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ABSTRACT

We present the results of H 1 mapping with the NRAO? VLA of one of the most metal-deficient blue
compact dwarf (BCD) galaxies known, SBS 0335—052, with an oxygen abundance only 1/40 that of the
Sun. We study the structure and dynamics of the neutral gas in this chemically young object with a
spatial resolution of 2075 x 15" (~5.4 x 3.9 kpc at an assumed distance of 54.3 Mpc), a sensitivity at the
2 o detection level of ~2.0 K or 7.5 x 10'° cm~2 and a velocity resolution of 21.2 km s~ 1. We detected
a large H 1 complex associated with this object having an overall size of about 66 by 22 kpc and elon-
gated in the east-west direction. There are two prominent, slightly resolved peaks visible in the inte-
grated H 1 map, separated in the east-west direction by 22 kpc (84”). The eastern peak is nearly
coincident with the position of the optical galaxy SBS 0335—052. The western peak is about a factor of
1.3 brighter in the H 1 line and is identified with a faint blue compact dwarf galaxy, SBS 0335—052W,
with mp = 19.4, and a metallicity close to the lowest values known for BCDs, about 1/50 that of the Sun.
The radial velocities of both systems are similar, suggesting that the two BCDs, SBS 0335 —052 and SBS
0335—052W, constitute a pair of dwarf galaxies embedded in a common H 1 envelope. Alternatively, the
BCDs may be the nuclei of two distinct interacting primordial H 1 clouds. The estimated total dynamical
mass, assuming the BCDs form a bound system, is larger than ~6 x 10° M, compared with a total

gaseous mass M, = 2.1 x 10° M, and a total stellar mass M

< 10® M. Hence, the mass of the SBS

star

0335-052 system is dominated by dark matter. Because of the disturbed H 1 velocity field and the pres-

ence of what might be tidal tails at either end of the system, we favor the hypothesis of tidal triggering of

the star formation in this system. It can be due to either the nearby giant galaxy NGC 1376 or the

mutual gravitational interaction of the two H 1 clouds.

Key words: galaxies: compact — galaxies: evolution — galaxies: individual (SBS 0335—052) —
galaxies: ISM — galaxies: kinematics and dynamics — ISM: H 1

1. INTRODUCTION

Galaxy formation remains a key issue in observational
cosmology. While much progress has been made in finding
large populations of galaxies at high (z > 3) redshifts (e.g.,
Steidel et al. 1996; Dey et al. 1998), truly young galaxies in
the process of forming, defined as objects that are experi-
encing their first epoch of star formation, remain elusive.
The spectra of those distant galaxies generally indicate the
presence of a substantial amount of heavy elements, imply-
ing previous star formation and metal enrichment.

We adopt here a different approach for studying truly
young galaxies. Instead of searching for high-redshift
objects, we look for nearby young dwarf galaxies that are
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possibly undergoing their first burst of star formation. As
pointed out more than a quarter of a century ago by
Sargent & Searle (1970) and Searle & Sargent (1972), some
low-mass galaxies in the local universe may approximate
galaxies in an early stage of their formation. Later, Thuan &
Martin (1981) identified blue compact dwarf (BCD) galaxies
as a class of low-luminosity (M = —18) extragalactic
systems undergoing a strong burst of star formation (SF)
while exhibiting extremely low heavy-element abundances.
For many years the best candidate for a truly young
galaxy has been I Zw 18 = Mkn 116, with a metallicity, Z,
of about 1/50 Z, (e.g., Lequeux et al. 1979). Studies of this
galaxy in the last decade suggest indeed that it is chemically
unevolved. Its extremely low metallicity, derived from the
H 1 region-like spectrum, has been confirmed by many
subsequent studies (see [zotov & Thuan 1998 and references
therein). Observations in neutral hydrogen (H 1) show that it
is a very gas-rich system (Lequeux & Viallefond 1980; Vial-
lefond, Lequeux, & Comte 1987; van Zee et al. 1998b). Also,
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its H 1 gas appears to have an extremely low metallicity
(Kunth et al. 1994), although this last point is considered
controversial (Pettini & Lipman 1995; van Zee et al. 1998b).

Until the end of the 1980s, I Zw 18 remained the only
BCD with a heavy-element abundance as low as Z/50.
Despite efforts by many investigators to search for BCDs
with equally low or lower metallicities, there remained a
significant gap in metallicity between I Zw 18 and all other
known BCDs. This gap was partially filled when Izotov et
al. (1990), using the Russian 6 m telescope, tentatively deter-
mined the BCD SBS 0335 —052 to have a metallicity lower
than that of I Zw 18. However, later Melnick, Heydari-
Malayeri, & Leisy (1992) concluded that Z = 1/41 Z in
SBS 0335—052, making it the second-most metal-deficient
galaxy known in the universe. This BCD is now considered
one of the best candidates for a galaxy in formation.

A dwarf galaxy experiencing its first burst of star forma-
tion should have an extremely low metallicity in its H 1
regions. Such a galaxy should not show any sign of an older
stellar population produced in previous SF episodes. The
gas mass would be expected to exceed significantly that in
stars. Studies of SBS 0335 —052 over the last few years show
that it appears to fulfill all those conditions and that it is
very probably a truly young galaxy. We briefly summarize
its main observational properties.

1. The oxygen abundance in the brightest H 11 region in
the galaxy is found to be 12 + log (O/H) = 7.30 + 0.01
(with variations from 7.15 to 7.33 on small scales), only
slightly higher than that in I Zw 18 (Melnick et al. 1992;
Izotov et al. 1997 ; Izotov et al. 1999).

2. Blue underlying, extended low-intensity emission is
detected in SBS 0335—052 on V-, R-, and I-band images.
The blue V —1I and R—1 color distributions suggest that a
significant contribution to the emission of the extended low-
intensity envelope is due to ionized gas. It is found that the
observed equivalent width of Hf emission in the extended
envelope is 2-3 times weaker than the value expected in the
case of pure gaseous emission. This could be explained by
the presence of underlying stellar emission from coeval A
stars (Izotov et al. 1997; Thuan, Izotov, & Lipovetsky 1997).

