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ABSTRACT

This is the first paper of a series in which we will attempt tbganstraints on the flattening of dark halos in disk galaXiés observe
for this purpose the Hl in edge-on galaxies, where it is ingifle possible to measure the force field in the halo vdlyiead radially
from gas layer flaring and rotation curve decompositioneetigely. In this paper, we define a sample of 8 HI rich latgetgalaxies
suitable for this purpose and present the HI observations.
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1. Introduction tion and that its mass was at least as great as the luminous
. . ass. However, these data were of poor angular resolutiopn. A
Since the 1970’s, it has been known that the curvature of LH}-E same timé Rubin & Ford (1970) Sublishe% a rotation curve
universe is remarkably flat. This implies that the ratio & t0- ¢ 131 pased on optical data, which did not seem to decline
tf?' dinsny t? critical density i€q : 1. At thd's tlmek,] It V\;]as in the outer parts. In the 1970s radio observations of irsecrea
gso ; nO\;vln rom measurer%ents( OO g(t)aérs aln ga;]st g(t)/t ? MAYRY better angular resolution and better sensitflishowed
ensity of luminous matter Biu, < 0.005 —less than 8% of 45 f1at rotation curves are typical in spiral galaxies (Shb,
that required for a fla@; ~1 universe. Indeed, the missing mat ) : ots, 1073 Bosma
Iter pontKroversy hlad gegun '2 the 19130 %WW%GS% f'%) and that the HI extent of a spiral galaxy can be far great
owing Kapteyn|(1922), ard Zwicky (1987) independentlyrfdu o, the extent of the optical image. This, combined witlfeser
evidence for vast amounts of unseen matter dredint scales. photometry, leads to very high mass-to-light ratios in theeo

Oort’s analysis of the spatial and velocity distributionstérs h learlv f | galaxies in Bosma (18
in the Solar neighbourhood concluded that luminous stmcmimgxera galaxiesn=o 1a118)

rised approximately half the total mass indicated by their
ﬁon, assrt)}ening gra\./iytitation.al equilibrium. Zwicky’s d;ais of therlnv\llh9e74,:dar_k| matteIrL_rEi(la%sAf;N:rel on_und to ?then:du 9%32;”_
the velocity dispersions of rich cIuste_rs found that apprately tefj galaxy masses as a function of radius and found thatygal
90— 99% of the mass was unseen, if the systems were gravar%éss increased linearly out to at least 100 kpc arid M, for
netgnbouro0d showed that the dark matter i the gelacal d[10TMalspirals and eliptcals. Despit s large darerdac-
at the solar galactocentric radius was mostly fainter stadsin- '0.? |n|fgred |1n g?laxn?s, fllt \;vas_stlll notsﬁ“u:eb.
terstellar gas (e.g. Holmberg & Flyrin, 2000). Zwicky’s valof jZHQET) a:;)t ~1va liifzd?‘os?fgrng%ﬁ:f' hig'i)y f drk atter lin

the velocity dispersion in the Coma cluster is close to the ¢

rent one (e.g. Colless & Duhn, 1996), and, despite the pc&;elqalax'es'

e Around the same time, application of nuclear physics to Bi
of hot X-ray emitting gas, there must be dark matter to cause » app pny g
Qretter ~ 0.2y— 0.3. g9 ang theory showed that big bang nucleosynthesis (BBNS) in

Modern dark matter research began in 1970 with several FSQ? early univers_e produced specific abuno!ances of thedight
pers which found that galaxies contain more gravitatingtenat T'€Nts, and predicted the total baryon density @gs- 0.044. In

than can be accounted for by the stars. Freéman (1970) nD%%I_ast decade, thg combined observations of high redyﬁlﬁ,
that the atomic hydrogen (Hrotation curves of the late-type 1.1998; Perlmutter ef al.. 1999), the 2-Degietel F

disk galaxies NGC300 and M33 peaked at a larger radius thga/&xy Redshift Survey (2dFGRS) (Percival et al.. 2001) and

expected from the stellar light distribution. This impli¢at

the dark matter was more extended than the stellar distribu- KCF and PCvdK recall influential colloquia and other preatiohs
by M.S. Roberts in the early 1970s on a flat HI rotation curvehef

* For correspondence contact Ken Freeman or Piet van der Kruit Andromeda galaxy which helped to steer the evolution ofghigect.
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Table 1. HI observations

Galaxy Other Date Telescope  Array  Project  Observer Integra
name ID time (hr)
ESO074-G015 IC5052 11-12 FEB 2001 ATCA 375 C934 Ryan 1.67
ESO074-G015 1C5052 13-14 APR 2001 ATCA 750D C934 Ryan 2.21
ESO074-G015 IC5052 24-25 FEB 2002 ATCA 15A  C89%4 O’'Brien 280.
ESO074-G015 IC5052 01 DEC 2002 ATCA 6.0A C894 O’Brien 10.63
ESO074-G015 IC5052 17 OCT 1992 ATCA 6.0C C212 Carignan 10.05
ESO109-G021 1C5249 20-22 MAR 2003 ATCA EW352 CX043 Dahlem 548.
ESO109-G021 1C5249 03-04 FEB 2003 ATCA 750D  C894 O'Brien 18.0
ESO109-G021 1C5249 28 NOV 2002 ATCA 6.0A C894 O’Brien 13.43
ES0O109-G021 1C5249 18 OCT 1992 ATCA 6.0C Cc212 Carignan 11.11
ES0115-G021 09 FEB 2005 ATCA EW352 C1341 Koribalski 10.09
ES0O115-G021 06 JAN 2005 ATCA 750B  C1012  Hoegaarden 11.17
ES0O115-G021 23 JUN 1995 ATCA 750B  CO73 Walsh 7.57
ES0O115-G021 08 SEP 2002 ATCA 6.0C C894 O'Brien 6.51
ESO115-G021 03 DEC 2002 ATCA 6.0A C89%4 O’Brien 10.05
ES0115-G021 13 DEC 2002 ATCA 6.0A C894 O’Brien 5.72
ESO138-G014 08-09 NOV 2002 ATCA 15A C89% O’Brien 10.43
ES0O138-G014 29-30 NOV 2002 ATCA 6.0A C89%4 O’Brien 9.79
ESO146-G014 17 JAN 2002 ATCA 750A  C89%4 O’Brien 1.37
ES0146-G014 27-29 DEC 2000 ATCA 750C  C894 O’'Brien 10.70
ES0146-G014 11 JAN 2001 ATCA 750C C89%4 O'Brien 1.67
ES0146-G014 31 JUL 2001 ATCA 15A C89% O’'Brien 7.78
ES0146-G014 14-15 APR 2002 ATCA 6.0A C894 O’Brien 10.19
ES0146-G014 27-28 JAN 2002 ATCA 6.0B C894 O’Brien 10.51
ESO274-G001 29 AUG 1993 ATCA 1.5B C073 Walsh 6.07
ES0274-G001 07 OCT 1993 ATCA 1.5D Co73 Walsh 6.80
ES0O274-G001 28-29 NOV 2002 ATCA 6.0A C894 O’Brien 9.63
ESO435-G025 [1C2531 12 JAN 2002 ATCA 750A  C894 O’Brien 9.63
ES0435-G025 1C2531 17 JAN 2002 ATCA 750A  C89%4 O'Brien 2.02
ES0O435-G025 1C2531 07 MAR 1997 ATCA 1.5D C529 Bureau 9.07
ES0435-G025 1C2531 06 APR 1996 ATCA 6.0A  C529 Bureau 9.94
ES0O435-G025 1C2531 13-14 SEP 1996 ATCA 6.0B C529 Bureau 9.96
ES0435-G025 1C2531 17-18 OCT 1992 ATCA 6.0C C212 Carignan 45 7.
UGC07321 26,30 MAY 2000 VLA C AM649  Matthews 16.00
UGC07321 01 NOV 2000 ATCA 1.5D C894 O’'Brien 2.49

WMAP microwave background measurements (Spergel et ahore extreme: several have very large dark matter fractidgiis
2003) confirmed the baryonic mass densiyfound by BBNS mass-to-light ratios in the range 2601000 My/Lo. In these
and established that dark energy comprises about 75% of famt, small galaxies, the dynamical mass is estimated fitoen
critical density. Consequently, the scale of the missimyg daat- line-of-sight velocities of individual stars. The Ursa MagdSph

ter is now reduced. The mass dengity is now only 025, but (Willman et al.,[ 2005), is one of the most dark matter domi-
the problem remains: the measured baryonic mass densitl is sated galaxies known to date with a central mass-to-ligii ra
only ~18% of the total mass densify,. Thus, dark matter ac- M/L ~500 M,/L, which is believed to increase further at larger
counts for 82% of mass in the universe, and baryonic matterradii (Kleyna et al.| 2005). These systems appear to hawe onl
only 4.5% of the total content of the univefbe. very small baryonic mass fractions.

