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1 INTRODUCTION

Over the last three decades, there have been nféorysgto map the
distribution of HI in galaxies using radio synthesis tetgses. The
first analyses focused on massive and Hl-luminous galaeies (
Bosma 1978, Wevers et al. 1984). There were also surveysispec
cally focusing on galaxies in clusters (Warmels 1988, Cayettal.

ABSTRACT

We analyze the radial distribution of HI gas for 23 disk gaaxvith unusually high HI
content from the Bluedisk sample, along with a similar-disample of "normal” galaxies.
We propose an empirical model to fit the radial profile of thesdiface density, an expo-
nential function with a depression near the center. Theatadli surface density profiles are
very homogeneous in the outer regions of the galaxy; therexpitally declining part of the
profile has a scale-length ef 0.18 R1, where R1 is the radius where the column density of
the Hl is 1M, pc2. This holds for all galaxies, independent of their stellaHbmass. The
homogenous outer profiles, combined with the limited rangelisurface density in the non-
exponential inner disk, results in the well-known tightatedn between Hl size and HI mass.
By comparing the radial profiles of the HI-rich galaxies wittose of the control systems,
we deduce that in about half the galaxies, most of the exaesBas outside the stellar disk,
in the exponentially declining outer regions of the HI digk.the other half, the excess is
more centrally peaked. We compare our results with exisgimgothed-particle hydrodynam-
ical simulations and semi-analytic models of disk galaxyrfation in aA Cold Dark Matter
universe. Both the hydro simulations and the semi-anamgtidels reproduce the HI surface
density profiles and the HI size-mass relation without ferttuning of the simulation and
model inputs. In the semi-analytic models, the universapstof the outer HI radial profiles
is a consequence of tlssumptiorihat infalling gas is always distributed exponentiallyeTh
conversion of atomic gas to molecular form explains thetkiohrange of HI surface densities
in the inner disk. These two factors produce the tight HI rrsss relation.
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1990, Verheijen & Sancisi 2001, Chung et al. 2009), which alem
strated that the HI is depleted as a result of tidal strippiyngeigh-
boring galaxies or ram-pressure stripping by the surraundfitr-
acluster medium. WHISP (Westerbork observations of nkekiya
drogen in Irregular and SPiral galaxies, van der Hulst e2@01,
Swaters et al. 2002) was one of the largékirgs to map the distri-
bution of HI in different types of galaxies. The survey took nearly
10 years, observing around 500 galaxies with Hubble typas fr
SO0 to Im. From these studies, we have learned about the Isppadia
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kinematic properties of HI in disk galaxies. The radial Htfage
density profiles exhibit a wide variety of features attréhle to ir-
regularities in the galaxy such as spiral arms, rings, lveasps etc.
Studies of larger samples reveal basic scaling relaticatsptiovide
hints of the mechanisms regulating the evolution of gakxie
contrast to the stellar surface density, which is peaketarcenter
of the galaxy and drops steeply with radius, the radial itistion
of HI often flattens or even declines near the center of thaxyal
In the outer regions, the HI disks usually extend to largeius
than the stellar disks and the profiles are well-fit by exptiaén
functions. Studies of dierent types of galaxies reveal that they all
obey the same tlght HI size-mass relation (Broeils &Rhee7199
1; Swaters etlal. 2002; Noordermeal e
M). Recently, Bigiel &Blitz (2012) (hereafter B12) falifor a
sample of 32 nearby spiral galaxies, that the combined HIHnd
gas profiles exhibit a universal exponentially declinindiahdis-
tribution, if the radius is scaled to R25, the optical radafighe
galaxies.

Recently, in an attempt to understand gas accretion in galax
ies, we used the Westerbork Synthesis Radio Telescope (WMBRT
map hydrogen in a sample of 25 very gas-rich galaxies, aldatig w
a similar-sized sample of “control” galaxies with similaasses,
sizes and redshifts (Wang et al. 2013, Paper |). Thanks tcovep
ments in the WSRT instrumentation and data analysis, we al#ee
to reach significantly lower HI column densities than pregicur-
veys, which have targeted (late-type) disk galaxies in id.fiThe
sample is selected using physical properties such asrstetias
and HI mass fraction, and is thus well-suited for direct cargons
with theoretical models. In Paper |, we analyzed the sizdsaor-
phologies of the HI disks. The Hl-rich galaxies lie on thesggion
of the well-known HI mass-size relation (Broeils &Rhee 19w
normal spiral galaxies, and do not exhibit more irregulamtr-
phologies compared to the control galaxies. The conclusitimat
major mergers are not likely to be the main source of the extic
gas.

In this paper, we search for further clues about gas aceretio
by studying the radial HI surface density profiles of the gigla
in the sample. Again, we compare the Hl-rich galaxies with th
control sample. Our paper is organized as follows: se¢flaie-2
scribes the data used in this paper. In sedfibn 3, we prekent t

Sloan Digital Sky Survey (SDS5, Abazajian ef al. 2009) Data R
lease 7 spectroscopic MRFHU catalog and UV photometry from
the DATA Release 5 of the Galaxy Evolution Explorer (GALEX)
imaging surve 0). We have gathered or oneals

a variety of parameteﬂ describing the stellar component of the
galaxies, including sizes (R50 the half-light radius, R®® tadius
enclosing 90% of the light, and D25 the major axis of the sdip
where theg-band surface density reaches 25 mag arésestellar
mass (M), stellar mass surface densify. (= 0.5M, /7R5(?), con-
centration index (R9@R50), colours and star formation rates (SFR)
derived from SED (spectral energy distribution) fitting.

Following Paper I, the sample that will be used in this work
includes 42 galaxies. 5 interacting (multi-source) systeomme
strongly stripped system and one non-detection have been ex
cluded. The analysis sample is divided into 23 HI-rich gesxand
19 control galaxies, depending on whether the galaxy has tbr
mass than deduced from its NUV-r color and stellar mass seirfa
density using the relation given in Catinella et al. (201€xdafter
C10). As in Paper I, our results are derived from the HI tatal i
tensity images, for which we have produced detection maséts a
error images. We have measured the size R1 (the semi-magor ax
of the ellipse where the HI surface density reachéd,pc?) for
each galaxy. We have also parameterized the morphologe ¢iith
disks usingA, M20 and Gini from the concentration-asymmetry-
smoothness (CAS) system (Lotz elial. 2004; Conselicel 2@0®),

3 newly defined parameters that are more sensitive to iraeigjes
in the outer parts of the HI disk&Center,APA andAArea. The
reader is referred to Paper | for more details.

