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Abstract

Tidal Dwarf Galaxies (TDGs) are a class of dwarf galaxies that form in tidal tails
of interacting giant galaxies during close encounters or merging. As such they offer
the possibility of observing galaxy formation in the local universe. Previously, only
a few objects of this kind were known observationally.

The objective of this thesis is to combine, for the first time, photometric and spec-
troscopic observations with evolutionary synthesis models in the wavelength range
from the optical to the near-infrared to analyze the stellar populations seen in the
first reasonably largesampleof Tidal Dwarfs compiled in the course of this work.

For this purpose, we selected 14 interacting and merging galaxies. From optical
imaging and comparison with models specifically adapted to the star formation his-
tory of TDGs, a total of 44 knots in the tidal features were selected as good can-
didates for TDGs. Subsequently, we employed optical spectroscopy to confirm the
association of the knots with the main galaxies and to derive important properties of
the objects, like oxygen abundance, Balmer line luminosity and equivalent width,
needed as input for further modeling. Additionally, we could show with the spec-
troscopic data that 13 TDG candidates have velocity fields which suggest that they
are dynamically decoupled from their surrounding tidal tail and therefore true Tidal
Dwarf Galaxies. Finally, we combined new near-infrared imaging with the opti-
cal data for the comparison with new, refined evolutionary synthesis models and
showed that the TDG candidates have stellar masses of dwarf galaxies and star for-
mation rates showing them to be experiencing considerable starbursts. While they
have strong contributions of young stars to their stellar mass we conclude that most
of them have been formed as stellar clumps rather than by the collapse of giant gas
clouds.
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1 Galaxy Formation

The question how galaxies form has been a key issue in extragalactic astronomy
for the last several decades. As questions of galaxy formation are best answered
by observing young galaxies, it seems logical to search for these at times when
the universe was still young, i.e. at high redshifts. Since Hubble’s discovery that
some “nebulae” are in fact galaxies like our own (Hubble1936), the size and light-
collecting power of the telescopes has increased by several orders of magnitude, and
fainter and fainter galaxies, located at larger and larger distances, closer to the epoch
of galaxy formation, were discovered. By now, several galaxies with redshiftsz> 5
are known (e.g.Hu et al.1999, Ellis et al.2001). The current record holder in terms
of spectroscopic redshift is HCM 6A withz = 6.56, a galaxy behind the galaxy
cluster Abell 370 (Hu et al.2002). At its distance, the universe has an age of∼890
Myrs, only about 6% of its present age1. At such distances, the major obstacle is
the faintness and apparent size of the galaxies. Even with the high spatial resolution
of the Hubble Space Telescope (HST) distant galaxies, like those in the “Hubble
Deep Fields” (Williams et al.1996, Williams et al.2000), cover only a few pixels
on the detectors. Larger telescopes on the ground are especially hampered by the
atmospheric seeing, so that distant objects appear as faint, nearly point-like sources.
The above examples of high redshift galaxies could only be detected, because their
luminosity is enhanced by up to a factor of 5 by gravitational lensing of the galaxy
clusters behind which they are located. And still, several hours of exposure time
on the world’s largest optical telescope, the 10 m-Keck telescope on Hawaii, were
necessary for the spectroscopic confirmation of the redshift. This clearly shows the
difficulties in studying galaxy formation in the young universe.
There are several alternative approaches, to learn about the formation of galaxies.
When looking at the present-day galaxies, we see the end products of the galaxy
formation process and — to some extent — “fossil records” of events in the course
of their formation. It seems clear, that spiral and elliptical galaxies are formed by
different processes. The dynamics and light profiles of ellipticals point to a fast
process (“violent relaxation”), while spiral galaxies with their flat, more irregular,
rotating disks are very likely formed by slow accretion. But it is not immediately
clear, when exactly during their history these events occurred, e.g. if there was one
singular epoch of galaxy formation or if galaxy formation is a continuous process
extending into present times. One can then use modeling tools like e.g. evolutionary
synthesis models (Tinsley1972, Fritze-von Alvensleben et al.1989) — connecting
stellar evolution and a star formation history with observables like luminosities, col-
ors, and gas content —, semi-analytical (White & Rees1978), or combined dynam-

1Computed using the “standard” parameters for aΛ-cosmology,H0 = 65 km s−1 Mpc−1, ΩM =
0.3, andΩΛ = 0.7.
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ical and photometric (Contardo et al.1998) models of hierarchical galaxy assembly
to disentangle formation and evolution. When comparing such models with obser-
vations of local galaxies and of galaxies with a wide range in redshifts, the effects
of galaxy evolution over the Hubble time can be explored and conclusions about the
time and duration of the process of galaxy formation can be reached.

Another approach to look for clues to galaxy formation in present day galaxies is
possible only for very nearby galaxies, in particular the dwarf galaxies in the local
group. In these objects, single stars can be resolved and a color-magnitude diagram
(CMD) can be produced. Using stellar evolutionary tracks and Monte Carlo sim-
ulations, synthetic CMDs can be computed (Tosi et al.1991). The comparison of
these synthetic CMDs with the observed ones (Tolstoy & Saha1996) can give very
detailed information about the star formation history of a galaxy, to larger lookback
times than using methods which only use the integrated light of galaxies for com-
parison. With this methodTolstoy et al.(1998) claim to have found that the local
group dwarf irregular Leo A has a predominantly young stellar population, i.e. most
of the stars in this galaxy seem to have formed during the last 2 Gyrs.

Yet another alternative is to search for truly young galaxies in the local universe.
WhenSearle & Sargent(1972) found a new class of dwarf galaxies with very blue
colors of young stars and low metallicity, the blue compact dwarf galaxies (BCDs),
they were considered to be candidates for young galaxies in the process of forma-
tion. With deeper observations it became clear that most of these objects were ac-
tually starbursts embedded in a low surface brightness envelope of red stars (Loose
& Thuan1986, Kunth et al.1988), most likely several billion years old. Very few
of these objects, most notably I Zw 18 (Papaderos et al.2002) and SBS 0335-052
(Vanzi et al.2000), are still intensely debated, because their Helium content does
not differ much from the value presumed to be primordial and the metal abundance
is very low (Izotov & Thuan1999). Legrand(2000) showed that models with a
continuous very low star formation rate over a Hubble time and a recent starburst
can be devised and fit some observations, including the low metal abundance. But
until now no clear observational proof for stars older than 50 Myrs has been found
in these two starburst galaxies and their light seems to be dominated by gaseous
emission of very low metallicity. Although quite close to the Galaxy, observations
do not yet show why they currently experience a starburst, or why their formation
should happen only now, a Hubble time after the main epoch of galaxy formation.

Another manifestation of galaxy formation observable in the local universe are
dwarf galaxies which form in tidal tails during interactions of giant galaxies up
to the present day. They are now generally calledTidal Dwarf Galaxies (TDGs).
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2 Tidal Dwarf Galaxies

2.1 A Brief History of TDG Research

Without strong observational evidence, the idea that low mass galaxies could be
formed during giant galaxy collisions was already put forward byZwicky (1956).
With the appearance of the first catalogs of interacting and merging galaxies
(Vorontsov-Velyaminov1959, Arp 1966), it became apparent that galaxies are not
just static, isolated entities. Instead, the possibility of close encounters which rad-
ically change their morphology is quite high. Without clearly understanding how
these transformations proceed dynamically,Arp (1969) found companion galaxies
at the ends of spiral arms of several objects from his interacting galaxy catalog,
which he thought of as “ejected” from the main galaxy, perhaps by a process simi-
lar to the ejection of jets from nuclei of active galaxies. It later turned out that these
companion galaxies were in fact fairly massive companions involved in — but not
produced by — the interaction.Stockton(1972) found bright companion galaxies
with emission lines and young stars typical for HII regions close to elliptical galax-
ies. Stockton’s hypothesis was that these are formed from gas clouds in the vicinity
of the giant galaxies. Only the first paper using numerical simulations of galaxy
interactions byToomre & Toomre(1972) allowed to finally understand how tidal
tails and other features frequently observed in mergers are formed by gravitational
forces.
The first thorough analysis of an apparent dwarf galaxy built in a tidal tail was
presented bySchweizer(1978). He notes the young age of the stars in an area at the
tip of the southern tail of the “Antennae” galaxies (NGC 4038/39), the metallicity
being higher than expected for a location at such large radii, and questions, whether
a dwarf galaxy built at this location might remain stable.
Only 13 years later the investigation of this specific mode of galaxy formation was
taken up byMirabel et al.(1991, 1992), who argue to have found at least one dwarf
galaxy in the long tails of the “Superantennae” merger (AM 1925-724), and con-
firm Schweizer’s observations of the dwarf galaxy in the Antennae, although the
object they discuss is offset from the original knot by a few arcminutes.Brouil-
let et al.(1992) detect a massive molecular cloud, not associated with any stellar
counterpart, in the M81 group by CO observations.Hernquist(1992) discusses
all these observations and notes the possibility that more (dwarf) galaxies could be
formed during the collisions of larger galaxies. At the same time he raises doubts at
the tidal origin of most of the local group dwarf galaxies because of the relatively
undisturbed structure of the Milky Way.
The first numerical simulations of the dynamics of interacting galaxies with regard
to TDGs were performed byBarnes & Hernquist(1992, from now on BH92) and
Elmegreen et al.(1993, from now on EKT93). Their modeling techniques are dif-
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ferent and they arrive at very different conclusions. BH92 used a 3D N-body code
combined with smoothed particle hydrodynamics (SPH) and followed a total of
90112 particles of which 16384 represent the gas phase. In their model, several
condensations in the tails which are found to become bound objects by the end of
the simulation, start from stellar knots, which later drag gas into their potential.
BH92 also note that TDGs are not likely to contain a large amount of dark matter
(DM), because their material is drawn from the spiral disk while the DM is thought
to surround the galaxy in an extended halo. The model of EKT93, on the other
hand, uses a 2D representation with a total of∼94000 particles of which∼31000
are modeled as sticky gas particles; the interacting companion is only a point mass.
The one TDG in their model is a massive cloud of gas which forms at the end of
the tidal tail; due to its mass, this cloud could also attract stars from the tail and so
inherit some of the old stellar population from the parent disk.