3. From the optical colors of the low surface brightness
component, together with evolutionary synthesis models,
Papaderos et al. (1998) conclude that the age of the under-
lying stellar population is less than ~ 100 Myr, with a total
mass of ~107 M, comparable to the total mass of young
blue stars (Izotov et al. 1997). Near-infrared (NIR) colors
after correction for the gas contribution are consistent with
a stellar population not older than 4 Myr, and the possible
contribution to the NIR light from an evolved stellar popu-
lation in SBS 0335 —052 cannot exceed ~15% (Vanzi et al.
2000).

4. No evidence for strong, narrow Lyo emission is found
in a UV spectrum obtained with the Hubble Space
Telescope (HST) (Thuan & Izotov 1997). Instead, a damped
Lya absorption line is observed, which implies an H 1
column density N(H 1) =7 x 10?! cm ™2, the largest ob-
served so far for a BCD and comparable to the highest
column densities observed in Lya clouds in the direction of
quasars. The resonant O 1 1302 A line is also detected.
Assuming that the O I line is unsaturated and that it orig-
inates in the neutral gas leads to an oxygen abundance in
the neutral gas of ~1/37,000 of the solar value, or about
1/900 of that in the H 1 regions around the young super—
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star clusters. However, a more consistent interpretation of
the UV absorption lines of O, Si, and S is that these lines
originate not in the H 1 but in the H 1 gas. If this interpreta-
tion is correct, then the neutral gas in this system can be
pristine and not polluted with heavy elements at all (Thuan
& Izotov 1997).

5. Thuan, Izotov, & Lipovetsky (1995) and Izotov &
Thuan (1999) have also argued, on the basis of the very
small dispersion of the C/O and N/O ratios in extremely
metal-deficient BCDs with a metallicity less than 1/20 solar,
that in those galaxies C and N are made exclusively by
massive (M > 9 M) stars, because intermediate-mass (3
My <M <9 M) stars have not had time to evolve and
release their nucleosynthesis products. Izotov & Thuan
(1999) suggest that BCDs with Z < Z/20 are young, with
ages less than ~ 100 Myr, the main—sequence lifetime of a 9
M star being ~40 Myr. Chemical abundances thus also
suggest that SBS 0335—052, with Z = Z /40, might be a
young galaxy.

In view of the unusual properties of this candidate young
galaxy we considered it important to measure its neutral
gas content and study the H 1 structure and velocity field.
Measurements of the integrated H 1 flux of this galaxy in the
21 cm line were carried out with the Nangay radio telescope
(NRT) in 1993 (Thuan et al. 1999a). From those data the
total H 1 mass was estimated, which indicates that this
galaxy is gas-rich (My, ~ 10° M), with less than 1/10 of its
baryonic mass in stars. The H 1 flux appeared to be high
enough to allow higher resolution mapping with the VLA.
In this paper we present the results of VLA observations of
SBS 0335—052 and discuss the properties of its H 1 density
distribution and velocity field.

The paper is organized as follows. In § 2 we describe the
observations and data reduction. In § 3 we derive the H 1
density distribution and velocity field. In § 4 we examine the
gas and dynamical mass of the system, and in § 5 we focus
on various aspects related to the star formation in SBS
0335 —052. The paper is summarized in § 6.

2. OBSERVATIONS AND DATA REDUCTION

The blue compact dwarf galaxy SBS 0335—052 was
observed with the VLA in the 21 cm line of neutral hydro-
gen on 1994 December 26 for an on-source time of 163
minutes in the C configuration and on 1995 May 13 for an
on-source time of 80 minutes in the D configuration. The C
configuration, with baselines between 160 and 15000 wave-
lengths (or 0.03 and 3 km), was used to achieve angular
resolution in H 1 high enough to resolve features compara-
ble in size to the optical size of the galaxy (~15"). The D
configuration, with baselines between 160 and 5000 wave-
lengths (or 0.03 and 1 km), was used to achieve high surface
brightness sensitivity for gas distributed at larger scales (the
2 o noise level corresponds to 7.5 x 10'° cm™2) and to
search for companion H 1 clouds, such as those detected
near several other BCDs by Taylor, Brinks, & Skillman
(1993), Taylor et al. (1995, and 1996a) and Taylor (1997).
Table 1 summarizes the observations.

The observations exploited the 4IF correlator mode. In
this mode one IF pair was used to take data over a band-
width of 1.56 MHz with 63 channels, giving a channel width
of 24.4 kHz (5.3 km s~ 1), while the second IF pair was used
over a 3.12 MHz bandwidth with 31 channels, each having
a width of 97.7 kHz (21.2 km s~ '). The higher velocity
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TABLE 1
OBSERVATIONAL PARAMETERS

Value Value
Parameter 1994 Dec 26 1995 May 13
VLA configuration ..........ooueiiuiiiiiiiiiiiiiiiiiin e, C D
ADTENNAS ..ottt ettt ettt et et 26 26
Time on Source (MIiNULES) ........evvrrreeeinreeennneeraeeraneeeannnns 163 80
Central velocity (Km s™%) ...o.iuieiiiiiiiiii e 4043 4043
Half-power beam ..........o.oviiiiiiiiiiiiiiiiiiii e 205 x 15" 61" x 45"
Brightness temperature (K) corresponding to 1 mJy beam ~*...... 2.0 0.22
Total bandwidth (MHz) ............coooiiiiiiii 312 3.12
Total channels ............ccooiiiiiiiiiiiiiiiiii i 31 31
Channel width (Km S71) ...ouiiiiiiiiie e 21.2 212
Noise in channel maps (mJy beam ™) .............c.coiiiiinii. 0.5 1.0
Total bandwidth (MHz) ..o 1.56 1.56
Total channels ............ccoviiiiiiiiiiiiiiiiiiiiiii et 63 63
Channel width (Km S71) ..ot 53 5.3
Noise in channel maps (mJy beam ™) .............c.coiiiiinit. 1.0 2.0

resolution data provide detailed information on the galaxy,
whereas the lower velocity resolution data cover a larger
range in velocity space at higher signal-to-noise ratio (S/N).