3 AUNIVERSAL HI PROFILE

3.1 Derivation of the angular averaged radial surface densy
profiles

We measure the angular averaged radial HI surface densityepr
along ellipses with position angle and axis ratigh)adetermined
from the SDSS r-band images. The sampling radius (semifmajo
axis of ellipses) increases linearly with a step of 1 pixea(dsec,

~ 2.8 kpc), which is smaller than the PSF, which is determined b

radial profiles of HI and propose a model to describe the shape the size of the synthesised beam in our dat2Zl(arcsec). In Paper

of the HI profiles. We present our major observational rethat
the galaxies exhibit a universal HI radial profile in the oute-
gions. In sectiof4, we estimate lgrofiles from the SFR profiles
for comparison with the results of B12. We compare our empir-
ical results with smoothed-particle hydrodynamics (SPkuta-
tions and semi-analytic models in sectidn 5. We discuss dissip
ble physical origin of our main observational results intedd.

2 DATA AND PREVIOUS WORK

The Bluedisk project was designed to map the HI in a set of ex-
tremely Hl-rich galaxies and a similar-sized set of congralxies,
which are closely matched in stellar mass, stellar masaseiden-
sity, inclination and redshift. The aim is to search for slabout
how galaxy disks grow as a result of gas accretion in the local
verse. We refer the readers to Paper | for details on the sasepl
lection, observations and initial data analysis. Here, svgew the
most relevant information. All galaxies that were obsertede
stellar massed above M., and redshifts between 0.01 and 0.03.
All galaxies have optical photometry and spectroscopy ftbm

I, we showed that the majority of the galaxies in our sampleeha
surface density detection thresholds of>aL@?° atoms cm? at a
S/N (signal-to-noise ratio) of 2. We can go deeper when avaagi
over a larger area, so we can typically measure the radiéilggo
out to an average surface density of 0.2x10%° atoms cm?. We
do not include the helium gas in the Hl-only analysis in traper.
The surface densities are corrected to be face-on by myittgpby
co9 ~ b/a, whereg is the inclination angle of the disk. We also
divide the galaxy into two halves along the major axis andsuea
the radial HI surface density profile for each half. Thesdilg®are
displayed as one black and two grey curves in Eig. 1. We can see
that the radial profiles for the two halves of the galaxy dousai-
ally deviate much from the angular-averaged radial prdfileboth
HI-rich and control galaxies. In the following sections, amdy fo-
cus on the angular-averaged HI radial surface density psofHl
radial profiles for short hereafter). All the HI radial prefildecline
exponentially in the outer regions and flatten or declineatals

1 Please visil httgivww.mpa-garching.mpg.@8ASSBluediskdata.php
for catalogs of optical and HI properties.
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Figure 1. Radial profiles of the HI surface density for the 42 galaxieslyzed in this paper. The azimuthally averaged profilepktted in black, the profiles

for each half of the galaxy divided along the major axis acatetl in grey, and the best-fit model fits (see sedfioh 3.2)e@tofiles shown in black are plotted
as red dashed lines. Intersection of the profiles with theeddines indicate where the HI surface density reachific2. The ID of each galaxy is noted
in the corner, coloured in blue for Hl-rich galaxies and id fer control galaxies.

the central region, consistent with previous observataimsearby 2002, Bigiel et al. 2012). To describe the shape of a two-aorapt
spiral galaxies (e.g. Wevers 1984, Swaters et al. 2002). HI radial profile and to obtain the de-convolved shape of i w
choose a simple analytic expression of the form

3.2 Model-fitting s ) = l1 exp(r/rs) B
- Mot T Ty exp(r /i)
It has often been remarked that the outer HI surface densifilep

follows an exponential form beyond the bright, star-forghstel- and fit our data to it, wheré, |,, rs andr. are free parameters.
lar disk, while in the reach of the disk the surface densitmise When the radius is large, the denominator is equal to onetend t
constant with a possible depression at the center (e.geBsettal. function reduces to an exponential with scale radius. is the
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characteristic radius where the profile transitions to tieer flat
region. In this new analytic moddl, is likely to be connected with
the H+H; total gas and; is likely to be connected with thl /1,
atomic-to-molecular gas conversion factor (Leroy et aD®0As
we will show below, this model is very suitable to describe th
radial distribution of HI surface density under the resiolutof
Bluedisk type.

We use the IDL code MPFI09), which per-
forms least-squares curve and surface fitting. To achieastaahd
stable fit, the whole fitting procedure includes 3 steps.

(i) The first step is to guess the initial value of the modebpar
eters. We ignore the angular distribution of HI surface dgria
the HI image and the convolutiorffect of the beam, and simply
perform a linear fit to the outer half of the HI radial profilehd
slope and intercept distance of the linear fit are convertadini-
tial guesses fors andl;. The initial r. is set equal to 0.9s and

the initial I, is set equal to 9; these are the mean values of these

parameters found by Leroy et al. (2008).

(ii) In the second step, we assume both the HI surface density

distribution and the beam are azimuthally symmetric. Wit ini-

tial parameters obtained in the last step, we build a mod#lier
and convolve it with one-dimensional Gaussian functionhvet
width of FWHM~ /Bmin X bmaj, Where Ry, and by, are the mi-
nor and major axis (in FWHM) of the beam. The convolved profile
(Zh1.mode) is compared with the observed profile. The MPFIT code
then tunes the model parameters to find the best fit.

(i) In the final step, we take into account the axis ratio e
sition angle of both the galaxy and the beam in the HI image. Th
best-fit model parameters from the second step are usedtias ini
input. We build a model image with the observed axis ratiopmd
sition angle of the galaxy. The model image is then convoivid
the beam. We measure the radial profilEg fode) from the con-
volved model image in the same way as they are measured feom th
observed Hl image (Sect. 3.1). The simulated profiles argeoeal
to the observed HI radial profile. The MPFIT code is then used t
tune the model parameters to find the best-fit.

The best-fit model profiles are displayed as red dashed Imes i
Fig.[l. We can see that in general the model describes thevelse
profiles very well.