These theoretical predictions motivated observers to start several new campaigns,
trying to find out which of these models is (more often) realized in nature.Yoshida
et al.(1994) believe to have found a TDG as a small knot with HII region properties
55′′ east of the merger NGC 2782. Within this knot they measure a velocity gradi-
ent, from which they derive a rotational motion of 120 km s−1 kpc−1 and a mass
estimate of 4·108 M�, similar to the HI mass of this knot. They also note, however,
that the object is likely to have low metallicity, which is not typical for TDGs and
would instead point to a dwarf galaxy existing before the collision.Duc & Mirabel
(1994) andDuc et al.(1997) find two TDGs in the system Arp 105, both of which
are close to the upper luminosity limit of dwarf galaxies and contain most of the
atomic gas in the system. Both TDGs are actively star-forming, but also contain
a non-negligible amount of mass in old stars. But there also seem to be examples
for both of the extreme formation scenarios from the two dynamical simulations:
in NGC 5291,Duc & Mirabel (1998) believe to have found “purely young” TDGs,
that have no old stars but are built from the gas expelled by the central merger. In
Arp 245, on the other hand, the TDG candidate in the north of the system seems
to contain mostly old stars, and only up to 2% of its stellar population consists of
young stars born in the current star formation episode (Duc et al.2000).

Other serious attempts to investigate the TDG phenomenon in interacting galaxies
were done byHibbard et al.(1994). The authors combine HI observations with
optical imaging and find two TDG candidates near the ends of the tidal tails of the
giant merger NGC 7252, which seem to have properties very similar to the ones in
Arp 105: they are very gas rich and also have the bluest optical colors of the whole
system.Hibbard & Mihos(1995) successfully create a dynamical N-body model
of NGC 7252, and predict which parts of the tails will fall back onto the merger
remnant on which timescales. Their result is that most of the tidal material remains
bound to the central merger, but a significant amount of matter will not fall back
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within a Hubble time. It is expected that the two TDGs — if they remain stable
entities — will attain long-lived orbits around the merger.
Some other investigations try to find TDGs in the specific environment of compact
galaxy groups.Hunsberger et al.(1996) useR-band images of 42 groups and find 47
candidates for TDGs. Here, the main problem is that neither color nor spectroscopic
information is available, and background galaxies can only be excluded statistically
but not individually.Iglesias-Páramo & Vílchez(2001) observe 16 compact groups
with narrow-band Hα filters. Here, the association of the luminous HII regions
they find and designate as TDG candidates is much more likely, due to the prese-
lection by narrow-band images.Temporin(2001) discovers several candidates for
TDGs in the tidal tails of the ultra-compact group CG J1720-67.8, and finds them to
be of young age using evolutionary synthesis models for comparison. In contrast,
Nishiura et al.(2002) analyze deep images of Seyfert’s Sextet taken in 10 filter-
bands and find with the help of photometric evolution models that the tidal debris in
this compact group, which is partly observed as optical fuzz in the northeast of the
system, does not consist of young stars, but instead has a stellar population with an
age of about 10 Gyrs. A dynamical analysis of several knots visible in the Stephan’s
Quintet has been carried out byMendes de Oliveira et al.(2001) using Fabry-Perot
interferometric observations. With the high spectral resolution of this technique, it
could be shown that several condensations the size of dwarf galaxies seem to ro-
tate. Two of these objects might have enough distance to the nearest giant galaxy to
withstand disruption and survive.
Normal dwarf galaxies and dwarf spheroidal (dSph) galaxies in particular are ob-
served to have large mass-to-light ratios and are therefore conventionally thought
to have a high dark matter content. This should preclude the possibility that TDGs
make a large contribution to the dwarf galaxy population.Kroupa(1997, 1998),
however, suggests that dSphs are formed as TDGs and have only little DM con-
tent. Instead, their large apparent mass-to-light ratio derived from their velocity
dispersion could be due to specific dynamics, where dSphs are not in dynamical
equilibrium, non-spherical, and have non-isotropic velocity dispersions. While the
Milky Way is not generally called a merger remnant, other studies (e.g.Lynden-Bell
& Lynden-Bell 1995) have argued for the existence of tidally created dwarf galax-
ies among the members of the local group, because some of them are connected
to nearby faint tidal features like the Magellanic stream. An analytical model by
Okazaki & Taniguchi(2000) describes the formation of TDGs depending on their
environment. They find that if a few dwarf galaxies would form in every galaxy
collision, this would explain the morphology-density relation of dwarf galaxies ob-
served in galaxy clusters.
All spectroscopic observations of TDGs showed that the luminosity-metallicity cor-
relation found for normal dwarf galaxies does not hold up for TDGs. While dwarf
galaxies have lower oxygen abundances for lower luminosities, TDGs have an ap-
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proximately constant metallicity of around 1/3 of the solar value as determined from
gaseous emission lines (see e.g.Duc et al.2000, or Fig.31 on page70 in PaperII ).
On this basis,Hunter et al.(2000) confirm the metallicity of TDGs as one of the
best criteria to find old dwarf galaxies which might have formed during galaxy col-
lisions a few Gyrs ago. Supplementing this criterion with estimates about rotational
properties and stellar populations, they also present a list of nearby dwarf irregulars
which might be good candidates for old TDGs.
As a final remark on the history of TDGs it may be noted that this is the third
doctoral thesis dealing with the specific topic of Tidal Dwarf Galaxies. While the
work by Duc (1995) concentrated on the detailed, multi-wavelength analysis of the
first examples of TDGs discovered in prototypical interacting systems,Hunsberger
(1998) examined the dwarf galaxy population in 42 Hickson compact groups by
means ofR-band imaging and estimated the effect of TDGs on the luminosity func-
tion in these groups. This thesis for the first time provides a sample of TDG candi-
dates which are observed in both the optical and the near-infrared with imaging and
spectroscopy and analyses them with photometric and spectral evolutionary synthe-
sis models.

2.2 Formation scenario for TDGs

From the observational evidence and especially the theoretical modeling of TDGs
presented in the previous section, a first rough formation sequence of Tidal Dwarfs
can be drafted:
An interaction occurs between two or more galaxies, of which at least one has to
be a disk galaxy so that the interaction is able to produce tidal tails. One or more
stellar or gaseous condensations appear within the tails, born from gravitational
instabilities. If massive enough, the gravitational potential of these condensations
will attract the surrounding matter. When a condensation has condensed enough,
the neutral gas will be transformed into molecular gas and star formation can start
on top of a possible “old” stellar population. If this proto dwarf galaxy withstands
the gravitational forces of the surrounding matter and the supernova explosions in
the course of its star formation episode, and does not fall back into the parent galaxy,
it will survive as an independent “normal” dwarf galaxy as soon as the remaining
matter in the tidal features falls back onto the remnant or thins out and disappears.