The data were edited and calibrated with the NRAO
Astronomical Image Processing System (AIPS) package.
The C and D configuration observations were calibrated
separately and inspected. Once satisfied with the result, the
data were combined and Fourier transformed. In the end,
data cubes were obtained measuring 512 x 512 pixels, each
pixel measuring 5” on a side. The resulting synthesized
beam was 2075 x 1570. The noise in the final cube, at veloc-
ity resolution 21.2 km s~ !, is ~0.5 mJy beam ! in a single
channel.

3. H 1 DISTRIBUTION AND VELOCITY FIELD

In Figures 1 and 2 we show the individual channel maps
over the velocity range for which significant signal is
detected. The size of the synthesized beam is indicated by
the ellipse in the lower left corner of the first channel map in
each figure. Figure 1 displays the H 1 emission associated
with SBS 0335—052, which is traced in the channels corre-
sponding to a range in velocity from 4000 to 4085 km s~ 1.
Despite the low signal-to-noise ratio in the channel maps,
one can appreciate the rather complex kinematics of the
gas. There is an underlying rotation, with the eastern edge
of the H 1 complex receding. A prominent feature in the data
cube is a large, almost face-on spiral galaxy, NGC 1376.
The channel maps corresponding to the velocities covered
by this object are presented in Figure 2. Its velocity ranges
from 4064 to 4234 km s~ . The central radial velocity, 4162
km s~ ! (Rix & Zaritzky 1995), is about 120 km s~ ! higher
than that of our target galaxy.

By adopting a Hubble constant H, = 75 km s~ ! Mpc ™1,
the redshift distance is 54.3 Mpc (Thuan et al. 1997), so that
1” corresponds to 263 pc. If NGC 1376 lies at the same
distance as SBS 0335—052, their projected distance of
about 9'5 then corresponds to 150 kpc.

Figure 3 is a gray-scale presentation of the integrated
intensity of the H 1 in the target field. It is obtained by
creating a zeroth-moment map of a blanked data cube, i.e.,
a data cube in which all signal below the 2 ¢ level was
deleted and in which only those regions are preserved that
show emission in at least two successive channels. Both SBS
0335—052 and NGC 1376 are displayed. Notice the elon-
gated structure of the SBS 0335—052 H 1 cloud with two

prominent concentrations separated by about 84" (or 22
kpc). These peaks are marked “E” and “W,” respectively,
on the map. They are slightly resolved, as indicated by
Gaussian fitting of the brightness distribution of small
regions centered on these peaks, and are situated approx-
imately symmetrically relative to the cloud center. The
western peak is about a factor of 1.3 brighter than its
eastern counterpart. The H 1 cloud as a whole is quite inho-
mogeneous.

The east and west H 1 peaks are embedded in a common
elongated envelope with a strong bend at the eastern edge.
The outermost contour in Figure 3 corresponds to an H 1
column density 3 x 10?° cm ™2 and a size about 31 x 7 kpc.
At the 2 ¢ level above the noise (represented by the lightest
gray-scale tones in Fig. 3), which corresponds to an H 1
column density 1.9 x 102° cm ™2, the total extent of the H 1
emission is ~ 66 x 22 kpc. Some additional weak H 1 fea-
tures may be present in the field around SBS 0335—052,
including an extended object to the northeast. However,
these detections are tentative at best and should be con-
firmed with future higher S/N observations. The structure
of the H 1 feature to the northeast of the SBS 0335—052 H1
complex at 6 = —05°09'30” is quite unusual. No cases
similar to this one were found in studies devoted to a search
for H 1 companions near H 1 galaxies (Taylor et al. 1993,
1995) or low surface brightness (LSB) dwarf galaxies
(Taylor et al. 1996b).

We should like to emphasize that an H 1 envelope of this
size is rare among BCDs and dwarf irregulars. The typical
size of H 1 envelopes around BCDs is usually a few kilo-
parsecs (see, for example, the discussion in Viallefond &
Thuan 1983 and in van Zee, Skillman, & Salzer 1998a). The
only known H 1 envelope of comparable size is that of
H 11225+ 01 (Chengalur, Giovanelli, & Haynes 1995).

Figure 4 represents the integrated profile of the H 1 cloud
associated with SBS 0335—052. It was calculated by inte-
grating all the flux in the region around SBS 0335—052, as
seen in Figure 3. The dashed lines are used to indicate
separately the integrated profiles of the eastern and western
halves of the H 1 cloud. Whereas the integrated profile width
measured with the VLA is close, within the errors, to that
measured with the NRT (Thuan et al. 1999a), the VLA
integrated flux, 2.46 + 0.18 Jy km s, is about a factor of 2
higher than that measured with the NRT (1.28 + 0.22 Jy km
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F16. 1.—Mosaic of channel maps of the low velocity resolution data showing the H 1 distribution of SBS 0335 —052. Contours represent 1 (2 6), 2, 4, and 6

mJy beam ~ . The ellipse in the upper left panel indicates the beam size.

s~ 1). This difference points to a significant loss of integrated
flux for the NRT due to its narrow horizontal beam
(FWHM = 3'5) compared with the larger extent of up to
~4" of the H 1 cloud in the east-west direction. After a
first-order correction for the NRT beam shape, the
NRT/VLA flux ratio becomes 0.78 + 0.27, which is consis-
tent within the errors.

Figure 5 is an overlay of the H 1 contours on top of an
optical B-band image from Papaderos et al. (1998). The
optical astrometry was done with six stars, five of which are
shown and marked by plus signs in Figure 5. Their coordi-
nates were obtained from the Hubble Space Telescope
Guide Star Catalog (Lasker et al. 1990) and are listed in
Table 2. As shown first by Pustilnik et al. (1997), the two H 1
peaks are clearly identified with two faint optical galaxies,
the eastern one with the object SBS 0335 —052 itself and the
western peak with a very compact, faint dwarf galaxy with
mg = 19.4. A comparison of the optical and H 1 peak posi-
tions will be given in § 4.

No 20 cm continuum emission was detected at the loca-
tions of SBS 0335 —052 or SBS 0335—052W at the 4 ¢ level
of 1 mJy. To avoid as much confusion as possible, we will
use the same nomenclature for the H 1 components as for

the optical counterparts, referring to the eastern H 1 com-
ponent simply as SBS 0335 —052 and to the western one as
SBS 0335 —052W. When referring to the entire H 1 complex
we will employ the term “ SBS 0335 —052 system.”

