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ABSTRACT

Giant low surface brightness (GLSB) galaxies are commdmbyght to be massive, dark matter dominated systems. Howtbie
conclusion is based on highly uncertain rotation curvespygent here a new study of two prototypical GLSB galaxiesliiML and
NGC 7589. We re-analysed existing H | observations and eéeiew rotation curves, which were used to investigate ttellitions
of luminous and dark matter in these galaxies.

In contrast to previous findings, the rotation curves of bgalaxies show a steep rise in the central parts, typical gt Burface
brightness (HSB) systems. Mass decompositions with a dattemhalo show that baryons may dominate the dynamics ohtiex
regions. Indeed, a “maximum disk” fit gives stellar masgigbt ratios in the range of values typically found for HSBagdes.
These results, together with other recent studies, sudlgasiGLSB galaxies are systems with a double structure: a@riRlSB
early-type spiral galaxy and an outer extended LSB disk.

We also tested the predictions of MOND: the rotation curvi@fC 7589 is reproduced well, whereas Malin 1 representsléeadging

test for the theory.

Key words. dark matter — Galaxies: structure — Galaxies: kinematics dymamics — Galaxies: individual: Malin 1 — Galaxies:
individual: NGC 7589 — Methods: data analysis

1. Introduction reasonSancisi & Fraternal{2007) started a re-analysis of the
. . . 21-cm data fronPickering et al(1997). This paper concludes
Low surface brightness (LSB) galaxies span a wide rangeﬂgtt preliminary work with the study of the structure and ayn

galaxy sizes, masses and morphologies, from dwarf spresoiq i-s of two GLSB galaxies: Malin 1 and NGC 7589
and dwarf irregulars to medium-size late-type disks (Sg-S ' '

and to bulge-dominated early-type spirals (Sa-Sb). Adogrtb
Beijersbergen et a(1999, LSB spirals form a LSB Hubble se-5 4, pata Analysis
quence, parallel to the classical HSB one.

Giant low surface brightness (GLSB) galaxies are usiVe re-analyzed the Hdatacubes of Malin 1 and NGC 7589,
ally considered as extreme cases of early-type LSB spiralstained with the VLA byPickering et al.(1997). The angu-
(Beijersbergen et al. 1999They have exceedingly extendedar resolutions are low: 209 x 20”.8 for Malin 1 (correspond-
LSB disks, with scale lengths ranging from0 to~50 kpc, and ing to ~ 32 kpc for an angular-diameter distanbg = 322
central luminous components resembling the bulges of H$B splpc) and 21.4 x 177.3 for NGC 7589 ¢ 12 x 10 kpc for
rals (e.g.Bothun et al. 198;7Sprayberry et al. 1995They are Da = 123 Mpc). We used the Groningen imaging processing
massive systems, with ~ L.. Like the ordinary LSB spirals, system (GIPSY)\an der Hulst et al. 1992The main physical
GLSB galaxies have low Hsurface densitiesP(ckering et al. properties of both galaxies are listed in table
1997, but they are among the most gas rich galaxies known, Total HI maps were obtained by adding the channel maps
with My, ~ 10'°M,, (Matthews et al. 2001 with line emission (from 24581 km% to 24955 km s! for

Few dynamical studies exist on GLSB galaxiPickering Malin 1 and from 8566 km3 to 9157 km s! for NGC 7589).
et al. (1997 studied four GLSB galaxies and found slowly ri-In order to define the areas of emission in each channel map,
sing rotation curves, similar to those of late-type LSB digkg. we used masks, which were obtained by smoothing the original
de Blok & McGaugh 1997Kuzio de Naray et al. 2006 They datacubes to lower spatial resolutions. We inspected beagle
concluded that GLSB galaxies are “the first examples of gagax channel map overlaying fierent masks. We obtained the best
that are both massive and dark matter dominated”. Howeversults by smoothing to 40and 50" and clipping at &s and
they warned that their rotation curves are highly uncertdire 305 for Malin 1 and NGC 7589 respectively-{ is the rms noise
to the low signal-to-noise ratio and the low spatial resolubf in the smoothed cube). The resulting total iFhaps are shown
the observations. in figurel.

A slowly rising rotation curve in the presence of an inner From the masked data, we calculated thiefldixes (correct-
concentration of light, as seen in those galaxies (see toplpaf ing for primary beam attenuation). For Malin 1, we obtained
figure7), is in marked contrast with the rule that there is a clos®y = 2.0 = 0.2 Jy km s?, consistent within the errors with
correlation between the concentration of light and the shafp the value derived byickering et al(1997 (Sit = 2.5+ 0.2
the rotation curveSancisi 2004ind references therein). For thisly km s?) and the single-dish measurementMgtthews et al.
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Table 1: Physical Properties of Malin 1 and NGC 7589. Table 2: Kinematical Parameters of Malin 1 and NGC 7589

Property Malin 1 NGC 7589 Ref. Parameter Malin 1 NGC 7589
Morphological Type SB@& SAB(rs)a 1,2 @opt(J20000) 123659 4+ 158 2318M15.7+ 158
AGN activity LINER BLAGN 1,2 Sopt(J20000) 141949'3+1”.8 001540'.2+1".8

Mg (mag) -221+04 -204+0.2 3 in(J20000) 1236"59°.2+ 051 2318"15°.5+ 05.2
Redshift 00826+ 0.0017 00298+ 0.0017 4 6kin(J20000) 141951".3+1”.8 001537".3+2".5

DL (Mpc) 377+ 8 130+ 8 4 Veys (km s7) 247667 £ 4.0 89264 + 3.8

Da (Mpc) 322+ 6 123+ 7 4 Position Angle see figurg 307.7+1°.1

H1 flux (Jy km s 20+£02 38+0.3 4 Inclination Angle 38+3° 58 + 3°

My, (101°M,) 6.7+1.0 15+0.3 4

SFReyv (Mo yr) 1.2 0.7 5 Notes. The optical centresip, dopr) are taken from NED. The inclina-
SFRuwv (Mg yr) 25 11 5 tion angles are taken froMoore & Parke(2006 for Malin 1 and from

Pickering et al(1997 for NGC 7589.