2.3 TDGs as genuine galaxies

Are Tidal Dwarfs real galaxies? Do they survive long enough to deserve being
called “galaxies”? For normal galaxies these questions are easily answered. Most
galaxies are very isolated, without much matter nearby to disturb their stability.
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Some starburst galaxies may lose much of their gas by strong stellar wind and su-
pernova driven outflows, but in most cases there is no doubt that the stellar com-
ponent will remain bound and stable, even without gas, for several billion years.
The same is true for normal dwarf galaxies in less dense environments. And while
dwarf galaxies have dark matter halos, they are already easily disrupted by passages
of other galaxies (see e.g.Papaderos et al.2001).
For TDGs as observed today, these questions are more difficult to answer. They are
embedded in a tidal tail and, most probably, do not have massive DM halos. Tidal
forces of the parent galaxy disturb their gravitational field, strong star formation
might blow away the recently accreted gas, and some of the TDGs may even fall
back into the central merger (Hibbard & Mihos1995). A definition, first proposed
by Duc et al.(2000), and clarified byWeilbacher & Duc(2001), tries to make
sure that only those objects are called Tidal Dwarf Galaxies, which deserve the
classification as “galaxy”:

A Tidal Dwarf Galaxy is a self-gravitating

entity of dwarf-galaxy mass built from the

tidal material expelled during interactions.

When this definition was issued, only very few objects were known for which the
term “genuine TDG” would have been appropriate, namely those where internal
kinematics had already been observed, i.e. the knots NGC 5291 a and i, Arp 105 N
and S, and perhaps also Arp 245 N. With the exception of Arp 105 N, molecular
gas (CO) was also detected in all of these objects byBraine et al.(2000, 2001).
The CO spectra show that the molecular gas has the same kinematics (velocity
and line width) as the neutral HI gas at the same position. One explanation is
that the molecular gas is forming in situ from the neutral gas, which means that
the condensation is bound and massive enough to transform the neutral gas into
molecular gas. An alternative explanation would be that the molecular gas clouds
originate from the same region in the parent galaxy as the neutral gas and have
remained stable on the way from the parent disk to the tidal tail. In both cases the
CO is likely to have the same kinematics as the HI.
On the other hand, it was shown byHibbard et al.(2001) that the “prototype” of
all TDGs, the object in the southern tail of the Antennae, may not be a real TDG.
At the positions given bySchweizer(1978) andMirabel et al.(1992), they find two
peaks in the gas density, but the very massive apparent condensation is caused by a
projection of a sharp bend near the end of the tail. And although Braine et al. may
have detected CO at the position given by Mirabel et al., it cannot be decided from
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present observations if the two smaller knots are kinematically decoupled from the
tail.

2.4 TDGs as young galaxies?

As opposed to the controversial cases of young BCDs and although the detailed
formation processes are not known, it is clear that the formation date of TDGs is
defined by the interaction of their parents. One knows they are formingnow and
can observe in detail the processes which lead to the condensation and the starburst
in the tails.
But are these objects trulyyoung? Most of the examples of TDGs discussed in
Section2.1seem to contain old stars. Following the definition ofHuchra(2001), a
galaxy isyoung, if it has converted more than 50% of its stellar mass into stars dur-
ing the last 100 Myrs. In this sense, objects like Arp 245 N are not young galaxies,
but some of the TDGs in NGC 5291, where the content of old stars seems to be low,
may be truly young. But even there,Fritze-von Alvensleben et al.(1998) showed
with evolutionary synthesis models that an old population of as much as 10× the
mass of the current starburst could be hidden in these “purely young” objects de-
pending on the timescale of the starburst.
One could also say that a TDG forming in the scenario of EKT93 is young while
the knots in the scenario of BH92 are just reconfigurations of old stars from the par-
ent disk and hence, cannot be called young regarding the stellar population. This
also depends on the time during their evolution at which we observe the conden-
sations, as BH92’s knots can also attract surrounding gas. And as observations of
e.g. NGC 7252 E show, knots of old stars can also have a massive gas cloud asso-
ciated with them. This issue is not really clear in general but has to be decided
on a case by case basis. Pure stellar knots are young, however, in the sense that
they formed recently as structural entities, because they are detected within tidal
structures or debris around merging galaxies. Other than BCDs, which could be
calledchemically youngbecause their metal abundance does not indicate much en-
richment, another definition of “young” attributable to TDGs could therefore be
dynamically young.

It should be made clear that the conclusions reached about the formation of TDGs
in the local universe cannot automatically be applied to an epoch of galaxy forma-
tion in the early universe, where both the intergalactic radiation field and the metal
abundances of the star-forming gas were very different. Certain processes, however,
like the condensation to small, compact clumps from larger gas clouds, should hap-
pen in a very similar manner at high redshift as we observe them today in the local
universe.
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2.5 Some notes on the sample selection

AM 0213-283

AM 2203-281 AM 2233-613

AM 2217-245
DSS 10’x10’DSS 10’x10’

AM 0128-225

DSS 10’x10’

AM 0207-493
4m CTIO

15

9

7

8

1 2

Figure 1: Some examples of galaxies from the AM catalog. AM 2217-245 is more
widely knows as NGC 7252 or “Atoms for Peace”. The images marked DSS are
taken from the Digital Sky Survey and have a size of 10′×10′, the other images are
scanned from Vol. II of the Arp & Madore catalog.

The sample of interacting and merging galaxies discussed in this thesis is taken
from the catalog ofArp & Madore (1987). Their Catalogue of Southern Peculiar
Galaxies and Associationsconsists of two volumes. Vol. I lists 6445 extragalactic
and galactic objects on the southern sky together with short characterizing descrip-
tions sorted into 25 different categories. In the short description of each object,
some key words are contained which hint to e.g. long tidal tails or other features
interesting for the purpose of finding TDGs. Such key words are: “condensation”,
“jet”, “integral spiral”, “knotty”, “loop”, and of course “tail”. Vol. II then shows re-
productions of photographic plates for the best and most interesting examples from
these categories.
Six objects pictured in Vol. II of the catalog are reproduced here as Fig.1 to show the
variety of galaxy types in the catalog. None of these objects were selected for our
sample, but some contain knots which could be TDGs. In the Figure, the categories
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are: 1 Galaxies with interacting companion(s), 2 Interacting doubles (galaxies of
comparable size), 7 Galaxies with (linear) jets, 8 Galaxies with apparent compan-
ion(s), 9 M51-types (companions at end of spiral arm), and15 Galaxies with tails,
loops of material or debris.
One goal of the analysis of our sample was to find out how many TDGs are created
on average during galaxy interactions. In principle, this would require a randomly
selected sample of interacting galaxies. To define such a neutral sample of inter-
acting galaxies is not easy. How disturbed do they have to be in order to be called
interacting? How long and how dense do the tidal tails have to be to form TDGs?
How far is the galaxy away from us, and what is the true distance to the appar-
ent companion? It is not possible to randomly select galaxies because then one
may end up without any TDG candidates in their surroundings and without any
conclusions on the properties of TDGs. But instead of just selecting the mergers
with long tails and one conspicuous knot, a compromise was found by selecting
interacting galaxies of chaotic shape but with probable knots in the tidal features
were for the first imaging. It should also be pointed out that very little had been
previously known about the objects in the final sample. Before the investigation
of Arp 105 and Arp 245 started, color information was already available from the
work of Schombert et al.(1990), and the bright tidal tails left no room for doubts
about the association of the TDG candidates with the main interacting system. On
the contrary, for most objects discussed in this thesis, even such basic information
like redshifts and hence distances and sizes of these galaxies was unknown.
Images of the systems of the final sample are shown in PaperI (Fig. 3 to 22) and
in PaperII (Fig. 36 to 48). A “true” color image of AM 1353-272 is displayed in
PaperV (Fig. 58on page135).

