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ABSTRACT

Context. The study of both the chemical abundances of HII regions in polar ring galaxies and their implications for the evolutionary
scenario of these systems has been a step forward both in tracing the formation history of the galaxy and giving hints toward the
mechanisms at work during the building of a disk by cold accretion process. It is now important to establish whether such results are
typical of the class of polar disk galaxies as a whole.
Aims. The present work aims at checking the cold accretion of gas through a “cosmic filament” as a possible scenario for the formation
of the polar structures in UGC 7576 and UGC 9796. If these form by cold accretion, we expect the HII regions abundances and
metallicities to be lower than those of same-luminosity spiral disks, with values of Z ∼ 1/10 Z , as predicted by cosmological
simulations.
Methods. We used deep long-slit spectra, obtained with DOLORES@TNG in the optical wavelengths, of the brightest HII regions
associated with the polar structures to derive their chemical abundances and star formation rate. We used the empirical methods, based
on the intensities of easily observable lines, to derive the oxygen abundance 12+ log(O/H) of both galaxies. Such values are compared
with those typical of diﬀerent morphological galaxy types of comparable luminosity.
Results. The average metallicity values for UGC 7576 and UGC 9796 are Z = 0.4 Z and Z = 0.1 Z , respectively. Both values are
lower than those measured for ordinary spirals of similar luminosity, and UGC 7576 presents no metallicity gradient along the polar
structure. These data, together with other observed features available for the two PRGs in previous works, are compared with the
predictions of simulations of tidal accretion, cold accretion, and merging to disentangle these scenarios.
Key words. galaxies: abundances – galaxies: evolution – galaxies: formation – galaxies: individual: UGC 7576 –
galaxies: individual: UGC 9796 – galaxies: peculiar

1. Introduction
How galaxies acquire their gas is an open issue in the models of
galaxy formation. Recent theoretical works, which are supported
by many numerical simulations, have argued that cold accretion
plays a major role (Katz & White 1993; Katz et al. 1994; Kereš
et al. 2005; Dekel & Birnboim 2006; Dekel & Birnboim 2008;
Bournaud & Elmegreen 2009). Kereš et al. (2005) studied the
physics of the cold mode of gas accretion in detail and they find
that it is generally directed along filaments, allowing galaxies to
draw gas from large distances. In particular, the cold accretion
is a key mechanism for providing gas to disk galaxies (Brooks
et al. 2009).
Recent simulations of disk formation in a cosmological context performed by Agertz et al. (2009) revealed that the so-called
chain galaxies and clump clusters, found only at higher redshifts
(Elmegreen et al. 2007), are a natural outcome both of early
epoch enhanced gas accretion from cold dense streams and of
tidally and ram-pressured stripped material from minor mergers
and satellites. This freshly accreted cold gas settles into large
disk-like systems. This scenario reproduces the observed morphology and global rotation of disks and predicts both a realistic
metallicity gradient and a star formation rate (SFR) of 20 M /yr.

Agertz et al. (2009) find solar metallicity for the inner disk, while
in the clump forming region it is only ∼1/10 Z owing to the accretion of pristine gas in the cold streams mixed with stripped
satellite gas.
Simulations also show that the interaction region between
the newly formed disk and the cold streams can also cause it to
be misaligned with the initial galactic disk. Based on very limited statistics, Agertz et al. (2009) suggest that this misalignment
might not be typical, and that it comes from a third cold stream
that is perpendicular to the main filament. More recent analysis
shows that the accretion of gas along misaligned filaments with
respect to the disk plane are more common, and it leaves traces
down to low redshift (Dekel et al. 2009b; Roškar et al. 2010).
An almost polar ring can result even as an extreme case of this
process and, as suggested by Agertz et al. (2009), it could be
responsible for forming polar disks.
Hydrodynamical simulations performed by Macciò et al.
(2006) and Brook et al. (2008) have shown that the formation of
a polar disk galaxy can occur naturally in a hierarchical universe,
where most low-mass galaxies are assembled through the accretion of cold gas infalling along filamentary structures. According
to Macciò et al. (2006), the polar disk forms from cold gas that
flows along the extended ∼1 Mpc filament into the virialized
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dark matter halo. The gas streams into the center of the halo on
an orbit that is oﬀset from radial infall. As it reaches the center, it impacts with gas in the halo of the host galaxy and with
the warm gas flowing along the opposite filament. Only the gas
accreted perpendicular to the major axis of the potential can survive for more than a few dynamical lifetimes.
Brook et al. (2008) argue that polar disk galaxies are extreme
examples of the misalignment of angular momentum that occurs
during the hierarchical structure formation: an inner disk starts
forming shortly after the last major merger at z ∼ 2. Because of
its gas rich nature, the galaxy rapidly forms a new disk whose
angular momentum is determined by the merger orbital parameters. Later, gas continues to be accreted but in a plane that is
almost perpendicular to the inner disk. At z ∼ 0.8 the central
galaxy is still forming stars in a disk, while the bulk of new star
formation is in a highly inclined polar disk. The inner disk has
exhausted its gas by z ∼ 0.5, while gas continues to fall onto the
polar disk. From this point on, star formation occurs exclusively
in the polar disk, which remains stable for at least 3 Gyr. The
formation mechanisms described above can self-consistently explain both the morphology and kinematics of a polar disk galaxy.
In particular, the predictions turn out to be consistent with many
features (e.g. colors and color gradients, longevity, spiral arms,
HI content, and distribution) observed for the polar disk galaxy
NGC 4650A.
NGC 4650A is the prototype of the wide polar ring galaxies (PRGs), and it has been studied in detail to understand
its formation and physical properties (Arnaboldi et al. 1997;
Gallagher et al. 2002; Iodice et al. 2002a; Swaters & Rubin
2003; Bournaud & Combes 2003; Iodice et al. 2006) and to constrain many of the processes at work during galaxy interactions
and merging. Very recently, Spavone et al. (2010) have used
deep longslit spectroscopy with FORS2@ESO-VLT to study the
abundance ratios and metallicities of the HII regions associated
to the polar disk in NGC 4650A and to test the cold accretion
scenario for this object. The chemical abundance is one of the
key parameters to be estimated in a galaxy disk and directly
compared with the theoretical predictions; in fact, if the gas is
essentially primordial, it should have a very low abundance of
the heavy elements.
The main results obtained for NGC 4650A show i) that it
has lower metallicity than spiral galaxy disks of the same total
luminosity, where Z = 0.2 Z , which is consistent with values
predicted for the formation of disks by cold accretion processes
(Agertz et al. 2009); ii) there is no metallicity gradient along the
polar disk, which suggests that the metal enrichment is not influenced by the stellar evolution of the older central spheroid,
so that the disk was formed later by the infall of metal-poor gas
from outside that is still forming the disk. The latter is also a
characteristic of some other PRGs (Brosch et al. 2010) and of
LSB galaxies (de Blok & van der Hulst 1998), which have colors, metallicities, age, and brightness similar to those of PRGs
suggesting that the infall of metal-poor gas may reasonably fit
all observational evidence.
Spavone et al. (2010) have led the way in implementing a
test for the cold accretion. This study has revealed an indirect
and well-based check for the cold accretion scenario of disk formation. In this work, we would like to perform the same kind
of analysis on the two PRGs, UGC 7576 and UGC 9796. These
two objects are similar to NGC 4650A, and such a morphological similarity may suggest a similar formation mechanism. The
polar structures are more extended than the central spheroids,
therefore, like NGC 4650A, they were classified as wide PRG
(Whitmore et al. 1990). They are characterized by exponential
A21, page 2 of 10