In Figure 6 we show an enlarged image of the integrated
H 1 flux distribution in the SBS 0335—052 system, the gray
scale being a linear representation of the integrated H 1 flux,

TABLE 2

COORDINATES OF REFERENCE STARS USED
FOR ASTRONOMY

Star %(1950.0) 5(1950.0)
1. 03345971  —0513 04.0
2. 03350264  —0512059
3. 03351693  —051319.7
4...... 03351923  —05 11 57.7
5. 03352142  —051029.38
6...... 03352686  —05 10 50.6

Note.—Units of right ascension are
hours, minutes, and seconds, and units of
declination are degrees, arcminutes, and
arcseconds.
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FiG. 2.—Same as Figure 1, but for the H 1 distribution of the bright spiral galaxy NGC 1376. Contours represent 1 (2 ¢), 2, 4, 6, and 8 mJy beam 1.
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with superposed isovelocity lines with a contour interval of
5 km s~ . The velocity field of the H 1 gas is quite complex.
There is a general gradient across the system from 4065 km
s~ ! at the eastern edge to 4000 km s~ ! on the western rim.
However, there are clear deviations from this trend near the
eastern and western peaks. This is perhaps better illustrated
in Figure 7, a position-velocity (P-V) diagram made along a
line through the two peaks and based on the low velocity
resolution data. If the H 1 complex is treated as a single
system, then there is a velocity gradient across it, with a
maximum velocity difference of ~80 km s~ ! between the
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two sides. If it is considered, however, as two distinct H 1
clouds, then the velocity gradients are solid-body in nature,
with maximum velocity differences of ~35-40 km s~ !
within each cloud.

4. RESULTS

As mentioned in the previous section, we derive an inte-
grated H 1 flux of 2.46 Jy km s~ ! over the area occupied by
the cloud. This corresponds to a total H 1 mass of My, =
1.68 x 10° M. Since the blue luminosities of the eastern
and western galaxies are 7.3 x 10® and 0.82 x 10® L,
respectively, the My /Ly of the SBS 0335—052 system is of
order 2.1.

Accounting for a mass fraction of 0.245 for helium (Izotov
& Thuan 1998), the total gas mass in the system is

Mg, =21 x 10°M, . 1)

With a Salpeter initial mass function, with lower and upper
mass limits of 0.8 and 120 M, respectively, and by using
the models of Schaerer & Vacca (1998), Papaderos et al.
(1998) have derived a total stellar mass for the starburst and
underlying stellar components of 3.1 x 10° M. Reducing
the lower mass limit to 0.1 M, would increase the total
stellar mass to ~3.7 x 10" M. From midinfrared obser-
vations, Thuan, Sauvage, & Madden (1999b) have found
that as much as three-quarters of the current star formation
activity in SBS 0335—052 can be hidden by dust. Correct-
ing for this effect would bring the total stellar mass to
7.3 x 10° and 8.8 x 107 M, for lower mass cutoffs of 0.8
and 0.1 M, respectively.

Since SBS 0335—052W is about 1 order of magnitude
less luminous and slightly less chemically evolved, its stellar

l l l

03 35 20 15

10 05 00
RIGHT ASCENSION (B1950)

F1G. 5—Overlay of the H 1 contours on an optical B-band image from Papaderos et al. (1998). The crosses mark the bright stars in the frame that have
been used to adjust the overlay. The brightness levels of the B image are presented on a linear scale and in arbitrary units. H 1 contours represent [0.75 (2 o),

1.8,2.7,3.6,5.4,7.2,and 9.0] x 10?°cm~2.
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FiG. 6.—Isovelocity lines of H 1 superposed on the H 1 surface brightness map. The gray scale is a linear representation of H 1 surface density ranging from

0 (white) to 11 x 10*°cm™2.

mass is expected to be about 10 times lower than that of the
eastern galaxy. Thus the total stellar mass in both dwarf
galaxies is at most 10 M 5, or no more than 5% of the total
gas mass.

The two peaks in the distribution of the integrated H 1
map are partly resolved with the synthesized beam of 2075
x 1570 (or 5.4 x 3.9 kpc at the adopted distance of 54.3
Mpc). The position angle of the beam is P.A. = —37°. We
used the AIPS task IMFIT to estimate the properties of
both H 1 peaks. The central brightness of the western peak is
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Fi1G. 7—Position-velocity slice through the H 1 emission associated
with SBS 0335—052 along an east-west line, cutting through both the
eastern and western H 1 emission peaks. Contours represent 1.0 (2 o), 2, 4,
and 6 mJy beam~'. The declination along which the slice was taken is
given in the top right corner.

258 K km s~ ', and its FWHM size after deconvolution
with the beam is (2677 + 1”5) x (1576 + 1”5) at P.A. =
53° + 7°. For the eastern peak we get a central brightness
of 19.2 K km s~ ! and a FWHM size after deconvolution
of (2874 + 1"7) x (1277 + 4"9) at P.A. = 53° + 9°. These
central brightnesses correspond to column densities of

Nigpwest = 100 x 102 cm™2 = 8.0 Mg pc™2,  (2)
NHI,east = 7.4 X 1020 Cm_2 = 6.0 MO pc—Z . (3)

The faintest regions of the outer H 1 disk (roughly corre-
sponding to a 2 ¢ noise level over two consecutive channels)
correspond to column densities of 7.5 x 10!° ¢cm™2, or
about 0.6 M, pc 2 Both H 1 concentrations are elongated
and oriented at the same position angle, roughly southwest
to northeast. Their FWHM angular sizes are very similar
and correspond to a linear extent of about 7.1 x 3.7 kpc.
In the southwest-northeast direction the intrinsic
(deconvolved) width of both H 1 peaks is about a factor of 2
larger than that of the VLA beam, but in the perpendicular
direction it is only 0.7-0.8 of the beam width.