3 Thesis Outline

A first step is to try and find a sample of TDGs for which ages, burst strengths,
masses, and kinematic properties can be investigated in detail. Optical observations
of the selected interacting galaxies obtained with the ESO NTT are presented in
PaperI of this thesis. We create evolutionary synthesis models for starbursts on top
of a mixed-age stellar population to select our sample of promising candidates for
TDGs among the numerous knots apparent in the tidal features, reject background
objects, and get a first idea of the strengths of the star formation episode in these
TDG candidates.
After this first photometric selection and analysis we integrated the possibility of
spectral synthesis into the models. During this work, it became apparent that the
Hα luminosity is not always a reliable tracer of the current star formation rate,
as previously thought. This led to a more thorough analysis with new models for
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starbursts, in particular those with short timescales. We also investigated some other
problems related to the determination of the correct current star formation rate in
an extragalactic object. This discussion is not only relevant for the investigation
of TDGs, but also for other types of dwarf galaxies as well as any other system or
region with star formation rates changing on timescales shorter than 107 yr. The
paper is therefore included as a related topic in PaperIV after the three papers on
the sample of interacting galaxies.
Spectroscopic follow-up observations of the sample of TDG candidates preselected
from optical photometry were carried at the ESO 3.6m telescope and confirmed
the association of of these TDG candidates with the main interacting system in all
cases where a redshift could be measured from the spectra. Another motivation
for the spectroscopy was to further restrict the input parameters for the photometric
models, especially the metallicity, which is a critical parameter as demonstrated in
Sect.3 of PaperI. Additionally, these observations showed some strikingly large
velocity gradients in some of the TDG candidates. All this is discussed in PaperII .
We discuss our near-infrared observations obtained with the ESO NTT of the sam-
ple in PaperIII . These were carried out to provide a longer wavelength range for
the comparison with the evolutionary synthesis models. With these observations
and the optical data on the systems, we are able to create optical-NIR spectral en-
ergy distributions of all TDG candidates. These allow to better constrain the model
parameters, in particular the relative contribution of an older stellar component, and
are necessary to derive the stellar mass of the knots.
One of the most interesting interacting galaxies of our sample, called “The Den-
tist’s Chair” (AM 1353-272), was observed with the ESO VLT at higher spectral
resolution. Along both tails in this system we found — for the first time — several
knots with significant internal velocity gradients. The interpretation of these objects
as currently forming TDGs with first signs of kinematical decoupling from the sur-
rounding tidal structures which could provide a base for rotational motion is layed
out as PaperV.
The summary (PartVI connects all the results from this thesis and tries to view
the results from our sample in relation to the general properties of TDGs. Possible
topics for future research following from the results of this thesis are presented in
Sect.3.
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Abstract

We present deep opticalB,V,R images of a sample of 10 interacting systems
which were selected for their resemblance to disturbed galaxies at high red-
shift. Photometry is performed on knots in the tidal features of the galaxies.
We calculate a grid of evolutionary synthesis models with two metallicities and
various burst strengths for systems consisting of some fraction of the stellar
population of a progenitor spiral plus starburst. By comparison with two-color
diagrams we interpret the photometric data, select from a total of about 100
condensations 36 star-forming objects that are located in the tidal features and
predict their further evolution. Being more luminous by 4 mag than normal
H II regions we argue that these objects could be tidal dwarf galaxies or their
progenitors, although they differ in number and mean luminosity from the al-
ready known tidal dwarf galaxies typically located at the end of tidal tails in
nearby giant interacting systems. From comparison with our models we note
that all objects show young burst ages. The young stellar component formed
in these tidal dwarf candidates contributes up to 18% to the total stellar mass
by the end of the starburst and dominates the optical luminosity. This may re-
sult in fading by up to 2.5 mag inB during the next 200 Myrs after the burst.
Key words: Galaxies: formation – Galaxies: interactions – Galaxies: pho-
tometry – Galaxies: evolution

∗Based on observations collected at the European Southern Observatory, La Silla, Chile (ESO
No 058.A-0260).
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1 Introduction

Most investigations of interacting and merging galaxies have essentially focussed
on the phenomena occuring in their inner regions. However, for a few spectacular
cases like the Antennae (Mirabel et al.1991), Arp 105 (Duc & Mirabel 1994, Duc
et al.1997) and NGC 7252 (Hibbard & Mihos1995) the enormous tidal tails were
investigated in some detail. Massive condensations of stars and HI were found in
these tails, the so called Tidal Dwarf Galaxies (TDGs).
TDGs are characterized by a luminosity comparable with that of typical dwarf
galaxies, but which span a range in oxygen abundance of 8.3. 12+ log(O/H) .
8.6 equivalent to metallicities of 4· 10−3 . ZTDG . 8 · 10−3 with a mean of
Z ≈ 7 · 10−3 ≈ Z�/2.6.1 Metallicities of TDGs are therefore higher than those
of other dwarf galaxies with comparable luminosity (Duc & Mirabel 1997, 1998).
TDGs have blue colors as a result of an active starburst. Most known TDGs have
high H I masses from which total masses of the order of 109 M� have been esti-
mated. They are gravitationally bound and in a few interacting systems evidence for
their kinematical independence has been found (e.g.Duc et al.1997, Duc & Mirabel
1998). These systems together with the strong increase of the galaxy merger rate
with redshift gave rise to speculations about a possible contribution of TDGs to
the faint blue galaxy excess at high redshift (Fritze-von Alvensleben et al.1998).
Barnes & Hernquist(1992) observed the formation of TDGs in their numerical sim-
ulations. Their 3D N-body/SPH-code created several massive bound condensations
along the tidal tails. At first, their mass is dominated by the stellar component.
Later on, gas from the tail might fall into these condensations.Elmegreen et al.
(1993) proposed a different scenario. They have used a 2D N-body code including
dissipation for the gas component in which gaseous condensations form first.
Observations in most cases show both components, neutral gas and stars, along the
tails as well as in their condensations. In an optically indentified condensation,
determination of the relative fraction of young stars – born in situ from the collapse
of tidally extracted HI – to old stars – pulled out from the progenitor disk(s) – might
constrain the above mentioned numerical models. Because the systems studied here
are too distant to be resolved into stars, estimating these relative stellar fractions can
only be done from multi-band integrated photometric measurements in comparison
with an evolutionary synthesis model. Photometric work on the tidal features of
several classical interacting systems has been carried out bySchombert et al.(1990).
Studies byAppleton & Marston(1997) andBransford et al.(1998) concentrated on
ring galaxies.Deeg et al.(1998) have systematically catalogued all faint non-stellar
objects around disturbed galaxies. Part of them might be TDG candidates.

1For metallicity we use the notation ofZ (as the proportion of heavy elements given in the Geneva
stellar tracks which our models are based on) throughout this paper and give a comparison with the
solar valueZ� = 0.018 where appropriate.
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These previous investigations have focused on disk-disk interacting systems with a
well-understood morphology, e.g. well defined tails. However locally the major-
ity of disturbed galaxy systems, for instance in theCatalogue of Southern Peculiar
Galaxies(Arp & Madore1987), do not have long tails. In particular disk-spheroid
collisions and 3-body systems leading to chaotic morphologies are quite common.
HST deep surveys with the WFPC2 show that the percentage of disturbed (i.e. in-
teracting, merging or peculiar) galaxies has been much higher in the early universe
than today (van den Bergh et al.1996). NICMOS observations in the near-infrared
have shown that these disturbances are not only due to irregularities in the distribu-
tion of star forming regions, but reflect real morphological features of interactions
(Conselice et al.1998). These galaxies at high redshift often do not show long tidal
tails either because they are absent or because they have too low a surface bright-
ness. Examining a local sample which resembles these high redshift interacting
galaxies is therefore important to learn about their evolution.

In this paper we extend previous investigations of a few individual systems to deep
optical photometry of a sample of peculiar galaxies. The objects from our sample
mostly do not possess prominent tidal tails, but definitely show signs of merging, as
e.g. multiple nuclei or disturbed morphology and nearby companions. The sample is
extracted from theCatalogue of Southern Peculiar Galaxies(Arp & Madore1987).
It includes disk-disk, disk-elliptical, dwarf-dwarf and 3-body systems observed at
different stages of the interaction.

Spectrophotometric evolutionary synthesis models have been used for various appli-
cations of normal galaxy evolution. More recently starburst events were modeled as
well. These models assume that the standard star-formation rate (SFR) of an under-
lying galaxy is increased to simulate a starburst (Fritze-von Alvensleben & Gerhard
1994a, Leitherer & Heckman1995). This technique has been applied to repro-
duce the star formation history of various classes of objects from merging galaxies
(Fritze-von Alvensleben & Gerhard1994b) to blue compact galaxies (Krüger et al.
1995).