We now estimate errors for our derived parameters, as well
degeneracies in the fits. We construct a grid around thefibemst-
rametersrs andr. vary with a step size of 0.02 R25 in a range
+R25 about the best-fit values, while ahdand |, vary with step
size of 0.01 dex in a rangel dex about the best values. We calcu-
late the sum of square residuals between the convolved naodel
the data at each grid point

(ZHI,modeI - 2HI )2

“= su o(Zm)?

) @)

and takep; =exp(«?/2) as the goodness-of-fit of the parameters for
modelling the data at the grid pointWe thus build a probability
distribution function (PDF) within the parameter grids kssi@n-

ing pi as the relative probability of the data to be modelled by the
parameters at grid We project the PDF in the direction of each
parameter, and find the contours that contain 99.5 percetiteof
cumulative probability distribution. The half-width oféke con-
tours correspond to 3 times(error) of the parameter. The derived
errors for the whole sample are listed in Table 1 (and diguas

a histogram in Fid.12). We summarize our results as follows:
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Figure 3. WHISP galaxies are shifted and convolved with the WSRT beam
to have similar appearance to the Bluedisk galaxigshift) are the scale-
length measured from the shifted and convolved images degpected)
are the true scale-length expected at the redshifts of thediik galaxies.
The crosses show the sizes of the Bluedisk galaxies.

(i) rsiswell constrainedd < 1 kpc) for most of the galaxies in
the Bluedisk sample.

(ii) rcoften has large error bars (>2 kpc), due to the resolution
limit of the HI images.

(i) There is strong degeneracy betwebknand |, for all the
galaxies, the - errors for both; andl, are larger than 0.3 dex.

(iv) 11/1; can be well-constrained withr ~0.2 dex for nearly
half of the galaxies, but when the HI disks are relatively kma
(Ry <30 arcsec)l1 /1, cannot be robustly determined and has large
errors.

We test our method with galaxies from the WHISP survey
(Swaters et al. 2002) to ensure that our estimates will not be
compromised by the resolution of Bluedisk HI images. Wedele
the galaxies with optical images available from the SDSSveittu
stellar masses greater than®3M,. The publicly available total-
intensity maps of the WHISP galaxies (with a median distance
of z~0.008) are rescaled in angular size so that they have simi-
lar dimensions to the Bluedisk galaxies (with median distaof
z~ 0.026), and convolved with a Gaussian PSF ok 2@ arcset.

We fit the model to the HI profiles from both the original WHISP
images and the rescaled images. We compare these two estimat
of rs in Fig.[3. The two estimates correlate with a correlationfi¢oe
cient of 0.7 and there is no systematitset. The scatter around the
1-to-1 line is 3.3 kpc, larger than the error listed in Tahlbdcause
the WHISP data is much shallower than the Bluedisk data.

3.3 The universal HI radial profiles in outer disks

We divide the Bluedisk sample into 3 equal sub-samples by the
stellar properties (stellar mass, stellar mass surfacsityenolour,
and colour gradient) and HI properties (Hl:optical sizeasaHl
mass fraction, HI mass, deviation from the C10 plane (,see se
tion[d), and the morphological parametewrea andACenter). In-
stead of scaling the profiles by R25, the characterigitccal radius

of the disk, we scale by R1, the radius where the column densit
of the HI is 1M, pc2. The median HI radial profiles of the sub-

© 2014 RAS, MNRASD0Q, 000-000
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ID Is Ors fc Orc I o1 I2 a2
kpc kpc kpc kpc Mopc? dex Mgpc?  dex
1 691 064 635 074 181.15 0.68 23.80 0.61
2 3.95 0.40 3.91 0.51 760.45 0.64 35.73 0.57
3 469 041 7.02 131 33588 0.72 13.25 0.68
4 7.20 0.61 3.58 0.55 113.87 0.62 11.18 0.52
5 6.17 098 878 297 1162.44 0.69 79.04 0.65
6 7.83 0.60 6.32 0.40 310.51 0.80 45.73 0.77
8 784 074 579 0.75 64.62 0.67 9.94 0.55
9 3.62 0.38 3.28 0.73 1060.26 0.69 65.03 0.63
10 6.53 0.66 2.54 1.14 26.31 0.68 7.33 0.72
11 423 036 275 048 46141 0.76 84.26 0.72
12 8.50 0.93 5.69 2.21 72.57 0.68 6.10 0.67
14 827 121 1214 6.09 24510 0.60 11.96 0.73
15 2232 1.63 7.48 2.82 14.66 0.57 2.34 0.47
16 586 039 066 0.19 31.13 0.16 43.32 0.76
17 7.71 2.24 9.36 0.25 476.54 0.11 62.71 0.76
18 852 063 148 110 68.59 0.66 60.54 0.59
19 7.47 1.00 7.45 3.60 124.83 0.69 9.22 0.68
20 7.15 0.47 1.74 0.69 48.02 0.59 17.51 0.49
21 9.10 0.84 1.95 1.08 20.93 0.68 63.86 0.70
22 545 051 313 052 30592 0.70 47.68 0.65
23 5.12 0.45 3.59 0.87 365.23 0.72 53.47 0.69
24 746 061 774 081 230.00 0.73 24.98 0.70
25 4.11 0.58 4.56 3.79 224.27 0.69 16.37 0.66
26 299 024 205 041 54047 0.73 43.68 0.73
27 1.85 0.45 1.26 2.15 385.18 0.75 67.09 0.62
28 332 035 201 040 52.62 0.70 33.62 0.76
30 6.51 0.64 4.31 1.03 440.29 0.69 34.81 0.62
32 312 025 228 043 27201 0.70 75.07 0.68
33 2.95 0.54 1.79 0.54 81.20 0.70 38.89 0.75
35 792 066 1415 023 579.77 0.07 23.17 0.77
36 2.45 0.40 1.62 2.00 334.37 0.71 60.83 0.72
37 353 039 193 052 14755 0.67 38.81 0.71
38 2.69 0.78 1.44 3.00 38.32 0.78 50.66 0.75
40 756 074 047 021 13.43 0.13 66.24 0.76
42 3.53 0.78 3.80 3.33 216.74 0.76 29.05 0.59
43 318 032 277 074 33224 0.70 57.64 0.66
44 2.24 0.30 1.47 0.35 268.87 0.75 59.20 0.77
45 340 032 197 082 33405 0.70 64.08 0.64
47 6.50 0.91 6.25 1.38 318.16 0.69 53.31 0.62
49 380 037 377 066 68892 0.72 74.17 0.69
50 5.18 0.57 3.02 1.32 464.34 0.69 73.66 0.63
Table 1.Parameters of the best-fit models for the HI radial profiles.
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Figure 2. Distribution of errors on the parametetsy., 11, |2 andl1/1; in the best-fit models for the HI radial profiles.
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samples are displayed in FIJ. 4. The outer HI profiles nowlaisp
“Universal” behaviour and exhibit an exponentially deirign pro-

