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Abstract. We present the results of narrow-band-HN 1]  with gas-rich dwarf companions have been recently investigated
imaging of the early-type spiral NGC 3593 in combination witbhy means of numerical simulations (Thakar & Ryden 1996;

a study of the flux radial profiles of the [N (A 654.80, 658.34 Thakar et al. 1997) as possible mechanisms for producing mas-
nm), He, and [Si] (AX 671.65, 673.08 nm) emission lines alongive counterrotating gaseous discs in spirals. The presence of
its major axis. The galaxy is known to contain two counterratellar counterrotation is usually interpreted as the end result
tating stellar discs of different size and luminosity. We find thaif an initial counterrotation of gas. But gas acquisition in spi-
the Hy emission mainly derives from a small central region afls, more than in elliptical or in SO galaxies, raises the problem
57'x25’. It consists of a filamentary pattern with a central ringdf the interaction between the accreted counterrotating and the
This has a diameter of about’17~ 0.6 h~! kpc) and it con- pre-existing corotating gas (e.g., Lovelace & Chou 1996). Re-
tributes about half of the total d&dflux. The ring is interpreted cently some attempts have been made to explain special cases of
as the result of the interaction between the acquired retrogratiellar counterrotation as due to a self induced phenomenon in
gas which later formed the smaller counterrotating stellar dison-axisymmetric potentials (Evans & Collett 1994; Athanas-
and the pre-existing prograde gas of the galaxy. soula 1996; Wozniak & Pfenniger 1997).

NGC 3593 is an highly-inclined early-type spiral classified
Key words: galaxies: individual: NGC 3593 — galaxies: interga pec by Sandage & Tammann (1981) and S0/a(s) uncertain
actions — galaxies: ISM — galaxies: spirals — galaxies: Structuk§ de Vaucouleurs et al. (1991). Sandage & Bedke (1994) in
The Carnegie Atlas of Galaxies (hereafter CAG), described
NGC 3593 as characterized by a spiral dust pattern made of
patches rather than lanes. Such a dust pattern is visible via its
silhouette throughout the face of the disc (see panel 76 in CAG)
By the mid-1980’s the phenomenon of counterrotation had b&hscuring the galaxy central regions to the north of the major
en observed in a significant number of elliptical and lenticulaixis. An overview of the optical properties of NGC 3593 is given
galaxies (see the recent review by Bertola & Corsini 1998). Orily Table[1.

more recently the presence of gaseous and/or stellar discs counin NGC 3593 Bertola et al. (1996) found two stellar expo-

terrotating with respect to the main stellar body has been disc@gntial discs of different scale lengths and surface brightnesses

ered in some early-type spirals. These galaxies are the Sabinterrotating with respect to one other. The smaller and less

NGC 4826 (Braun et al. 1992, 1994; Rubin 1994, Walterbos glgssive stellar disc (disc 2) corotates with the Hhe H, and

al. 1994; Rix et al. 1995), the Sh(r) NGC 7217 (Merrifield &he jonized gas disc, and counterrotates with respect to the larger

Kuijken 1994), the Sa NGC 3626 (Ciri et al. 1995), the Sa pekd more massive stellar disc (disc 1). They also noticed that the

NGC 3593 (Bertola et al. 1996), and the Sa(r) pec NGC 4138jial intensity profile for the gas emission lines has two max-

(Jore et al. 1996). ima at about 9to each side of the centre. The derived properties
This discovery poses new questions for the formation gf the stellar, gaseous and dust components of NGC 3593 are

disc galaxies. It is almost impossible for an isolated galaxy §mmarized in Tablgl 2. They have been scaled to a distance of

generate an internal counterrotating component. In the genergl-! Mpc (Wiklind & Henkel 1992) withH, = 100 A km s~!

case, itis necessary to assume that the galaxy has acquiredyse—1.

terial from outside. The infall of external gas and the merging The main fthi is t ¢ 5

purpose of this paper is to present a new narrow

Send offprint requests t&.M. Corsini band Fh+[N 1] imaging of NGC 3593 and the flux radial pro-

