinematic major axis for the gas of 96:4 measured east from
north in the plane of the sky (as compared to 276:4 quoted in
Table 1, which is +180° from this value because the “kinematic
major axis” is generally defined as the direction of the receding
side of the galaxy).

For DDO 168, we use inclination angle, i = 4626 determined
from the Hr1 tilted-ring analysis (described in Section 3.2.2)
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and Equation (3) becomes o, = 0.803 o,ps for all observed
PAs. The results are shown in Figure 6. The colored symbols
are the o, values and the black symbols are the o values. The
errors were determined by calculating the standard deviation of
the FWHM values from Fxcor using the mean of the template
—galaxy pairs for each galaxy spectrum and then, these
standard deviations were propagated through Equations (1)
(to derive the error on o), (2), and (3) for the final errors on
o. Since the errors on oups (black symbols) are comparable to
the o, (colored symbols), they were left off Figure 6 for clarity.
The horizontal solid line in each of the panels of Figure 6 is the
weighted average of all the o, values near the center, R =0, and
the dashed lines show the errors on this average. The vertical
dotted—dashed lines show the region within which the o, values
were used for determining the central velocity dispersion of
DDO 168, ( 6,0) = 10.7£2.9.

3. H1 SPECTROSCOPY
3.1. Data

The H 1 data for DDO 46 and DDO 168 are from the LITTLE
THINGS survey. They are VLA combined B-, C-, and D-array
data that were obtained in 2008 under NRAO legacy project
identification number AH927 (see Table 4 in Hunter et al. 2012
for additional details on the observations). The data were
calibrated and imaged using the AIPS."? LITTLE THINGS
implemented a new multi-scale cleaning algorithm, which
improves upon standard cleaning methods because the resulting
H1 data cubes have all observed angular frequencies properly
represented with near uniform noise statistics. For more
information regarding the H1 data calibration and imaging
methods, please see Hunter et al. (2012).

For our purposes of comparing the stellar and gas
kinematics, we use the Robust-weighted data cubes rather than
the Natural-weighted cubes because the Robust-weighting
produces higher spatial resolutions that are better for modeling
the inner H1 gas kinematics where comparisons with the stars
are possible. The Robust-weighted H1 data cube for DDO 46
has a beam size of 6”3 x 52, with a PA of 81¢5, while the data
cube for DDO 168 has a beam size of 78 x 5’8, with a PA of
67:5, and both have a channel spacing and spectral resolution
of 2.6kms™".

3.2. Analysis
3.2.1. Double Gaussian Decomposition

To determine the kinematics of the gas for the galaxies, we
implemented a double Gaussian decomposition technique
developed by Oh et al. (2008) in the same manner as NGC
1569 from Johnson et al. (2012). This technique creates a
model of the velocity field and iteratively compares the line
profiles from each spatial position in the H1 data cubes to the
model velocity field. If there are multiple Gaussian peaks at a
given location, the procedure decomposes each profile and
compares the velocities of each of the peaks to the model
velocity field. The velocity that most closely matches the model
is extracted into a bulk velocity field and the outlying velocity
is placed into one of two non-circular motion maps. The strong
non-circular motion map contains the velocities whose peak
intensity is higher than the bulk velocity peak and the weak

13 The Astronomical Image Processing System (AIPS) has been developed by
the NRAO.
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Figure 6. Intrinsic stellar velocity dispersions for DDO 168 determined from the CCM for all four observed position angles. The black symbols are for the observed
velocity dispersions, o,s, and the colored symbols are the dispersions corrected for inclination and are the disentangled o, velocities. The horizontal solid line
represents the weighted average of the central o, dispersions that lie within the vertical dotted—dashed lines in all position angles. The dashed lines are the errors on

this average, (0.0) = 10.7 £2.9kms™".

non-circular motion map contains velocities whose peak
intensity is lower than the bulk velocity peak.