Fig. 1. R-band image of the polar ring galaxy UGC 7576.
Table 1. Global properties of UGC 7576 and UGC 9796 compared to
those observed for NGC 4650A.
Parameter
RA (J2000)
Dec (J2000)
Helio. radial velocity
Redshift
Distance
Central galaxy
MB
B−V
V −R
Polar structure
MB
M(HI)(M )
M(HI)/L B
B−V
μB
R25
rmax

UGC 7576 UGC 9796
12h 27m 41.8s 15h 15m 56.3s
+28d 41m 53s +43d 10m 00s
7022 km s−1 5406 km s−1
0.02342
0.01832
94 Mpc
72 Mpc

NGC 4650A
12h 44m 49.0s
–40d 42m 52s
2880 km s−1
0.009607
38 Mpc

–19.15
+0.84
+0.46

–17.93
+0.92
+0.55

–18.83
+0.78

–17.5
2.7 × 109
0.6
+0.70b
24.3
13.6
40

–17.0
2.6 × 109
1.5
+0.57b
24.5
10.8
60

–17.0
8.0 × 109 a
4
+0.26c
22.6
7.0
40

References. (a) Arnaboldi et al. (1997);
(c)
Iodice et al. (2002).

(b)

Reshetnikov et al. (1994);

surface brightness profiles, very blue colors, knotty appearance,
and a large amount of HI gas, all associated to these components.
The most relevant feature in UGC 9796 is that the HI distribution
resembles that of a disk in diﬀerential rotation rather than a ring
(Reshetnikov et al. 1994; Cox et al. 2006), like in NGC 4650A
(Arnaboldi et al. 1997). Given the new results for NGC 4650A,
it is now important to establish whether the lack of metallicity
gradient and low metallicity and the inferred accretion of lowmetallicity material after the formation of the central spheroid,
are typical for the class of wide PRGs as a whole. To this aim
we have studied the PRGs UGC 7576 and UGC 9796, that are
suitable systems to investigate this question further.