More than 1000 galactic rotation curves have now been mea- The rotation curves of disk galaxies are important probes of
sured, and very few display a Keplerian decline with radiis. the equatorial halo potential gradient. By decomposingoitre
and Hy rotation curves of spiral galaxies show that the totaperved rotation curve into contributions from the visiblags
mass-to-light ratios are typically M = 10-20 M,/L., and the components, the radial potential gradient of the halo can be
luminous matter therefore accounts for only-510% of the measured, assuming the system is in centrifugal equiiforiu
total mass inferred from the rotation curves. For low swgfad he dark halo mass component is typically fitted by a pseudo-
brightness (LSB) disk aIaxI97) and dwarf itsothermal halo model with density
regular (dl) galaxie s,.1999), th¢lMalues increase

-1

to 10-100 M/L,, with an extreme of 220 for ES0215-G009, R\’

a gas-rich LSB galaxy with a very high gas mass to light ratifR) = po|1+ Re ’ 1)
of Myi/Lg = 21 and low recent star formatiomglﬁt al.,

2004). where the halo is characterised by its central denpgignd core

Dwarf spheroidal (dSph) galaxies, with typical total masseadiusR.. Pseudo-isothermal halos have an asymptotic density
of only ~10" M, within radii of a few hundred parsecs, are evep « R2 at large radii which is consistent with commonly flat
rotation curves.
2 For this illustration we used the parameters adopted in the [Kormendy & Freeman (2004) compiled the published dark

Millenium Simulation (Springel et all, 2005), which afg, = Q¢n + halo density distributions for a large sample of Sc-Im anghdS
Qp = 0.25,Qp = 0.045,Q, = 0.75. galaxies, and found well-defined scaling relationshipsthfar
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Table 2. Resolution of H observations Table 3. Noise of H channel maps
Spatial Spectral Galaxy Noise Max Signal-

Galaxy resolution resolution (Qybeam) (atomscm)  (K) to-noise

(arcsec) (kpc) (kms) ESO074.G015 000135 1834890 100 145
ESO074-G015  9.69.0  0.292<0.292  3.298 ES0109-G021  0.00125  2.146440 11.7 10.1
ESO0109-G021 8.6 8.0 1.179x 1.179 3.298 ESO115-G021 0.00113 15774490 8.6 18.6
ESO115-G021  8.%8.9  0.194x0.194  3.298 ESO138-G014 000197 1900840 104 15.2
ESO146-G014 7.6 7.6  0.793x0.793  3.298 ESO274-G001 000151  1.720940 9.4 14.6
ESO274-G001  9.898  0.162¢0.162 3298 ESO435-G025 ~ 0.00123  1.678940 9.2 10.9
ES0435-G025 9.6 9.0 1.305x 1.305 3.298 UGCO07321 0.00038 1.8579%0 1.0 93.0

UGC07321 15.¢ 15.0 0.727% 0.727 5.152

dark halo parameters for galaxies spanning a range of 6 decaf IS Possible to measure the halo shape over the entirexH
of luminosityd They found that halos of less luminous andent of the luminous disk using the flaring of the distribution,
massive dwarf spheroidals have higher central densitiggou Which typically extends in radius to23R,s, and by measuring
~1 My, pc3 and core radii 0f~0.1 kpc, compared te- 10-3  the density distribution of the gas and stellar distribagioFor
M, pc and ~30-100 kpc respectively, for large bright Sc@ given vertical gas velocity dispersion, a more flattenetk da
galaxies. The observed correlations suggest a continunyss p Nalo requires decreased flaring and increased gas surfaee de
ical sequence of dark halo population in which the properti§ity- The relatively high gas content of late-type galaxibsws
of the underlying dark halo scale with the baryon IuminositF}"eaSL"e_ment of both the halo vertical force field from the gas
(Kormendy & Freeman, 2004). ayer flaring and the halo radial force field from rotation\ar
We now consider the flattening of the dark halo density di§€composition. In this series of papers we will attempt tame
tribution, defined by = ¢/a, wherec is the halo polar axis and SU"e the ha_lo flatten_lng using the flaring afdtsk in eight small
ais the major axis in the galactic plane. The vertical distiitn ~ 1ate-type disk galaxies. . _ .
of the halo is much more flicult to measure than the radial dis-  The main advantage of this method is that it can be used for
tribution in the equatorial plane, as most luminous tracétee  all gas-rich spiral galaxies inclinedigiently to measure accu-
galaxy potential gradient lie in the plane of the galaxy affdro rate kinematics, unlike some methods which are applicatiie o
little indication of the vertical gradient of the potentiBast mea- t0 specific kinds of galaxies like polar ring galaxies. Thigim
surements that were obtained with a variety dfefent methods Mum inclination was determined to be 60° by/Ollind (1995).
gave a large range affrom 0.1 to 137, with no concentration This method was first tried by Celnik et al. (1979) on the Gyl
on any particular value. For our Galaxy, the halo shape hais b@nd early development was undertaken by van der Kruit (1981)
measured more than ten times by fouffelient methods, that Who applied it to low resolution observations of NGC891 and
yieldedg-values ranging from @5 to 137. concluded that the halo was not as f!attened as the stellar dis
In this series of papers, we will use the flaring of the HI gdéWas then used for several galaxies in the 1990's, mosbiota
layer to measure the vertical flattening of the dark haloabee  the careful study of the very nearby Sc galaxy NGC4244 which
we believe this method to be the most promising for late-ty¥as found to have a highly flattened halo watk- 0.277 out to
disk galaxies. Like all steady state mass components ofagal "adii 0f ~ 2Ro5 , )
the gaseous disk of an isolated disk galaxy can be assumed toAll applications of the Hi flaring method to date have de-
be in hydrostatic equilibrium in the gravitational potehtf the rived highly flattened halo distributiong) (< 0.5). With the
galaxy, unless there are visible signs from the gas digtdbu exclusion of NGC4244, we suspect that the assumption of a
and kinematics that the HI layer is disturbed (e.g. by mergdiadially-constantgas velocity dispersion led to errothsmea-
or local starbursts). In the vertical direction, the gradief gas sured total vertical force, and thereby to the derived ftatte
pressure is balanced by the gravitation force (ignoringamy ing of the halo. The other fliculty for all these galaxies ex-
tribution from a magnetic pressure gradient). From the nkese  cept NGC4244 is that they are large galaxies with peak mtati
distribution of the gas velocity dispersion and the gas iensspeeds- 170 km s*. Given thai(i) spiral galaxies typically have
distribution, we can in principle measure the total vettigavi- H! velocity dispersions in the relatively small range-60 km
tational force. s }(Tamburro et dl., 2009) angi) the halo shapg is roughly
Euler's equation for a steady-state fluid of dengiftyweloc- proportional to the gradlent pf the. vertical fqrce, we semir
ity v and pressure in a gravitational potentiab is —(v.V)v = Eadn.[2 that the Hthickness is to first order inversely propor-
p~1Vp+ V. Inthe case of a vertically Gaussian gas density dional to the peak rotation speed. Consequently, théldding
tribution with a vertically isothermal gas velocity dispem, the Method should work best for small disk galaxies with rekiiv
gradient of the total vertical forck, in the zdirection can be oW rotation speeds, as these galaxies should exhibit more H
calculated directly from the gas velocity dispersiop,(R) and  flaring.[Bosmal(1994) already showed by calculations that fla
the gas layer thickness FWHMR), each of which are functions Ing is relatively more important in galaxies with low cirenl

of radius: velocity.