References. (1) Barth(2007); (2) Nasa Extra-galactic Database (NED);

(3) Pickering et al(1997) give My = =229+ 0.4 for Malin 1 and M =

—219+ 0.2 for NGC 7589;Impey & Bothun(1989 give B-V = 0.8

for Malin 1; Galaz et al(2009 give B-R = 1.5 for NGC 7589; (4) This  jntensity) and neglecting the broad wings. This is like takihe

work; (5) Boissier et al(2008. profile peak velocities, but with the advantage of less niise
the resulting velocity field. In the outer regions of the gé#&a,
where the line profiles are more regular and symmetric, wd use

(2001 (St = 1.80+ 0.50 Jy km s?). For NGC 7589, we ob- a Gaussian fit. The resulting velocity fields are shown in gur

tainedS;, = 3.8+0.3 Jy km s, whereasickering et al(1997) The left panels of figuré show the R-band image of Malin 1

derivedSy; = 2.7 + 0.3 Jy km s'. The diterences are proba-from Moore & Parker(2006 (top), the total H map (middle)

bly due to the dferent masks used; the values are consisteamid the H velocity field (bottom). The H distribution is ap-

within 20 Single-dish observations gave intermediate valugmoximately as extended as the optical LSB disk. The outer H

consistent with our value within aboutrl S, = 2.96+ 0.51 radius measures 64", which corresponds te 100 kpc. On the

Jy km st (Matthews et al. 2001andS;,; = 3.07+0.36 Jy km s  southern side, a spiral arm is visible. It extends for moa@ 80

(Springob et al. 2004this latter value is without the correctionkpc and apparently it is the gaseous counterpart of thel spira

for HI self absorption). H masses were estimated using thdetected byMoore & Parker(2006. The velocity field shows

luminosity distancd®, , given by: a strong variation of the position angle of the major axishwit
c radius, both in the approaching and in the receding sidelseof t
D= o [z+05x (1-0qo) Z]. (1) galaxy. Such behaviour is usually attributed to the presefia
0 warp. Overall, the velocity field is regular and symmetric.
We assumedHy = 70 km sec! Mpc™, Q, = 0.27 andQ, = The right panels of figured show the R-band image of

0.73 (qo = —0.59). Since we are dealing with low redshift gaNGC 7589 fronGalaz et al(2009 (top), the total H map (mid-
laxies, the exact value @f affects our results only slightly. The dle) and the H velocity field (bottom). The Hi distribution is as
redshift was calculated a@s= Vsys/C, WhereVsys is the galaxy extended as the optical LSB disk. The outer tadius measures
systemic velocity derived from the tilted ring analysisgsec- ~ 80", which corresponds te 48 kpc. The H distribution fol-
tion 2.2). Our results are listed in table lows that of the light, with two main concentrations (NoEhast
and South-West) and two faint outer spiral arms. The vejocit

o field is regular and symmetric.
2.1. H1 velocity fields

The derivation of the \{elocny fleld_s is not stra_lghtforwarel— 22 Rotation curves
cause of beam-smearindfects, which are particularly severe
here because of the low spatial resolution. Indeed, edpeiria Kinematical parameters and rotation curves were derivei-by
the inner regions, the 21-cm line profiles are unusually dro&ing a tilted-ring model to the observed velocity fiel@egeman
and asymmetric. A Gaussian fit or an intensity-weighted meaf87). We assumed purely circular motions and described the
(IWM), as used byPickering et al.(1997), give velocities far galaxy by a set of concentric rings. We used all the pointsef t
from the profile peaks and biased towards the systemic vel@locity fields to maximize the statistics of the least-sgu.
city. This leads to velocity fields with systematically unee The points were weighted bgos?(d), whered is the azimuthal
timated inner velocity gradients and consequently to staiwvl angle in the plane of the galaxy.
sing rotation curves. This is illustrated by figure 7Ri€kering As a first step, we determined the kinematical centre
et al. (1997, which shows the rotation curves of Malin 1 andaxin, dxin) and the mean systemic velocitys Then, we kept
of NGC 7589 overlaid on slices of the datacubes along the m@xin, dkin) and Vsys fixed and determined the position angle
jor axes of the galaxies. Clearly, the inner points of the+otP.A. as a function of radius. Subsequently, we tried to deter-
tion curves are at lower velocities than the emission peakg, mine the inclination angle Unfortunately, because of the low
gesting that they are underestimated. The importance shbeapatial resolutions, inclination angles and rotationdbeities
smearing fects is demonstrated by the galaxy models presenta@ strongly correlated and no independent determinafian o
in section2.4. was possible. Therefore, we kept the inclination angles con
We have derived new velocity fields with affdirent tech- stant, adopting values derived from optical observatiafis.
nigue to minimize beam-smearingfects. We selected veloci-usedi = 38 for Malin 1 (Moore & Parker 200pandi = 58
ties near the peaks of the emission, estimating an IWM viglocfor NGC 7589 Pickering et al. 199)7 Inclinations derived from
from the upper part of the line profile (above€75% of the peak the total H maps are consistent with those values. Finally, we
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Fig. 1: Left Panels: Malin 1. Top: R-band imageNloore & Parker 2006 Middle: total HI map. Contours range from®x 107 to
5.4 x 107° atoms cm? with steps of 045x 10°Y atoms cm?. Bottom: H1 velocity field. The receding side is in dark-grey. Contours
range from 24623 km$ to 24887 km st with steps of 24 km g (2 times the channel spacindight Panels: NGC 7589.Top:
R-band imageGalaz et al. 2006 Middle: total HI map. Contours range fromIlx 10?° to 9.9 x 10°° atoms cm? with steps of
1.1 x 10%° atoms cm?. Bottom: H1 velocity field. The receding side is in dark-grey. Contownsge from 8772 km3 to 9080
km s with steps of 22 km g (the channel spacing). 3
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MALIN 1 — POSITION VELOCITY DIAGRAM
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Fig. 3: Left Panel: Position-Velocity diagram for Malin 1 along the Line Of Nesl(LON). The white squares show the projected
rotation curve. Full lines show iso-emission contours frbimto 8o with steps of &r, where - = 0.24 mJybeam. Dashed lines
show contours at <t and -2r. Top-Right Panel: Position angle of the major axis for Malin 1 as a function adius. The dotted
and dash-dotted lines show the fits to the tilted-ring resBtittom-Right Panel: Malin 1 Velocity Field. Iso-velocity contours range
from 24647 km st to 24887 km st with steps of 24 km 3 (2 times the channel spacing). The black line shows the LON.