Figures 7 and 8 show the resulting decomposed H 1 velocity
fields for DDO 46 and DDO 168, respectively. These panels
are from S. -H. Oh et al. (2014, in preparation). The top row in
each of the figures shows the integrated intensity map, labeled
“mom0” (Oth moment), the intensity-weighted mean velocity
field, labeled “moml” (1st moment), and the intensity-
weighted mean velocity dispersion map, labeled “mom2”
(2nd moment). The second row in each of the figures shows the
bulk velocity field, labeled “bulk,” and the strong non-circular
motion map, labeled “s.nonc.” In Figure 8 for DDO 168, the
second row also contains Spitzer’s 3.6 um IRAC image for the
galaxy, labeled “IRAC.” DDO 46 does not have IRAC 3.6 ym
data and is therefore not included in Figure 7. The third row in
Figures 7 and 8 show the model velocity field, labeled “model,”
and the weak non-circular motion map, labeled “w.nonc.” The
bottom two panels in each Figure show P-V diagrams sliced
along the kinematic major (left panel) and minor (right panel)
axes as determined from the tilted-ring model. The black data
points are the bulk H1 rotation velocities plotted on top of the
kinematic major and minor axis P-V diagrams, respectively,
and the yellow data points show the bulk asymmetric drift
corrected velocities along the kinematic major axis.

3.2.2. H1 Rotation Curve

We derived the rotation curves for DDO 46 and DDO 168 by
applying the tilted-ring model to the bulk velocity field of each
galaxy using the GIPSY'* task rotcur (Begeman 1989). We
determined the orbital parameters in an iterative fashion for
each ring independently using a ring width and spacing

!4 The Groningen Image Processing SYstem (GIPSY) has been developed by
the Kapteyn Astronomical Institute.

between rings equal to the galaxies’ respective H1 beam
widths. The rings were fit on spatial scales from one H 1 beam
width out to a radius where the H1 S/N was equal to or greater
than three times the rms of the noise in a line-free channel, 30.
The orbital parameters that were fit are: PA (PA of the
kinematic major axis), Vyys (systemic velocity of the galaxy), i
(inclination of the H1 disk), (Xpos, Ypos) (kinematic center
position), and V., (circular rotation velocity). We set Ve, the
expansion velocity, equal to zero.

At first, we ran the tilted-ring model with all of the
parameters free and we fixed one parameter at a time beginning
with the kinematic center position, (Xpos, Ypos). We iterated
fixing each parameter in succession and once all of the
parameters were fixed except for the rotation velocity, V.o, we
went through each of the variables again freeing one parameter
at a time. By iterating through the tilted-ring model six times
allowing one parameter (in addition to V,) to vary at a time,
we honed in on a convergent solution for each of the orbital
elements. Our results for each of the orbital elements are
presented in Table 1 and the resulting rotation curves for DDO
46 and DDO 168 are shown by the black diamond symbols in
Figures 9 and 10, respectively.

We correct Vo for the asymmetric drift in the outer part of
the galaxies where the dynamical support by random motions
to the gas disk is significant. The asymmetric drift correction is
done by the method described in Bureau & Carignan (2002):

5 Jln (paz)
OR
0 1n(202)

—Raza—R , “4)

65 =—Ro

where op is the asymmetric drift correction, R is the galaxy
radius, o is the velocity dispersion, and p is the volume density
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Figure 7. Results of double Gaussian decomposition of the Robust-weighted H 1 data cube for DDO 46. Top row: integrated H 1 intensity map; intensity-weighted H 1
velocity field with contours separated by 10 km s™'; intensity-weighted H 1 line widths with contours separated by 5 km s™'. Second row: bulk motion velocity field;
strong non-circular motion map. Third row: model velocity field used in double Gaussian decomposition; weak non-circular motion map. Fourth row: PV diagrams
showing the bulk velocities (black points) and asymmetric drift corrected bulk velocities (yellow points) for the kinematic major (left) and minor (right) axes.
Velocity fields (b), (¢), and (g) have contours 10 km s™" apart. See the text (Section 3.2.1) for an additional explanation of individual panels.

of gas disk. By assuming an exponential distribution in the
vertical direction and a constant scale height, p can be derived
from the gas surface density . The gas surface density X and
velocity dispersion ¢ are derived by applying the tilted rings to