The flaring method has also been applied to the Galaxy by
0K, 0dg [Olling & Merrifield (2000). However, uncertainty in the ptisin
0z _(FWHMLQ/Z.SS)Z' (2) " and rotation speed of the Sun resulted in a large uncertainty

the measured halo shap®& g < 1.25.
3 E-Shc galaxies were not included to avoid the larger unerta  In this first paper we discuss the selection of our sample and

ties associated with stellar bulge-disk decompositiontaedelatively present H observations. In paper Il we will review methods to
larger contribution of the stellar mass of varying stellges derive the information we need for our analysis from thega,da
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Table 4. HI measurements

Galaxy RA Dec PA Dist Vgys Vimax
©) (Mpc) (kms') (kms™)

ESO074-G015 20520557 -691205.9 141.3 6.70 590.7 93.4
ES0109-G021 2247 06.07 -645000.6 14.9 30.40 2360.1 112.4
ESO115-G021 023747.28 -612012.1 43.4 4.93 512.2 64.4
ES0O138-G014 17 0659.22 —-620458.3 134.4 18.57 1508.4 120.4
ESO146-G014 221300.08 —-620405.5 47.3 21.45 1691.1 70.2
ESO274-G001 151413.84 —-464828.6 36.9 3.40 522.8 89.4
ES0435-G025 095955.77 -293701.1 74.5 29.89 2477.0 236.3
UGC07321 12 17 34.56 +22 32 26.4 81.8 10.00 401.9 112.1
Galaxy Whao Wsq Fl Mu Diam.

(km s?) (kms?) (Jy km s?1) (My)  (arcmin) (kpc)
ESO074-G015 160.8 186.8 37.9 410 9.350 18.2
ES0109-G021 211.4 224.8 10.9 24810 5.020 44.4
ESO115-G021 112.2 128.9 72.0 3.410 13.600 19.5
ES0138-G014 226.3 240.8 51.0 4210 9.210 49.8
ES0146-G014 127.7 140.4 8.4 9.1210 3.840 24.0
ES0O274-G001 167.7 178.8 152.6 4.210 16.550 16.4
ES0435-G025 460.9 472.7 13.1 2.810 7.300 63.5
UGC07321 209.1 224.2 38.3 9.0%10 9.580 27.9

namely the rotation curves and theé éistributions, H velocity
dispersion and the flaring of thel Hayer, all as a function of

°
e
|
-

radius in the deprojected galaxy plane. Paper Il will beadest N i i : '
to applying this to our data and presenting the results fohea o8 J : 1
individual galaxy. In paper IV will analyse the data of onéegg S =

in our sample, namely UCG7321 and we will set limits on the
flattening of its dark halo.

08

2. Observations

Declination

2.1. Sample selection

We selected a sample of southern disk galaxies, for obsenvat
with the Australia Telescope Compact Array (ATCA), that ever 14
small, H-rich and late-type, in order to maximise the expected
flaring and the likelihood that thelHbrightness would be $i-
cient to probe the low surface densities needed to measere th
vertical structure of disk galaxies.

The galaxies were chosen to be edge-on (optical major-to-s°
minor axis ratica/b > 10) to simplify H modelling and increase e T
the accuracy of the measured Hensity and kinematics. We R U R
avoided galaxies at Galactic latituf¢ < 10° to reduce Galactic o ¢ T e sneension ¢
extinction in the optical bands. To minimise uncertaintiethe i
stellar mass distribution we chose relatively bulgeledaxges Fig-1a. ESO074-G015 (IC5052). Hcolumn density map
with Hubble type Scd-Sd. The galaxies were chosen to be nesg¥erlaid on the DSS image. Contours are plotted in
than 30 Mpc to enable the flaring of the td be resolved with (3,5,10,25,50,80) x o, where the rms noise- = 2.05 mJy
the 8’ ATCA synthesised beam. At 30 Mpc the FWHM of thedeanT*or 279x10'°atoms cm?. The FWHM synthesised beam
ATCA beam is~1 kpc. The vicinity of each galaxy was searchefas dimensions.8” x 9.0”, and is displayed as a cross-hatched
in NED for nearby neighbours to ensure that it was isolatée. TSymbol in the lower left.

HI masses of all galaxies satisfying these criteria were nredsu
from the H Parkes All-Sky survey (HIPASS) online data re-
leasB. With a minimum H flux integral of 15 Jy km g, this
limited our sample to only 5 galaxies.

The nearest isolated thin edge-on galaxy, ESO274-G001,
was added to the sample. Although it had a Galactic latitude , ,
of 9.3°, it is exceptionally close at.8 Mpc in the Centaurus t0 Our sample, since it has an extendedlisk and a large quan-
A galaxy group, allowing the Hlisk to be measured at a resolulity of archival observations available. The range of maxim
tion of ~150 pc. A search of Hobservations in the VLA archive otation velocity of our sample galaxies in shown in column
revealed the superthin northern Sd galaxy UGC7321 which yef Table[#. With the inclusion of IC2531, a galaxy with a

also added to our sample. We also added the Sb galaxy IC289¥/Ppeanut bulge, and hence barred (Bureau & Freeman| 1999),
we attempt to measure the halo shape of galaxies spanning dif

4 httpy/www.atnf.csiro.afresearchmultibeanirelease ferent mass scales and stages of secular evolution.
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Fig.1b. ESO074-G015 (IC5052). Top left: XV map. XV con- 0.2 a
tours are (35, 10, 25,50, 100)x o, where the rms noise = 1.90 0.0 ] g
mJy beamlor 258 x 10'° atoms cm?. The half power beam ST T T T -
15 -10 -5 0 5 10 15

extent over the major axis is shown in the lower left corner.
Top right: Integrated spectrum. Middle left:l Holumn den-
sity map rotated with the galaxy major axis aligned with the Xig. 1c. ESO074-G015 (IC5052). Top : Peak brightness temper-
axis. Column density map contours areg310, 25,50, 100)xc, ature map. Contours are plotted in (35, 120)x o, where the
where the rms noise = 1.65 mJy beam' or 2.24x 10" atoms rms noise is 1M K. The FWHM synthesised beam has dimen-
cm 2. The synthesised beam has dimensiof¥ & 9.0, and sjons 90” x 9.0”. Middle: Major axis peak brightness temper-
is displayed as a cross-hatched symbol in the lower leftdiid ature profile. Bottom: Inferred Hopacity calculated assuming
right: Minor axis profile. Bottom left: Major axis profile. constant Hl spin temperatures. The resulting maximum opaci-
ties along each line of sight column through the galaxy drgk a

plotted forTgin = 200, 300 and 400 K (bottom to top).
2.2. Observing modes and method

Galaxies were observed with the ATCA in a range of array co
figurations to obtain high spatial resolution across eadhxga
In addition, available observations from the ATCA and VL
archives were also used. The list of observations is shown in
Table[1. Column 8 shov_vs the integration time ir_1.h.ours of eagj Data reduction and imaging
observation. The resulting resolution and sensitivity red Hi
observations are shown in Talile 2 and TdHle 3, respectivelydetailed account and discussion of the data reduction and
We have smoothed the data in Right Ascension to match thafrmaging procedures is given in the online appendix. Here we
Declination, providing the smallest circular beam possifilhe restrict ourselves to a brief synopsis.
spatial resolutions shown in Talileé 2 correspond to the FWHM The reduction of the Hdata was performed with the radio
of the resulting beams. interferometry data reduction packageian. The data were cal-

At the ATCA the XX and YY polarisations were used, withibrated in the usual manner, using primary and secondary flux
a spectral channel width of3km s1. At the VLA the RR and calibrators. Solar and terrestrial interference peaksiéndali-
LL polarizations were used, and the channel width waskin  brator scans were inspected, and flagged if necessary. Tide ba
s™L. Due to the narrow bandwidth available with the VLA corpass calibration was done using either the primary or, i cas
relator at the time of observations, multiple overlappi@gdd of suficient signal-to-noise ratio, the secondary calibratote Af
passes were observed to fully span the velocity width of tlealibration, the target data were inspected for interfeeeand
target galaxies. For those observations, each bandpassaliras flagged appropriately. The radio continuum contributiopach

Brated and imaged separately, and the resulting subcubed gl
Agogether along the spectral axis.
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channel map was removed in the uv-plane, by using a suitable
average of line-free channel maps. Fig.2b. ESO109-G021 (IC5249). Top left: XV map. XV con-
tours are (35, 10, 20, 40)x o, where the rms noise = 1.76 mJy
o beantlor 3.03 x 10'° atoms cm?. The half power beam extent
4. Hiemission over the major axis is shown in the lower left corner. Top tigh
4.1. The HI distribution In_tegrated spectrum. Mi(_]ldle_left:lrdo!umn densi'gy map rotated
with the galaxy major axis aligned with the X axis. Column den
To make the Hcolumn density map, the intensity of each charsity map contours are (8, 10, 25,50)x o, where the rms noise
nel map was first converted from flux densif, y) in units of o = 1.62 mJy beamtor 279 x 10'° atoms cm?. The FWHM