Radius (arcsec) determined the circular velocity, in each ring, keeping all the
0 20 40 60 80 other parameters fixed. Our results are listed in talz#ad3.

201 _ In the tilted-ring analysis of NGC 7589, we used a ring width
f _,} . of 20” ~ 1 beam. For the kinematical centre, we obtained values

240 - . which are consistent within the errors with the optical orfése
BRRRE: R ] values obtained fovsysandP.A. approximately agree with those

200 |- ] of Pickering et al(1997).

For Malin 1, we used a ring width of Y0~ 1/2 beam.
To determine the kinematical centre, we used the pointgeénsi
[ . . . Rec’fding ha'fl '—‘_'I ] 40" ~ 62 kpc. The derived values agree within the errors with
120 ; ; ; ; ; ; the optical ones. The value ks agrees within the errors with
0 20 40 Rad:f; (kpo) 80 100120 that derived b)Pickeri_ng et al(y1997). The P.A. for Malin 1 is
not constant. For the inner 15- 24 kpc we found-1°.0 + 1°.6
Radius (arcsec) and for the outer radii a linear increase up tc.@5 4°.9 at
R = 65" (see the right panels of figur&. For comparison,
Pickering et al(1997) let theP.A. vary from @ £ 10° to 34° + 3°.
To derive the rotation curve of Malin 1, we used a ring width of
. - i ] 16" ~ 2/3 beam. In this way, the points of the rotation curve are
200 | e i § - almost independent.
I ] The errorsry, on the circular velocities have been estimated
I ] as 0'\2/0 = 0§ + 0heym Whereory is the formal error given
160 - NGC 7589 Approaching half —s— | by the fit andoasym is an additional uncertainty due to asym-
I Receding half —4— ] metries between approaching and receding halves. Folipwin
P R T R Swaters(1999, we definecasym = (Vcapp — Vered)/4, Where
0 10 20 30 40 Vcapp @and Ve ec are respectively the approaching and receding
Radius (kpc) rotation curves. Thus, we are assuming that tifk=dinces bet-
Fig. 2: HI rotation curves for Malin 1top) and NGC 7589iot-  VEEN the rotation curve from the entire velocity field andsého

. X : for the approaching or receding side correspond to a dewiafi
tom), derived separately for the receding (up-triangles) gnd L , A
proaching (down-triangles) halves. aZo-aSym Other uncertainties come from possible variations of the

inclination angle. For example, for a change efjual to 3, the

"
“

Rotation Velocity (km/s)

160 - . Approaching half —v—
- Malin

240 . : . : . ,

Rotation Velocity (km/s)
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Fig. 4: Hi rotation curves for Malin 1léft) and NGC 7589right). Diamonds show the rotation curves derivedrigkering et al.
(1997, filled circles show our new rotation curves. The rotationve of Malin 1 fromPickering et al(1997) has been rescaled to
i = 38, adopted in our analysis. The open circle was derived oninfthe approaching half of Malin 1.

rotation curve varies by about 14 kmisor Malin 1 and 5 km Table 3: Rotation Curves for Malin 1 and NGC 7589.
s1 for NGC 7589.

Figure2 compares the rotation curves derived separately for

the approaching and receding sides. For NGC 7589, there is a Radius MALlel - RadiusNGC 7?/89 -

high degree of symmetry between the two halves. For Malin 1,y 4y (kn;,S) (kn\;?s) ) (kpc) (kn;s) (kn\;?s)
the symmetry is good out ®® < 48” ~ 75 kpc. AtR = 56" ~ 87 80 125 2369 941100 59 2000 9.3
kpc there is a dierence of- 45 km s! between the two halves, 240 375 2162 261 300 17.7 1946 3.7
whereas the last point & = 727 ~ 112 kpc has been derived 400 625 1974 4.7 | 50.0 295 204.8 3.2
only for the approaching half. It has a large uncertaintywild 56.0 875 2141 11.8/ 70.0 41.3 200.1 3.3
be neglected.