* Based on observations carried out at ESO, La Silla (Chile) (EJ8eS Of the [Nu] (AX 654.80, 658.34 nm), &, and [Si] (AA
N. 52, 1-020) and on observations with the VATT: the Alice P. Lenndd/1.65, 673.08 nm) emission lines measured along its major
Telescope and the Thomas J. Bannan Astrophysics Facility. axis. We use our photometric and spectroscopic data to confirm
Correspondence teorsini@pd.astro.it the presence of a ring of ionized gas in the circumnuclear re-

1. Introduction
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Table 1.Optical properties of NGC 3593 servatory. A back illuminated 2048048 Loral CCD with 15
um pixels was used as detector at the aplanatic Gregorian focus,
parameter value f/9. It yielded a field of view of6/4 x 6/4 with an image scale

of 0”4 pixel~! after a2 x 2 on-line pixel binning. The gain and

ui?;ehological type NGgassggs(xggbezn) the readout noise were le2 ADU~! and 6.5~ respectively.
Position (equinox 2000.0) We obtained6 x 10 minutes emission-band images and
right ascensiom 118 14™ 3651 6 x 10 minutes continuum-band images using two narrow-band
declinations +12° 49 07" filters kindly provided by R.C. Kennicutt. The emission-band
Heliocentric systemic velocityz° 612+ 10 km s+ images were taken with an interference filter & 658.0 nm;
Position angle P.A. 92 Alpwnm = 7.0 nm) isolating the spectral region characterized
Isophotal diameters £ x das" 525 x 1195 by the redshifted H and [Ni1] (A\654.80, 658.34 nm) emission
Inclination 67 lines. The continuum-band images were taken through an inter-
Total corrected3 magnitudeBs.” 11.50 mag ference filter §. = 645.0 Nnm; AApwanm = 7.0 nm), which

has been selected to observe an emission-free spectral region
b from de Vaucouleurs et al. (1991) sufficiently near to that of _the em_lssmn-ba_nd_fllter in o_rder to
. subtract off the stellar continuum in the emission-band images.
from Bertola et al. (1996) Diff flat field fth iliaht sk ken f
4 from Rubin et al. (1985) ifferent flat field exposures of the twilight sky were taken for
each of the two filters.

The data reduction was carried out using I§AFhe images

& from Sandage & Tammann (1981)

Table 2. Derived properties of NGC 3593 were bias subtracted, flat field corrected using the normalized
flat field of the corresponding filter and then sky subtracted. The
parameter value sky level was determined by calculating the average intensity
Distanced Z7h 1 Mpc in_blank regions of the frames. The images were shift(_ed and
Total B luminosity LY, 19-10° h2 L aligned to an accuracy of a few hundredths of a pixel using the
Primary stellar disc (disc ) © common fle!d stars as a reference. Then they were averaged
scale length; 40" (after checking that their PSF’s were comparable) to obtain a
central surface brightnegs.;  19.9 mag arcsec¢ single continuum-band image (Fig. 1, upper panel) and a single
B luminosity LY, 1.6-10° A2 Ly, emission-band image. The cosmic rays were identified and re-
massM 6.8-10° h™! Mg moved during the averaging routine. Gaussian fits to field stars
Secondary stellar disc (disc2) in the two final processed images yielded point spread function
scale length-, 107 measurements of/1 (FWHM). This corresponds to a physi-
central surface brightnegs.» ~ 18.5 mag arcsec cal resolution of 3%~ pc at the assumed distance. Finally the
B luminosity L, 3.5 1089 h—QlLBQ continuum-free image of NGC 3593 (Fig. 1, lower panel) show-
massiMy 1.5-10° A= Mg ing the galaxy k+[N 1] emission was obtained by subtracting
Ge::aasrsl?\/[dusct L10P B2 M the continuum-band image, suitably scaled, from the emission-
massME?i 18- 10° h-2 M®@ band image. The mean scale factor for the continuum image
massMi, * 45-10° h~2 Mg was estimated by comparing the intensity of the field stars in
MassMyue:® 5.1-10° h~>Mg, the two bandpasses.
The flux calibration was performed using images of the
2 from Wiklind & Henkel (1992) optical spectrophotometric standard star Feige 66 (Oke 1990)
" from Bertola et al. (1996) obtained during the same night. The totakHN 1] flux of
Z from this paper NGC 3593 was measured by summing the contribution of those
from Krumm & Salpeter (1979) pixels exceeding th&s sky background noise level¢ =