file from ~0.75 R1 to 1.3R1. Even the HI-rich galaxies (with large
Afu), which were postulated by C10 to have experienced recent ga
accretion, the clumpy HI disks with larg€Area, or HI disk that are
off-center with respect to the optical disk (with laty€enter), have
outer HI profiles that do not deviate significantly. We notatttihe
median value of the averaged surface between 0.75 R1 an&1.25
is ~ 1.142+ 0.022Mgpc 2.

The differences between the inner profiles (at radii smaller
than 0.75 R1) are much more prominent. They are most signifi-
cant when the sample is split by NUV-r colour. In the next isas,
we will show that in semi-analytic models that treat the @sion
of atomic gas into molecular gas fidirences in the inner HI sur-
face densities arise because the gas reaches high enodabesur
densities in the central region of the galaxy to be transéatimnto
molecular form. Because the level of star formation agtiiritthe
galaxy is tied to its molecular gas content, correlatiorte/ben star
formation rate and HI surface density will arise naturally.

In Fig.[8, we plot the best-fit model profiles rather than the
actual profiles. We can see that the results in the outer megid
the disks do not change. The medi@g o75-125r1 from the best-
fit models is~1.083:0.063 M,pc2. We plot the ratios¢/R1 and
r¢/R25 as a function of HI mass fraction in F[d. 6. From the left
panel, we can see that the dispersion#R1 around the median
value of 0.12:0.006 is small. There are 2 HI-rich galaxies (galaxy
15 and 21) and one control galaxy (galaxy 40) which deviaienfr
the means/R1 by more than 0.1. These galaxies were not peculiar
in terms of their HI mass (fractions), morphologies, glgaifiles,
nor did their tellar properties fier in any clear way from the other
galaxies in the sample.

From the right panel of Fil]6, we can seen th@R25 spans
a much wider range of values, from 0.15 to 0.8, with most of the
values below 0.6. The HI-rich galaxies have systematidztijher
HI-to-optical size ratios and also span a larger range inesl

3.3.1 Relation to the HI mass-size relation

It is well known that in disk galaxies, the HI mass and
the HI size R1 are tightly correlated (Broeils &Rhee 1997;
— F - L -

\Verheijen & Sancisi 200 e
2005, and Paper 1), (Broeils &Rhee 1097) parametrize thasiom

as

My

(0]

2
=(1288+3.85) [R—l] 3
pc

Our finding that the HI gas in the outer region of disks has a
"universal” exponential surface density profil&ers a natural ex-
planation for the tight HI mass-size relation. Our resulé® aug-
gest that similar tight relations should be found foffetient defi-
nitions of HI size. This is illustrated in Fif] 7, where we shthe
correlations betweeMy, and the radii where the HI surface den-
sity reaches 0.5, 1, 1.5 and\&,pc 2, respectively. As can be seen,
the correlations are equally strong and tight for all foudiicalhe
scatter in the HI mass-size relation only increases sigmiflg at
radii coreesponding to surface densities greater than &epc2,
where the total cold gas content is expected to be dominated b
molecular rather than atomic gas.

6f 22: 2 3

50

S [MoPC?]

Figure 8. The diference between the HI profiles for the Hl-rich galaxies
and the median HI profile of the control galaxies. The daskessIshow
where the radius equals R25. The IDs of the HI-rich galaxiesianoted in
the corner of each panel.

3.3.2 Where is the “excess” HI gas located?

In this section, we subtract the median HI profile of galaxies
the “control” sample from the HI profile of each HI-rich gajeuin
order to study the spatial distribution of the excess gasuReare
shown in Fig[8. Interestingly, there appear to be one clbgalaxy
(e.0.2,3,16, 14, 4, 18,20,5, 19) where the excess risesomicatly
towards the smallest radii, or peaks well within the optiealius
R25. In a second class of galaxy (e.g. 22, 35, 47, 24,1 12, 85,6
8, 17), the excess peaks very close to R25 and dréipsnoeither
side. The latter is suggestive @fcent accretion of a ring of gas at
the edge of the optical disk.

4 THE TOTAL COLD GAS PROFILES

B12 analyzed average gas radial distributions of 17 stamifgy
massive disk galaxies. They found that if they re-normalittee
surface densities by dividing by the transition surfacest®Xansit
whereXy, equalsZy, and dividing the radii by R25, the charac-
teristic optical radius of the disk, the resulting gas radial profiles
exhibited a “Universal” exponential distribution beyon® (R25,
which could be parameterized as:

Zgas/ztransit = 2.1g 1o5TR2S

4)

In this section we explain how we construct total cold gas ra-
dial profiles for our Bluedisk galaxies, for comparison vitie B12
results. We do not have information about the molecular gasl i
the Bluedisk galaxies, and the spatial resolution of theeBisk
HI data (FWHM of PSF 10.6 kpc) is lower than the B12 data
(FWHM of PSF~ 1 kpc).