Figure 3 shows the line of nodes of Malin 1 overlaid ont
the velocity field (bottom right panel) and the correspon
ing position-velocity diagram extracted from the datac(lbé
panel). The position-velocity diagram is not completelgnsye-
tric: the approaching side is more extended than the regexdia
(see also figur@). The projected rotation curve (white squares} 4. Kinematical models
closely follows the gas distribution. In particular, in ¢@st with  ~
figure 7 ofPickering et al(1997), our first point of the rotation In order to verify the correctness of the new rotation cures
curve corresponds to the peak of the emission. dimensional galaxy models were built. We used the GIPSY task

GALMOD, that creates model datacubes by describing a galaxy
disk with a set of rings. Each ring is characterized by: theeki
2.3. Comparison between the new and the old rotation matical parameters(&’ yo), Vsys’ P.A. andi, the rotation Ve|0city
curves V., the gas velocity dispersiany, , the face-on gas column den-
_ ) ) ) sity Xy, and the scale-height.
Figure4 compares our new rotation curves \_Nlth those derlvgd bY" \We created two dierent sets of models. The first set was
Pickering et al(1997). The main diference is that our rotation it out of our new kinematical parameters and rotatiorvesr
curves rise more steeply and remain approximately flat dlit0 Thege are the “steeply rising curve” models. The secondast w
last measured points. As pointed out in secfah the slow rises built out of the kinematical parameters and rotation cuces
of the old rotation curves are due to the strong beam smearjg by Pickering et al.(1997. These are the “slowly rising
effects in the inner regions. In the next section, we construct 3,e” models. The M surface density profiles were derived
di_mengional galaxy models based on the rotation curves frfgm the total H maps, azimuthally averaging over a set of el-
Pickering et al(1997 and those derived here and demonstra%ses, determined by the assumed kinematical paraméters.
that the latter are the correct ones. the HI vertical distribution, we assumed an exponential profile

In the rotation curve of NGC 7589, our last two points liexp(z/h,), with h, = 200 pc. For the gas velocity dispersion,
below those oPickering et al(1997). The kinematical models we usedry; = 8 km s over the entire disk. The models are
described in sectio@.4 show thatPickering et al(1997 over- almost indistinguishable for fierences irory, of +4 km st
estimated the rotation curve at large radii, but the reasamot All the models were smoothed to the spatial resolution of the
clear. observations, thus they also reproduce beam-smedfege

d\loteﬁ Columns (1) and (2): ring radius in arcsec and kpc. Column (3)
ircular velocity. Column (4): error on the circular velgcas defined
N the text.
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Fig. 5: Position-Velocity diagrams extracted from the aglagons and the model datacubEsm left to right: observations; model
using the steeply rising rotation curve and the other patarselerived in this work; model using the slowly rising taia curve
and the parameters derived Bickering et al(1997). For Malin 1 ¢op) we took a slice alon@.A. = 35°, for NGC 7589 bottom)
alongP.A. = 305. Full lines show iso-emission contours fromr B 90~ with steps of . Dashed lines show contours at=Zor
Malin 1 (top) o = 0.24 mJybeam, for NGC 7589%ttom) o = 0.35 mJybeam.

In figure5, we compare position-velocity diagrams from th@roduced better by the “steeply rising curve” models based o
models and the data. For NGC 7589, we took a slice through thr new results than by the “slowly rising curve” models lshse
datacubes along a position angle of 30bhis is a mean value on those byPickering et al(1997).

between our re_SUIt of 3077 and that of 302by PICkerlng etal. We also note that the “SlOle rising curve” model of
(1997). For Malin 1, we took a slice along a position angle oRiGC 7589 at large radii (R 50”) exhibits HI emission at
35’. This is a mean value for the major axis. rotational velocities higher than those observed. This atem

rates that the rotation curve Byckering et al(1997) is over-

For both galaxies, the observed datacubes (left panels o Limated in the outer regions

gureb) show the presence of Hemission at high rotational ve-
locities near the galaxy centr& (s 20”). The “slowly rising
curve” models (right panels) do not reproduce such emissi®n
the HI is spread from low rotational velocities near the centrg Mass Models

to high rotational velocities at large radii. On the congrar the

“steeply rising curve” models (middle panels) the ldmission The steeply rising rotation curves found for Malin 1 and
is concentrated at high rotational velocities, as seenardtita. NGC 7589 suggest that GLSB galaxies have a dynamical beha-
Both models show tails of emission toward the systemic ¥gloc viour more similar to a HSB than to a LSB galaxy. To determine
due to beam-smearindfects. Overall, the observed data are rahe relative contributions of luminous (gas and stars) aautk d
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Fig. 6: HI surface density profile for Malin 1¢ft) and NGC 7589r(ght), corrected for inclination and cosmological dimming.

matter to the gravitational potential, we built mass modiels cal of a HSB galaxy with a bulgdR(s 5 kpc), a lens component
lowing Begemar(1987). (R~ 5-13kpc) and a HSB exponential digR ¢ 13- 20 kpc).
In the outer regions, a photometrically distinct LSB diskesxds

out to~ 50 kpc.
3.1. Gas and stars

The contribution of the gaseous disk was computed using tBe. Dark matter

surface density profiles derived from the total Hnaps (fi- o _

gure6). These were multiplied by a factor ¢12)* to correct for FOr the dark matter distribution, we assumed pseudo-isoizle

cosmological dimming and by a factor 1.4 to take into accoufigloes described by equation:

the presence of Helium. Molecular and ionized gas were not ex 00

plicitly considered in the mass model. However, since tiey aoiso(r) = 77— (2)

usually distributed as the stellar component, their cbation +(r/re)

is reflected in a small increase bf, /L. Consistently with the wherepy is the central density ant is the core radiuso, and

mod_els _built ip chapte2.4, we assumed an exponential vertical. are free parameters of the mass models.

distribution with a scale height of 200 pc. We also tried rotation curve decompositions with NFW dark
To compute the contribution of the stellar component, weatter haloesNavarro et al. 199Fbut found that the results are

used surface brightness profiles from the literature. Fer thot significantly dfferent.

vertical distribution of the stellar disk, we assumgfy) =

sech?(z/20)/zy (van der Kruit & Searle 1981k), with zy ) i
300 pc. 3.3. Rotation curve decompositions