12

the integrated H1 (Oth moment) and velocity dispersion (2nd
moment) maps, respectively. Lastly, the asymmetric drift
correction is added in quadrature to the rotation velocity from
tilted-ring fits in order to derive the corrected rotation velocity
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Figure 8. Results of double Gaussian decomposition of the H 1 data cube for DDO 168. Top row: integrated H 1 intensity map; intensity-weighted H 1 velocity field;
intensity-weighted H 1 line widths with contours separated by 5 km s™'. Second row: Spitzer 3.6um image; bulk motion velocity field; strong non-circular motion
map. Third row: model velocity field used in double Gaussian decomposition; weak non-circular motion map. Fourth row: P-V diagrams showing the bulk velocities
(black points) and asymmetric drift corrected bulk velocities (yellow points) for the kinematic major (left) and minor (right) axes. Velocity fields (b), (e), and (g)
have contours 10 km s™' apart. See the text (Section 3.2.1) for an additional explanation of individual panels.

Vade as follows, We refer to Bureau & Carignan (2002) and Oh et al. (2011) for
) ) 5 more details. The resulting V,q4. (With errors) are shown by the
Vaae = Vit + 0p- o) red triangle data points in Figures 9 and 10, respectively.
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Figure 9. Mass decomposition for DDO 46. The results of the tilted-ring analysis produced the rotation curve, V,,, black diamond symbols, which was then corrected
for asymmetric drift, V4., red triangle symbols. The velocity contribution to the asymmetric drift corrected rotation curve from the mass of the gas, V,, as determined
from fitting ellipses to the integrated intensity map, is shown by the orange solid line. The velocity contribution from the stellar mass, V sgp, as determined from the
spectral energy distribution method is shown by the olive dotted—dashed line. The blue dotted line, Vg, shows the velocity contribution to the asymmetric drift
corrected rotation curve from the total baryonic mass and the purple dotted—dotted—dotted—dashed line, Vpy;, shows the velocity contribution of dark matter mass. The
vertical line marks the radius within which the total dynamical mass of the galaxy was determined. Please see Section 4.2 for further details. The data used to create
this figure are available.
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Figure 10. Mass decomposition for DDO 168. The results of the tilted-ring analysis produced the rotation curve, Vo, black diamond symbols, which was then
corrected for asymmetric drift, Vyqc, red triangle symbols. The velocity contribution to the asymmetric drift corrected rotation curve from the mass of the gas, V,,
as determined from fitting ellipses to the integrated intensity map, is shown by the orange solid line. The velocity contribution from the stellar mass, Vi3 .., as
determined from ellipse fitting to the 3.6 um photometry is shown by the brown dashed line while the olive dotted—dashed line shows the contribution from the
stars as determined from the spectral energy distribution method, V:ggp. The blue dotted line, Vg, shows the velocity contribution to the asymmetric drift
corrected rotation curve from the total baryonic mass and the purple dotted—dotted—dotted—dashed line, Vpy, shows the velocity contribution of dark matter mass.
The vertical line marks the radius within which the total dynamical mass of the galaxy was determined. Please see Section 4.2 for further details. The data used to
create this figure are available.
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Table 4
Comparison of Stellar Kinematics in Dwarf Irregular Galaxies

Galaxy My Vinax o, Vinax/020
Name (kms™) (kms™)

LMC -18.25° 64.8 +15.9° 202 +0.5° 2.9409°
NGC 4449 -18.2¢ 804 25°¢ 3¢
NGC 1569 -17.93° 50 4 10° 21 £ 4F 24407
NGC 2552 -17.58 928 19 428 5
DDO 168 -14.65¢ 674 +4.0 10.7 £2.9 6.3+0.3
DDO 46 -14.08¢ 774 +3.7 13.5+ 8 5.7+0.6

Reference. (a) Bothun & Thompson (1988), (b) van der Marel et al. (2002),
(c) Hunter et al. (2005), (d) Hunter et al. (2002), (e) Hunter & Elmegreen
(2006), (f) Johnson et al. (2012), (g) Swaters (1999).