¢ from Young et al. (1996) 9.3-107'7 erg s~ ecm™2 arcsec™2). The resulting value is

Fhoqw ) = 3.4-107'% erg s~ cm™2. The uncertainty on
Fiio4(n 1] IS estimated to be- 20%. Our determination of the
gion of NGC 3593. It was previously suggested by Hunter et &la+[N 1] flux is in agreement, within the measurement errors,
(1989) and Pogge & Eskridge (1993). with that of Young et al. (1996). We subtract from this total
emission flux the estimated contribution of the twoi{Nines
) ) to obtain the K emission flux for NGC 3593. At the wave-
2. Observations, data reduction and results lengths of the redshifted [N A654.80, Ha, and [Ni1] A658.34

2.1. Narrow-band imaging

! IRAF is distributed by the National Optical Astronomy Observato-
The narrow-band H imaging of NGC 3593 was performedries which are operated by the Association of Universities for Research
on March 8, 1997 at the 1.8 m Vatican Advanced TechnologyAstronomy (AURA) under cooperative agreement with the National
Telescope (VATT) operated in the Mt. Graham International OB¢cience Foundation
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rri a0t 35° 38° 37 36° 35°  34° minutes were taken with an instrumental resolution 6f 0.1
B T e nm (i.e.~ 48 km s~' at 620.0 nm). The spectral range was
= 3 520.0 — 719.0 nm. Each NGC 3593 spectrum pixel corresponds
56" = =5 to 0.097 nnx 2”43 after on-chip binning of 3 pixels along the
B = spatial direction on the No. 24 FA2048L CCD. The details of
40 = - = the spectra reduction and calibration are given in Bertola et al.
E -4 = We measured the flux of the [N lines (A\X 654.80, 658.34
A0 B o . = % nm), of the Hy line, and of the [Si] lines (\\ 671.65, 673.08
’2‘745"0”:7: R e o e ‘1'5 & nm). At each radius the line flux was obtained separately for
rarog B ! | ! ! ''2 £ each emission line after fitting a polynomial to the surround-
E -| = ing continuum, using the ESO-MIDAackage ALICE. At
50" e some radii where the intensity of the emission lines was low,
B - = we averaged adjacent spectral rows to improve thig¥ ratio.
40 — = . . .
= g’: = The flux calibration was performed by comparing the ma-
30" - & jor axis Ha+[N ] emission radial profiles of the ESO spectrum
E 3 with that of VATT continuum-free image (see FigJ. 2). The uncal-
20 B Hot [NTI] =2 ibrated profile of the ESO spectrum was obtained by summing,
TR e e e at each radius, the contribution of thextand of the two [Ni]

lines scaled for the transmission of the VATT emission-band
filter at their relevant wavelengths. The VATT calibrated profile
was obtained from the central row of the continuum-free im-
Fig. 1. The stellar continuum image (upper panel) and the continuur%ge' The image has been previously rotated counterclockwise

subtacted KH+[N 11] emission image (lower panel) of NGC 3593. Theby 2 and rebinned ir6 x 8 pixels to reproduce the scale, the