2. Properties of the PRGs UGC 7576 and UGC 9796
2.1. UGC 7576

UGC 7576 (Fig. 1) is a kinematically confirmed PRG (Whitmore
et al. 1990) and its main properties are listed in Table 1.
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This object is at a distance of about 94 Mpc, based on
H0 = 75 km s−1 Mpc−1 and has a heliocentric radial velocity of
V = 7022 km s−1 , which implies that 1 arcsec = 0.45 kpc. The
kinematics show that the polar structure of UGC 7576 is more
like a ring than a disk, given that the rotation curve does not
show any diﬀerential rotation, unlike those of NGC 4650A and
UGC 9796. Reshetnikov et al. (1994) studied the global morphology of UGC 7576 and were able to distinguish three components: i) the main central body with elliptical isophotes; ii) a narrow polar ring crossing the central region of the main galaxy; and
iii) a faint outer envelope. The gradient of the surface brightness
distribution of the central galaxy decreases at r ≥ 20 , while
both B − V and V − R color indices decrease slightly with radius.
The distribution of color indices is somewhat asymmetric,
suggesting that the polar ring is projected not exactly on the nucleus but with a small NW displacement. The color asymmetry correlates with the asymmetry in the hydrogen distribution
(Schechter et al. 1984). Moreover, the plane of the disk reveals a
warping, which suggests that the ring has not yet settled into the
equilibrium plane.
Surface brightness distribution along the major axis of the
ring is very symmetric, and the surface brightness is approximately constant (μB ∼ 24.3) up to r ∼ 35 , then falls abruptly.
Also the colors show no evident changes within the region of
constant brightness.
UGC 7576 is also embedded in a faint outer envelope, whose
major axis position angle coincides with the position angle of the
polar ring, and this suggests a common origin for both components (Reshetnikov et al. 1994).
Reshetnikov & Combes (1994) have analyzed the Hα spectroscopy for a sample of PRGs, including both UGC 7576 and
UGC 9796. In the case of UGC 7576, the Hα rotation curve
along the polar structure was consistent with the HI rotation
curve obtained by Schechter et al. (1984), and both curves are
straight lines with the same gradient. This led the authors to
conclude that the ring is more likely an edge-on narrow annulus. By assuming a spherical mass distribution, Reshetnikov &
Combes (1994) estimated a total mass-to-light ratio of M/LB ∼
11.3 M /L within the last measured point of the rotation curve
(where the velocity reaches its maximum value). This value,
together with the M/LB for UGC 9796, is among the highest
M/LB estimated for the whole sample of PRGs. Reshetnikov &
Combes (1994) also performed a simple dynamical mass model
for both the PRGs studied in this work. n the hypothesis of a
spherical dark halo, for UGC 7576 they find a dark-to-luminous
mass ratio of about 1.3, inside the polar ring radius.
2.2. UGC 9796

UGC 9796 (Fig. 2), also known as IIZw 73, is at a distance of
about 72 Mpc based on H0 = 75 km s−1 Mpc−1 and heliocentric
radial velocity of V = 5406 km s−1 , which implies that 1 arcsec = 0.35 kpc. It has one of the most non polar PRG. Its apparent major axis is in fact only 65◦ from the major axis of the central S0, rotationally supported galaxy, and this implies a rapid
rate of diﬀerential precession. The polar structure is less symmetric than in UGC 7576, and the distribution of the colors is
also asymmetric, with the NE side considerably redder than the
SW side. The color asymmetry coincides with the asymmetry of
the HI density distribution. The HI gas is all associated with the
polar structure, which thus contains as many baryons as the host
galaxy (Schechter et al. 1984), and shows a central hole at about
25 . The huge mass-to-light ratio of Mdyn /LB  50 in solar units
has lead Cox et al. (2006) to conclude that most of the mass in

Fig. 2. Optical image of the polar ring galaxy UGC 9796, obtained by
the authors at TNG telescope.

this system is dark. As in the case of UGC 7576, the Hα rotation
curve (Reshetnikov & Combes 1994) is in good agreement with
the HI rotation curve (Schechter et al. 1984). The shape of the
rotation curve indicates that this component is actually a diﬀerentially rotating disk, rather than a ring, very similar to the polar
disk in NGC 4650A.
In Table 1 we summarize the photometric and HI observed
quantities for UGC 7576 and UGC 9796 and add those of
NGC 4650A for reference in the same table.

3. Observation and data reduction
The spectra analyzed in this work were obtained with
DOLORES@TNG (Device Optimized for the LOw
RESolution), in visitor mode during the observing run A21TAC54 (on May 2010). DOLORES is installed at the Nasmyth B
focus of the TNG and is equipped with the E2V 4240 CCD with
an angular resolution of 0. 252 pix−1 .
The adopted slit was 2 wide and it was aligned along both
the north and south sides of the polar structures of the two galaxies UGC 7576 and UGC 9796, at PA = 53◦ and PA = 16◦ , respectively (see Fig. 3), in order to include the most luminous
HII regions in the polar structures. The total integration time for
each object is 4 h, with an average seeing of 1. 2.
At the systemic velocities of UGC 7576 and UGC 9796, to
cover the red-shifted emission lines of [OII]λ3727, Hγ (λ4340),
[OIII]λ4363, [OIII]λλ4959, 5007, Hβ (λ4861) and Hα (λ6563),
the grism LR-B was used in the 3600−6800 Å wavelength range,
with a dispersion of 2.52 Å/pix.
A21, page 3 of 10
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Fig. 3. Optical image of UGC 7576 (left) and UGC 9796 (right), with superimposed slits used to acquire data analyzed in this work.

[OIII]5007

[OIII]4959

Fig. 4. Spectrum of UGC 7576 obtained
by summing up 1D spectra extracted
along both the north and south sides of
the polar structure.