4. RESULTS

4] Vmax/Uz,O

Vimax/0.0 for DDO 46 and DDO 168are 5.7 £0.6 and
6.3 + 0.3, respectively. When these values are compared with
those from large spiral galaxies from Bottema (1993), they
suggest that both DDO 46 and DDO 168 are kinematically
cold, rotationally supported, thin disks. Because DDO 46 only
contains one single data point for the velocity dispersion of the
stars, we do not emphasize the results of the V,,,,x/0, o value any
further for this object.

DDO 168, on the other hand, presents an interesting case. As
shown in Figure 5 and described in Section 2.4, the axis of
rotation for this dwarf is not aligned with the morphological
major or minor axes and both the gas and stars kinematically
follow one another. Together, these features suggest that DDO
168 may be kinematically heated and therefore, one might
expect a Vyax/o.o closer to one. When we examine the
integrated H 1 intensity map of DDO 168 shown in Figure 8, we
can see evidence of diffuse H1 emission in the outskirts of the
disk. We also observe a bar-like structure in the central regions
that is seen by the H1 gas extending between ~150 and
~210km s™" around 0” in the P-V diagram along the kinematic
major axis. Broeils (1992) observed the H1 distribution in
DDO 168 and also found morphological peculiarities. The stars
also appear to have a bar-like structure that stretches through
most of the stellar disk as can be seen by the boxy V-band
morphology in Figure 1. Hunter & Elmegreen (2006)
commented on the possible morphological misalignment
between the major axis of the bar and outer disk in DDO
168. In addition, there is kinematic evidence for a bar from the
misalignment of the rotation axis of the stars and the
morphological major axis. It has been shown that interactions
can create tidally induced bars in disk systems (Miwa &
Noguchi 1998), so perhaps DDO 168 is undergoing a tidal
interaction from a local companion. The most likely object that
may be responsible for such an interaction is DDO 167, a dlrr
galaxy that lies only 33 kpc away at the distance of DDO 168 in
projection. Despite evidence for a bar in DDO 168, there is still
clear rotation in the H1 gas and stars and its V},,./0, o implies
that it is a rotationally supported disk.

If we compare the V ,,x/0. o values of DDO 46 and DDO 168
with all other dIrr galaxies that have these same measurements,
we find that DDO 46 and DDO 168 are the faintest and
kinematically coldest dIrr objects studied to date. Table 4 lists
the absolute B magnitudes, stellar velocity dispersions,
maximum rotation speeds, and the V,.x/0,¢ values for the
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Figure 11. Logarithmic stellar velocity dispersions as a function of absolute B
magnitudes for all dIrr objects that have measured stellar velocity dispersions
(filled circles) and spiral galaxies from Bottema (1993) (triangles). We fit a
least squares line to the spiral and dIrr data, including DDO 46 and DDO 168,
as shown by the solid line, and compare our fit with the one determined by
Swaters (1999) shown by the dashed line. Both fits appear to agree. We then fit
a second least squares line to just the dwarfs (shown by the dotted—dashed
line), which has a flatter slope and may indicate a weaker (or no) trend. Also
included in the plot are the dSph galaxies for which Mp magnitudes and
velocity dispersions have been measured, but, these objects are not included in
any of the fits because of their innate triaxial nature. The dSph objects are (in
order of decreasing luminosity, increasing Mp) Sgr, Fornax, Leol, AndlIl,
Sculptor, Leoll, Tucana, Sextans, Carina, Draco, and UMi; their luminosities
are from Mateo (1998) and their dispersions are from Walker et al. (2009).

dlrr galaxies and we include the low surface brightness Sm
galaxy NGC 2552 from Swaters (1999) for comparison.