Jy beam? to HI column densityNy, in atoms cm? using synthesised beam has dimensiotr®'8 8.0”, and is displayed
110197435k 1074 as a cross-hatched symbol in the lower left. Middle rightndfi
Nea (V) = ( . e 1(xy), (3) axis profile. Bottom left: Major axis profile.
maj Ymin

wherefm; andfyin are the major and minor axis FWHM of the _ _ .
synthesised beam in arcsec. Theddlumn density maps were channgls mtegra@gd to form Fhe .column density map varies as
made by taking the zeroth moment of masked channel map#unction of position, the noise in thel ldolumn density map

(with vin km s1): also varies accordingly. In order to approximate the nofshe
HI column density map, a noise map was also constructed. The
Ny = me(V)dV- (4) noise at each position in the map was calculated as
To exclude any residual sidelobes, a loose region mask wga = Vieh X (Ten(V)), ®)

defined interactively for each channel map and then all pixel . . .
with flux density above a nominal clip level of 2-3in each Wheré{oen(v)) is the mean rms noise of all channel maps inte-

masked channel map were integrated. This procedure ignoggated at that position. By dividing the column density mgp b
faint, low-level H emission and the resulting integratetiiiaps 1€ N0iSe map a signal-to-noise ratio map was formed. Failpw
will not contain any extended, low surface brightness conepo  the method of Kregel et al. (2004), the rms noise of the column
in the gas distribution. However, this does not have fé&céon dens'ty map was calculated fro_m the average flux densityl of al
the general distribution of Has determined by our method. The?X€ls with a signal-to-noise ratio between 2.75 and 3.25.

maps in this paper have been produced to show the general dis-

tribution of t_he gas in the disk in order. to judge the suit@pil 4 > Gjopal properties

of the galaxies for further study. We will only be able to anal

yse the flaring and velocity dispersion as long as we canmbtdihe integrated Hspectrum was measured from thedéta cube
high signal-to-noise profiles. A search for extendedsHbeyond using the H column density map to mask the cube, and integrat-
the scope of our present analysis of the data. As the numbeiraf over the area of the galaxy mask. This flux density spattru
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© 0.6 B
& 1
B 0.4 i over the velocity range spannedW, to get the integrated flux,
= R r FI:
o
0.2 L Waohigh
0.01 R Waojow
-20 0 20 The restriction of the integration to the velocity rangk, in-
X (kpc) troduces a small but systematic error in the total flux, uester

. ) . timating it by no more than a few %. However, for our present
Fig. 2c. ESO109-G021 (IC5249). Top : Peak brightness temp(?fﬁrposes it is important to examine the integrated profilerin

ature map. Contours are plotted in (38, 93) x o, where the : - : ;
rms noise is 17 K. The FWHM synthesised beam has dimeq?ﬁé&%;g?en;g)r/&?]gari?ggg_]emes that would make the galaxy

sions 80 x 8.0". Middle: Major axis peak brightness temper-" rpe total H mass My was then measured from the flux
ature profile. Bottom: Inferred Hopacity calculated assumlngintegral using the forn%ula

constant H spin temperatures. The resulting maximum opaci-
ties along each line of sight column through the galaxy digk aM,,, = 2.35D? x Fl, (9)

plotted forTsun = 200, 300 and 400 K (bottom to top). . o ]
where the adopted distan€eis given in Mpc. These Hmea-

surements are shown in Table 4. These total masses are also un
was converted to units of Jy by dividing by the synthesisehibe derestimated by a few %.

area The centre of each galaxy was obtained from theslumn
density map by rotating the image by 28 hd finding the opti-
_ mal pixel dfset of the rotated image relative to the originalimage
Sv) = 1.1330maj Omin fl(x, y)dxdy. (6) by maximising the correlation function of the two imagesgsi

) _ the IDL Astronomy User’s Library functiomorrel _optimize
As the flux was integrated over an equal area in each chanpgtmally this gives the center of thel Hisk rather than the

map, the noise of each channel is galactic rotational center. Comparison to the coordingiesn
in the NASA/IPAC Extragalactic Database NBDwhich are de-
Ttot = VAr€ay X och, (7)  rived from the Two Micron All Sky Survey 2MASE show dif-

) ) o ferences of on average only 4 arcsec per coordinate, exaept f
where Areq is the area of Hcolumn density emission, and - ES0074-G015, where it is about 20 arcsec in RA and 30 arc-

is the rms noise of each channel map. Forckbes with a con- gac in Dec. However, this galaxy shows some deviations from
stant rms noise in each channel, the noise of the spectrum was

fitted from the line-free channels in the spectrum. The vigloc 5 httpy/idlastro.gsfc.nasa.gfvomepage.html.
widths at the 20%- and 50%-level&4o, Wso, respectively) were ¢ nedwww.ipac.caltech.edu.
measured from the spectrum, and the spectrum was integratédwvww.ipac.caltech.eg@masg
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Fig.3b. ESO115-G021. Top left: XV map. XV contours are g 1 L
(3,5,10, 20,50, 100 150)x 0, where the rms noise = 1.55 mJy © 554 L
beantlor 216 x 10'° atoms cm?. The half power beam extent 1 i
over the major axis is shown in the lower left corner. Top tigh 1 i
Integrated spectrum. Middle left:Ildolumn density map rotated 0.0 L ; ; ‘ R
with the galaxy major axis aligned with the X axis. Column den -10 -5 0 5 10
sity map contours are (3, 10, 25,50)x o, where the rms noise X (kpc)

o = 1.47 mJy beam® or 2.04 x 10'° atoms cm?. The FWHM
synthesised beam has dimensior#’8< 8.9”, and is displaye
as a cross-hatched symbol in the lower left. Middle rightnivi
axis profile. Bottom left: Major axis profile.

d Fig.3c. ESO115-G021. Top : Peak brightness temperature map.
Contours are plotted in (382 86,129)x o, where the rms
noise is 86 K. The FWHM synthesised beam has dimensions
8.9”x8.9”. Middle: Major axis peak brightness temperature pro-
file. Bottom: Inferred H opacity calculated assuming constant
HI spin temperatures. The resulting maximum opacities along

symmetry, both in optical appearance as well as in theistri- each line of sight column through the galaxy disk are plofited
bution. The position adopted fits the symmetry of the XV mapsein = 200, 300 and 400 K (bottom to top).
very well (see Fid_1lb) and is also closer to centers listddEiD
that are derived from photographic and IRAS data.

The position angle of the galaxy was found by a similegynthesised beam. For such observations the uncertairiye of
method. First a wide range of position angles were trialedd measured centre and position angle were larger.
the estimated position angle. Theé¢blumn density mapwasre-  Thexzv cube was constructed by rotating the dita cube
flected over each test position angle about the galaxy canter about the galaxy center to align the galaxy major axis with th
the residual of the two maps was calculated. The position a-axis. In Sect[b we show the rotated channel maps to allow
gle that yielded the lowest summed residual was then adoptbé flaring to be viewed directly from the observations. Wal
as the next position angle estimate. Subsequent roundeegarpresent the Hcolumn density map with the projected major
smaller and smaller ranges of the position angle until tr&-poand minor axis profiles as measured from thechlumn den-
tion angle was determined to less thad @eg or until the to- sity map. The H diameter and maximum vertical extent were
tal residual dropped below 1% of the summed flux of the Hneasured at thes3level of the projected profiles.
column density map. Both methods worked very well for ob- An XV cube was also produced by reordering the cube axes
servations with a near circular synthesised beam, aclgemin to form axvz cube. This cube was then integrated over the
accuracy of~1 pixel in the centre position and10- 0.2deg in axis to make an XV map using the same method as was used to
position angle. However, observations with a highly eldagda make the H column density map. Both the XV map and the H
beam were poorly fitted, as the distortion of the image causeolumn density map are shown with their respective noisel$ev
by the beam shape biased the derived PA towards the PA of theSect[B. The systemic velocity of the galaxy was measured
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from the XV map by shifting the XV distribution flipped in V' rig 4 ES0138-G014. Top left: XV map. XV contours are
with respect to the actual XV map to maximise the correlatlo(@ 5,10, 20, 50)x o, where the rms noise = 2.74 mJy beam!
function. or 2.64x 10 atoms cm?2. The half power beam extent over the
Peak brightness temperature maps were also made for eaglior axis is shown in the lower left corner. Top right: Integd
galaxy, where the peak brightness temperature is the maximgpectrum. Middle left: #column density map rotated with the
brightness temperature over all channel maps at eachlspatia ga1axy major axis aligned with the X axis. Column density map
sition. The brightness temperaturg was derived from the H gntours are (%, 10,25,50, 75,100)x o, where the rms noise

column densityNy in each channel map using o = 2.38 mJy beamt or 229 x 101 atoms cm?2. The FWHM
N synthesised beam has dimension§1810.7”, and is displayed
Ts Hl (10) as a cross-hatched symbol in the lower left. Middle rightnbfi

1.83x 101 axis profile. Bottom left: Major axis profile.