position of the slit of the ESO spectrum is shown in the lower panel. Tﬁgt width an.d 'fhe seeing of the ESO spgc;trum. Because of the
orientation of the images is north up and east to left. The astronomififferences in instrument, weather conditions and set-up of the
coordinates were assigned to the images by measuring known positi#@ observing runs this should be considered only a rough but
of field stars on a Digitized Sky Survey image of NGC 3593 useful calibration.
The flux radial profiles of all the measured emission lines
show the same trend (Fid. 2). They are characterized by a central
lines the transmission of the filter is 66%, ~ 79%, and relative minimum and two maxima at= +8”5 . A secondary
~ 72%, respectively. We know the [N A\654.80/[N 1] \658.34  peak in the fluxes of the emission lines has been detected at
ratio from the atomic transition probabilities and we measured~ +56”. For —30” < r < 420" the flux ratio between the
[N 1] A658.34/Ha~ 0.46 from our spectroscopical data (se¢N 1] A\658.34 and the H lines ranges between 0.35 and 0.56,
§ 2.2). In fact the two [Ni] lines contribute~ 18% to the to- the flux ratio between the [§ A\671.65 and the H ranges be-
tal emission in the continuum-free image. After this subtractiaween 0.10 and 0.16, and the flux ratio between thié f$73.08
we find Figo, = 2.8 - 1072 erg s=* cm™2. Our Ha flux de-  and the [Si] A671.65 lines is virtually constant at 0.76.
termination lies in betweeRy, = 1.3 - 1072 erg s~ cm ™2
measured by Pogge & Eskridge (1993) dfig, = 8.6 - 10712 _ . .
erg s~ em~2 by Hunter et al. (1989). According to Burstein &3- Discussion and conclusions
Hei_Ies .(1984) the Galaxy contributes no appreciable foregrouagd, ontinuum-free image reveals that the-HN 1] flux of
extinction for NGC 3593, and no attempt was made to corregk; ¢ 3593 mainly derives from a small central region of about
the computed flux for internal extinction. This flux corresponds; . g (~ 2 x 0.8h~2 kpc~2) as projected on the sky. It
to a total Hx luminosity of Lo = 1.7 10*" h=? erg s™" @t ;onsists of a filamentary pattern dominated by a ring and two
the assumed distance. bright H 1 structures. The centre of the ring coincides with
the position of the maximum intensity in the continuum. The
2.2. Long-slit spectroscopy two H 1 structures are located to the west of the centre at a
. . distance of about 24and about 30 at position angles of 109
For the study of radial profiles of the flux of the [N, Ha  ang 79 respectively. A faint Hi complex is detected to the
and [Si] emission lines we adopted the same original spectt&lst at about 30from the centre at a position angle of°94
data of NGC 3593 used by Bertola et al. (1996) to derive th&e area of the ring is about 0.172 kpc~2 (~ 11% of the
kinematics of stars and ionized gas. They were obtained at {§gy) jine-emitting region). It contributes about half of the total

ESO 1.52 m Spectroscopic Telescope in La Silla on Februgye fiux. Fitting this maximum-emission region, we derived
18-19, 1994. The Boller & Chivens Spectrograph was used in

combination with the No. 26 120§-0oves mm™~! grating and 2 MIDAS is developed and maintained by the European Southern
a 2’5 x 4!2 slit. Four major-axis (P.A. = 92 spectra of 60 Observatory

[eL)
+a
)

35°

Lo
(%))
]

71M4™40° 35° 38° 37°

R.A.[J2000.0]




E.M. Corsini: The circumnuclear ring of ionized gas in NGC 3593 83

r [kpc] lished plate. In this image the diffuse emission surrounding the
structure of the ring is not visible. They measured for the H
ring the same major-axis position angte £ 90°+2°) and a
smaller diameterlp = 14”4 + 1”4). This difference is proba-

+ [NMgss 80 | bly due to the clumpy morphology of the ionized gas emission.
o Ha ] No estimate of the ring ellipticity (or inclination) is given.
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NGC 3593 (Bertola et al. 1996) the ionized gas ring corotates
with the gaseous and the secondary stellar discs and counterro-
tates with respect to the primary stellar disc. From Wiklind &
Henkel (1992) we derive that the ionized and the molecular gas
components corotate.

The Hx luminosity can be used to estimate the current star
formation rate (SFR) of NGC 3593. Following the SFR re-
lation by Kennicutt (1983) we find for NGC 3593 a SER
(total)= 0.15 h=2 M, yr~!. This value is about one tenth of

- ﬁ ﬁ W the SFR derived from the far infrared (FIR) luminosity by Wik-
ETENN BRI EFNRTIN P PR T lind & Henkel (1992). Indeed it is SRRy (total)= 1.6 h=2
-9  -60  -30 0 30 60 90 Mg yr—1. The observed Hfluxis abou®% of the value needed

r[”] to make the SFR derived from theaHuminosity comparable

Fio. 2. The radial f file of th d emission | | tto that from the FIR luminosity. It means that NGC 3593 is not
ig. 2. The radial flux profile of the measured emission lines along the, ; g
major axis of NGC 3593. Theymbolsepresent the values obtained for transparent system. In fact NGC 3593 is a dust-rich system as