For Malin 1, we used the I-band profile froBarth (2007  The HI rotation curves have much lower spatial resolution than
for R < 10 kpc and the R-band profile froMoore & Parker the surface brightness profiles (and their resulting dyoami
(2009 for R 2 10 kpc. We estimated the R - | colour of the incontributions). Thus, a least-square fit done only on thenles!
ner galaxy regions using the SDSS data and the relations frpwints of the rotation curves would neglect some featuresgunt
Fukugita et al(1996. We foundr’ — i’ = 0.46, which corre- in the luminosity profiles. To avoid this problem, we have li-
sponds to R- 1 = 0.70. Using this colour, the match between th@early interpolated the rotation curves and performed aifft w

two profiles is very good (see the upper-left panel of fighré\s  steps of 1. Errors on the rotation curves were used as weights
noted byBarth(2007), Malin 1 is a “normal” SB@a galaxy, em- in the fit.

bedded in an extended LSB disk. This double structure islglea  Figure7 shows the “maximum disk” decompositions of the
shown by our combined luminosity profile. The HSB disk exrotation curves. The resulting mass-to-light ratios blkgLg =
tends out to about 20 kpc, where a photometrically distir®BL 3.4 for Malin 1 andM, /L = 2.5 for NGC 7589 (Tabld). These
disk appears. values are somewhat uncertain due to the lack of resolution i
For NGC 7589, we used the R-band profile Bglaz et al. the central regions. However, we estimate that the matighbo-
(2006 for R < 25 kpc and the R-band profile Bickering et al. ratio cannot be higher than 5 for Malin 1 and 3 for NGC 7589.
(1997 for R > 25 kpc. In the inner regions, where both profileg hus, they surely are in the range of values typically founrd f
are available, there is a systematiffelience, maybe due to theHSB early-type spiralsNoordermeer 2005 Under the maxi-
different calibration of the observations. Therefore, we applimum disk hypothesis, the baryons dominate the galaxy dyna-
a correction of 0.2 mag to the points given Bickering et al. mics out to a radius oR ~ 20 kpc for Malin 1 andR ~ 30 kpc
(1997, by requiring that the two profiles match in the inner refor NGC 7589. In contrast with the results Bickering et al.
gions. This correction is within thesduncertainties in the pho- (1997), dark matter does not necessarily dominate everywhere.
tometric measurements. The result is shown in the uppbt-rig Both Malin 1 and NGC 7589 show colour gradients, which
panel of figurer. Inside~ 20 kpc, the luminosity profile is typi- may indicate dierent stellar population®othun et al.(1987)
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Fig. 7:Upper Panels: R-band surface brightness profiles for Malin éft) and NGC 7589r(ght). See text for detaild.ower Panels:
rotation curve decompositions for Malin leff) and NGC 7589right). Dots show the observed rotation curves. The curves show
the contributions due to gas, stars and dark matter and soétirg total rotation curve.

Table 4: Mass Models for Malin 1 and NGC 7589. sense, therefore, to decompose the luminosity profiles aad u
two differentM.,/Lg for the inner and the outer regions.

We separated the LSB disk by fitting an exponential profile

,F\JﬂaramEter MALINL _NGC 7589 to the points beyon® > 20 kpc. The resulting disk parame-

+/Lr (Mo/Lo) 34 25 . ;

0o (103 Mo pc?) 12144938 23+ 03 ters areugr(0) = 24.7 mag arcse@, h = 51.7 kpc for Malin 1

rc (kpe) 224 0.9 199+ 20 andur(0) = 23.3 mag arc;e@, h = 14 kpc for NGC 7589.

% 4.6 4.0 ]:rhe HhSB corlnpr?nent was |so:(a|1te(d by subtractllng tfhlg);]_SB disk
rom the total photometric profile (see top panels o We

mrs://l[: ((MS//L_E)) 83 38 maximized the contribution of the HSB component and found

00 (10—3 Mo pc‘3) 739+ 365 24+02 Mpsg/Lr = 3.3 for Malin 1 andMysg/Lr = 2.6 for NGC 7589,

re (kpc) 29+0.8 207+ 16 very similar to the previous values. Maximizing also thetcien

X2 3.1 2.7 bution of the LSB disk, the outer parts of the rotation curae c

be reproduced without the need for a dark matter halo. Hokveve
the resultingM sg/Lr ratios would be unrealistically high-5
Notes. Top: mass models using a single stellar component and maxinfibr Malin 1 and~15 for NGC 7589), as it is usually found by
zing the stellar mass-to-light ratiBottom: mass models using a HSB- maximizing the disks of “ordinary” LSB galaxies (edg Blok
I__SB decomposition. The stellar mass-tg-light ratio o_f tr_mdisk was gt gl. 200). Therefore, we estimated, sg/Lr = 0.9 using the
flxed. at 0.9, whereas that of the HSB disk was maximized. Sadae relations ofBell et al.(,2003 and assuming B V = 0.44. The
details. latter value is the mean colour found McGaugh & Bothun
(1994 for a sample of bulgeless LSB disks. The results of the
fits are listed in tablel and shown in the bottom panels of fi-

studied the luminous “blobs” in the outer disk of Malin 1 (se§ures.

figure1) and found a mean B V colour of 0.37, whereas inthe ~ We also performed a standard bulge-disk decomposition for
inner parts (Rs 20”) the mean B-V colour is 0.90 (mpey & the inner HSB part and found a degeneracy of the mass-tb-ligh
Bothun 1989. Galaz et al(2006 traced the B- R colour profile ratios of bulge and disk. Herent combinations oMpuige/Lr

of NGC 7589 out tdR ~ 20 kpc and found complex trends, but irand Mg;sk/Lr provide comparable fits, as the rotation curves are
general the galaxy tends to become bluer at large radii. kea not resolved in the inner regions. By maximizing both bulgd a
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Fig. 8: Upper Panels: R-band surface brightness profiles for Malinléft) and NGC 7589right). The curves show the HSB-LSB
decompositions. See text for detailwer Panels: rotation curve decompositions for Malin lieff) and NGC 7589right). Dots
show the observed rotation curves. The curves show theilbotitms from the HSB and the LSB stellar disks, the gase@lks the
dark matter halo and the resulting total rotation curve.