We take an approach similar to the latter and compute a grid of models specifi-
cally aimed to describe the properties found in previous investigations of TDGs.
We do not use solar-abundance tracks in our models but instead two more realistic
metallicities in the range expected for TDGs (Z = 1 ·10−3,8 ·10−3). As a primary
goal, these models are used to select candidate TDGs or TDG progenitors. Based
on their colors only, background objects can be excluded not only with statistical
methods but also one by one if they disagree with any kind of TDG model. Fur-
thermore, this technique allows to derive the present ratios of old to young stellar
mass in these TDG candidates, to predict its evolution and hence to constrain the
above-mentioned formation scenarios of TDGs. Obviously spectrophotometric data
is required to confirm the photometric results.
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Table 1: Observation log

Field Object Observing Date Seeing total Exposure Time [s]
No. [′′] B V R

1 AM 0529-565 02./03.03.97 0.8 2400 1800 1800
2 AM 0537-292 28.02.97 0.9 1200 900 900
3 AM 0547-244 01.03.97 1.1 1200 900 900
4 AM 0607-444 03.03.97 0.8 1200 900 900
5 AM 0642-645 08.04.97 1.3 1200 900 900

6 AM 0748-665
10.04.96

1.1 3600 3000 300016.03./03.04.97
7 AM 1054-325 11.04. 0.8 1200 900 900
8 AM 1208-273 03.04.97 1.0 1200 900 900
9 AM 1325-292 03.04.97 0.9 1200 900 900

10 AM 1353-272 15./16.03.97 0.8 2400 1200 1200

The structure of the paper is as follows. First we present our data reduction and
analysis techniques (Sect.2). We describe in Sect.3 the evolutionary synthesis
models and the parameters used to interpret the photometric data. In Sect.4 we
present our sample, compare with the model grid and comment on individual fea-
tures of the interacting systems. In Sect.5 we discuss more general results and in
particular compare the tidal objects identified in our sample with those produced in
numerical models and with the few typical TDGs studied so far.

2 Observations and data reduction

2.1 Data and Calibration

OpticalB,V,R images of 10 galaxies were obtained in visitor mode on April 10th,
1996 and in service mode from February to April 1997 using SUSI on the NTT. The
SUSI camera has a field of view of 2.′2×2.′2 and a pixel scale of 0.′′13. The objects
of our sample with observing dates, seeing conditions and total exposure times are
given in Table1.
The data reduction was performed in IRAF using theccdred package with the
classical procedures of bias-subtraction and flat-fielding. In order to correct the sky
background for some residuals we constructed illumination frames by modeling the
background fitted at positions not contaminated by object light. Cosmic ray hits
were removed usingcosmicrays. The images in all filters were then registered and
PSF-matched using several reference stars. Foreground stars were, when possible,
deleted and replaced by a background fit using theimedit task.
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Standard stars from the fields ofLandolt (1992) have been used to derive the zero-
points and estimate the color terms. The extinction coefficients were taken from the
La Silla extinction database provided by the Geneva group (e.g.Burki et al.1995).
With this data we could derive a photometric calibration accurate to about 0.04 mag
for most targets. One should note that most of the observations were obtained dur-
ing the refurbishment of the NTT and that the standard stars have not always been
observed during the same night as the science targets. Therefore additional system-
atic calibration errors cannot be excluded; however, our zeropoints and color terms
appear to be very stable from one night to the other. Their variations are smaller than
0.01 mag i.e. smaller than the given errors. Except for a few cases for which the
extinction given by the Geneva group has large uncertainties, high calibration errors
might be present (e.g. AM 0607-444). Figs.4 to 24 in Sect.4 show 1σ-errorbars for
the systematic error for each field due to uncertain calibration and individual errors
for each object due to photon statistics and background noise.
We also obtained longslit-spectra of AM 0529-565, AM 1325-292, and AM 1353-
272 using EMMI at the NTT in May 1998. The reduction was performed in the
standard way and the spectra were used to measure the redshift. Further details will
be given in a forthcoming paper.

2.2 Aperture photometry

As the features of interest within the tidal debris are irregular in shape and located
in regions with high and irregular background, traditional photometry with circular
apertures was not appropriate since it would have included too much flux from
the surrounding tidal features. We therefore developed a reproducible technique to
analyze these knots using polygonal apertures and used circular apertures only for
objects far away from the main body of the interacting system.
The V-band intensity scale of each image was transformed to calibrated surface
brightness and contour plots were created of the interesting regions of each frame.
The objects to measure were selected from the most prominent peaks in surface
brightness. Polygonal apertures were then defined following the faintest contour
which still allows separating the knot from surrounding tidal features. The sur-
face brightness levelµV of the aperture was therefore different for each knot and is
given in Tables 5 to 142. The sky flux was individually measured at several posi-
tions nearby each knot, carefully avoiding the tidal features, and averaged. We are
interested in both the young and the old stellar population which the (stellar) tail
consists of, because we explicitly model the old population in our evolutionary syn-
thesis models. Hence we only subtract the sky background but not the tidal tail from
the object flux. The photometry was finally performed using the IRAFpolyphot

2Tables 5 to 14 are available only in electronic form.
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task with the same polygonal aperture for all photometric bands. Tables 5 to 14 give
the complete photometric results. Column 1 gives the identification, column 2 the
surface brightnessµV of the polygonal aperture. Columns 3 to 5 show the apparent
magnitudes inB, V andR, while columns 6 to 8 present the optical colorsB−V,
V−RandB−R. Columns 9 to 11 show the photometric errors of the measurements
in B, V andR. All given magnitudes and colors are corrected for galactic extinction,
using theAB values ofBurstein & Heiles(1982) and extrapolating toV andR with
the ratios ofSavage & Mathis(1979).

3 Model

3.1 Modelling the old population

Spectrophotometric and chemical evolutionary synthesis models are used to inter-
pret the photometric data. Our code is based on the work ofKrüger (1992) which
was originally used to model BCDGs (Krüger et al.1995). To include the underly-
ing old component in our model, it starts with a gas cloud of primordial metallicity
and follows the evolution of ISM abundances and spectrophotometric properties of
the stellar population of an undisturbed galaxy until the starburst induced by the in-
teraction occurs. The model includes the two basic parameters, star formation rate
(SFR)ψ(t) and initial mass function (IMF). We use SFRs proportional to the gas
to total mass ratio for Sb and Sc models and a constant SFR for Sd with efficien-
cies appropriate for the respective galaxy types (see e.g.Fritze-von Alvensleben &
Gerhard1994a).
As our observations cannot constrain the IMF, we use the IMF fromScalo(1986)
in the mass range 0.15 to 120 M� and, for simplicity, assume the same IMF for
the progenitor spiral and the starburst. To cover a Hubble time of evolution for the
undisturbed progenitor spiral and have a good time resolution during and after the
burst, we use a variable timestep as outlined byKrüger(1992).

3.2 Input physics

The model uses Geneva stellar evolutionary tracks (Schaller et al.1992, Charbonnel
et al.1993, Schaerer et al.1993a,b, Charbonnel et al.1996). We present models for
two different metallicitiesZ1 = 1·10−3≈ Z�/18 andZ3 = 8·10−3≈ Z�/2.3.
As shown byKrüger et al.(1995) the broadband colors are dominated by nebular
line and continuum emission in the early phases of a strong burst. We therefore
include nebular emission in our models using the compilation fromSchaerer & de
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Koter (1997) to calculate the number of Lyman continuum photons emitted per sec-
ondNLyc of our stellar population as a function of time. With the standard formula

F(Hβ) = 4.757·10−13 f NLyc erg s−1

we obtain the Hβ-flux. Fluxes of the other hydrogen lines are computed from their
line ratios relative to Hβ. f is the proportion of Lyman continuum photons not
absorbed in dust. We takef = 1.0 for Z1 and f = 0.7 for Z3.
To include other typical lines of star-forming regions we use the observed line ratios
of 27 lines in the wavelength range from 1335 to 10330 Å fromIzotov et al.(1994)
for low metallicity (Z1) and theoretical line ratios fromStasínska(1984) for medium
metallicity (Z3) models.
We chose to use the metallicitiesZ1 andZ3 given above3. In the context of com-
paring our models to observed objects these metallicities should not be regarded as
fixed values, but more as metallicity ranges,Z1 as 0.001< Z < 0.006 andZ3 as
0.006< Z< 0.012.

3.3 TDG models

To model both the star-forming young and the old component of a TDG with our
1-zone model, we let a typical part of a disk galaxy evolve with its appropriate
SFR over 13 Gyrs. After 13 Gyrs a starburst is assumed to occur (triggered by an
interaction) in this part of the model galaxy assumed to form a TDG. In the burst
the SFR is set to a maximum valueψ0 and decreases exponentially with a timescale
τB.
The time of the starburst is inferred from a rough age of present-day galaxies of 14
Gyr in a reasonable cosmological model. We look back roughly 1 Gyr, the assumed
epoch for the starburst following an interaction. The model is followed for another
3 Gyrs after the burst. The galaxy age at the onset of the burst does not significantly
change the color evolution during or after the burst.
According to previous observations the model with metallicity ofZ3 should a priori
best apply to TDGs. In the dynamical formation scenarios ofBarnes & Hernquist
(1992) andElmegreen et al.(1993), TDGs are predicted to form out of material
from the outer parts of the progenitor or from the progenitor galaxy disks. This ma-
terial in nearby galaxies has a metallicity ofZ≈ 7·10−3≈ Z3 (Zaritsky et al.1994,
Ferguson et al.1998). Indeed, spectroscopy of TDGs confirms this mean metallicity
(Duc & Mirabel 1997, 1998). However, the precise metallicity expected for a par-
ticular condensation depends on the type and luminosity of the progenitor galaxy –
late type and low luminosity spirals being more metal poor on average than earlier

3Another possible metallicity given in the Geneva stellar tracks (Z2 = 4·10−3) is not used in our
models because no emission line ratios are available for it.