Ha (circles), the [N11] lines (crossedor A654.80 nm andasteriscsor qne (.:an also infer by a comparison of its dust-togeis mass ra-
A658.34 nm) and the [9] lines (trianglesfor A671.65 nm andsquares tio with the mean VaIL_JeS _found_by Bregman et al. (1992) for the
for A673.08 nm) respectively. The radial flux profiles of the [N 1] €@rly-type disc galaxies investigated by Roberts et al. (1991).
emission from the ESO spectrurdofted ling and from the VATT We can estimate the mean past SFR from the mass and the
continuum-free imageepntinuos lingused in the flux calibration ofthe age of the stellar disc. Following Kennicutt et al. (1994), but
ESO spectrum are shown. Inthe VATT image several bad columns waging our determination of the mass of stellar disc, we find
present betweer-70" and —50". The arrows indicate the position < SFR > (past)= 1.4 h~!' Mg yr—'. For NGC 3593 the
along the major axis of the molecular gas ring found by Wiklind &jrthrate parameteb calculated as the ratio of current SFR
Henkel (1992) (from FIR luminosity) to average past SFRs= 1.1 h~1L.
For comparison, Kennicutt et al. (1994) found that this value
for a sample of 18 non-interacting and/or peculiar Sa’s ranges
for the ring an apparent major-axis diamefer= 174 & 0”8  from 0.01t0 0.1 (withh = 0.75km s~ Mpc—1). Sothe central
(~ 0.6 =" kpc), aposition anglé = 90°+5°, and anellipticity part of NGC 3593 is characterized by a valué afhich is high
€ = 0.62 & 0.08 corresponding to an inclinatioh= 68°+£5°.  compared to the majority of early-type spirals. The current SFR
The derived value of the ring inclination is in agreement withigg slightly higher than the SFR in the recent past. Given the un-

the errors with the galaxy inclination of lerived by Rubin certainty in estimation of the SFR the only tenable conclusion
et al. (1985) from the disc parameters. The position of the tWothat it has been approximately constant.

maxima in the radial flux profiles of all the measured emission The total ionized gas mass can be derived from theltd

lines corresponds to the radii at which the ring intersects tﬁﬁnosity under the assumption of case B recombination (see

line of the nodes. _ ~ Osterbrock 1989). For a given electron temperature and den-
We have obtained the photometric and spectroscopic e¥jty, the Hi mass can be written:

dence for the existence in NGC 3593 of a circumnuclear ring

of ioni_zec_i gas. _It is associate_zd With mole_cular_gas, which My = (Lizamu/Ne) / (47 110/ NeNp) 1)

also distributed in a nuclear ring-like configuration as discov-

ered by Wiklind & Henkel (1992). The centre of the CO ringvhereLy,, is the Hx luminosity,my is the mass of the hydrogen

coincides with the galaxy kinematical center and its radigom,jy, is the Hx emissivity, andV, andN,, are the electron

(Rco ~ 7'9—8!8) s located at the turning point of the ionizedand the proton densities. The tedm;jy,, /N. N, is insensitive

gas rotation curve. to changes ofV, over the rang&02-10% cm~3. It decreases by
In the past years, Hunter et al. (1989) were not able to dsfactor 3 for changes df, over the rangé - 102 °K-2- 10* °K

tinguish between a small gaseous disc and a possibly ring-l{k&sterbrock 1989). For an assumed temperafure 10* °K,

structure due to the lower resolution of theirinage. Pogge the electron density can be estimated tdge= 102 cm—2 from

& Eskridge (1993) derived the same overall morphology antle measured [8] lines ratio. It resultsMy; = 4 - 104 A2

suggested the presence of the ring. The extent of the[N 1] M, for the observed.;;, and a value ten times larger for the

emitting region is about4” x 18", as deduced from their pub- Ly, corrected for extinction.
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