The data reduction was carried out using the CCDRED package in the IRAF1 (Image Reduction and Analysis Facility) environment. The main strategy adopted for each dataset included
dark subtraction2, flat-fielding correction, sky subtraction, and
rejection of bad pixels. Wavelength calibration was achieved
by means of comparison spectra of Hg+Ne lamps acquired for
each observing night, using the IRAF TWODSPEC.LONGSLIT
package. The sky spectrum was extracted at the outer edges of
the slit, for r ≥ 30 arcsec from the galaxy center, where the surface brightness is fainter than 24 mag/arcsec2, and subtracted
oﬀ each row of the two dimensional spectra by using the IRAF
task BACKGROUND in the TWODSPEC.LONGSLIT package.
On average, a sky subtraction better than 1% was achieved. The
sky-subtracted frames were co-added to a final median-averaged
2D spectrum.
The final step of the data processing is the flux calibration of each 2D spectrum, by using observations of the standard star Feige66 and the standard tasks in IRAF (STANDARD,
SENSFUNC and CALIBRATE). To perform the flux calibration,
we extracted a 1-D spectrum of the standard star to find the calibration function, and then we extracted a set of 1-D spectra of
the galaxy by summing up a number of lines corresponding to
the slit width. Since the slit width was 2 and the scale of the instrument was 0.252/pix, we collapsed eight lines to obtain each
1
IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the Associated Universities
for Research in Astronomy, Inc. under cooperative agreement with the
National Science Foundation.
2
Bias frame is included in the dark frame.
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1-D spectrum. Finally we applied the flux calibration to this collection of spectra. The wavelength and flux-calibrated spectra
are shown in Figs. 4 and 5.
The fluxes of these emission lines were measured using the
IRAF SPLOT routine, which provides an interactive facility to
display and analyze spectra. We evaluated the flux and equivalent width by marking two continuum points around the line
to be measured. The linear continuum is subtracted and the flux
is determined by simply integrating the line intensity over the
local fitted continuum. The errors on these quantities are calculated, following Pérez-Montero & Díaz (2003), by the relation
σ1 = σc N 1/2 [1 + EW/(NΔ)]1/2 , where σ1 is the error in the line
flux, σc the standard deviation in a box near the measured line
and represents the error in the continuum definition, N is the
number of pixels used to measure the flux, EW the equivalent
width of the line, and Δ the wavelength dispersion in Å/pixel.
3.1. Reddening correction

Reduced and flux-calibrated spectra and the measured emission
line intensities were corrected for the reddening, which account
both for that intrinsic to the source and to the Milky Way. By
comparing the intrinsic Balmer decrement Hα /Hβ = 2.89, we
derived the visual extinction A(V) and the color excess E(B − V)
by adopting the mean extinction curve by Cardelli et al. (1989)
A(λ)/A(V) = a(x) + b(x)RV , where RV [≡A(V)/E(B − V)] = 3.1
and x = 1/λ. All the emission lines in our spectra are in the optical/NIR range (see Cardelli et al. 1989), so we used the average
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[OIII]5007

[OIII]4959

Fig. 5. Spectrum of UGC 9796 obtained
by summing up 1D spectra extracted
along both the north and south sides of
the polar structure.

RV -dependent extinction law derived for these intervals to perform the reddening correction.
We derived the average observed Balmer decrements for
both galaxies, which are
(Hα /Hβ )UGC 7576 = 3.18 ± 2.10
(Hα /Hβ )UGC 9796 = 2.24 ± 1.30,
while the color excess obtained by using these observed decrements are
[E(B − V)]UGC 7576 = 0.09 ± 0.36
[E(B − V)]UGC 9796 = −0.25 ± 0.92.
The negative value of the color excess for UGC 9796 indicates
the presence of stars that are bluer and hotter than normal, and
thus they have V apparent magnitude greater than the B one,
leading to a negative B − V color. In general, stars hotter than
Vega, which have E(B − V) = 0, have negative color excess
(Masana et al. 1998).
Such values of E(B − V) are used to derive the extinction Aλ through the Cardelli’s law. Finally, the corrected fluxes
are given by
λ
Fint
H

Fintβ

=

λ
Fobs
H

Fobsβ

100.4[Aλ −AHβ ] .

(1)

4. Empirical oxygen abundances determination
The analysis of nebular spectra in HII regions is the best tool for
determining chemical abundances in spiral and irregular galaxies. The abundances of several elements can be determined by
using strong emission lines that are clearly visible in the spectra.
The main aim of this work is to measure the Oxygen abundance parameter R23 = ([OII]λ3727 + [OIII]λλ4959 + 5007)/Hβ
(Pagel et al. 1979), and consequently the oxygen abundance
12 + log(O/H) and the metallicity of the HII regions in the polar disks of UGC 7576 and UGC 9796, following the procedure
outlined by Spavone et al. (2010) for NGC 4650A.
The Empirical methods are based on the cooling properties of ionized nebulae, which translate into a relation between emission-line intensities and oxygen abundance. Several
abundance calibrators have been proposed based on diﬀerent
emission-line ratios: R23 (Pagel et al. 1979) and S 23 (Díaz &
Pérez-Montero 2000). Among the others, in this work we used
the so-called P-method introduced by Pilyugin (2001).