34 Paper I.

Table 2: Set of model parameters.

Run τB ψ0 b Lyoung/Ltot

ID [yr] [M � yr−1] B R
1 5·105 100 0.01 0.56 0.37
2 5·105 500 0.05 0.87 0.75
3 5·105 1000 0.10 0.93 0.85
4 1·106 100 0.02 0.69 0.49
5 1·106 500 0.09 0.92 0.83
6 1·106 1000 0.18 0.96 0.91
7 5·106 50 0.04 0.76 0.58

type or higher luminosity spirals –andon the region of the parent galaxies where
this particular material is torn out from, since galaxies tend to have negative abun-
dance gradients in stars and the gas with increasing radius. Both at higher redshift
in general and in the local universe in those cases where dwarf or very low metal-
licity galaxies are involved in the encounter, TDGs with lower metallicity might
also form. However, the recycled nature of TDGs precludes metallicities lower than
about 1/20 solar. Models withZ1 predict that they should populate distinctly differ-
ent regions in optical color-color diagrams, i.e. have very blueV−R at moderately
blueB−V. Models withZ1 have been applied in those cases.
To produce the various proportions of old and young populations observed in TDGs,
the maximum SFR and the timescale of the burstτB are varied. The resulting burst
strengthb is computed as the ratio of the mass of stars formed during the burst and
the total mass of stars ever formed in the galaxy. Our model grid is presented in
Table2. Column 1 gives a code for each model, which is used in the plots in Sect.4
together with the metallicity. Columns 2 and 3 give the max. SFR and decay time
of the burst and column 4 the burst strength. Columns 5 and 6 give the relative
contributions of the starburst component to the luminosities in theB andRbands.

3.4 Model application and limitations

We discuss here the application and limitations of our grid of models to derive the
properties of the observed condensations in the tidal features. Fig.2a details the
track in aB−V vs.V−R two-color diagram for one given burst-model and various
assumptions for the underlying parent galaxy. The color evolution is plotted from
the start of the burst at 13 Gyrs (underlying galaxy Sd) when a subpopulation of the
progenitor spiral is expelled into a tidal tail and begins to form a TDG. With the
burst, the colors become bluer, at first most noticeable inV−R and then inB−V
when the starburst begins to fade. In the two-color diagram this color evolution
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Figure 2: Examples of model curves in aB−V vs.V−Rdiagram for various burst
parameters. Five “data points” are shown as examples, see discussion in the text.
a shows the strongest low metallicity burst model with tick marks indicating the
burst age: The triangles are separated by 1 Myr starting at the onset of the burst,
the filled circles are separated by 10 Myrs, and the open circles by 100 Myrs.b
shows all low metallicity (Z1) burst loops andc all medium metallicity bursts.

produces a loop which is followed counterclockwise. While the color evolution is
very rapid at the beginning of the burst, it slows down considerably as the burst
ages. The type of the underlying galaxy and hence its star formation history slightly
affect the starting point of the loop but do not significantly change its shape. Due
to lack of detailed knowledge of the spectral type of the undisturbed progenitor we
choose to uniformly model the old population with a constant SFR.
Figs.2b andc display the curves of all models that have been probed for the two
metallicitiesZ1 andZ3, respectively. It can be seen that a higher initial burst SFRψ0

and hence a higher burst strengthb produces a larger loop. The different shapes of
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the loops for models with equal strength but different metallicities is mainly caused
by the variing fluxes of the emission lines which strongly contribute to the optical
broad band colors during the burst (Krüger1992).
The dots plotted in Fig.2 show five representative artificial data points chosen to
demonstrate in howfar the various properties of a burst can be disentangled using
two colors only. Data point “1” lies in a region in the two-color plane which can
only be reached by a low metallicity model with high burst strength (b> 0.1) and
young burst age (about 2.5 Myrs). Data point “2” needs a high burst strength (b>
0.1) and medium burst age (around 20 Myrs), whatever the metallicity, the medium
metallicity model providing a better match. Data point “3” is more ambiguous with
respect to the metallicity but clearly needs a much higher age (above 80 Myrs) and
a medium to strong burst (b> 0.05). Depending on the metallicity data point “4”
can be either an intermediate strength burst (lowZ, 0.02< b< 0.05, young age≈ 1
Myr) or strong burst (for mediumZ, b> 0.10, age≈ 7 Myrs). Additional colors
or spectroscopy are needed to resolve the ambiguity. Data point “5” does not agree
at all with any of our models. Its colors are indicative of a redshifted background
galaxy (see Sect.5.1and Möller et al. in prep.).
In Sect.4 we compare the photometry of the star-forming knots lying in or close to
the tidal features of our interacting galaxies with predictions of various TDG mod-
els. The primary goal is to isolate objects consistent with a TDG scenario from
background sources. A metallicity ofZ3 as observed for TDGs was a priori selected
unless other indicators (a metallicity measurement from spectroscopic data, the lu-
mosity class of the parent galaxy, or colors that clearly indicate a low metallicity
model like data point “1”) favor aZ1 model. The burst parameters were deter-
mined by visual comparison of the position of the data points to the model curves.
The model with the smallest deviation from an observed data point was selected as
“most likely” model from our grid. We can also assess which other models repre-
sent a reasonable match within the observational uncertainties and from that derive
likely ranges for the burst age and strength of any tidal object (see Table4). Given
the individual and systematic photometric errors and the two-dimensional nature of
the data, a numerical fitting routine did not seem to be warranted.
As the modelling of the undisturbed galaxy is created for an average late-type galaxy
the colors of the nuclei or the parent galaxies plotted in Sect.4 may have strongly
differing colors (as in the case of AM 1325-292, see Fig.21). This does not affect
the validity of our models with respect to the TDG candidates.
It should be noted that the comparison of observation with models only relies on
the two colorsB−V andV−R. To account for the effect of dust obscuration on the
colors, a larger set of photometric data including the NIR regime or spectral infor-
mation would be needed. In the following, we neglect any internal extinction. The
effect ofAB = 0.5 mag absorption is indicated by an arrow in the plots in Sect.4. A
significant extinction (of e.g.AB = 0.5 mag or more) would therefore result in un-
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Table 3: Properties of the parent galaxies.

Name Velocity B MB
1 Morphology

[km s−1] [mag] [mag]
AM 0529-565 A 44205 15.83 -18.3 Merger
AM 0529-565 D 46455 18.46 -15.4 dI
AM 0537-292 A – 14.97 – Sb?2

AM 0537-292 B – 16.56 – E
AM 0547-244 A 131643 15.62 -20.6 S pec
AM 0547-244 B – 17.10 – S?
AM 0607-444 A – 15.36 – Sc:pec
AM 0642-645 A – 16.44 – Pec
AM 0748-665 A – 18.01 – S
AM 0748-665 B – 16.37 – E
AM 1054-325 A 37954 14.55 -19.0 Sm
AM 1054-325 B – 15.31 – S pec
AM 1208-273 A 147783 15.62 -20.9 Sc2

AM 1208-273 B 124333 16.28 -19.8 Pec
AM 1325-292 A 45985 13.90 -19.9 SB(s)b2

AM 1325-292 B 44315 13.43 -20.4 E1 pec2

AM 1353-272 A 117915,6 15.77 -20.3 Sc:pec
AM 1353-272 B 121455,6 17.96 -18.1 S pec

1We useH0 = 75 km s−1 throughout this paper
2The morphological type was taken from NED
3from Donzelli & Pastoriza(1997)
4from Sekiguchi & Wolstencroft(1993)
5from Weilbacher et al. 2000 in prep.
6these values are reversed like in the original publication; correct are
VA = 12145 km s−1 andVB = 11791 km s−1.

derestimating the burst strength, but would not change the final conclusions drawn
from the model.

4 Results

Figures3 to 22 present surface brightness images of all the systems in our sample
and the two-color diagrams for comparison with the evolutionary synthesis models.
The objects of interest are identified on the charts and the plots. The principal
objects – those that most probably pre-existed the interaction – have been labeled
with capital letters, while the smaller features – those that are TDG candidates –
have small letters. An overview of the properties of all parent galaxies is given in
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Figure 3: Identification chart of
field 1 around AM 0529-565.
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Figure 4: Plot of the objects in
field 1 of AM 0529-565. The mod-
els used are 4(Z1) (solid, b = 0.02)
and 6(Z1) (dashed,b = 0.18).