Figure 11 shows the logarithmic velocity dispersions of the
dwarfs together with the larger spiral disk galaxies from
Bottema (1993) and triaxial dSph galaxies from Walker et al.
(2009) as a function of absolute B magnitude, M, in the same
fashion as Swaters (1999) Figure 5, Chapter 7. We fit a least
squares line to the spiral and dIrr data, including DDO 46 and
DDO 168, and determine the relationship, log(c,) = —0.17Mj
— 1.70. This relationship agrees well with the relationship from
Swaters (1999). We also fit a least squares line to just the dlrrs
and find a relationship, log(o,) = —0.074Mp — 0.005, which
has a flatter slope possibly indicating a weaker (or even no)
trend in o, with Mp. The more luminous three dlrr objects,
LMC, NGC 1569, and NGC 4449, are “puffier” but, they are
also in the throes of an interaction (LMC: Mathewson & Ford
1984; Besla et al. 2012; NGC 1569: Johnson 2013 and
references therein; NGC 4449: Hunter et al. 1998; Rich et al.
2012). The less luminous three, NGC 2552, DDO 168, and
DDO 46, have roughly the same o, and, thus, show no obvious
trend in Mp with stellar velocity dispersion. For comparison,
(Walker et al. 2009, see Figure 4) find a similar flat trend in the
stellar velocity dispersions of the dSphs around the Milky Way.
Although dSph galaxies are many orders of magnitude fainter
and triaxial in nature and thus are likely not a suitable
comparison to the brighter, rotationally supported disk systems,
it is interesting to note that as one extends to lower luminosity
systems, the stellar velocity dispersions appear more constant.
More observations of dlrrs, especially in the low luminosity
regime, are required to determine whether dlrrs follow the
spirals, or if they follow the more constant dispersion trend
observed in the dSph systems.



THE ASTRONOMICAL JOURNAL, 149:196 (19pp), 2015 June

Although this study is focused on the stellar kinematics, we
find it pertinent to discuss the thickness of the H 1 disk of DDO
46 and DDO 168. Table 1 shows the average and central H1
velocity dispersions for DDO 46 and DDO 168. It is interesting
to note that the central stellar and gas dispersions for DDO
168 are nearly the same and within the errors for the single data
point for DDO 46. This is again another piece of evidence that
the gas and stars in both of these galaxies are kinematically
coupled. If one determines the H 1V, /071 1, o (using the central
H1 velocity dispersion shown in Table 1), then it appears as
though DDO 46 and DDO 168 have thin H1 disks comparable
to spiral galaxies. However, this contradicts previous studies
that have shown that H1 disks in dIrr systems are thicker than
in spiral galaxies (Walter & Brinks 1999; Brinks et al. 2002;
Bagetakoset al. 2011; Banerjee et al. 2011).

4.2. Mass Modeling and Dark Matter Content

In addition to the kinematic analysis for DDO 46 and DDO
168, we also decompose the observed rotation curves for each
galaxy into the baryonic and dark matter mass components.

4.2.1. Stellar Mass Model

We derive the stellar contribution to the rotation curve by
modeling the stellar mass surface density as a function of radius
using the GIPSY task rRoT™MOD, assuming a sech-squared disk
density distribution from van der Kruit & Searle (1981). The
stellar mass surface density for DDO 46 and DDO 168 is found
using the spectral energy distribution (SED) fitting procedure
from Zhang et al. (2012). We divide the Hubble time into six
logarithmic age bins where we assume that the SFRs in each
bin are constant. Then, we create a library of about four million
different star formation histories (SFHs) by adjusting the
relative star formation intensity among the six age bins and
allowing metallicities and internal dust extinction to vary. We
fit the SED using Johnson’s U, B, and V band, Hc, and Spitzer
3.6 pm photometry data. DDO 46 does not have 3.6 yum data so
this band was not used in the fit for that galaxy. There is no
remarkable global color difference between the two galaxies,
except that the star formation is more intense and centrally
concentrated in DDO 168. For more details on this SED
modeling technique, see Zhang et al. (2012). We correct the
mass surface densities for inclination and the result of our
stellar SED modeling is shown by the olive colored dotted—
dashed line in Figures 9 and 10 for DDO 46 and DDO 168,
respectively.