Pilyugin (2001) realized that, for fixed oxygen abundances,
the value of X23 = log R23 varies with the excitation parameter
P = R3 /R23 , where R3 = OIII[4959 + 5007]/Hβ, and proposes
that this latter parameter could be used in the oxygen abundance
determination. This method, called the “P-method”, proposes
using a more general relation of the type O/H = f (P, R23 ), than
the relation O/H = f (R23 ) used in the R23 method. The equation
related to this method is
R23 + 54.2 + 59.45P + 7.31P2
12 + log(O/H)P =
(2)
6.07 + 6.71P + 0.371P2 + 0.243R23
where P = R3 /R23 . It can be used for oxygen abundance determination in moderately high-metallicity HII regions with undetectable or weak temperature-sensitive line ratios Pilyugin
(2001). The definition of moderately high metallicity is adopted
from Pilyugin (2001) and refers to the abundance interval 8 <
12 + log O/H < 8.5 where the relation O/H = F(R23 ) (Pagel
et al. 1979) degenerates. As suggested by Pilyugin (2001), the
positions of HII regions in the P − R3 diagram are related to
their oxygen abundances. Since both PRGs are in the region
where moderately high-metallicity HII regions are located, we
can use Eq. (2) above to estimate the oxygen abundances for
both UGC 7576 and UGC 9796.
We estimated the mean oxygen abundance parameter, R23 ,
by summing the fluxes of the nebular emission lines at diﬀerent
regions along the polar structures (see Table 2). The average values of oxygen abundance obtained for UGC 7576 and UGC 9796
are 12 + log(O/H)P = 8.5 ± 0.5 and 12 + log(O/H)P = 7.7 ± 1,
respectively (see Table 3). Moreover, for UGC 7576 it has been
possible to measure the oxygen abundance 12+log(O/H)P at different distances from the center of the galaxy, and these values
are shown in Fig. 7.

5. Metallicity and SFR estimates
We derived the oxygen abundance 12 + log(O/H) for UGC 7576
and UGC 9796 by using the empirical P-method (Pilyugin
2001). We found 12 + log(O/H) = 8.5 ± 0.5 for UGC 7576 and
12 + log(O/H) = 7.7 ± 1 for UGC 9796. The metallicities corresponding to each value of oxygen abundances given before were
estimated. We adopted 12 + log (O/H) = 8.83 ± 0.20 = A and
Z = 0.02 (Grevesse & Sauval 1998). Given that Z ≈ KZ ,
KUGC 7576 = 10[AUGC 7576 −A ] and KUGC 9796 = 10[AUGC 9796 −A ] ,
we obtain metallicities for the HII regions of the polar disk of
Z  0.008 in UGC 7576 and Z  0.002 in UGC 9796, which
correspond to Z  (0.40 ± 0.01) Z and Z  (0.100 ± 0.005) Z
respectively, in good agreement with the values obtained by
(Radtke et al. 2003, see Table 3).
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A&A 531, A21 (2011)
Table 2. Observed and de-reddened emission line fluxes relative to Hβ .
Line
UGC 9796
[OII]
[OIII]
[OIII]
Hγ
Hα
UGC 7576
[OII]
[OIII]
[OIII]
Hγ
Hα

λ (Å)

Observed flux relative to Hβ

De-reddened flux relative to Hβ

3727
4959
5007
4340
6563

8.9
5.0
8.7
0.9
2.2

6.8
5.1
9.0
0.8
2.8

3727
4959
5007
4340
6563

2.5
1.5
1.7
1.1
3.2

2.8
1.51
1.71
1.15
2.9

Fig. 6. Oxygen abundance vs. absolute blue
magnitude for Compact Narrow Emission-Line
Galaxies (CNELGs, yellow filled circles), starforming Emission Line Galaxies (ELGs, cyan
open circles), four field galaxies with emission lines (filled black circles), nearby dwarf
irregulars (open triangles), local spiral galaxies (open circles), local HII galaxies (open
squares), NGC 4650A (red star) (Spavone et al.
2010), the polar disk galaxy IIZw71 (PerezMontero et al. 2009), UGC 7576 (black star),
and UGC 9796 (blue star) (this work). The
dashed line indicates the solar oxygen abundance.
Table 3. Oxygen abundances and metallicities of UGC 7576 and
UGC 9796 compared to those obtained for NGC 4650A.
Parameter
12 + log(O/H)
Z/Z

UGC 7576
8.5 ± 0.5
0.4 ± 0.01

UGC 9796
7.7 ± 1
0.1 ± 0.005

NGC 4650A
8.2 ± 0.2a
0.2 ± 0.002a

References. (a) Spavone et al. (2010).

5.1. Metallicity–luminosity relation

The mean values for the oxygen abundance along the polar structure of UGC 7576 and UGC 9796, derived by the empirical
method (see Sect. 4), are compared with those for a sample
of late-type disk galaxies by Kobulnicky & Zaritsky (1999) as
A21, page 6 of 10

a function of the total luminosity. To this aim, we converted
the absolute blue magnitude for the objects in the sample of
Kobulnicky & Zaritsky (1999) by using H0 = 75 km s−1 Mpc−1 .
Results are shown in Fig. 6.
We found that UGC 7576 is located in the region where
spiral galaxies are found, and in contrast to its high luminosity, it has metallicity lower than spiral galaxy disks of the same
total luminosity, and it is consistent with what is observed for
NGC 4650A.
UGC 9796 instead is even more metal-poor than UGC 7576
and NGC 4650A, in fact it is located in the region where HII
and irregular galaxies are also found, characterized by lower luminosities and metallicities than for the spiral galaxies.
We also compared our new results with those obtained by
Pérez-Montero et al. (2009) for IIZw71, a blue compact dwarf
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Fig. 7. Oxygen abundance of UGC 7576 derived with P-method, proposed by Pilyugin (2001), versus radius. The superimposed lines are
the linear best fit derived by Pilyugin et al. (2006); the red line represents the best fit to the abundance of oxygen-rich spirals, while the blue
line is those related to ordinary spirals. The black line is the best fit obtained for NGC 4650A, while the magenta line is the best fit obtained
for UGC 7576.