Table3. The properties of the objects for which we have infered a tidal origin and
are good candidates for TDGs or their progenitors are listed in Table4. The model
curves shown on the diagrams are those representing a maximum number of data
points.

4.1 AM 0529-565

The image of this system at a redshift ofVA = 4420 km s−1 is shown in Fig.3.
The principal galaxy, “A”, has an integrated absolute blue magnitude typical of a
Magellanic Irregular galaxy. However the presence of a double nucleus and of
diffuse tidal tails are characteristics of mergers. The eastern nucleus “Ae” has redder
colors than the western one “Aw” which is currently in a starburst phase (see Fig.4).
“B” is an elliptical galaxy. Given its colors, it is probably a background object with
an estimated redshift of≈ 0.2 (Möller et al. in prep.). “C” is a peculiar low surface
brightness (LSB) galaxy of unknown redshift. “D” is a blue dwarf galaxy associated
with “A” at a relative velocity ofVrel = 220 km s−1. Several diffuse knots can be
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field 2 around AM 0537-292.
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Figure 6: Plot of the objects in field
2 of AM 0537-292. The model used
is 5(Z3) (solid) withb = 0.09.

seen around “A”; they are designated with “a” to “l”. “a” seems to be detached from
the eastern tidal tail.
From preliminary spectroscopic test observations of AM 0529-565 (Weilbacher et
al. 2000, in prep.), we could estimate an oxygen abundance of 12+ log(O/H) = 8.1
(equivalent toZ = 0.003) for “e” and “h” and a very low 12+ log(O/H) = 7.6
(equiv. toZ = 0.0008) for object “D”. Because of its much smaller metallicity, “D”
is most probably a pre-existing galaxy currently in interaction with “A”.
Fig. 4 shows that the colors of most of the knots in the tidal debris are consistent
with TDG burst models with low metallicity (Z1) and burst strength in the range
0.02< b< 0.18.

4.2 AM 0537-292

The image of this system also known as MCG-5-14-9 is shown in Fig.5. “A” is a
strongly disturbed galaxy with tidal tails and a central bar. “B” has the morphology
of an E5 galaxy in the central part, but the contours get distorted further out. The
overall color of both galaxies is strongly dominated by the light of the nuclei. “C”
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Figure 8: Plot of the objects in
field 3 of AM 0547-244. The mod-
els used are 5(Z1) (solid, b = 0.09)
and 6(Z1) (dotted,b = 0.18).

and all other unnamed visible extended objects in the field are found to be back-
ground galaxies from their colors.

Several large blue knots probably associated with star-forming regions can be seen
in the tails. They are labeled “a” to “i”. Fig.6 shows that all knots are well described
by theZ3 model with a burst strength of the order of 10%. They have similar burst
ages of around 3 Myrs.

4.3 AM 0547-244

This system (Fig.7) consists of a peculiar galaxy “A” (VA = 13164 km s−1), from
which three tidal tails emanate, and a companion “B”, the redshift of which is un-
known. The colors of the nuclei of “A” and “B” are very red (see Fig.8). This could
indicate an ‘old’ burst age or strong reddening due to large amounts of dust.

At the ends of the tails of galaxy “A” two large condensations are visible, denoted
by “a” and “b”. With absolute magnitudes ofMBa = −16.94 andMBb = −17.05,
“a” and “b” are good candidates for luminous TDGs. Around “A” four more knots
with unknown redshift can be seen (“c” to “f”). All other objects have very red
colors and are therefore most probably background objects.

Fig. 8 shows that the objects “a” to “d” agree well with the models with metallicity
Z1 and intermediate to high burst strengths while “f” is not matched by any model.
The interpretation of “a” to “f” is severely limited by the large systematic errors of
this field. AZ3 metallicity model can therefore not be excluded.
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Figure 10: Plot of the objects in
field 4 of AM 0607-444. The model
used is 1(Z1) (solid)b = 0.01.

4.4 AM 0607-444

This system consists of a spiral galaxy (“A”) which is severely disturbed in its outer
parts (Fig.9). The object labeled “B” has red colors and may be a background
galaxy. Two objects are seen towards the northern tail. The very blue knot at its tip,
“a”, hosts a star-forming region. In contrast, “b” is much redder, has elliptical con-
tours in its center and may either be the remnant core of the interacting companion
of “A” or a background galaxy superimposed on the tail. The colors of the TDG
candidate “a” are best matched with aZ1 model with a weak burst (Fig.10), note,
however, the large systematic errors of this field.

4.5 AM 0642-645

The peculiar system “A” (Fig.11) exhibits two red nuclei (“a”,“b”) and a bluer
central knot,“c”, and may well be a merger. A plume to the southeast is designated
with “d” and nine other extended objects in the field of view that have colors in
the range of our models have been labeled. Fig.12 shows that all of these objects
would be consistent with TDG models having weak to intermediate burst strengths
with the exception of object “f”, which has colors similar to an elliptical galaxy at
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field 5 around AM 0642-645.
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Figure 12: Plot of the objects in
field 5 of AM 0642-645. The mod-
els used are 2(Z1) (dotted,b= 0.05)
and 5(Z3) (solid,b = 0.09).

z≈ 1.3 (Möller et al. in prep.). However, without a spectroscopic redshift and in
the absence of tidal structures linking them with the parent galaxy, the tidal origin
of the objects surrounding “A” is very speculative.

4.6 AM 0748-665

This interacting system is composed of two galaxies (“A” and “B”) which are con-
nected by a long narrow bridge (Fig.13). Their morphology indicates that the pro-
genitors of “A” and “B” may have been a spiral and an elliptical, respectively. Sev-
eral condensations labeled “a” to “e” can be seen in the associated tidal features.
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Figure 13: Identification chart of
field 6 around AM 0748-665.
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field 6 of AM 0748-665. The mod-
els used are 1(Z3) (dashed) and
3(Z3) (dotted) withb = 0.01,0.10.
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Figure 16: Identification chart of
AM 1054-325A.

The brightest condensation “d” is blended with a bright star. The latter has been
subtracted with a scaled PSF before carrying out the photometry. Fig.14shows that
all data points agree withZ3 models that provide burst strengths up to 0.10.

4.7 AM 1054-325

This presumably interacting system (Fig.15) is composed of an irregular HII -
galaxy, “A”, at a redshift ofVA = 3795 km s−1 (Sekiguchi & Wolstencroft1993)
and a spiral-like object “B”, which has however colors that are redder and more
homogeneous than typical spiral galaxies. Its redshift is not known. Object “C” is
a LSB galaxy at an unknown redshift.
The enlarged image of “A” (Fig.16) indicates that this galaxy seems to have two
nuclei, one marked as “Anucl”, the other as “e” (blended by a foreground star). Like
in AM 0529-565 A the two nuclei have different colors. The former is redder (B−
V = 0.52) while the latter has the blue colors of a strong starburst (B−V = 0.21).
Peña et al.(1991) derived for “A” an oxygen abundance of 12+ log(O/H) = 8.14
equivalent toZ = 0.003. We therefore use ourZ1 model for this galaxy.
In the western tail of “A” several large star-forming regions are visible (“g” to “m”)
with luminosities of fainter dwarf galaxies. A few other features of special interest
are marked as “a” to “d” and “f”. Fig.17 shows that their colors are well matched
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Figure 17: Plot of the objects in field 7 of AM 1054-325. The models used are
4(Z1) (dashed,b = 0.02) and 5(Z1) (solid,b = 0.09).

with Z1 models with 0.02< b< 0.09. However “a”, “b” and “p” that have dis-
crepant reddish colors are likely background objects. Note that the outlier “l” has a
very uncertain photometry due to the vicinity of a bright saturated star.

4.8 AM 1208-273

This system, also known as MCG-5-29-28, has three apparent members (Fig.18).
The main galaxy, “A”, is a disturbed Sc spiral with a small bar visible at the center
(VA = 14780 km s−1). “B” is a foreground object with an active starburst (VB =
12433 km s−1, Donzelli & Pastoriza1997). The redshift of the disk galaxy “C” is
not known.
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Figure 18: Identification chart of
field 8 around AM 1208-273.
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Figure 19: Plot of the objects in
field 8 of AM 1208-273. The mod-
els used are 6(Z1) (dashed) and
6(Z3) (solid) both withb = 0.18.
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Figure 21: Plot of the objects in
field 9 of AM 1325-292. The mod-
els used are 4(Z1) (solid, b = 0.02)
and 7(Z1) (dashed,b = 0.04).