disk we found that their contributions to the first point o tto- (Bottema et al. 2002 Two different ML ratios for the inner and
tation curve are approximately equal. Therefore, in thigXim outer regions of the galaxies have been used as free paramete
mum light” hypothesis, the inner steep rise is not explaimgt  in the fit.

with the bulge, but also the disk is dynamically importarttisT For NGC 7589, we obtained a good fit by using a bulge-
furtr’]er suggests that Malin 1 and NGC 7589 have an inner “ngjisi decomposition. The stellar mass-to-light ratios jed
mal HSB_d'Sk (see alsBarth 2007. . by MOND are acceptableéMy,ge/L = 4.7 andMgisi/L = 1.3.
Following McGaugh(2009, we used the derived values offFor Malin 1, it is preferable to use the HSB-LSB decompositio

M./Lr andMs; to check the position of Malin 1 and NGC 758%hown in figure, but it is not possible to leave boMysg/L and
on the baryonic Tully-Fisher relation. We found that both gav, sg/L free. Indeed, the fit would require a negative value for
laxies follow the relation within the observed scatter. M sg/Lgr. This suggests that the presence of the extended LSB
disk, combined with the large amount of gas, creates prablem
34 MOND for MOND. We fixed M sg/Lr and used onlyMuysg/Lr as a

o free parameter. Figur@ shows the result foM, sg/Lr = 0.5.

The modified newtonian dynamics (MOND) was proposed Bysing the relations byBell et al. (2003, this corresponds to
Milgrom (1983 as an alternative to dark matter. This theorgn extremely blue colour for the outer disk, i.e. B&/0.2.
modifies the force law at acceleratioadower than a critical Higher values ofM sg/Lr Worsen the fit, whereas lower va-
value ap and naturally explains the flatness of rotation curvédes only slightly improve it, as the gas becomes dominating
(see the review bganders & McGaugh 2002 the outer regions. A bulge-disk decomposition, as that fised
GLSB galaxies are ideal systems to test MOND. Firstly, thdyGC 7589, does notimprove tbze fit. :hgher values of the aitic
are very difuse and extended, thus the test is possible dofRceleration, ago =_32700 ‘_‘1”? s kpc " (Begeman etal. 1991
to very low values of/ay (deep MONDian regime). Secondly,0’ @ = 4000 knt 52 kpc* (McGaugh 2004 worsen the fit.
they have massive gaseous disks. In the MONDian framewomt’erpolatlon functions dﬁerent from the standard one, as those
this gives an important contribution to the galaxy dynamicBroPosed byramaey & Binney(2009 or Milgrom & Sanders
which is not subject to uncertainties as that of stars fievalue (2008, give slightly worse fits.
of M,./L). For the MOND fit to the rotation curves, we followed  Although the rotation curve of Malin 1 is not of high qua-
Begeman et al(1991) and assumedy = 3000 kn? s? kpct lity, the discrepancies between the observed velocitigstae
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MALIN 1 - MOND FIT (2001) who found a steeply rising rotation curve (see their fi-

‘ ‘ ‘ ‘ gure 5) and thus a dynamical behaviour similar to that of a HSB
system (see alsde Blok et al. 200} Walsh et al.(1997) stu-
died the GLSB galaxy NGC 289 using optical and radio observa-
tions. They found an inner HSB disk and a steeply rising rotat
curve that can be fitted by a maximum disk wikh /L, = 2.3.
They drew conclusions very similar to ours. Another exanigple
NGC 5383. This barred spiral galaxy fits in the GLSB class. It
100 | ] has a LSB disk witth ~ 9.7 kpc and a G-band absolute magni-
o Gas tude of Mg = 20.6 (van der Kruit & Bosma 1978. Its surface

HSB disk | brightness profile is very similar to that of NGC 7589 and ex-
LSB disk tends out to~ 54 kpc (seeBarton & Thompson 1997 The HI
: ‘ ‘ ‘ ‘ mass isMy; = 5.9 x 10° M, and the gas dynamics is typical of