The masses of the eastern and western components, by
simply dividing the entire cloud in two halves as was done
in Figure 4, lead to gas masses (corrected for He) of

Mg ye = 1.11 x 10° M, @)
M o cass = 099 x 10° M, .

gas, east

The peak column density, measured for the eastern peak,
7.4 x 102° cm~2, is a factor of 10 lower than the value
derived from Ly« absorption based on HST observations
(Thuan & Izotov 1997). This is also a factor of 4 less than
the peak brightness of H 1 for I Zw 18, as derived from VLA
observations by van Zee et al. (1998b) with a synthesized
beam of ~5” (corresponding to a linear resolution of 0.25
kpc). Both facts seem to indicate that despite the fact that
some fraction of the brightest parts of the SBS 0335—052
H 1 complex is resolved by our VLA beam, structure at
scales significantly smaller than the beam must exist and the
structure of the neutral gas in the vicinity of the region with
high current SF rate is clumpy, explaining the difference in
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the peak H 1 column density derived from fitting the
damped Ly« line profile (Thuan & Izotov 1997) and that
derived here. Probably an inhomogeneous gas distribution
due to H 1 regions and supernova remnant shells affects the
structure of the neutral interstellar medium. Such shell
structure is already hinted at by the optical image obtained
by Melnick et al. (1992) and confirmed on HST images by
Thuan et al. (1997).

The coordinates of the H 1 peaks, determined with the
AIPS task IMFIT, as defined by the centers of Gaussian
components, are presented in Table 3. Their rms uncer-
tainties are 0718 x 1”3 for the eastern H 1 peak and 011
x 0”8 for the western one.

The optical position of SBS 0335—052W coincides
within the errors with the position of the corresponding H 1
peak. For SBS 0335—052, while there is no shift in right
ascension between the optical and H 1 peaks within the cited
errors, there exists a difference in declination, Ad = +6"1.
This is more than twice the combined error in declination
and seems significant. To check the reality of this offset, we
have also compared the optical image with a map made
with only the C configuration data. The displacement is still
present. Taken at face value, the shift between the optical
and H 1 peaks for SBS 0335—052 is about 1.6 kpc, which
corresponds to the offsets reported by, e.g., Viallefond &
Thuan (1983). Note, however that van Zee et al. (1998a,
1998b), using higher spatial resolution H 1 maps, find no
significant offset between the peaks of the H 1 and optical
intensity distributions in the BCD I Zw 18.

Spectroscopy of the newly discovered galaxy at the posi-
tion of the western peak with the 6 m telescope (Pustilnik et
al. 1997) and with the Multiple Mirror and Keck II tele-
scopes (Lipovetsky et al. 1999) reveals an emission-line
spectrum with a radial velocity close to that of the H 1
cloud. SBS 0335—052W, with an absolute magnitude, M,
about —14.3, like SBS 0335—052, is an extremely metal-
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deficient object. Its metallicity is 1/50 that of the Sun, com-
parable to that of I Zw 18.

The total dynamical mass is difficult to determine as this
depends crucially on one’s interpretation of the SBS
0335—052 system. In this paper we will present two straw-
man hypotheses. The first one is based on the assumption
that the system is in fact one cloud with two condensations.
The second hypothesis is that we are witnessing the inter-
action of two systems and that the observed H 1 shows a
tidal bridge between both optical galaxies and tidal tails
stretching toward the northeast and west.

For the case of one giant cloud, we can estimate the total
gravitational mass by equating the centrifugal and gravita-
tional forces at the edges of the disk. We take for the
maximum rotational velocity 40 km s~ !, and for a radius of
the disk, 16 kpc (Fig. 7). The resulting estimated lower limit
for the total dynamical mass is

My,.(R < 16 kpc) = 5.9 x 10° M, . )

For the case of two interacting clouds we estimate, based on
the position-velocity diagram (Fig. 7), a full width to zero
velocity range of 65 km s~ ! for SBS 0335—052 and 75 km
s~ ! for SBS 0335—052W. The linear sizes of the H 1 clouds
are at most 12 kpc (using the full extent rather than the
FWHM along the major axis of each object). We then find

My, = 1.6 x 10° M,
Mdyn,west =22 x 109 M@ ’ (6)

or a total mass (east + west) of My, = 3.8 x 10° M, 64%
of that derived on the basis of the more extreme hypothesis,
that of the objects forming one cloud. It should be noted
that these estimates are strict lower limits, as the inclination
is completely unknown and was assumed to be 90° (or edge-
on).

TABLE 3
SOME OBSERVED AND DERIVED CHARACTERISTICS OF THE SBS 0335 —052 SysTEM

Parameter 0335-052W 0335-052E References
0(1950.0) (Ooptical)® ....o.evvirineiiiiienienaenn, 03 35 09.53 03 35 15.17 4
6(1950.0) (optical)® ......ovviiriiniiiiiiiiiiinn, —051225.2 —0512 27.6 4
B(MAG) +v ettt 19.37 17.00 1
Lp (108 Lgo)® oeniniiiiiiiiiee e 0.82 7.3 1
Optical angular size (arcsec)® .................... 14 x 14 23 x 20 1
Optical linear size (KPC) ......ooeeveeeneennenn... 3.7 x 3.7 6x53 1
Vo (kM s™h) Lo 4069 + 20 4060 + 12 2,3
Vi, (kms™h) Lo 4017 + 5 4057 + 5 4
0(1950.0) (H 1) euveneeneeneinieeeneiieeeeieeen 03 35 09.50 03 35 15.21 4
0(1950.0) (HI)euvoreeiiiiiiieiiiieeae —0512 255 —051221.5 4
Peak Ny, (102 cm™2) .ooiiiiniiiiiiiiienaes 9.98 742 4
Peak H 1 mass surface density (Mo pc™?)...... 8.0 6.0 4
M e —143 —16.7 1
H 1 angular size (arcsec)® ..........c.cccvveeennnns 128 x 67 122 x 83 4
H 1 linear size (Kpc) ..o.oovvvvvniiiiiiiiiiiinn.. 337 x 17.6 32.1 x 21.8 4
My, (Mo/108) Lo 8.9 8.0 4
M /Ly (Mg/Lgg) cvvvvnviiiiiiniiiiiiiiiinn, 10.8 1.1 4
M, /Ly (Mg/Lgg) covvveniiiiiiiiiiiiiiinn, 26.8 22 4

* Optical coordinates derived from DSS images.