Although the SED modeling is a robust method for
determining the stellar mass surface density profile in a galaxy,
it requires a lot of data across a large range of the spectrum
from ultraviolet to infrared. Here, we compare the results for
the stellar mass model determined from the SED modeling
method with the results from using just the 3.6 pm photometry
data for DDO 168 as described in Oh et al. (2008, 2011). This
method bootstraps from the widely used Bell & de Jong (2001)
M/L method for optical photometry down to the 3.6 um
wavelength. For DDO 168, we use a ratio of scale length-to-
scale height, Rp/h_, of 7.3 from Kregel et al. (2002) and a M/L
at 3.6 um as determined from Equation (6) in Oh et al. (2008).
We assume that the vertical scale height is constant across the
disk and we use the isothermal relationship where 2k, = z,
(Kregel et al. 2002; Herrmann & Ciardullo 2009). The stellar
rotation curve as determined from the stellar mass modeling
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Figure 12. Fractional dark matter content in DDO 46 (a) and DDO 168 (b).
The inner ~1 kpc of DDO 168 requires little to no dark matter content while
DDO 46 has a dark matter fraction close to unity at nearly all radii.

using the 3.6 um photometry data alone is shown by the dashed
line in Figure 10. When compared with the stellar rotation
curve derived from the SED modeling, we find that the two
methods are in good agreement, especially in the outer disk.
The total stellar mass for DDO 168 is log 7.73 M, from the
SED model and log 7.77 M., (*012 dex) from the 3.6 um
model.

4.2.2. Gas Mass Model and Dark Matter

We determine the mass model for the gas using the
integrated H1 intensity maps for DDO 46 and DDO 168,
shown in Figures 7 and 8, respectively. We use the GIPSY task
roT™MOD and apply the H1 tilted-ring parameters derived from
the kinematic analysis (see Section 3.2.2) and find the
contribution of the gas to the rotation curve using the same
assumptions as we did for the stars. Our gas mass model takes
helium and other metals into account by scaling our results by a
factor of 1.36 (de Blok et al. 2008). The results of the gas
rotation speed determined from the mass distribution of the H1
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is shown by the orange solid line in Figures 9 and 10 for DDO
46 and DDO 168, respectively.

To determine the total baryonic rotation curve, we add in
quadrature the rotation velocities of the stars from the stellar
mass model with the gas mass model velocities. The baryonic
rotation speed for DDO 46 and DDO 168 is shown by the blue
dotted line in Figures 9 and 10, respectively. We take the
baryonic rotation curve and subtract from the total observed,
asymmetric drift corrected, H 1 rotation curve and find that both
DDO 46 and DDO 168 contain dark matter. Using the
maximum rotation speed from the H1 data, V., we are able to
determine a total dynamical mass for DDO 46 and DDO 168
using the following equation:

2
Vmax R max

G (6)

Mdyn (R) =
where R,,.x is the radius at the last measured data point where
the rotation curve is flat and V., is measured. From this
equation, we find that DDO 46 has a dynamical mass of
4.1 x10° M, and a dark matter mass of 3.8 x 10° M, inside
Rinax = 2.92kpc (2.6Rp) while DDO 168 has a dynamical
mass of 3.3 x 10° M., and a dark matter mass of 3.0 x 10° M,
inside R4y, = 3.14 kpc (3.8Rp). Therefore, the global ratio of
dark-to-baryonic matter mass, Mpy/Mpa, is ~16 for DDO 46
and ~9 for DDO 168.

Figure 12 shows the fractional dark matter content for DDO
46 and DDO 168 as a function of radius determined from the
following equation:

Vaae (R = Vias (R)* = Vi (R)?
Vade (R)”

rom(R) = (N

where V4. is the asymmetric drift corrected H1 bulk velocity,
Veas 18 the gas rotation velocity determined from the H1 surface
density, and V-« is the stellar rotation velocity determined from
the SED modeling described in the previous section.

In the inner ~1kpc region of DDO 168, the observed
rotation curve is fit well with the total baryonic rotation speed
and thus, no dark matter is required in this central region as can
be seen in Figure 12(b). DDO 46, on the other hand, requires
dark matter at all radii and has a dark matter fraction close to
one. As previously discussed, DDO 168 is kinematically
disturbed in the center and displays evidence of a bar-like
structure. DDO 168 is similar to the starburst dIrr galaxy NGC
1569 in the sense that no dark matter is required to model the
observed rotation velocities in the central regions and NGC
1569 also has very disturbed kinematics (Johnson et al. 2012).
DDO 46 does not appear to be kinematically disturbed at any
location in the disk. Perhaps, dlir galaxies that are kinemati-
cally disturbed in the center somehow displace their inner dark
matter content. Such a scenario has been suggested in dwarf
galaxies that have high star formation rates in their centers,
which can be caused by a merger or interaction event
(Governato et al. 2010). Both DDO 168 and NGC 1569
(Johnson 2013) show signs of potential interaction or merger
activity. On the other hand, perhaps systems with little or no
dark matter in the centers have less of a stabilizer against mode
growth or disturbance by external perturbations.