© 2014 RAS, MNRASD0Q, 000-000
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Figure 4. The galaxy sample is equally divided into 3 sub-samplesrdaog to the parameter denoted at the top right corner of pexthThese include stellar
mass (M), stellar mass surface densify. |, concentration index (RI&®50), NUV~ colour, colour gradientA,_i(g — i)), HI-to-optical size ratio (DAD25),

HI mass My), HI mass fraction ¥y /M..), HI excess Afy;), and HI morphological parametarArea, APA, andACenter. The median HI profile for each
sub-sample is plotted in blue for the lowest values of eachrpater, in red for the highest values and in green for ingeliate values. The dotted lines show
the scatter arround the median profiles. The dashed lines tsikomedian value of R2R1 for each of the sub-samples . The solid lines indicate=R1and
St = IMgpc 2.
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Figure 5. Similar as Fig[#, but for the best-fit model profiles.
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Figure 6. rg/R1 (left) andrg/R25 (right) are plotted as a function of HI mass fraction. Blaek dashed line shows the median valuespR1. Hi-rich galaxies

are plotted in blue, while control galaxies are plotted ith. re

11.0 =095 "1 =096 "1 =094 "] =094
o) 10.5' //'" /‘ T .’/ T ../
2 .. L] /,
=100 o v o f?r
= 95} 2 L : X 2>
(o /’:o ./:o '.’o .:‘
= 9.0t - P 7
8.5 . o . . B ° . . . . . . . .
1.0 15 2010 15 2010 15 2010 15 20
log DO.5[kpc] log D1[kpc] log D1.5[kpc] log D2[kpc]

Figure 7. The relation between HI mass and the diameters of HI disksuned at a surface density of 0.5, 1, 1.5 adgc 2. The correlation ca@icient
p is denoted in the corner of each figure. The dashed line shmvdltmass-D1 relation from Broeils et al.(1997).

First, we use the star formation rate radial profiles to mtevi
an estimate of the Hradial profiles for our galaxies. We use the
GALEX FUV images and the WISE 22m images to derive the
SFR profilesXskr). The FUV images were converted to the resolu-
tion of the 22um images. Following Wright et al. (2010) and Jarrett
et al. (2011), we apply a colour correction to thei2 luminosity
of extremely red sources. We calculate the IR-contributmihe
star formation rate (SRR) of our sample by adopting the relation
between SFR and WISE 2#n luminosity in Jarrett et al. (2013).
We adopt the formula from Salim et al. (2007) to derive the UV
contribution to the star formation rate, SRER.. The final SFR is
the sum of SFig and SFRyy. Zser is then converted into an esti-
mated H surface density using the formula in Bigiel et al. (2008).
The total gas radial profile is calculated as
Zgas = 136(2;_12 + ZH|), (5)
where the factor of 1.36 corrects for the contribution froahidm.

To confirm that this technique is robust, we apply it to the-sub
sample of galaxies from the WHISP survey, which have GALEX
NUV and WISE 22um images. Following the sample definition in
B12, we select massive (MM, > 10°8), relatively face-on (size
ratio b/a>0.5, or inclination angle smaller than 60 deg) star forming
(NUV-r <3.5) disk (concentratioR90/R50 < 2.8) galaxies. The
WISE 22 um images have similar resolution to the B12 images.

The HI images of the WHISP galaxies have a FWHM PSFK®f
kpc, again very similar to that of the B12 images. The bladktso
in the top panel of Fid.]9 show the average, scaled cold gaal rad
surface density profile. The relation derived by B12 is shamn
orange, and the agreement is very good.

Following B12, to minimize resolutionfiects, the analysis is
performed on the relatively face-on/@-0.5) Bluedisk galaxies,
which include 12 HI-rich galaxies and 14 control galaxieg Wdte
that the HI maps of the Bluedisk galaxies have considerabhgsev
resolution (FWHM of PSK 10 kpc) than the B12 gas maps. We
use the best-fit model HI profiles derived in the last seciimstead
of the directly-measured HI radial profiles. Becalsgsit varies
little from galaxy to galaxy, we assume a fixBghnsi ~ 14 Mopc?
from the B12 relation (Leroy et al. 2008) rather than caltinta
Zwansit from the best-fit model HI profile. This is because the fit in
the inner region has large uncertainties (secfioh 3.2) r€suits are
shown in the middle and bottom panels of Eiy. 9. From the neidd|
panel of Fig[®, we see that within 2R25 the mean gas profile of
the Bluedisk sample is also consistent with the B12 relafidre
individual profiles exhibit a large scatter around the Blatien
in the outer regions (beyond R25). In the bottom panel of Big.
we plot the mean gas profile of the control galaxies in red &ed t
mean profile of the HI-rich galaxies in blue. The mean profilde
Hl-rich galaxies lies slightly above the B12 relation, vehthat of
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the control galaxies lies significantly below the B12 ralatiThis is
consistent with our previous findings (Paper I) that HI-igelaxies
have larger RAR25 than the control galaxies.

To summarize , the radial gas profile of Bluedisk galaxies ex-
hibit large scatter around the B12 relation in their outgiaoes. The
control galaxies deviate significantly from the B12 relatiovhich
may be connected with the low accretion rate of cold gas oemor
evolved HI disks.

5 COMPARISON WITH SPH SIMULATIONS AND
SEMI-ANALYTIC MODELS

In this section, we will compare the results presented imptiesi-
ous sections with the SPH simulations of Aumer et al. (2018) a
the semi-analytic models of Fu et al. (2013).

5.1 Comparison with SPH simulations

We compare our observed HI profiles to those found irz 29 0
galaxies from cosmological zoom-in SPH simulations. Thausa-
tions were described in detaillin Aumer et @013) ancbfelthe
formation of galaxies in haloes with masses 10! < Mypo/M, <

3 x 10" in a A Cold Dark Matter universe. The simulations in-
clude models for multiphase gas treatment, star formatizetal
enrichment, metal-line cooling, turbulent metaffdsion, thermal
and kinetic supernova feedback and radiation pressure fommg
stars. They lack, however, a model for the partition of atoard
molecular gas in interstellar medium.

As was shown ih Aumer et A, (2013), the- 0 model galax-

ies all contain gas disks, with gas fractions that are highan
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the observed average at the same stellar mass. The model disk

galaxies are thus quite comparable in HI content to the Béled
galaxies. To obtain HI profiles for the simulated disks, welgap

a simple model based on the observationally motivated mioglel
IBlitz & Rosolowsky (2006). The same model was used in the semi
analytic models 10).