The major axis profile of the peak brightness map is also shown

for each galaxy in Sedfl 5. These plots are useful indicatbrs , ) i i

possible H self-absorption that could be obscuring the intrin@XiS Of the galaxy and the corresponding major and minor axis
sic HI surface distribution. Sedf] 5 also shows the inferred 1§urface density profiles. Partshows the peak brightness tem-

opacity of the brightest Hemission at each major axis posiPerature map and the corresponding observed major axiseprofi

tion, assuming three flierent values of the Hspin temperature and compares this with opacity profiles calculated with sasie

(200,300, 400 K). sumed Hi spin temperatures. The individual channel maps were
presented b@@b?) and are included in furthergrt

e etc. (depending on how many figures are needed) as online-
5. Results for individual galaxies only material at the end of this paper.

In this section we present our data for the galaxies in theogam
For each galaxy we present the following figures. Bashows 5.1. ESO074-G015 (IC5052)

an H column density map ovgrlaid on an optical image frofg55074-Go15is a SBd galaxy with a substantial star formatio
the Digitized Sky Survey (DSS)Partb shows the total inten- o inn extending above and below the galactic plane on tise we

sity position-velocity map (XV me_lp) togeth_erwith t_he intagad_ side of the galactic centre. However despite this, thedtumn
spectrum, and theltolumn density map aligned with the Maj0lyensity distribution (shown in Fig_lb) is surprisingly syret-

8 The Digitized Sky Surveys were produced at the Space quescc%r'c' Although there is extensive high latitude Has extending
Science Institute under U.S. Government grant NAG W-216@ im- 0 3'7. kpc above and.2 kpc below the gala.ctl.c equator, thg dis-
ages of these surveys are based on photographic data abtming the trioution of elevated gas appears to be similar on both sides
Oschin Schmidt Telescope on Palomar Mountain and the UK gtthmthe galactic centre. Similarly the XV diagram is also fasiym-
Telescope. The plates were processed into the present esseplrdig- metric. There is a slight decrease in flux along the line-@des
ital form with the permission of these institutions. of the west side of the galaxy possibly indicating gas déptet




10 J.C. O'Brien et al.: The dark matter halo shape of edgeisinghlaxies |

10- . ] I
g i
) ] r 3
& o - -
N 1 - i
-5 C X i s
~10- a . I
-20 -10 0 10 20 T i
150 L i
1 I - . B
ER [ ] I
Eﬁ" JlOOi j i = ¥ L
o ] : ]
= 1 L —62° 08" —| a2 —
50; ; \h\ ‘m\ \s\ T ‘s\ LI ‘S\ T T ‘s\ T \1\2’:’1‘5(\)5\ T \4(‘]5\ T \3(‘)5\
0 ] I Fig.5a. ESO146-G014. Hcolumn density map overlaid on the
_‘20 _‘10 (‘) 1‘0 2‘0 DSS image. Contours are plotted in $310, 25, 50)x o, where
| ] the rms noiser = 1.53 mJy beam! or 292x 10'° atoms cm?.
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] r is displayed as a cross-hatched symbol in the lower left.
“ ol -
2 1 i synthesised beam. Indeed the high latitudg#éb extends to 23
§ 1 L HWHM beamwidth. Vertical flaring of the gas distribution can
S 45 B be noted in the extreme velocity channels 4938, 657, 667,677
] r km s in the outer part of the galaxy where the rotation curve
. - inferred from the XV map is roughly flat.
001 ‘ ‘ ‘ ‘ €L The H column density distribution is dominated by two
—20 ~10 0 10 20 bright spots at a projected radius-of kpc from the centre. The
X (kpe) brightest gas emission in the cube with brightness temperat

_ . of approximately 140 K also correspond to this position. The
Fig.4c. ESO138-G014. Top : Peak brightness temperture map. gisk also contains two outer bright points (although less de
Countours are plotted in (431,83, 124)x o, where the rms fnaq on the western side) at a radius~&-6 kpc with a equa-
noise is 104 K. The FWHM synthesised beam has dimensioRgyia| prightness distribution similar to that of the batigalaxy
107" x 10.7"r. Middle: Major axis peak brightness temperaygc7321, which also displays the characteristic “figuresat-
ture profile. Bottom: Inferred Hopacity calculated assumingtern of a bar in its XV distribution. Although ESO074-G015 is
constant Hi spin temperatures. The resulting maximum opaciassified as a barred SBd galaxy in NED, it does not display a
ties along each line of sight column through the galaxy drgk &figure-8” pattern in the XV map. ESO074-G015 contains only
plotted forTspin = 200, 300 and 400 K (bottom to top). 1/3 of the H mass of UGC7321, and has a lower maximum rota-

tion speed of 90 km s1, relative to 1121 km s for UGC7321.
Itis possible that the lower angular momentum and overadiama
due to a star burst. However there is no apparent localiggoimre of ESO074-G015 restricts gas flow in the orbital patterns of a
of high velocity dispersion gas that could be associated thi¢ barred potential.
star burst.
The H distribution extends to a maximum radial extent o
281" or 9.1 kpc (for the adopted distance af7f&pc). The scale- E,z, £S0109-G021 (1C5249)
length of the projected distributidix is~ 120" or 3.9 kpc, with  ES0109-G021 is a superthin Sd galaxy with B-band stel-
the edge of the Hdisk at 23hx. The exponential scaleheight oflar scalelength-to-scaleheight ratio of 11 (van der Krtidlg
the projected minor axis distributidn is 205 or 667 pc. The [2001). The rotation curve was initially found to be in solid
high latitude H clouds extend to a height of8kpc or 6 scale- body rotation by Abe et al (1999), howevVer van der Kruit ét al
heights away from the equatorial plane. ) pointed out such a rotation curve was inconsistetit wi
The galaxy is well-resolved by the synthesised beam alotite double-horned Hspectrum (see Fi§. Pb). By modelling the
the major axis, extending to 31 FWHM beamwidths on eackV diagramivan der Kruit et all (2001) show that ESO109-G21
side of the galactic centre, where each FWHM beamwidth isdifferentially rotating.
292 pc. In the vertical direction the measured scaleheifjtiteo To improve signal-to-noise and recovery of image structure
projected distribution is approximatelxdHWHM beamwidth, we obtained two additional 12-hour synthesis observatibtise
indicating that the vertical Hstructure is well-resolved by the ATCA and added these to the earlier observation by Carignan
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Fig.5b. ESO146-G014. Top left: XV map. XV contours are 3 1.0 N
(3,5, 10, 25,50)x o, where the rms noise = 1.45 mJy beam* & ] N
or 276x 10" atoms cm?. The half power beam extentoverthe ~ ] L
major axis is shown in the lower left corner. Top right: Inmatgd ] r
spectrum. Middle left: Hcolumn density map rotated with the 0.0 r
galaxy major axis aligned with the X axis. Column densitymap ~ — ‘ ‘ ‘ -
contours are (3, 10, 25,50)x o, where the rms noise = 1.40 —10 < (1? ) 10
pc

mJy beam! or 267 x 10*° atoms cm?. The FWHM synthe-

sised beam has dimension$7x 7.6”, and is displayed as afjg 5¢c. ES0146-G014. Top : Peak brightness temperature map.
cross-hatched symbolin the lower left. Middle right: Mirotis  contours are plotted in (680, 100)x o, where the rms noise
profile. Bottom left: Major axis profile. is 149 K. The FWHM synthesised beam has dimensiaBé %
7.6”. Middle: Major axis peak brightness temperature profile.
Bottom: Inferred H opacity calculated assuming constarit H

which was used in the rotation curve analysis[by Abe ket &pin temperatures. The resulting maximum opacities alah e

(1999) and van der Kruit et al. (2001). The distance of ES@10@e of sight column through the galaxy disk are plottedTegsn

G21 is about 30 Mpc distant so the bleam is relatively large, = 200, 300 and 400 K (bottom to top).