galaxy also cataloged as a probable polar ring. Consistent with
its low luminosity, the metallicity of the brightest knots in the
ring of IIZw71 is lower than in UGC 7576, but it is slightly
higher than those of UGC 9796. Taking the total magnitude into
account, such values are somewhat lower than expected by the
metallicity–luminosity relation.
5.2. Star formation rate

The Hα emission is detected in both systems with adequate
signal-to-noise, and from the measured integrated flux we can
derive the star formation rate in the polar ring structure. We
derived the SFR for the polar structures of UGC 7576 and
UGC 9796, from the Hα luminosity using the expression given
by Kennicutt (1998) SFR = 7.9 × 10−42 × L(Hα ). We find
that it is almost constant along the disks of both galaxies,
within a large scatter in the individual values. From the average values of L(Hα )  2.36 × 1036 erg/s for UGC 7576 and
L(Hα )  5.33 × 1035 erg/s for UGC 9796, we have obtained an
average SFR ∼ 1.9 × 10−5 M /yr and SFR ∼ 4.2 × 10−6 M /yr,
respectively. These values are significantly lower than those obtained for NGC 4650A (Spavone et al. 2010), which is SFR ∼
0.06 M /yr, and for IIZw71 (Pérez-Montero et al. 2009), which
is SFR ∼ 0.035 M /yr.
Considering that the polar structure in both PRGs is very
young, because the last burst of star formation occurred less
than 1 Gyr ago (Reshetnikov & Combes 1994), we checked if
the present SFR and even 2 and 3 times higher (i.e. S FR =
3.8 × 10−5 M /yr, SFR = 5.7 × 10−5 M /yr and S FR =
8.4×10−6 M /yr, SFR = 1.26×10−5 M /yr) can give the inferred
metallicities of Z = 0.4 Z (for UGC 7576) and Z = 0.1 Z (for

UGC 9796) and looked at how strongly they could increase the
metallicity with time.
Given the presence of star-forming regions in the polar disk
of NGC 4650A, Spavone et al. (2010) used a constant SFR law
for this object. For UGC 7576 and UGC 9796, the redder B − V
color and the lower MHI /LB suggest a longer time after the last
burst of star formation in these objects. Furthermore, the diﬀerence in the detected Hα fluxes, hence of the SFR of these galaxies, is consistent with the above prediction (see Table 1). Given
these observational properties and the absence of star-forming
clumps, we adopted an exponentially declining SFR that started
several Gyrs ago: this is typically used for late-type galaxies because it gives, on average, even older stars than a linear decay.
The expression is SFR(t) = M τ−1 exp[−(t0 − t)/τ)], where we
assume t0 = 8 Gyr, because in ΛCDM models such cold accretion is more unlikely at low redshifts, τ = 2 Gyr is the decay
timescale and t the lookback time (Bruzual & Charlot 2003).
By using the mass-metallicity relation derived by Tremonti
et al. (2004), where 12 + log(O/H) = −1.492 + 1.847 log(M ) −
0.08026(log M )2 , we found that 0.5 Z ≤ Z ≤ 1 Z for
UGC 7576 and 0.05 Z ≤ Z ≤ 0.45 Z for UGC 9796. This
shows that the present SFR for the polar structures is able to
increase the metallicity of about 0.15 Z for UGC 7576 and
0.05 Z for UGC 9796, after 1 Gyr. We also derived the expected
metallicities by using diﬀerent values for the free parameters τ
(the decay timescale) and t0 , in order to check how these parameters can change the metallicity range, and found that the obtained
metallicities are comparable, or even lower, than those reported
above, with diﬀerences of about 4%.
For UGC 7576 the derived values for Z are higher than
Z = 0.40 ± 0.01 Z found by using the element abundances
(see Sect. 4); for UGC 9796, instead, we found that the metallicity of Z = 0.100 ± 0.005 Z , estimated by using the element
abundances, falls near the lower limit of the range of expected
metallicities. The implications of these results will be discussed
in detail in Sect. 6.
5.3. Metallicity gradient along the polar structure
of UGC 7576

The oxygen abundance in the polar ring of UGC 7576 as a
function of the radius derived by empirical methods is shown
in Fig. 7, where the plot shows that the metallicity remains almost constant along the projected major axis of the polar ring.
It is only slightly declining, unlike what it is observed for spiral
galaxies, where there is a very steep gradient in metallicity. The
absence of a metallicity gradient is a typical behavior found in
LSB galaxies (de Blok & van der Hulst 1998), as in the polar
disk galaxy studied by Brooks et al. (2009) and in NGC 4650A
(Spavone et al. 2010). This suggests that, as already pointed out
for NGC 4650A (Spavone et al. 2010), the star formation and
the metal enrichment in the polar structure is not influenced by
the stellar evolution of the central spheroid and that the polar
ring was formed later. As also suggested by Rupke et al. (2010),
numerical simulations predict that the absence of metallicity gradient is accounted for by the inflow of low metallicity gas from
the outskirts.
In contrast, ordinary and oxygen-rich spiral galaxies, where
no primordial gas is accreted from outside, show a decreasing
abundance with increasing radii (see Fig. 7 and Pilyugin et al.
2006). These observed features in spiral disks are explained well
by the infall models of galaxy formation that predict that these
systems build up through the accretion of onsite gas. This gas becomes more metal rich while it flows towards the galaxy center
A21, page 7 of 10
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Table 4. Discriminating parameters between diﬀerent formation scenarios.
PRG
UGC 7576
UGC 9796
NGC 4650A

MbHG
(M )
7.86 × 109
1.0 × 1010
5 × 109

MbPD
(M )
2.88 × 109
3.05 × 109
12 × 109

Veq

Veq /VPD

−1

(km s )
212
157
90

MbHG /MbPD

v/σ

Zest

Zexp

2.73
3.28
0.42

1.8
2.15
1.28

(Z )
(0.40 ± 0.01)
(0.100 ± 0.005)
(0.200 ± 0.002)

(Z )
(0.5 ÷ 1)
(0.05 ÷ 0.45)
(1.02 ÷ 1.4)

−1

0.96
1.08
0.75

(Matteucci & Francois 1989; Boissier & Prantzos 1999), and this
process generates the observed gradients.