We first select all gas witih < 15000 K and determine its
angular momentum vector to orient the galaxy in a face-oenoa-
tion. We then divide the galaxies into quadratic pixels V&E@® pc
side-length. According to Blitz & Rosolowsky (2006) theicabf

molecular and atomic hydrogen is
finol (% Y) = Zn, (% V) /Zhi (%, Y) = (P(%,Y)/Po)”, (6)

wherea = 0.92 andP, = 593 x 102 Pa are constants fit to
observations. For the mid-plane pressi(r, y) we use the relation

given b I@S),
T
P(X.Y) = 5G[Zgad % V)7 + T (X Y)Zgad X, ) Zsiard x.Y)] @)
, with the ratio of gas-to-stellar velocity dispersions
T, a&xv y)
f(xy) = ——222 8
( y) (oK stars(X, y) ( )

which, as the surface densities, we take directly from theuki-
tions. To account for ionized hydrogen among The< 15000 K
gas, we assume a 25% ionized fraction in stellar dominagdne
and correct for the absence of stars as a source of ionizhgion
crudely invoking a factoEg.s/ Zsiars Where stars are sub-dominant.
The resulting HI surface densiBy (X, y) is then used to create
face-on HI profiley (r) for all model galaxiesR1 is then deter-
mined as the radius, wheBg (r) drops below 1M,pc? and the
HI massMy; as the total mass out to the radius, whegre(r) drops
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Figure 9. Top panel: estimated total gas profiles for the WHISP gataxie
(grey). The black points show the average profile and the &awcs indi-
cate the &r scatter derived from boot-strapping. The orange line sttbe/s
universal relation obtained by B12 when interacting systane excluded.
Middle panel: similar to the top panel, but for the Bluediskaxies. A
fixed transition surface densiBransic ~ 14 Mopc 2 is assumed (Leroy et
al. 2008). Bottom panel: The same as the middle panel, exicapthe red
lines are for the control galaxies and the blue lines are®iHl-rich galax-
ies.



10 Jing Wang et al.

below Q2 Mypc?, which corresponds to the detection threshold
of the Bluedisk sample. To consider thfeet of beam smearing
in observations, we convolVey (%, y) with an elliptical Gaussian
Kernel with FWHM values of 14 and 9 kpc for major and minor
axes. From the convolved surface density smoot{ %, Y), We then
deriveZHl.smootf{r)v MHI,smoothandesmooth

5.1.1 Results of the SPH simulation

The results of a comparison between simulations and olig@rsa
are depicted in Fid.10.

In the upper-left panel we depict the HI-to-stellar masgorat
My /Mgiars @s a function of stellar madslg,s for the simulated
and observed galaxies. The simulations (red) span a widegera
in stellar mass (% < log(MstarsMs) < 11.3) than the observa-
tions which were limited to 10< l0g(MgtarsMs) < 11. In terms
of gas-richness, by construction about half of the obsegadaixies
lie above the black dashed line which depicts the medianioala
found by C10 (solid black line) shifted up by 0.6 dex. Only 4 of
19 simulated galaxies are above this line. The remaininglsited
galaxies have a similar distribution of HI-mass fractioritas con-
trol sample, which have lower gas fractions.

In the upper-right panel of Fig._110 we depict the HI mass-
size relation. For the observed galaxies, we use D1 valuesated
for beam-smearingfiects and for simulated galaxies, we use un-
convolved values. We see that the observed and the simsiated
ples both follow the relation found by Broeils &Rhee (1997he
agreement between the simulations and the observationsrys v
good . The simulations show a very miléfget to lower HI masses,
which may be connected to thefidirence in gas fraction of the
samples or a minor problem of the HI modeling. Note also that t
range of sizes of the galaxies in the two samples is very aimil
We find that the largest HI disks in simulations form from daestt
cools and settles in a disk after merger events-atl.

In the lower-left panel of Fig. 10 we depict a compilation bf a
19 beam-convolved simulated HI-mass profifssmoo{R) With
radiusR in units of R1. All profiles have similar shape. They are
rather flat in the centre and fall exponentiallyRat- 0.75 R1. The
central values in surface density scatter between 2 alid fic2,
the outer exponential scale-lengths are between 0.15 d5dR0.

We overplot with diamonds the observed median profile of the
Bluedisk galaxies and note that there is good agreementeletw
simulations and observations.

The lower-right panel shows a comparison between the ob-
served and the simulated median profiles. The central sudiao-
sities in simulations are slightly lower than in the obsé&oras, con-
sistent with the slightly lower HI gas fractions in the toft leanel
. The outer profile aR > 0.5 R1 agrees very well with the obser-
vations. We also note that the median outer HI scale-lenfjtheo
un-convolved simulated disks is 0.17 in unitsRf, which com-
pares well to the beam-corrected mean value of 0.19 founthér
Bluedisk sample. The dashed green and black curves showethe m
dian profiles we obtain , when we use théset of the HI-to-stellar
mass ratio of the simulated galaxies from the solid bladk iimthe
upper-left panel of Fig. 10 to equally divide the simulatathple
into a gas-rich (green) and a gas-poor (black) subsample.

densities and shows steeper decline at the outer radii qeahpa
the gas-poor sample. Thisfilirs from the observation that gas-
richness has no influence on the outer slope. We caution feowev
that we are looking at two samples with 10 objects each. Con-
sidering the corresponding statistical errors there isigoifscant
disagreement between the outer slopes. Moreover, if we as@sn
instead of medians , theftirence in outer scale-length becomes
very small.

5.2 Comparison with semi-analytic models

In this section, we compare the observations with the seralytic
models of galaxy formation of Fu et al. (2013; hereafter Hul3
In these models, each galaxy disk is divided into a serieonf ¢
centric rings to trace the radial profiles of stars, intdistegas
and metals. Phyical prescriptions are adopted to partitienin-
terstellar cold gas into atomic and molecular phases. lerota
take into account thefiects of beam smearing in the observa-
tions, the model radial profiles &, are convolved by a Gaus-
sian function with FWHM:10.6 kpc. The radiufl is then de-
rived from these smoothed profiles. In order to carry out asafa
comparison with the observations as possible, we selecfalaay
with 10g,o[Mui/Me] > 9.0, 100 < l0g,o[Mui/Ms] < 110 and
—-1.8 < log,o[M../My] < 0.2 from the model sample at= 0.