Using the total mass surface density of the stars combined
with the gas, we can predict what the stellar velocity dispersion
should be from the relationship derived in Kregel et al. (2002).
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Figure 13. Relationship between total mass surface density and stellar velocity
dispersion from Kregel et al. (2002) for (a) DDO 46 and (b) DDO 168 plotted
as a function of radius in units of disk scale length, R/Rp. Here, G is the
gravitational constant and £, is the vertical scale height in the disk where we
have assumed an isothermal distribution in the vertical direction.

Figure 13 shows the relationship between stellar velocity
dispersion, o, and total mass surface density ¥(R) plotted as a
function of radius in units of disk scale length, R/Rp, and
compares this prediction with our observed o, values. For DDO
46, Figure 13 is not useful when trying to compare our
observations with the prediction as we only have one data
point, however, we show this figure to highlight what one
might expect the velocity dispersion to be as a function of disk
scale length. Here, we expect the true o, value to be lower than
what we can measure in DDO 46, thus, making V,,,./0, ¢ even
higher.

On the other hand, it is interesting to see the comparison
between the observed o, values of DDO 168 with the predicted
values in Figure 13(b). There appears to be agreement between
most of the predicted and observed values to within the errors,
but, there are also several outliers. A probable explanation for
these elevated dispersions may be that they are from the bar-
like structure, as other studies have shown that bars can contain
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higher velocity dispersions than their disk hosts (e.g., Gadotti
& de Souza 2005).

5. DISCUSSION

This work highlights the five dlrr galaxies for which stellar
velocity dispersions have been measured. There are, however,
dwarf spheroidal (dSph) galaxies around the Milky Way and
M31 that have been studied kinematically (e.g., Walker et al.
2009; Ho et al. 2012; Tollerud et al. 2012). dSph galaxies are
the lowest surface brightness, lowest mass, dark matter
dominated objects in the known universe and they have
virtually no H1 gas and are pressure supported, triaxial systems.
Because of their low surface brightness and small size, only
dSph galaxies within ~1 Mpc have been well studied. The
stellar kinematics for these systems are obtained by observing
individual member stars and statistically deriving their global
kinematic parameters. When looking at the intrinsic stellar
velocity dispersions in dSphs around the Milky Way, Walker
et al. (2009) find Vi, /o values for eight of the Milky Way
dSph galaxies and they are all <2 with an average Vi,a/o ~1.6.

When looking at dSph galaxies around M31, Ho et al.
(2012) found that the Andromeda II dSph galaxy has stellar
kinematics that indicate it is rotationally supported, unlike the
Milky Way dSph galaxies, and has a V,,,,/oc > 1. However, it
has a dynamical mass estimate similar to the dynamical masses
of the Milky Way dSphs from Walker et al. (2009). Tollerud
et al. (2012) studied the stellar kinematics of 15 dSph galaxies
around M31 and concluded that the kinematics of the objects in
their sample are fully consistent with the results of the Milky
Way dSph galaxies. Comparing the stellar kinematics of dSphs
with dlIrrs, we find that dSphs show evidence for a pressure
supported triaxial figure with perhaps a small amount of
rotation, as their V,,,x/o ~ 1 values suggest, while dIrrs are disk
structures that are dominated by rotation.