® Optical size corresponding to the isophotal level of 27.5 mag arcsec ~ 2 in B (Papaderos et al. 1998).
¢ Maximum observed extent of the associated H 1 gas.

4 Ly is the solar blue luminosity corresponding to Mz, = 5.48.

REFERENCES.— (1) Papaderos et al. 1998; (2) Lipovetsky et al. 1999; (3) Izotov et al. 1997; (4) This

paper.
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We have shown that in both hypotheses we need to
invoke substantial amounts of dark matter to reconcile the
observed baryonic content with the dynamical masses
derived on the basis of the observed kinematics. To obtain
yet another (lower) limit to the amount of dark matter that
might be hiding within the SBS 0335 —052 system, we can
take the observed (projected) separation and radial velocity
difference and calculate the mass that this implies assuming
the two clouds are in a bound orbit. This works out to be
M, =9 x 10° M, (see van Moorsel 1987 for details).
Therefore, both the individual clouds, as well as the SBS
0335—052 system, require substantial amounts of non-
visible matter to make up for the inferred masses, based on
their dynamics.

5. DISCUSSION

5.1. SBS 0335 —052 in Relation to Other Candidate
Young Galaxies

It is interesting to compare this system with other candi-
date young galaxies. There are three galaxies in the liter-
ature with similar characteristics that have been proposed
as possible young objects: I Zw 18, ESO 400-G43, and
H11225+401.

The H1in I Zw 18 has a complex structure with three
distinct H 1 components (Viallefond et al. 1987; van Zee et
al. 1998b), two of them associated with star-forming
regions: the northwestern and southeastern components in
the main body of the galaxy and component C to the north
(e.g., Dufour et al. 1996). But unlike SBS 0335—052, in
which the two centers of star formation are well separated
spatially, the three star-forming regions in I Zw 18 are con-
nected causally, with star formation self-propagating from
component C to the southeastern component (Izotov &
Thuan 1998).

In ESO 400-G43 (Bergvall & Jorsdter 1988), the two H 1
components are well separated by a projected distance of
~40 kpc, each component containing an optical counter-
part. Only one of the optical galaxies has been studied in
detail. It has been described as a possible young galaxy,
although its metallicity, Z = Z /8, is probably too high for
it to be forming its first generation of stars (see Izotov &
Thuan 1999).

The H 11225+ 01 system (Salzer et al. 1991; Chengalur et
al. 1995), at a distance of 20 Mpc, presents several simi-
larities to the H 1 envelope associated with SBS 0335 —052.
It also has two extended components, separated by a pro-
jected distance of 98 kpc with an H 1 tidal bridge linking
them. A dwarf H 11 galaxy 12 kpc in size is located within the
40 kpc northeastern H 1 component, approximately at the
position of the H 1 peak. The total gas mass of the north-
eastern H 1 component, ~3 x 10° M, is close to that of
the H 1 gas in the SBS 0335—052 system. The dynamical
mass is a factor of 3 larger than the gas mass. Because of a
smaller inclination angle (i ~ 30°) and better spatial and
velocity resolution, the authors are able to distinguish
barlike and spiral structure in the northeastern H 1 com-
ponent.

The very low metallicity, Z ~ 1/20 Z 5, in the H 1 region
associated with the current SF burst and the very low mass
fraction in the form of stars suggest that the H 1 1225401
system probably is in the process of forming its first gener-
ation of stars. One of the arguments of Salzer et al. (1991),
who claim that the current SF burst in this H 1 galaxy is
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possibly not the first one, is that there is a significant abun-
dance of nitrogen, which the authors assume to be pro-
duced by intermediate-mass stars. However, as mentioned
earlier, the finding of a constant N/O ratio with a very small
dispersion in the most metal-poor BCDs, those with Z <
Z /20 (Thuan et al. 1995; Izotov & Thuan 1999), strongly
suggests primary production of nitrogen by massive stars in
galaxies as metal-deficient as SBS 0335—052, and thus
there is no need for a second burst of star formation in the
optical counterpart of H 1 1225+ 01 to account for the
nitrogen abundance. The second H 1 component has no
detectable optical emission but shows a velocity field corre-
sponding to that of an inclined rotating disk. Thus Chen-
galur et al. (1995) suggest that the most probable
interpretation for this system is as an SF burst in a primor-
dial H 1 cloud (the northeastern component) due to the tidal
action of another massive H 1 cloud.

The H 1 properties of the SBS 0335—052 system also
show some similarities with those of II Zw 40 (Brinks &
Klein 1988; van Zee et al. 1998a). The metallicity of this
BCD is ~Z/6, considerably higher than those of the
systems mentioned above and suggesting that this galaxy is
more evolved than SBS 0335—052 and not necessarily its
analog. Nevertheless it is instructive to compare the two
objects briefly to discuss their different evolutionary states.
The 11 Zw 40 system is most likely a merger, showing two
H 1 tidal tails of ~6.5 and 15 kpc in size. The extent of the
H 1 gas and the H 1 masses of the tails are reminiscent of the
situation in SBS 0335 —052. However, the optical morphol-
ogies of SBS 0335—052 and II Zw 40 differ. Whereas II Zw
40 resembles an advanced merger with optical tidal tails
(van Zee et al. 1998a), SBS 0335 —052 exhibits two regular-
looking, still widely separated dwarf galaxies that are
perhaps in an earlier stage of what could evolve into a
merger. Over time, SBS 0335 —052 might very well develop
into a system resembling IT Zw 40.

5.2. Possible Star Formation Triggers

One of the unsolved problems ever since the discovery of
the first BCDs (Sargent & Searle 1970) concerns the trigger-
ing mechanism for the star formation. And perhaps even
more baffling, Why has star formation not occurred earlier
in the lifetime of these objects ?

In all likelihood, tidal triggering is probably responsible
for the current star formation in the SBS 0335 —052 system.
We shall again consider two hypotheses: (1) the case in
which SBS 0335—052 is one huge H 1 cloud containing two
star-forming centers and (2) the case in which the BCDs are
the nuclei of two distinct interacting H 1 clouds.