6. Formation history for UGC 7576 and UGC 9796:
discussion and conclusions
Galaxies with a polar ring/disk play a special role in studies of
the physical processes at work during galaxy interactions and
merging. To account both for the featureless morphology of the
central spheroidal galaxy and for the more complex structure of
the polar ring/disk, three main formation processes have been
proposed so far: i) a major dissipative merger; ii) tidal accretion
of material (gas and/or stars) from outside; and iii) cold accretion
of pristine gas along a filament.
In the merging scenario, the PRG results from a “polar”
merger of two disk galaxies with unequal mass, (Bekki 1997,
1998; Bournaud et al. 2005). In the accretion scenario, the polar
ring/disk may form by a) the disruption of a dwarf companion
galaxy orbitating around an early-type system or by b) the tidal
accretion of gas stripping from a disk galaxy outskirts, captured
by an early-type galaxy on a parabolic encounter (Reshetnikov
& Sotnikova 1997; Bournaud & Combes 2003; Hancock et al.
2009). Both major merger and accretion scenarios are able to
account for many observed PRGs morphologies and kinematics,
such as the existence of wide and narrow rings, helical rings, and
double rings (Whitmore et al. 1990).
The cold accretion scenario has been proposed very recently
for the formation of wide disk-like polar rings (see Sect. 1).
A long-lived polar structure may form through cold gas accretion along a filament, extended for ∼1 Mpc, into the virialized
dark matter halo (Macciò et al. 2006). In this formation scenario,
there are no limits to the mass of the accreted material, so a very
massive polar disk may develop around either a stellar disk or a
spheroid.
As suggested by the previous studies of PRGs (Spavone et al.
2010; Iodice et al. 2006), the critical physical parameters that can
tell the diﬀerences between the three formation scenarios are 1)
the total baryonic mass (stars plus gas) observed in the polar
structure with respect to the central spheroid; 2) the kinematics
along both the equatorial and meridian planes; 3) the metallicity
and SFR in the polar structure.
In the tidal accretion scenario, the total amount of accreted
gas by the early-type object is about 10% of the gas in the
disk donor galaxy, i.e. up to 109 M . In the case of UGC 7576
and UGC 9796, the polar structure is characterized by a high
baryonic mass (see Table 4), comparable to the total luminous
mass in the central spheroid. Similar to the case of NGC 4650A
(Spavone et al. 2010), the high HI mass excludes formation of
the polar structures through the tidal accretion of gas and stars
by an external donor galaxy (Bournaud & Combes 2003).
In the merging scenario, the morphology and kinematics of
the merger remnants depend on the merging initial orbital parameters and the initial mass ratio of the two galaxies (Bournaud
et al. 2005). For UGC 7576 and UGC 9796, this scenario is
A21, page 8 of 10

σ0
(km s )
116
73
70

ruled out because, according to simulations (e.g. Bournaud et al.
2005), a high mass ratio of the two merging galaxies is required
to form a massive and extended polar disk as observed in both
the PRGs. This would convert the intruder into an ellipticallike, not rotationally supported, stellar system. Since this contrasts with the high maximum rotation velocities observed (see
Reshetnikov & Combes 1994; and Table 4) in UGC 7576
(∼212 km s−1 ) and UGC 9796 (∼157 km s−1 ), the merging scenario is ruled out for both galaxies.
As already mentioned, if the polar structure around both an
elliptical and disk galaxy forms by the cold accretion of gas from
filaments there is no limit to the accreted mass. Moreover, due
to the inflow of pristine gas, the metallicity is lower than that
observed in galaxies of a comparable total luminosity, and the
value derived by the present SFR is higher than those directly
measured by the chemical abundances. Spavone et al. (2010)
find that such predictions are consistent with observations in the
polar disk galaxy NGC 4650A, leading to the conclusion that
the cold accretion of gas by cosmic web filaments is the most
realistic formation scenario for this object.
By studying the chemical abundances in the polar structure
of UGC 7576 and UGC 9796, we aim at testing the cold accretion scenario for these objects. The main results are as follows
(see also Sect. 5):
1. both PRGs have on average lower metallicity with respect
to that of same-luminosity spiral disks, in particular, for
UGC 7576 Z = 0.4 Z and for UGC 9796 Z = 0.1 Z ;
2. the metallicities expected for the present SFR at three diﬀerent epochs are higher than those measured from the element
abundances, and they vary in the range 0.5 Z ≤ Z ≤ 1 Z
for UGC 7576 and 0.05 Z ≤ Z ≤ 0.45 Z for UGC 9796;
3. for UGC 7576, the metallicity remains almost constant along
the polar structure.
In the following, we address how these results can be reconciled
with the theoretical predictions for the cold accretion process
and discuss how the SFR and metallicity derived in this work,
together with the other two key parameters, baryonic mass and
kinematics, available from previous studies of these objects, may
help to distinguish among the three formation scenarios, in unambiguous ways as done for NGC 4650A. All these quantities
for both the PRGs studied in this work and NGC 4650A, are
summarized in Table 4.
The cold accretion mechanism for disk formation predicts
rather low metallicity (Z = 0.1 Z ) (Dekel & Birnboim 2006;
Ocvirk et al. 2008; Agertz et al. 2009). This value refers to the
time just after the accretion of a misaligned material, so it can be
considered as an initial value for Z before the subsequent enrichment. How can this be reconciled with the observed metallicity
for UGC 7576 and UGC 9796?
We estimated that the present SFR for the polar structure is
SFR = 1.9 × 10−5 M yr−1 for UGC 7576 and SFR = 4.2 ×
10−6 M yr−1 for UGC 9796. These values are able to increase
the metallicity of about 0.15 Z for UGC 7576 and 0.05 Z for