1179 pc. The Hcolumn density map in Fif. 2b shows the galaxy

to be well-resolved in the radial direction, while perpendi

lar to the plane the resolution is justfBaient to detect flaring

in the extreme velocity channel maps. Comparison of the XV

map in Fig[2b with that measured by van der Kruit etlal. (2001)

shows significantly improved structure recovery. However t ture is well-resolved, extending to a height o kpc, equiv-

peak signal-to-noise of thelldhannel maps is 10, which will ~ alent to 8.5 FWHM beamwidths or.2h;, whereh; is the pro-

make measurement of the Raring quite dificult. jected scaleheight of 2B arcsec or 583 pc . The flaring of the
vertical H distribution can clearly be seen in channel maps at
459 469 479 548 558 568 km s, particularily on the eastern

5.3. ESO115-G021 side where the flatter domain of the rotation curve is more ex-

This Scd galaxy extends to a maximum radial extent of4ds tended (as inferred from the XV map shown in figl 3b).

9.7 kpc (assuming a Hubble flow distance 05 4«pc inferred The XV diagram does not display barred gas kinematics;
from thevea). The scalelength of the projected distributibR, however a small galaxy like ESO115-G021 with a rotation dpee
is 209’ or 4.6 kpc, with the edge of the Hlisk at 21hx. ThisH  of 62 km s is unlikely to show the strong orbital patterns of a
column density map (Fid._38b) displays a very symmetric digkas bar. The Hcolumn density distribution is dominated by a
which appears to be relatively quiescent with no obvious klateau within a radius of 5 kpc, except for a central brigrelp
extensions above and below the inner disk. The verticatstrwith a peak brightness 6f150 K in the central 1 kpc.
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5.4. ESO138-G014 Fig.6b. ESO274-G001. Top left: XV map. XV contours are
3,5,10,25,50,100)x o, where the rms noise = 2.24 mJy
anT! or 256 x 10*° atoms cm?. The half power beam extent
over the major axis is shown in the lower left corner. Top tigh
Integrated spectrum. Middle left:Ildolumn density map rotated

; S ; : .~ with the galaxy major axis aligned with the X axis. Column den
XV diagram in Fig[4b shows depressions in thiefldx at radii sity map contours are (3, 10, 25,50, 100)x ¢, where the rms

of ~1_0 kpc, yvith thg indication of a “figure-8” structure in thenoiseo- — 1.70 mJy beamt or 193 x 101 atoms cmZ2. The
gas kinematics. This suggests that the galaxy is actuatheta FWHM synthesised beam has dimensior&’9< 9.8”, and is

as “figure-8” structures are typically seen in gas kinensatit dis : .
played as a cross-hatched symbol in the lower left. MiddI
barred edge-on systems (Bureau & Freeman./1999). nr(i]ght: Minor axis profile. Bottom left: Major axis profile.

We were able to observe this galaxy only in the 1.5A a
6A ATCA array configurations. Due to the lack of short spac-
ing observations we are missing much of the extended steictu o ]
on large spatial scales. The channel maps show thatitiéski  H! bar, which is as expected given the low oxygen abundance of
clearly flares vertically with radius, but the missing exted 6% of the solar value (Bergvall & Ronnback, 1995).

structure will hamper accurate measurement of the flaring.
5.6. ESO274-G001

ESO138-G14 is a larger Sd galaxy, with a maximum rotati
speed of 12@ km s and a H disk extending to 23 kpc. The
HI column density map in Fig. #a shows thé tHsk is well-

resolved by the Hsynthesised beam of I or 960 pc. The

5.5 ESO146-G014 ES0O274-G001 is the closest galaxy in our sample, at a distanc

This Sd galaxy extends to a maximum radial extent of’1a8 of 3.4 Mpc in the Centaurus A group. Its proximity allows the H

12.3 kpc (assuming the distance of.2kpc determined from disk to be examined at 160 pc resolution with th&’Fesolution

its systemic velocity). The galaxy is well-resolved by tlym-s of the H synthesised beam. To image this galaxy we used two

thesised beam along the major axis, extending to 15 FWHp4rtial observations in 1.5 km ATCA array configurationgiiro

beamwidths on each side of the galactic centre, where edloh ATCA archive, and one new 12-hour synthesis observation

FWHM beamwidth is 793 pc. In the vertical direction the medn the ATCA 6A array configuration. From thel kbtal column

sured scaleheight of the projected distribution /8 #mes the density map in Fig_8a we can see that the vertical axis is very

HWHM beamwidth, indicating that the galaxy is well-resalve well-resolved, although it is clear from theflilise structure that

in the vertical direction also. the significant extendedIHemission is not observed due to the
ES0146-G014 has a rotation speed of27km s!, typical lack of observations in short array configurations. Conguari

of low-mass Sd galaxies. The rotation of ESO146-G014 agpeaf the H flux integral with that measured from thel IRarkes

solid body from the XV diagram in Fig._bb, however khod- All-Sky Survey (HIPASS) data shows that about 30% of the H

elling (see Paper Ill) shows aftérential inner rotation curve flux is not measured.

like other small disk galaxies when observed at high resmiut From the XV map in Fig_8b we see that the rotation curve

(e.g[Swateld, 1999). The XV diagram shows no evidence obhthis small Sd galaxy rises steeply to a radius efd kpc and
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The H column density map shows the galaxy extends to
~25 beamwidths on either side of the galactic centre, ana@thre
beamwidths on either side of the khidplane. Above the galac-
tic centre, the Hcolumn density map in Fig, Va shows fila-
ments extending te 3 kpc above and below the midplane. Like
ES0109-G021, the other distant galaxy, the peak signabtse
is quite low at 1. Although the H disk appears to be flared in
the H column density map (Fig.¥a), the flaring is not visibly

Fig. 6c. ESO274-G001. Top : Peak brightness temperature mapyious in the H channel maps due to the low signal-to-noise.

Contours are plotted in (4Q00)x o, where the rms noise is®
K. The FWHM synthesised beam has dimensior@ « 9.8”.
Middle: Major axis peak brightness temperature profile &t
Inferred H opacity calculated assuming constantdpin tem-
peratures. The resulting maximum opacities along eachdline
sight column through the galaxy disk are plottedTgg, = 200,

300 and 400 K (bottom to top).

5.8. UGC7321

This Sd galaxy extends to a maximum radial extent of’288
or 140 kpc (assuming the distance of 10 kpc adopted by

Uson & Matthews|(2003)). The scalelength of the projectee di

tribution, hy, is 112’ or 5.4 kpc, with the edge of the IHlisk at
2.6hx. This galaxy exhibits substantial high latitudé &ktend-
ing up to 144 or 7.0 kpc in the inner Hdisk. The scaleheight of

then flattens on one side, but continues to rise with a shallowhe projected minor axis distributidn is 116" or 560 pc. Thus

slope on the other side. In these outer velocity channel magse high latitude Hclouds extend to a height of 12 scaleheights
where the Hispans a larger range along major axis, it is possiblfhove the equatorial plane.

to see clear flaring of the gas thickness with radius. Howder

The galaxy is well-resolved by the synthesis beam along the

galaxy is lopsided kinematically, and also slightly logsidn its - major axis, extending to 19 FWHM beamwidths on each side of

HI distribution with an indication of a warp on the NE side.