In the case of a single self-gravitating H 1 cloud, the tidal
triggering is probably due to the companion massive galaxy
NGC 1376, whose H 1 map is shown in Figure 8. The
resolution of the map is too low to say much about the H 1
morphology. However, we can note that the H 1 gas, as
usual, is more extended than the optical disk and that there
is a conspicuous lack of H 1 in the nuclear region of the
galaxy. A lower limit to the distance between the galaxy and
the SBS 0335—052 system is their observed projected dis-
tance of 150 kpc. NGC 1376 is an Scd galaxy with m,, =
12.8, My = —21.0, optical diameter D = 2!0, and inclina-
tion 21°. Its H 1 profile is characterized by a full width at
20% of peak intensity of 179 km s~ ' and a heliocentric
radial velocity Vj, = 4162 km s~ '. It is a member of a
medium-density group listed as LGG 103 (Garcia 1993) and
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FiG. 8.—Overlay of the H 1 contours on a DSS image of NGC 1376. Contour levels are at [3.8, 7.6, 11.4, and 15.2] x 10%° cm ™~ 2. There is a small H 1 blob
southwest of NGC 1376, which coincides with a low surface brightness dwarf galaxy not listed in NED.

composed of at least 14 galaxies. NGC 1376 is situated on
its southwestern outskirts. The closest known group
member is at a projected distance of about 0.7 Mpc. Rix &
Zaritzky (1995) note that NGC 1376 has three spiral arms,
and Elmegreen & Elmegreen (1987) assign this galaxy to
class 2 in their classification of spiral galaxies, which means
that its arms are “fragmented spiral pieces with no regular
pattern.” This suggests that the spiral has recently experi-
enced a tidal disturbance.

The VLA H 1 data do point to a small galaxy, a compan-
ion to NGC 1376, that may be at the origin of that tidal
disturbance. Figure 8 shows a small irregular H 1 blob
southwest of the main body of NGC 1376 at («,9) =
(03834m3259, —05°13'51"). Its detection is weak but fairly
reliable as it can be seen in at least two neighboring channel
maps at heliocentric velocity 4117 + 5 km s~ *. Its inte-
grated flux density is 0.17 Jy km s~ !, which corresponds to
an H 1mass of 1.2 x 108 M, at the distance 54.3 Mpc. This
blob is kinematically detached from the regular velocity
field of the galaxy and can be identified optically on the
Deep Sky Survey (DSS) with what appears to be a faint
elongated dwarf companion not listed in the NASA/IPAC
Extragalactic Database (NED), with diameter ~23” (i.e.,
linear size ~6 kpc) at projected distance 27.5 kpc from
NGC 1376. The H 1 profile of the dwarf galaxy is two chan-
nels wide so that its velocity width is ~42 km s~ !. This
yields a lower limit (the inclination being unknown) of
~2.5 x 10® M, for its dynamical mass.

The total dynamical mass of NGC 1376 as estimated
from the width of the H 1 profile (inclination corrected to
Voo = 250 km s~ 1) and the radius of the H 1 distribution is
about 5 x 10'! M. By taking into account the results by
Zaritsky & White (1994) and Zaritsky et al. (1997) on

distant dwarf satellites of spiral galaxies and masses of their
dark matter halos, the total gravitational mass of NGC
1376 exerting a tidal force on SBS 0335—052 can be up to
twice that value, or 10'*> M. A detailed understanding of
the triggering mechanism of an SF burst due to tidal forcing
such as that due to NGC 1376 is still lacking. It will require
a more careful study and modeling that is beyond the scope
of this paper. However, it is clear from some simple esti-
mates that this massive spiral galaxy is close enough to the
H 1 complex to induce in it a gravitational instability via
mechanisms such as those suggested by Icke (1985),
Noguchi (1988), and Olson & Kwan (1990a, 1990b). The
mechanism proposed by Noguchi (1988) generates a central
bar, which in turn causes gas to sink toward the center of
the disk and induce its collapse. No observational evidence
is seen, neither for a central barlike structure in the H 1
cloud of SBS 0335 —052 nor for a central density concentra-
tion. The mechanism proposed by Olson & Kwan (1990a,
1990b) works via a large tidal increase of the inelastic colli-
sion rate of individual gas clouds and their merging and
collapse. It is basically a stochastic process.

The most probable mechanism is that proposed by Icke
(1985) involving tidal acceleration to supersonic velocities
of gas layers in the external parts of an H 1 disk, with
subsequent dissipation of the kinetic energy and loss of
dynamical stability of the gas disk. It requires only a moder-
ate tidal force and acts from larger distances in comparison
with the two other mechanisms.

Adopting a radius R = 16 kpc for the H 1 disk, a circular
velocity ¥ of 40 km s~ ! at R, a dynamical mass within R of
6 x 10° M, for the SBS 0335—052 system, a total dynami-
cal mass of 10'? M, for NGC 1376, and a sound speed of
the H 1 gas of 10 km s~ ', we find that for pericenter dis-
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tances smaller than ~412 kpc, the gas in SBS 0335—052
can be accelerated to supersonic velocities. This distance is
significantly larger than the present projected distance of
150 kpc so that sufficiently strong tidal forces of NGC 1376
on the H 1 complex are expected. Such a tidal triggering
mechanism may explain the fact that the two star-forming
centers began nearly simultaneously and are aligned along
the line joining the centers of the two objects, symmetrically
on each side of the center of the SBS 0335 —052 system, just
as the tidal forces of the moon on Earth cause high ocean
tides on diametrically opposite locations on Earth.

Alternatively, we may consider that we do not have a
single huge H 1 complex but two distinct smaller H 1 com-
ponents interacting tidally with each other and triggering
star formation at the location of the two H 1 peaks. In this
case, the tidal force F, exerted by each cloud is proportional
to Mi(cloud)/d3, where d, is the projected separation
between the two BCDs. On the other hand, the tidal force
F, exerted by NGC 1376 is proportional to M(NGC
1376)/d3, where d, is the projected separation between the
galaxy and the SBS 0335—052 system. By adopting
M(cloud) = 2 x 10° My, M (NGC 1376) = 10> M, d, =
22 kpc, and d, = 150 kpc, we find F,/F, = 0.6, i.e., the tidal
forces in the two cases are comparable and we cannot say
for sure which of the two scenarios discussed above prevails.
In the case of two distinct H 1 components, we find that the
Icke (1985) mechanism applies to pericenter distances less
than ~27 kpc.