5.2.1 Results from the Semi-analytical model comparison

In the top two panels of Fig._11, we show the HI-to-stellar snas
ratio as a function of stellar mass for the Ful3 model gataaiel

the Bluedisk sample. The two panels represent the modeltsesu
with two H, fraction prescriptions. The blue points correspond to
individual model galaxies, while the red points corresptmuhdi-
vidual Bluedisk galaxies. The grey shaded area showsdhdeyi-
ation around the median relation betwddpn, /M., and M, for the
model galaxies. By construction, the model galaxies spaisdme
range in stellar mass and HI mass fraction as the Bluedisk sam
ple. In the middle two panels of Fig. 111, we show the HI mags-si
relation for the models and the data. The R1 values from the ob
servations are corrected for beam-smearing and the motlelsva
are un-convolved. The model results fit both the Broeils & &he
(1997) and the observational data extremely well. We witdss
the origin of the tight correlation between HI disk mass amd s

the models in more detail in Sectibn b.2. Finally, the bottwvo
panels show the relation betweryiR1 and HI mass for both mod-
els and datars is defined as the scale-length of the HI profile at
r > 0.75R1 obtained by fitting an exponential profile to this region
of the disk. The black solid curves show the model medianeglu
and the error bars represent thiéo- deviations around the median.
rs/R1 is around 0.22 to 0.24 for model galaxies, compared to 0.19
for the Bluedisk sample.

Finally, in Fig[12, we show the beam-convolved HI radiatsur
face density profiles in units af/R1 from the Ful3 models with
two H, fraction prescriptions. Similar to Fiff] 4, we divide model
samples into 3 equal parts according to stellar nidssHI mass
My, and Hl-to-stellar mass ratibly, /M., from the top to bottom

The dashed green and black curves show the mean profiles forrows. In each panel, the red, green and blue curves représent

simulated galaxies divided by HI-to-stellar mass. Simedajalax-
ies falling above the dashed black line in the top left panelia-
cluded in the “gas-rich” sub-sample, while those fallindgobethis
line are included in the “gas-poor” sub-sample.

median model profiles for the highest,intermediate and $bwal-
ues of each parameter. The black curves show the mediarepobfil
the Bluedisk sample.
As can be seen, the model and the observational profiles agree

We find that the gas-rich sample has higher central surface extremely well in the outer disk. The HI density profiles ie thner
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Figure 10. A comparison of the SPH simulations and the Bluedisk obsens Panel 1: The HI-to-stellar mass raltity /Mstarsas a function of stellar mass
Mstars for simulated (red stars) and observed galaxies (blue dids)o The solid black line shows the median relation betwdlemass fraction and stellar
mass found by C10, the dashed black linefiset from this relation by-0.6 dex. Panel 2: The HI mass-size relation. For simulat{ced stars) we ploMy,
andD1 = 2 R1 determined from the un-convolved profiles, for obsémat(blue diamonds) we plot values that were corrected ¢owatt for beam fects.
Overplotted in black is the relation found h@'}’). Panel 3: HI mass profiles for radii normalizedRb. We plot the convolved profiles
Zhismootr) for all 19 simulated disks (red lines). We overplot the alied median profile (blue diamonds). Panel 4: As Panel 3, bwtwe compare the
simulated median profile (red line) to the observed mediafilpr(blue diamonds). We also show the medians for a gasfgidken dashed) and a gas-poor
(black dashed) sub-sample.

disk are systematically too high compared to observatidvizen 6 INTERPRETATION OF THE RESULTS
the sample is split according to HI mass or HI mass fractiba, t
samequalitativetrends are seen in both models and data. We will 6.1 Outer HI profiles in semi-analytic models

explain the origin of these trends in the next section. ) ]
We have demonstrated that the outer disk HI surface density p

files have universal form when scaled to a radius correspgridi
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Figure 11. The comparison between the Ful3 model results and the Bkietiservational sample. The two columns represent the Fatigls with two H
fraction prescriptions (see Ful3 for details). In each pahe blue dots represent the model sample and the red dofsrathe Bluedisk sample. Top two
panels: The HI-to-stellar mass ratio as a function of stetlass. The gray areas represent#ie- deviations around the mean values for the Ful3 model
sample. For comparison, the black solid lines show the mewitation in C10 and black dashed lines aftsets from solid lines by 0.6 dex. Middle two
panels: The HI mass-size relation. The R1 values from obsiens are corrected for beam-smearifiigets and R1 values from models are un-convolved.
The black lines represent the fitting equation in Broeils &RI{1997, the diametd1 is converted to radius R1). Bottom two panels: The relatietnwveen
rs/R1 and HI mass. The black solid curves represent the moddebmedlues and the error bars representhe deviations around the median values for
the model samples/R1 values from models are un-convolved agtR1 values from Bluedisk observations are beam-correctegsa
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Figure 12. The relation between beam-convolved HI radial surfaceidens
profilesZy; and the normalized radiugR1 from the Ful3 model. The two
columns represent the results of models with twofitdction prescriptions.
Similar to Fig[4, the model samples are equally divided gparts byM..,

Mu andMy; /M. from the top to bottom rows. In each panel, the red, green
and blue curves represent the median profiles in the lowdsgteest pa-
rameter bins. The black curves represent the median cunwestifie whole
Bluedisk sample.

a fixed HI surface density and that the slope of the outer djgkl
is almost constant amongftiérent galaxies.

In the Ful3 models, newly infalling gas is assumed to be
distributed exponentially and is directly superposed dhtpre-
existing gas profile from the previous time step. Gas alsosflow
towards the centre of the disk with inflow velocitsgon = ar
(Vinlow ~ 7 knys at a galactocentric radius of 10 kpc) . Following
the prescription in Mo, Mao & White (1998), the scale lengtthe
exponential infalling gas is given by, = (/1/ \/E) Ivir, iN which
A andry; are the spin parameter and virial radius of the galaxy’s
dark matter halo. Since the increase @f andr.y Scales with the
age of the Universe, the outer disk gas profiles are mainlgrdet
mined by recent gas accretion. This disk galaxy growth pgrads
called “inside-out” disk formation (e.g Kéimann et al. 1996; Dut-
ton 2009; Fu et al. 2009), and an illustration of inside-ough
of the gas disk can be found in Fig. 1 in Fu et al. (2010).

According to the definition of outer disk scale-length the
outer disk HI surface density profile can be written as
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r
Zh = 2o exp(—r—)

S

9

in which X, is disk central HI surface density extrapolated from
the outer disk HI profile. Let us suppose thain Eq. [3) is ap-
proximately equal t@in, at the present day, arky represents the
amount of gas accreted it 0 in the recent epoch.