0 20 40 60 80 100 a HSB system&ancisi et al. 1979
Radius (kpc) Sprayberry et al(1995 catalogued another 13 objects as
_ _ ) ) GLSB galaxies. As argued bBarth (2007, their inner HSB
Fig. 9: MOND applied to Malin 1 using two fferentM. /Lr for  disk could have been missed due to the low spatial resolution
the inner HSB regionNlnsg/Lr = 3.7) and the outer LSB disk of the optical observations. However, for some of them, H
(Misg/Lr = 0.5). Dots show the observed rotation curve. Linegtation curves were derived. These galaxies are NGC 5533
show the Newtonian contributions due to the gaseous, the H&oordermeer et al. 2007NGC 5905 Yan Moorsel 198p
and the LSB disk and the result of the MOND fit. See text fQquGc 4017 van Moorsel 1988 NGC 2770 Garcia-Ruiz et al.
details. 2002, UGC 2936 Pickering et al. 1999and PGC 45080as
et al. 2007. All of them show a dynamical behaviour typical
of HSB systems, with the possible exception of PGC 45080
MOND prediction are significant as they are equat@5 km that is kinematically lopsided (see figure 110ds et al. 200y
s!, i.e. ~ 12 - 13%. However, the warp in the outer disk ofTherefore, it seems unlikely that GLSB galaxies constiaLgab-
Malin 1 may greatly &ect these results. The rotation curve useglass of the bulge-dominated LSB galaxies (&gijersbergen
here was derived by varying tHeA. with radius (see figur8) et al. 1999 Galaz et al. 2006 It is likely, instead, that they are
but assuming a constant inclination angle of.38was not pos- “normal” HSB galaxies which possess an outer extended LSB
sible to obtain a better determinationidfom the velocity field. disk.
A change of the inclination angle in the outer parts of orfly 6  GLSB galaxies do show some physical properties closer to
fromi = 38 toi = 32°, which cannot be ruled out, would resultHSB than to LSB systems. Usually, LSB galaxies are quite
in a rotation curve in total agreement with the MOND predicamorphous and rarely host an AGNnpey & Bothun 1997
tion. Note that here we have used the simplest formulation Bothun et al. 199¥ In contrast, GLSB galaxies can have
MOND (Milgrom 1983, that may not strictly apply to warpeda well-defined spiral patterrBgijersbergen et al. 199%nd
non-axisymmetric disks. show nuclear activity with the same probability as HSB spi-
rals (Schombert 1998 Moreover, LSB galaxies are deficient in
) i molecular gas (e.gO’Neil et al. 2003 Matthews et al. 2005
4. Discussion whereas CO emission has been detected in some GLSB galaxies
4.1. GLSB galaxies and their double HSB-LSB nature (e.9.0 Ne” & Sc_:h_lnnerer 2004Das et al. 2005 .
Atthis pointitis natural to ask how commoniitis for HSB ga-
It is known that there is a dichotomy between HSB and LSRixies to have diuse outer LSB stellar disks. This question has
systems (e.gVerheijen & Tully 1999. HSB galaxies usually been addressed in the past (seeBagma & Freeman 199nd
have steeply rising rotation curves and can be described byeferences therein) and examples were found such as NGC 3642
maximum disk, whereas LSB galaxies have slowly rising r¢verdes-Montenegro et al. 2002More recently,Erwin et al.
tation curves and are thought to be dominated by dark-mat{2008 studied a sample of 66 SO-Sb galaxies and found that
everywhere. The dynamics of Malin 1 and NGC 7589 is typi- 24% of them show “anti-truncated” disks, i.e. the surface
cal of HSB systems. The concentration of mass, indicated byightness profile of the disk can be described by two exponen
the steeply rising rotation curve, follows the inner cortcation tials, the outer one with larger scalelength than the inmex. o
of light. For both galaxies, maximum-disk solutions haverbe Such “up-bending” luminosity profiles have also been obsgrv
found with reasonable values b, /L. Thus, we conclude thatin in late-type spiral galaxiedHunter & Elmegreen 20Q&Pohlen
the inner regions either baryons are dominating or, in cask d& Trujillo 2006). GLSB galaxies may be extreme examples of
matter dominates, it must follow the distribution of lighithis  anti-truncated early-type HSB spirals. Moreover, GALE)eb
may be in line with some recent numerical simulatiofis¢era vations have recently revealed extended XUV-disks arousd H
et al. 2009, which suggest a gravitationaffect of baryons on spirals [Thilker et al. 2007. Also some GLSB galaxies have
shaping the distribution of dark matter. been observed with GALEXBpissier et al. 200Band, at such
Both surface photometry and gas dynamics indicate thaavelengths, they resemble the XUV-disk galaxiesThflker
Malin 1 and NGC 7589 have a double structure: an inner “ncet al.(2007) (see in particular Malin 1, Malin 2 and NGC 7589).
mal” spiral galaxy (with a bulge and an HSB disk) and an outer Regarding gaseous disks, it is known that a large number of
extended LSB disk. Is such a double structure present in tgiral galaxies, perhaps the majority, have Hisks extending
other GLSB galaxies as well? The other two GLSB galaxig¢ar beyond the bright optical ones (eSancisi et al. 2008 The
studied byPickering et al.(1997) are F568-6 (Malin 2) and
UGC 6614. F568-6 is kinematically lopsided andfidult to ! The original values have been rescaled to a distance of 3p¢] M
interpret. UGC 6614 was observed intHby McGaugh et al. as we assumel = 70 km s Mpc?.
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outlying HI has typical surface densities of 1M, pc?, close 5. Conclusions
to the values measured in GLSB galaxies. Similar resultg h
been found also for early-type galaxies in the figlhsterloo
et al. (2007 have observed at 21-cm a sample of 30 gas ri

E\X/e studied the structural and dynamical properties of two gi
%}pt low surface brightness galaxies: Malin 1 and NGC 7588. Fo
oth galaxies, we re-analyzed existing 21-cm line obsemsat

the gaseous disk of Malin 1. Deep optical observations wo
be useful to verify whether such spirals and ellipticalsehax-
tended LSB stellar disks associated with the gaseous ditless. |
is the case, these objects could be considered to be in thee s
class of GLSB galaxies.

ilding model datacubes. Finally, we decomposed theiootat
curves using available optical surface brightness praditesas-
ﬁqH{ning pseudo-isothermal dark matter haloes. We alsoestudi

e predictions of MOND. Our main results can be summarized
as follows:

1. in contrast with the previous results Wickering et al.
4.2. The formation of GLSB galaxies (1997, both Malin 1 and NGC 7589 have steeply rising ro-
tation curves. From a dynamical point of view, these GLSB
GLSB galaxies are a challenge for theories of galaxy foromati galaxies are more similar to early-type HSB than to lateetyp
The main properties to be explained are: i) the double HSB-LS  LSB disks. This agrees with the result of the optical study
nature, ii) the large extent of the outer LSB disks and ii@ th by Barth (2007) that described Malin 1 as a normal SBO

regular and symmetric large-scale kinematics of the lziteob- galaxy surrounded by a huge .LSB disk. Both surface pho-
served in both Malin 1 and NGC 7589 (see fig@yeGiven the tometry and gas dynamics indicate that also NGC 7589 has
very large orbital periods at the outermost radii (¢sgh ~ 2.8 such a double HSB-LSB structure.