M. Spavone et al.: Chemical abundances of the PRGs UGC 7576 and UGC 9796. I.

UGC 9796 after 1Gyr (see Sect. 5). Considering that the polar structure is very young, less than 1 Gyr (Reshetnikov et al.
1994), an initial value of Z = 0.1 Z at the time of polar structure formation could be consistent with today’s observed metallicity. Therefore, the cold accretion of gas can be a possible formation scenario for both PRGs, UGC 7576 and UGC 9796. In
the case of UGC 7576, one more hint of the cold accretion scenario comes from the fact that the metallicity expected by the
present SFR turns to be higher than those directly measured by
the chemical abundances. As already suggested for NGC 4650A
(Spavone et al. 2010), a possible explanation for this observed
feature could be the infall of pristine gas (Finlator et al. 2007;
Ellison et al. 2008).
Moreover, for UGC 7576, the lack of an abundance gradient
along the polar structure is consistent with the prediction of recent numerical simulations by Rupke et al. (2010) and Kewley
& Ellison (2008), who observe flatter metallicity gradients than
those observed in typical spiral galaxies, owing to the radial inflow of low-metallicity gas from outside. For UGC 9796, instead, the metallicity derived by the chemical abundances falls
near the lower limit of the expected metallicity range, and for
this reason we cannot definitely rule out other possible formation scenarios.
The high baryonic (gas+stars) masses, the large extensions
of the polar structure, and the low metallicity observed in these
PRGs are not accounted for in the formation of polar rings
through the disruption of a dwarf galaxy, which are characterized
by higher metallicities (1/9 Z ÷ 1/3 Z ) and lower HI masses
(∼107 M ; Galametz et al. 2009; and Bekki 2008).
Diﬀerently, the tidal accretion scenario, in which gas is
stripped from a gas-rich donor in a particular orbital configuration (Bournaud & Combes 2003), is able to produce wide polar
rings and/or disks both around a disk or an elliptical galaxy. In
order to consider the accretion hypothesis, we studied the field
around these galaxies to see if there are any objects as possible
donor galaxy candidates: inside a radius of about five times the
diameter of both PRGs, as suggested by Brocca et al. (1997), we
find that UGC 7576 has no close companions, while UGC 9796,
that is in a small group, has five companions (Cox et al. 2006).
Therefore, while the tidal accretion scenario is also ruled out for
UGC 7576, it needs to be envisioned in the case of UGC 9796.
The VLA images show that UGC 9796 and the close companion galaxy MCG+07-31-049 (labeled as 1 in Fig. 8) could
be in the orbital configuration needed to form a polar structure through an accretion event (Bournaud & Combes 2003).
In fact, the HI gas in UGC 9796, which is all associated with
the polar structure, has the outer contours warped away from
the poles, and in the SE regions, it extends towards MCG+0731-049, which has an HI distribution extending in a direction
perpendicular to that of UGC 9796.
In the tidal accretion process, the accreted gas only comes
from the outer and more metal-poor regions of the donor galaxy.
All the companion galaxies of UGC 9796 have an amount of
HI gas (∼109 M ) comparable to those of this PRG (Cox et al.
2006), but according to Bresolin et al. (2009), the metallicity of
the outer regions of bright spiral galaxies is 0.2 Z ≤ Z ≤ 1.1 Z
and the observed value for UGC 9796, Z = 0.100 ± 0.005 Z , is
below the lower limit.
Given all the evidence shown above, we can give the following conclusions for this work. The cold accretion of gas by
cosmic web filaments could well account for the low metallicity, the lack of gradient, and the high HI content in UGC 7576.
Moreover, the general underdensity of the environment where

Fig. 8. Optical image of UGC 9796 and its two nearest companion
galaxies, MCG +07-31-049 (number 1) and CGPG 1514.2+4320 (number 2).

this galaxy is can be consistent with the cold flow accretion of
gas as the possible formation mechanism for this object.
For UGC 9796 instead, the scenario is slightly more complex. In fact, the low estimated metallicity, even lower than observed in the outskirts of spiral galaxies is consistent with the
formation of disks through cold accretion mechanisms (Dekel &
Birnboim 2006; Ocvirk et al. 2008; and Agertz et al. 2009). On
the other hand, the tidal accretion scenario cannot be ruled out,
given that the galaxy MCG +07-31-049, with its high amount of
HI and its orbital configuration, could be a good candidate donor
for UGC 9796.
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