Substituting Mopc? = X expR1/rs) into Eq. [9),rs/R1
can be written as

Is 1

RL ™~ M[Zo/Mopc ]’ (10)

Eqg. [I0) implies thats/R1 actually relates to the amount of recent
gas accretion at= 0. For simplicity, we defin&, = d=o/dt as the
cold gas infalling rate at = 0.

We have tested the correlation betwegtR1 ands, averaged
over diferent timescales. We find the best correlation wifiR1 if
¥, is averaged over a timescale corresponding to the past 0.5 Gy
In the left panel of Fig_13, we plot the relation betwegfR1 and
1/In %, (averaged in the recent 0.5 Gyr) for model galaxies with
M, > 10°°M, and My, > 10°M,, based on KMT H prescription.
The blue solid line represents the fitting equation

rs/R1 = 0.065+ (In [£o/Mopc2Gyr?]) " (11)

However, we note that a correlation betwagfR1 and HI excess
(Afw) is not found from the observation (sectfonl3.3).

The right panel of Figi_13 shows the relation betwedp
and=,. There is no relation between the two quanties, i.e. Hl mass
alone cannot be used to infer the recent accretion rate daayga

To summarize: the universal outer disk profiles in the semi-
analytic models originate from the combination of gesumption
that infalling gas has an exponential profile and of the iesidt
growth of disks.

6.2 Inner HI profiles in semi-analytic models

In the inner part{ <R1) of the disks, the HI surface density is
mainly determined by the conversion between atomic andenele
lar gas. Higher total gas surface densiyj{ = Xy + Zy,) leads

to higher H-to-HI ratio, which maintains the value & in a
narrow range. In Fig._14 , we plot HI surface density as a func-
tion of total cold gas surface density in the inner disks fardel
galaxies. We defin&y (r < R1) = My(r < R1)/7R1? and
Zgadl < R1) = Mypn,(r < R1)/7R1?. We show results for two
H, fraction prescriptions. In each panel, the dashed lineisatel
the values oy (r < R1) that enclose 90% percent of the model
galaxies . The gray areas indicate the region oflihgversusXy,
plane that is plausibly spanned by the two atomic-to-mdéqas
transition prescriptions. For the KMT tprescription, we adopt a
range in gas metallicity relative to the solar valug¢ifyasfrom -0.5

to 1. For the BR H prescription, we adopt a range in stellar surface
density /Z.X0 (see Equation 32 in Fu et al. 2010) fronviL,pc 2 to
4000M,pc2. We note that in practice 90 % of the model galaxies
haveZy (r < R1) values between 3 and~ 4M,pc2.

To summarize: it is the combination of a narrow range in in-
ner HI surface density and a “Universal” outer exponentiafife
that leads to the very tight HI mass-size relation. We no& tie
atomic-to-molecular gas conversion plays the more importle,
because the inner disk contains a larger fraction of thé ititgas
compared to the outer disk.
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Figure 14. The relation between inner disk «R1) HI surface density and total cold gas surface densitymfful3 models. The blue dots in two panels
are model samples with twozrescriptions. The two dashed lines in each panel inditee/dlues oy (r < R1) that contain 90% percent of the model
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6.3 Main caveats

We note that the assumption that gas accreted from the halo
distributed on the disk with an exponential profile hasanpri-
ori physical justification. Bullock et al (2001) studied the ang
lar momentum profiles of a statistical sample of halos drawmf
high-resolution N-body simulations of theCDM cosmology and
showed that the cumulative mass distribution of specificubarg
momentumj in halos could be fit with a function that follows a
power law and then flattens at large

They explored implications of their M( j) profile on the for-
mation of galactic disks assuming thas conserved during infall.
They showed that the implied gas density profile deviates fan
exponential disk, with higher densities at small radii artdibex-
tending to large radii.

It is thus something of mystery why the hydrodynamical sim-
ulations presented in this paper have outer disks that agreel|
with the observed “universal” outer exponential profilesrs¢he
data. The solution likely lies in the complicated interptstween

the infall of new gas, star formation, supernova feedback gas
__inflow processes occurring in the simulation and will forra gub-
Isject of future work.

7 SUMMARY

We have measured the azimuthally-averaged radial profiléd o
gas in 42 galaxies from the Bluedisk sample. We investighted
the shape of HI profiles vary as a function of galactic prapsrive
developed a model to describe the shape of HI profiles whiah is
exponential function of radius in the outer regions and hdeyaes-
sion towards the center. We derive maximum-likelihoodreates
of r, the scale radius of the outer exponential HI disk. By inngrt
the relation between star formation rate andsidrface density, we
also derive estimates of the total gas surface density gsafil our
galaxies. Finally, we compare our observational resulth wie-
dictions from SPH simulations and semi-analytic modelsadéugy
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formation in aACDM universe. The main results can be summa-
rized as follows:

(i) The HI disks of galaxies exhibit a homogeneous radial dis
tribution of HI in their outer regions, when the radius isledato
R1, the radius where the column density of the HIN&Ipc 2. The
outer distribution of HI is well-fit by an exponential funati with
a scale-length of 0.18 R1. This function does not depend an st
lar mass, stellar mass surface density, optical concémtratdex,
global NUV-r colour, color gradient, HI mass, HI-to-stelimass
fraction, HI excess parameter, or HI disk morphologies.

(i) By comparing the radial profiles of the HI-rich galaxiegh
those of the control systems, we deduce that in about hadfdtax-
ies, most of the excess gas lies outside the stellar diskeiexpo-
nentially declining outer regions of the HI disk. In the atlinalf,
the excess is more centrally peaked.

(i) The median total cold gas profile of the galaxies in our
sample agrees well with the “universal” radial profile prepd
by Bigiel & Blitz (2012). However, there is considerable tean
around the B12 parametrization, particularly in the oudgiaons of
the disk.

(iv) Both the SPH simulations and Semi-analytical modeés ar
able to reproduce the homogeneous profile of HI in the outgone
with the correct scale-length.

(v) Inthe semi-analytic models, the universal shape of titero
HI radial profiles is a consequence of tesumptiorthat infalling
gas is always distributed exponentially. The conversioatomic
gas to molecular form explains the limited range of HI swefden-
sities in the inner disk. These two factors produce the tifjimass-
size relation.
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