Clearly, detailed hydrodynamical calculations of the tidal
interaction between two H 1 clouds and between a massive
galaxy such as NGC 1376 and a primordial gas cloud
similar to that associated with SBS 0335 —052 are needed to
understand better the triggering of star formation in these
systems.

5.3. Star Formation Threshold

Star formation in disk galaxies is thought to occur above
a critical threshold of the gas surface density above which
clouds will become gravitationally unstable against collapse
(Toomre 1964; Kennicutt 1989). This critical density is pro-
portional to the velocity dispersion of the gas disk and the
epicyclic frequency, which is twice the circular frequency for
regions with solid-body rotation. The validity of the Ken-
nicutt (1989) H 1 column density threshold for onset of star
formation has been checked for BCDs (e.g., Taylor et al.
1994), as well as for LSB galaxies (van der Hulst et al. 1993).
Alternatively, as first mentioned by Skillman (1987), star
formation in dwarf irregulars occurs when the column den-
sities reach values of order 5 x 10%° cm~2; this threshold
increases with decreasing metallicity (Franco & Cox 1986).

The observed peak column densities in the SBS
0335—052 system coinciding with the optical counterparts
are near the upper end of the range of those reported for
H 1 galaxies by Taylor et al. (1993, 1995), namely, (0.8
11) x 10%° cm~2, when compared with data on objects
mapped with comparable linear resolution of order 5 kpc.
These values are also in the same range, (1.0-10.5) x 102°
cm ™2, observed for LSB galaxies, objects in which no sig-
nificant star formation takes place, and observed by van der
Hulst et al. (1993) with a similar linear resolution.

Given our modest spatial resolution, all we can do is
make an order-of-magnitude estimate of the expected
threshold value and compare that with the observed (beam
smeared) ones. To obtain an estimate we assume that both

SBS 0335—052 1423

peaks fall within the solid-body part of the rotation curve,
at a rotational velocity of about 20 km s~ ! and a radial
distance of 6 kpc. With a typical gas velocity dispersion o,
of 6 km s~ !, we obtain for the critical surface density at the
radius of the current SF burst a value equal to only 1.3 M
pc~ 2 (eq. [6] of Kennicutt 1989 with « = %), in comparison
with the measured values 8.0 and 6.0 M, pc™2. With a
viewing angle of the H 1 disk of less than 77°, the gravita-
tional instability condition would be satisfied. This appears
to be the case since in the simple model of a circular flat-
tened H 1 disk, the observed axial ratio would correspond to
a viewing angle of 70°.

5.4. Role of a Dark Matter Halo

It has been shown (e.g., de Blok, McGaugh, & van der
Hulst 1996) that LSB galaxies are dominated by dark
matter over the entire area where H 1 and stellar emission is
detected. This dark matter dominance is one of the main
factors that allows an LSB galaxy to be stable against
various perturbations (see, e.g., the study of the relative
fragility of LSB and high surface brightness disks by Mihos,
McGaugh, & de Blok 1997). If in the SBS 0335 — 052 system
we indeed observe the formation of a first generation of
stars in a low-density primordial gas cloud, then its dark
matter halo should have played an especially important role
for stabilizing the gas against various local and global insta-
bilities and preventing it from gravitationally collapsing
and forming stars. Presumably a strong tidal perturbation
due to either a close passage of a massive galaxy or the
interaction with another H 1 cloud can overcome the stabili-
zing influence of the dark matter halo and trigger a star-
burst.

6. CONCLUSIONS

From the observational data presented here and the
properties derived for the H 1 gas and based on the dis-
cussion above we arrive at the following conclusions:

1. The optical dwarf galaxy SBS 0335 —052 is associated
with a huge H 1 cloud of overall size 66 x 22 kpc, elongated
in the east-west direction. The cloud has a total H 1 mass of
1.68 x 10° M.

2. This H 1 cloud contains two prominent H 1 peaks,
located nearly symmetrically to the east and west, and
separated by about 22 kpc. They measure 7 x 4 kpc and
contain 0.79 x 10° and 0.89 x 10° M, respectively, of H 1.

3. The two H 1 density peaks are identified with two
optical emission-line dwarf galaxies, the eastern one with
SBS 0335—052 itself and the western one with a new,
less luminous (by 1 order of magnitude) dwarf named
SBS 0335—052W. This latter galaxy shows very similar
properties, including an extremely low metallicity of the H
region gas, consistent with the amount produced during a
first SF burst. Radial velocities of these galaxies, as mea-
sured from the emission lines of their H 11 regions, are very
close to those of the H 1 gas at the positions of their respec-
tive peaks.

4. The velocity field of the H 1 cloud is rather disturbed,
with presumably tidal tails protruding from both edges of
the cloud. This suggests that what we are seeing is an inter-
action, possibly with the nearby galaxy NGC 1376. This
large spiral galaxy, the dominant member of the galaxy
group LGG 103, with a radial velocity of 120 km s ! larger
than that of SBS 0335—052, is located at a projected dis-
tance of 150 kpc. Consideration of the relevant parameters
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of the SBS 0335 —052 system and NGC 1376 does not con-
tradict the hypothesis that the formation of the two young
dwarfs from the huge low surface density H 1 cloud was
triggered by a tidal interaction with NGC 1376.

5. Alternatively, we are dealing with two almost equal-
mass H 1 clouds, each measuring ~7 X 4 kpc, each contain-
ing an optical counterpart, and each showing solid-body
rotation with an amplitude of ~35-40 km s~ . In this case,
the triggering of the star formation in the two H 1 clouds is
probably due to their mutual tidal interaction.

6. Each component seems to require the presence of dark
matter, and the system as a whole is dominated by a dark
matter halo. The total dynamical mass of the system is
estimated to be between 3.8 x 10° and 9 x 10° M, or
~1.9 to 4.5 times larger than the total mass of gas and stars.

7. If the viewing angle of the H 1 disk is less than 77°, the
gas surface densities for both H 1 peaks are larger than the
critical value determined from the parameters of the rota-
tion curve at those radii and are consistent with the onset of
gravitational instability and subsequent star formation.
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