If we compare the Vi /0.0 values with those of spiral
galaxies (Bottema 1993; Vega Beltran et al. 2001), we find that
the dlrrs appear to have thin disks. This is in contrast with the
studies of minor-to-major photometric axis ratio (b/a) studies,
which suggest that dIrrs are thick disks (Hodge & Hitch-
cock 1966; van den Bergh 1988; Staveley-Smith et al. 1992;
Roychowdhury et al. 2013). If dIrr galaxies are thin, how can
we explain the distribution of b/a axis ratios? Perhaps dlrrs are
not circular, as all of these studies, including this one, always
assume, but rather, they are elliptical. Perhaps, Viax/0,0 in
these systems is not indicative of the global shape of dlir
galaxies. In DDO 168, we measure V.. /0.0 where o,is
measured only in the central regions. At ~1 kpc, Vi, is roughly
two times lower than V., and this is the radius where
o, becomes too faint to measure, so, V.x/0, locally may be
two times lower. It is not clear, however, what a local V,,/
o, value means in these systems. If o, drops off with radius as
Figure 13(b) suggests, then V./o, rises with increasing
radius, thus, dlrrs may be fat in the center and thin in the outer
regions. Here again, more stellar kinematic observations of dlIrr
galaxies are required to understand their innate three-dimen-
sional shape.

6. SUMMARY AND CONCLUSIONS

6.1. Stellar Kinematics

(1) We find a central stellar velocity dispersion perpendicular
to the disk, 0,9, of 13.5+8 and 10.7 +2.9km s~ for

18

JOHNSON ET AL.

DDO 46 and DDO 168, respectively. The stellar
dispersion for DDO 46 was measured from a single
central data point while DDO 168’s dispersion is the
average of the center positions observed in four PAs,
corrected for inclination, assuming a disk geometry
similar to the Milky Way.

(2) The axis of rotation for DDO 168 is misaligned with
respect to the morphological major axis and the stars
show morphological and kinematic evidence of a bar
structure.

(3) The stars and gas in DDO 168 appear to kinematically
follow one another.

6.2. H1 Kinematics

(1) The H1 bulk velocity fields of DDO 46 and DDO 168
show rotation. The axis of rotation is aligned with the
morphological major axis in DDO 46 but it is misaligned
in DDO 168.

(2) We determine a maximum rotation velocity, corrected for
asymmetric drift, Vi,x, of 77.4 £3.7km s~! for DDO 46
and 67.4+4.0kms ' for DDO 168. These values
combine with the o, values from the stars to produce
kinematic measures, Viax/0.0, of 5.7 £ 0.6 for DDO 46
and 6.3 + 0.3 for DDO 168, which are both indicative of
thin disks.

(3) There is little emission in the non-circular motion maps
for both DDO 46 and DDO 168. However, the H1
morphology and kinematics of DDO 168 show signs of a
bar that stretches over much of the disk.

(4) There is tenuous, extended emission in the outskirts of
DDO 168 that hints at a potential interaction or recent
merger.

6.3. Mass Modeling

(1) We determine a total stellar mass of 2.45x 10" M, for
DDO 46 and 5.90 x 10’ M, for DDO 168 by modeling
the SED using infrared, optical, and ultraviolet photo-
metry data.

(2) We find a total gas mass of 2.7 x 10® M, for DDO 46 and
3.5x 10® M_, for DDO 168.

(3) We derive a total dynamical mass of 3.6 x 10° M, for
DDO 46 and 2.2 x 10° M, for DDO 168, which leads to a
total dark matter content of 3.3 x 10° M, for DDO 46 and
1.8 x 10° M, for DDO 168.

(4) The baryons dominate the inner ~1kpc region of the
observed rotation curve in DDO 168 and thus, no dark
matter is necessary in this central area. Conversely, dark
matter is required at all radii in DDO 46 in order to model
the observed rotation curve.

(5) We find a global dark-to-baryonic matter mass ratio,
Mpy | My, of 11 for DDO 46 and 4 for DDO 168.

6.4. Comparison with Other Disk Galaxies

DDO 46 and DDO 168 are two out of five dlrr systems for
which stellar velocity dispersions have been measured. From
these five systems, there does not appear to be a trend in
luminosity with shape. On the other hand, we find that DDO 46
and DDO 168 agree with the o,—M} relationship from Bottema
(1993) and Swaters (1999), although the errors on our
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o, values are large. When compared with dSph galaxies around
the Milky Way and M31, we see that dSphs are triaxial,
pressure supported objects while dlrr systems are rotationally
supported disk systems, although we note that dSph galaxies
are several orders of magnitude fainter than the dlir systems
studied to date, as shown in Figure 11.
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