Gyr for Malin 1 andtgy, ~ 1.4 Gyr for NGC 7589) it is clear 2. In these two GLSB galaxies, the concentration of mass in-
that these outer disks must have been in place and undigturbe dicated by the steeply rising rotation curve corresponds to
for several Gyrs. the inner concentration of light. The rotation curves oftbot
] ] ) ] galaxies can be fitted by a maximum disk with /Lg ~ 3.

CDM cosmological simulations of galaxy formation tend to  Contrary to the case of the less massive LSB disks where
produce dense and compact disks, as much angular momentunyjark matter is believed to dominate everywhere, in the inner
is lost during the hierarchical assemblage (Keafmannetal.  regions of GLSB galaxies either the baryons dominate or the
2007and references thereirtjoffman et al (1992 showed that dark matter follows the distribution of light.
rare density peaks-(3c) in underdense environments (voids)3. Malin 1 provides a severe test for MOND because of its ex-
may lead to the formation of a GLSB galaxy. However, GLSB  traordinary size and high Hmass. The rotation curve de-
galaxies show the same clustering properties of HSB spirals riyed here difers significantly from the one predicted by
and are not necessarily associated with vofgisr@yberry etal. ~ MOND. However, the discrepancies would disappear if the
1995. outer disk of Malin 1 were warped and turned to more face-
on. Unfortunately, the present observations are not adequa

Mapelli et al.(2008 simulated the evolution of a collisional to determine the trend of the inclination angle.

ring galaxy. The propagation of the ring leads to the fororati
of a large and diuse system, with structural properties S'm'laﬁcknomdedgerrmts We thank Tim Pickering and his co-authors for kindly mak-
to those of GLSB galaxies. However, these simulations pteding their HI datacubes available to us. We also thank GaspéazGand his co-
slowly rising rotation curves and therefore dfdient dynamics authors IOF tr|1_e photometric dat? Iof NgCI 7589 and LdesangmgﬂEOP_tical
; image of Malin 1. We are grateful to Carlo Nipoti and Bob Sasder stimu-
from that of GLSB galaXIGS' lating discussions about MOND and to the referee Albert Bosar helpful
Noguchi(2001) proposed a secular-evolution scenario, starfemments and suggestions.
ing from a massive barred HSB galaxy. The bar-instability ca
redistribute the matter and the angular momentum in the, digkeferences
but the scale length cannot increase by more than a factor of 2-
2.5 (see als®ebattista et al. 2006 Therefore, this mechanismBarth. A. 2007, AJ, 133, 1085
t explain the formation of an extended LSB disk as that & - J: & Thompson, L. A. 1997, AJ, 114, 655
can_no p . ; Qegeman, K. 1987, PhD thesis, University of Groningen, NL
Malin 1 (with h ~ 50 kpc). Moreover, it should explain why thegegeman, K., Broeils, A., & Sanders, R. 1991, MNRAS, 249, 523

majority of barred early-type spirals do not have an outeB L SBeijersbergen, M., de Blok, W., & van der Hulst, J. 1999, A&51, 903
disk (Erwin et al. 2008_ Bell, E. F., Mcintosh, D. H., Katz, N., & Weinberg, M. D. 2008pJS, 149, 289
Boissier, S., Gil de Paz, A., Boselli, A., et al. 2008, AJ, 6344
Simulations byPenarrubia et a{2006 investigated the for- Bgfﬂﬁ' (A3' %;L‘Zeymg”"\*;éﬁ- 1399'2 vau Ilc?G;i 1R39f987 A, 98 2
mation of LSB_dlsks around HSB galaxies by interactions with \,, ' ¢ Impey, C.. & McGaugh, S. 1997, PASP, 109, 745
dwarf companions. They found that the dwarf galaxies are disoitema, R., Pestafta, J., Rothberg, B., & Sanders, R. 2008, 393, 453
rupted by tidal forces and the debris settle on an extend#d dbas, M., Kantharia, N., Ramya, S., et al. 2007, MNRAS, 379, 11
with a nearly exponential profile. Interestingly, the sdalegth (?a%le” v?/‘N&ell\h *é VO%ELSSIQ%;V'?\AGI\?S% 52.9 %02213 ApJ, 65608
’ . . :de Blok, W. cGaugh, S. , , )

of t|r|1e roel_sulyéng_d|s!< d;:pednds ]9” thg compactness of the alb“glde Blok, W., McGaugh, S., & Rubin, V. 2001, AJ, 122, 2396
stellar distribution in the dwarfs and, in extreme casesaitbe pepaista, Vi, Mayer, L., Carollo, C., et al. 2006, ApJ. 6269
as large as' 50 kpc. Thus, it would be possible to explain a wid&rwin, P., Pohlen, M., & Beckman, J. E. 2008, AJ, 135, 20
range of disk structural parameters as those observed irBGLSumaey, B. & Binney, J. 2005, MNRAS, 363, 603
galaxies. However, such simulations predict a decreashen E“'TUQ”S’ “('f-il'clh'k')‘awi TéIGLf’””t'J-LEégég'-AlJ991% s

H H : alaz, ., Villalobos, A., nrante, L. , , ,
rotation velocity of _the outer stellar disk of aboqt 30-50 krh aarc’la—Ruiz, I Sancisi. R., & Kuijken, K. 2002, A&A, 39869
with respect to the inner one. Such a _decrease is not obs@rvedotiman, v., Silk, J., & Wyse, R. 1992, ApJ, 338, L13
the HI rotation curves of GLSB galaxies. Hunter, D. A. & EImegreen, B. G. 2006, ApJS, 162, 49
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