5.7. ESO435-G025 (IC2531)

the galactic centre, where each FWHM beamwidth is 727 pc. In
the vertical direction the measured scaleheight of theeptegl
distribution is similar to the FWHM beamwidth, suggestihgtt
the low latitude vertical structure is dominated by the €hap

ES0435-G25 is the only large spiral galaxy in our sample. thhe synthesised beam. However despite the relatively Bmge
is an Sb galaxy with a bright peanut-shaped bulge shown to thesised beam, the vertical flaring is clearly visible in tabsn-
a bar from the “figure-8” signature in the optical emissiareli nel maps due to the extended roughly flat rotation curve which

kinematics!(Bureau & Freemen, 1999). The line splittingtigi

seen as a figure-8 signature in theXV diagram in Fig[Zb was

is clearly apparent in the XV map (Fig.I8b).
The XV diagram (Fig[[8b) also exhibits the characteris-

first detected by Bureau & Freeman (1997). We use the satite“figure-8”" shape, which can be indicative of barred dy-

ATCA HI observations in our study.

namics [(Kuijken & Merrifield| 1995; Bureau & Freeman, 1999;
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Fig.7b. ESO435-G025 (IC2531). Top left: XV map. XV con- &
tours are (35,10, 20, 30)x o, where therms noise = 1.76 mJy @ 0.2 B
beant® or 240x 10'° atoms cm?. The half power beam extent a I
over the major axis is shown in the lower left corner. Top tigh 1 i
Integrated spectrum. Middle left:Ildolumn density map rotated 0.0 L ; ; ‘ oo b
with the galaxy major axis aligned with the X axis. Column den -20 0 20
sity map contours are (3, 10, 25,50, 100)x o, where the rms X (kpc)

noiseo = 1.68 mJy beam' or 2.28 x 10'° atoms cm?. The

FWHM synthesised beam has dimensior®’3x 9.0”, and is

displayed as a cross-hatched symbol in the lower left. Mid
right: Minor axis profile. Bottom left: Major axis profile.

Fig. 7c. ESO435-G025 (IC2531). Top : Peak brightness temper-
gfiture map. Contours are plotted in (28, 73) x o, where the
rms noise is @ K. The FWHM synthesised beam has dimen-
sions 90” x 9.0”. Middle: Major axis peak brightness temper-
ature profile. Bottom: Inferred Hopacity calculated assuming
Athanassoula & Bureal, 1999; Athanassdula, 2000). Fuether constant H spin temperatures. The resulting maximum opaci-
idence for a dynamical bar in UGC7321 was later found Hies along each line of sight column through the galaxy digk a
Pohlen who detected the distinctive boxy-bulge shape in ta®tted forTspn = 200, 300 and 400 K (bottom to top).
near-IR distribution (Pohlen etlal., 2003). Pohlen &tla0(
measure the bar length as 1421” or 5.4 + 1.0 kpc. This is in
agreement with the bar size inferred from the size of the fgu | the vertical direction all galaxies are spanned by attiéas
8” kinematics. It also corresponds to the scalelength optiee  peamyidths. Unfortunately three of the galaxies in the samp
jected H profile. The H column density has a plateau at radig ger from incomplete imaging, resulting in missing informa-
within 5 kpc, declining steeply at radii outside this radius  {jon about the extended spatial structure due to the lacksée
The peak brightness temperature rises steeply at radiiéns{ations along short baselines. For two of these galaxie#80
2 kpc to 94 K. Assuming a Hspin temperature of 200 or 400 K, 5015 and ESO274-G001, the images still contain substantial
the corresponding centralltdpacityr is 0.65 or 027. The tWo  ormation due to the small linear size of the beam, 290 pc and
outer peak brightness points correspond to radii of 6 kpt eaggo pc, respectively. For these galaxies the iterativaridd-
and 55 kpc west, also aligning with the outer Lindblad résOs|ling methods used to measure the deprojectedensity dis-
nance points of the stellar bar measured by Pohlen et al3f20Qrihytion and kinematics (Paper II) should provide good mea
surements of the flaring. But thel iinages of ESO138-G014
indicate missing extended ldmission and low spatial resolution
which will probably prevent reliable measurement of theirfigr
The resolution of our Hdata along the major axis is high,in this galaxy. All the other galaxies in our sample are ping
with the number of independent beamwidths on each side azndidates for accurate measurement of th&irematics and
the galaxy centre ranging from 15 to over 50 in our galaxiegertical flaring.

6. Discussion & Summary
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The H column density distribution of the galaxies in our
sample varies quite substantially. The four galaxies witxm
imum rotation speedsz 100 km s! all have H disks that
extend to greater than 5 kpc away from the plane. Three
them (ES0435-G25, UGC7321 and ESO138-G14) also have tite
“figure-8” signature in the XV diagram suggestive of an edge-
bar in the gas distribution. ESO435-G25 (Bur Freemanig.8b. UGC7321. Top left: XV map. XV contours are
[1999) and UGC7321[ (Pohlen ei dl.,_2003) both have box{. 5, 10,20,50,100 250 500) x o, where the rms noise- =
peanut shaped stellar bulges consistent with a bar seen edye24 mJy beam' or 257 x 10'® atoms cm?. The half
on. Combined with the figure-8 signature in the dhs struc- power beam extent over the major axis is shown in the
ture this is strong evidence for a bar_(Kuijken & MerrifieldJower left corner. Top right: Integrated spectrum. Midddst
[1995{Bureau & Freemhh, 1999; Athanassoula & Bureau,|1999; column density map rotated with the galaxy major axis
|Athanassould, 2000). E138-G014, IC5249 and 1C2531 all haa#gned with the X axis. Column density map contours are
large H disks with radii larger than 20 kpc, while UGC7321 i3, 5, 10, 20,50, 100,250 500) x -, where the rms noise =
much smaller with a radius of only 18tkpc. 0.508 mJy bearmt or 249x 10'® atoms cm?. The FWHM syn-

The other four galaxies are not much smaller than UGC73#esised beam has dimensions 35157, and is displayed as a
in radial extent, but they are considerably smaller in totaks. Cross-hatched symbolin the lower left. Middle right: Mireodis
They also lack the vertical extensions in the central diskshg- profile. Bottom left: Major axis profile.
gest additional sources of heat in the disk. This suggeatotie
of the causes of extended high latitude fitaments is heating
related to star formation and other processes associatedhei

1.0x10% E8

5.0x10%

0] Fo
-400 —200 0 200 400
Major axis Ry (")

l&n density (atoms cm™)

ness as a function of major axis position for these threexgala
ies shows that, in each case, the region of increased opscity
bar. . i ocalised spanning a projected radius~df-2 kpc. In ESO115-

. The peak bnghtness prqflles of each galax_y show that t 1, this increased opacity region occurs at the galactitee
inferred H opacity (assuming a constantl I8pin tempera- o ever for ESO138-G14 and ES0O146-G14, the regions of in-
ture) varies substantially across the major axis of eactxgal ¢eased opacity occur in the outer disk. Three of our eiglaxga
The high spatial resolution of our images has made it pPOSRlg gnpear to be warped, and one is lopsided. This is consiste
ble to measure high IHbrightness temperatures. The maximunyith results from larger samples, as e.g. mentioned in triewe
brightness temperature in our galaxies ranges from 84for by[Sancisi et [(2008) ’

UGC7321to 168 K for ESO146-G14. In addition to ESO146- i - '
G14, two other galaxies have high Hrightness temperaturesAcknowledgements. JCO thanks E. Athanassoula, M. Bureau, R. Olling, A.
> 150 K. Assuming a meanIH;pin temperature of 300 K, thePetric and J. van Gorkom for helpful discussions. JCO isefubtto B.

. . - . . P Koribalski, R. Sault, L. Staveley-Smith and R. Wark for helpd advice with
maximum inferred opacity for thesel Bright galaxies is-0.7. data reduction and analysis. We thank the referee, J.M. gaHdIst, for his

ThiS is comparable to the maximum bpac?ty of 085 measur?d careful and thorough reading of the manuscripts of thisesesf papers and his
in NGC891 [(Kregel et all, 2004). Inspection of the peak krighhelpful and constructive remarks and suggestions.
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Fig.8c. UGC7321. Top : Peak brightness temperature map.
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Appendix A: Data reduction were checked with the taskvspec and a new large chO image
was formed to search for additional fainter residual cantm
sources that remained after the first continuum subtractfon
found, continuum subtraction was repeated with the phase ce
ter shifted to the next brightest source. The process wasiteg
until the ch0 image showed no significant contaminatingicent
uum sources. For observations that were taken during daylig
hours, the continuum subtraction was performed with thespha
¢enter shifted to the position of the Sun. This procedurdccou

spected for the characteristic signs of solar and tere¢sadio be compromised by continuum emission from the gz_alaxy itself
frequency interference (RFI) using the taskeir and TveLAG. or background sources and in all cases it w_orked. satisiactor
Visibilities with RFI, Galaxy H emission, shadowing or during . For the narrow bandpass VLA observations, it was not pos-
known telescope system problems were flagged bad. The gip!e to span the full galaxy emission in a single bandpasswh
mary calibrator data were flux calibrated using the known fitiSing the high spectral resolution correlator configuratio
with the taskvrcat. The secondary calibrator was then used @Hch cases, the galaxy was imaged with two overlapping band-
calibrate the telescope gains, and iffient parallactic angle Passes. As these bandpasses included only a few line-fage ch
coverage was obtained with the secondary calibrator it dgas a"€!S on one side of the bandpass it was not possible to pediorm
used to calibrate the bandpass. For observations with loal-pa@ccurate 1st order polynomial fit to the line-free channéta w
lactic angle coverage, such as snapshots, the bandpatisrsolyVL!N: Instead any brlg_ht continuum sources were subtracted
of the primary calibrator was used to calculate the bandpass [T0M each bandpass with the taskvoper using a point source
The calibrated flux solution of both primary and seconda&odeI with the fitted flux and position of the radio source. Any
calibrators was inspected witlveir. New secondary calibrators SIIE‘jU?I Col.m'm];’um err]nlssmln was rehmbove(;j with z;l_ﬁgro-Oéger f
were calibrated during observations, and then inspectéuitie to the few line-free channels in each bandpass. This peeorm
taskuvrLux to see if they resembled an unpolarised point sourc%.sat'SfaCtOry continuum subitraction for the three gatamie-
If the secondary calibrator was too faint, showed polasabr sérved at the VLA.
structure in L band then it was replaced by the next nearést su
able bright calibrator for later calibrator scans througtiibe ob-
serving run. Gains and bandpass solutions were inspectad

the taskeppLr. The flux density of the secondary calibrator wag preliminary dirty H data cube and dirty beam map was

then corrected using the primary calibrator flux solution. formed using the default gnddmg where each pixe| SiZE/B 1
The final calibration tables were copied to the target galaxy the synthesised beam FWHM along the X and Y axes of the

visibility dataset. Before applying the calibration, tr&rs were beam. The accurate beam shape was then measured from the

averaged over the duration of each secondary calibratatipgi central peak of the dirty beam by fitting an elliptical Gaassio

(3 minutes) and gains interpolation was limited to the weér determine the majafm,j and minomy, axes and position angle

between secondary calibrator observations (30-45 mijutes of the synthesised beam. The preliminary data cube was ased t
The calibrated target galaxy visibilities were then ingpdc determine the size and velocity range of thiegrhission. A new

with the taskarvrLac, uverr, and any data contaminated by RFHirty datacube was then made with square pixels eachi®bi

or shadowing was flagged bad with the appropriate flagging tdig’5 of the synthesised beam FWHM major a&ig;.

(TVFLAG, UVFLAG Of BLFLAG). The visibilities were weighted using a robust weighting of

0.4 (Briggs, 1995) to provide a optimal compromise between

spatial resolution and suppression of sidelobes. A pesitibust

weighting causes the visibilities in the more sparselydach

To identify the presence of radio continuum sources in tHd figParts of the visibility phase space to be down-weightedirela
of view, a large 30channel-averaged (ch0) image was made u§ Uniform weighting. This reduces the amplitude of the side
ing the tasknvert extending out to approximately the half powefoP€s, withoutsignificantly increasing the size of the &gstsed
radius of the primary beam. The positions and fiux in radiugwe?&@m FWHM. The barycentric velocity reference frame and the
fitted for any continuum sources found in the chO map using thdio definition of velocity was used for the velocity axis of the
task cacurs. The visibility spectra of each baseline were thehl! data cube. We chose the radio definition because it yields a
inspected using the taskvseec. Spectral channels free ofiH constant velocity increment between channels, which wefsils
emission were identified. Observations of nearby galaxiesno fOr later modelling of the Hdistribution
showed Galactic Hemission within the observed bandpass. tt; L L
was not necessary to flag these channels. Instead they were d%é;?ﬁﬁegﬂeenggpﬁé?%%? fptﬁg’?fr'? d?go;esfitn?titgr?”r%?w;usigmal
g:fti?gcggm ,Tse tlfliat grg;? gf;elg)&hgrrl]r}glssioll{]ssvilsnj\:vea;glg;a_increments in frequency translate to equal incrementslicitg,
rated from the Galaxy line emission by at least 2@00 km s?, v
they were also not included in the galaxyikhage cubes. Viadio = C(1 - v_o)’

The radio continuum was then removed by performing a low . o
order polynomial fit to the line-free channels with the taskiy. ~@nd the “optical definition”,
If the observation included a radio continuum source with flu Vo
significantly brighter than the channel-averagedflkdx of the Voptical = C(7" — 1).
target galaxy, then the phase center was shifted to theiqosit
of the brightest contaminating continuum source duringcthie  The diference irv for fixed v is ~1% for 2500 km st, the highest radial
tinuum subtraction. The continuum-corrected visibiligestra velocity in our sample.

A.1. Calibration

Reduction of the Hdata was performed with the radio interfer
ometry data reduction packageriap. First, the data was loaded
into mriap With the taskarLop, using the barycentric velocity
reference frame, and specifying the rest frequency lofTHe
visibilities were then split into separate datasets fohesmirce.
The primary and secondary calibrators for each source were

Vﬁppendix B: Imaging

A.2. Continuum subtraction
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We used thenriap cLean algorithm to correct for ects in- P.C. van der Kruit or K.C. Freeman at the email address given
troduced by the sparcity of the visibility sampling. To firftet on the first page.
approximate Hemission region in a each channel, first an ini-
tial cLean was performed over the central quarter of each chan-
nel map, and a low resolution data cube was made by restoring
the clean components with a Gaussian of twice the full resolu
tion synthesised beam size. The noise in each plane of the low
resolution cube was then measured, and inspected to find-the r
gion of HI emission in each plane. Following standard practise,
aclean mask was created by selecting the region in each plane
of the low resolution data cube withlHmission greater than
twice the rms noise (2) using the taskaccurs. The noise level
of the full resolution dirty cube was measured and then the ar
eas defined by thelean mask werecleaned down to Q50 using
MIRIAD CLEAN. We realise that this is not the optimal procedure
to find the low level emission as CLEAN components found in
a high resolution image usually do not represent the lowl leve
extended emission properly. Better practice would have bee
make low resolution images from the continuum subtracted u,
data directly and CLEAN those. In the case of this study, how-
ever, only high resolution images are produced and used.

The final full resolution H data cube was produced using
the taskrestor Which produces a residual map for each channel
map by subtracting the transformeldan components, and then
adds the restored flux to each residual image by convolviag th
clean components by thelean beam. A circular Gaussian was
used for theclean beam, with the FWHM set by the measured
major axis FWHM of the dirty beam. After restoration the full
cube was corrected for théfect of the antennae primary beam
using the taskinmos. The size of the restoring beam is shown in
column 2 & 3 of TabléR.

As multiple observations in ffierent array configurations
were combined to provide the maximum visibility samplires+
olution and sensitivity, some galaxies were observed ghti
different pointing positions. These observations were imaged u
ing themosaic mode ininvert, and deconvolved using the task
mosmeMm Which performs a maximum entropy deconvolution of
data with multiple pointings.

In the case of VLA data for which multiple bandpasses were
needed to span the galaxy Emission, the visibility data were
split into separate bandpasses prior to imaging, with ther-ov
lap region combined using the taskcar. Each bandpass was
thenimaged, cleaned and restored separately, beforeteoata
ing the final subcubes with the taskcar. Although the channel
separation at the joins was not exactly the same as the channe
width elsewhere, the fierence was less than 1 kmtswhich
is unlikely to dfect subsequent modelling of the #istribution.

The overlap channels were observed for a longer integration

and consequently these channel maps have a lower rms noise.
However as channel maps and moment analysis were made us-
ing the noise measured in each channel map, thierdnce in
noise level over the velocity range of the galaxy is handied a
propriately and does not cause noise contamination in the de
rived images. The measured noise levels of thddia cubes are
shown in Tabl€1.

After forming the full resolution Hdata cubes with Miriad,
all subsequent imaging, moment analysis and measurements
were undertaken using theteractive Data Language (IDL).

Appendix C: Channel maps

In (O’Bried,[2007) all the channel maps that contairefhission
have been dispayed as contour diagrams. Interested rezmfers
obtain an electronic .pdf file with these maps upon request fr
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