Along the extended spiral arms of “A” several knots are visible, marked as “a” to
“q”. Two detached diffuse objects “r” and “s” are visible northeast and north of the
main galaxy, but their association with the other galaxies is uncertain. Fig.19shows
that all knots in the arms are matched by aZ3 model with a high burst strength. They
have roughly the same burst age.

4.9 AM 1325-292

AM 1325-292 (Fig.20) is a close interacting system between a spiral, NGC 5152
(“A”) and an elliptical, NGC 5153 (“B”). Their redshifts areVA = 4598 km s−1 and
VB = 4431 km s−1, respectively.
The spiral has three visible spiral arms/tidal tails, a long one to the north and two
apparently shorter ones to the southwest, at the end of which two bigger knots
of dwarf galaxy size are seen (“a” and “b”). These knots have the bluest colors
of the entire system and do well agree withZ1 models and small or intermediate
burst strength shown in Fig.21. The small photometric errors precludeZ3 models
although due to the nature of the parent galaxy a higher metallicity would have been
expected.

4.10 AM 1353-272

Four galaxies are seen in the field of AM 1353-272 (Fig.22). The two brightest are
at the same redshift. “A” is an integral-sign spiral (VA = 12145 km s−1) interacting
with a disturbed disk galaxy “B” (VB = 11791 km s−1). “C” is most probably a
background elliptical, as judged from its red colors. “D”, to the southeast, is a LSB
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Figure 22: Identification chart of field 10 around AM 1353-272.

galaxy. Its color is highly uncertain due to the contamination by a bright foreground
star.

The long tidal tails of “A” host a number of blue knots (“a” to “n”). Three detached
small knots (“o” to “q”) are visible east of the northeast tail. Given their colors,
these knots could be physically linked with “A” but without redshift information
available this remains speculative. The knots have absolute magnitudes in the range
of −12.1< MB < −15.7 mag. Their colors do agree with theZ3 models and in-
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termediate strength burst. Condensations “d” and “m” have however deviant colors
that seem more consistent withZ1 models.

5 Discussion

5.1 Background contamination

In each field a number of faint extended objects are visible (see e.g. Figs.5 and
7) that have red colors. They lie outside the color range of our models that are
valid for z = 0 only. Most of them should hence be background objects. This
was tested using the chemically consistent evolutionary synthesis models ofMöller
et al. (1998) and Möller et al. (in prep.), which include cosmological parameters
and give colors of all galaxy types as a function ofz. A rough photometric redshift
could be determined from theB,V,R measurements. The few faint objects with
colors that strongly deviate from our TDG models and that are inconsistent with
those of distant galaxies could be red dwarf galaxies pre-existing the collisions.
They have been excluded from our analysis. One SUSI field with an area of 1.3 ·
10−3 ut◦ contains on average 7.0±0.7 and 13.0±4.0 objects with deviant colors in
the respective magnitude rangesB = 22. . .23 andB = 23. . .24. After correction
for the occlusion of background objects due to the interacting system (typically
2·10−4 ut◦), these values are compatible with those ofMetcalfe et al.(1991). They
imaged 12 fields with an area of 6.8·10−3 ut◦ and counted 5000±800 and 15000±
1000 galaxies, respectively, for the magnitude ranges in question. For our field
of view, the numbers would be 6.8±1.1 and 20.2±1.3. Therefore we do not see
an overdensity of background galaxies in our fields contrary to whatDeeg et al.
(1998) found in their sample of interacting systems. Their field of view is much
larger (about 3.3·10−3 ut◦) than ours and they have better statistics. But they mostly
imaged interacting systems with lowerzwhich hence occlude a larger portion of the
image. Neither did they use color information to preselect possible nearby objects.
Moreover, they mainly found an overdensity in the brightness rangeR= 18. . .19.5
mag, where we do not have enough background objects for statistical analysis.

5.2 Properties of the TDG candidates

As seen before, several knots turn out to be background objects as judged from
their colors. One should hence be cautious when physically linking faint objects
with apparently nearby large galaxies. This is especially true for the detached ob-
jects lying far away from the tidal tails of the parent galaxies. In the absence of
a redshift measurement, the color information and its comparison with the model
predictions is useful to disentangle between possible objects in or close to tidal fea-
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Figure 25: Luminosity function of the tidal objects.

tures from background galaxies. Using this technique, we have compiled a catalog
of candidates for TDGs or their progenitors, i.e. knots associated with or close to
tidal features that – within the observational errors – agree with one or more of our
evolutionary synthesis models. They are listed in Table4.

Column 1 shows the designation of the candidate. Column 2 gives, when its distance
is known, the absolute blue magnitude of the TDG candidate. Columns 3 and 4
resp. give itsB−V color and the difference inB−V between the knot and the
surrounding tail (values in parentheses indicate detached knots). The last three
columns list the results from the comparison with the models. Column 5 gives
the ID of the best matching model(s), column 6 the most probable burst age(s), and
column 7 a range of possible burst strengths. Note that the best-fit models shown
here for every individual TDG candidate are not necessarily those shown in the
plots in Sect.4, where models were chosen to represent a maximum number of data
points.

Number and luminosity

In our sample of ten, 8 interacting systems contain promising TDG candidates. On
average 3.6 were identified per system. The luminosities of the candidates for which
the distance of their parent galaxies is known range from faint (MB = −10.4 mag)
to brighter dwarf galaxies (MB =−17.1 mag) with a mean of〈MB〉=−13.6 mag. It
should be noted that even though we have some faint TDG candidates in our sample,
they are still more luminous than normal HII regions in spiral galaxies by about 4
mag (Bresolin & Kennicutt1997). The luminosity function of the TDG candidates
is shown in Fig.25.
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Table 4: TDG candidates

Designation MB B−V ∆(B−V) Best fit burst age burst strength
[mag] [mag] (tail-TDG) Model ID [Myr] b

AM 0529-565a -11.48 0.37 (0.03) 4(Z1) 4 0.02
AM 0529-565b -10.65 0.52 (-0.12) 6(Z1) <1 0.01..0.18
AM 0529-565g -11.64 0.41 0.01 4(Z1) 3 0.02..0.05
AM 0529-565i -12.57 0.42 0.15 6(Z1) <1 0.05..0.18
AM 0537-292a 0.31 0.15 6(Z3) 1 0.04..0.18
AM 0537-292d 0.18 0.28 5(Z3) 10/3 0.05..0.18
AM 0537-292e 0.21 0.20 5(Z1) 8/3 0.09..0.18
AM 0537-292f 0.28 0.11 5(Z3) ≈ 1 0.05..0.10
AM 0537-292g 0.21 0.16 3(Z3) 10/3 0.09..0.18
AM 0547-244a -16.94 0.34 0.07 9(Z1) 4 0.04..0.05
AM 0547-244b -17.05 0.22 0.12 3(Z1) <1..4 0.09..0.18
AM 0547-244d -14.46 0.49 (-0.15) 6(Z1) <1 0.02..0.18
AM 0607-444a 0.39 0.34 1(Z1) <1/6 0.01..0.18
AM 0748-665a 0.13 0.32 2(Z3) 3/10 0.05
AM 0748-665d 0.21 0.111 1(Z3) 20 0.01
AM 0748-665e 0.08 0.15 3(Z3) 10 0.05..0.18
AM 1054-325g -14.29 0.37 0.08 4(Z1) 5 0.02
AM 1054-325h -13.73 0.28 0.11 7(Z1) 6 0.04
AM 1054-325i -13.25 0.36 -0.02 7(Z1) 4 0.04
AM 1054-325j -14.36 0.26 0.12 2(Z1) 6 0.05
AM 1054-325k -10.40 0.46 -0.14 6(Z1) <1 0.05..0.18
AM 1054-325m -11.40 0.31 0.081 5(Z1) 70 0.05..0.18
AM 1325-292a -15.30 0.48 0.15 5(Z1) <1 0.01..0.18
AM 1325-292b -15.46 0.52 0.18 6(Z1) <1 0.01..0.18
AM 1353-272a -13.68 0.13 (0.19) 7(Z3) 40 0.04..0.10
AM 1353-272b -13.10 0.24 0.07 2(Z3) 9/3 0.04..0.18
AM 1353-272c -13.58 0.24 0.02 2(Z3) 8 0.05
AM 1353-272d -13.98 0.29 0.10 2(Z1) 4 0.05
AM 1353-272e -14.03 0.11 0.27 5(Z3) 30 0.05..0.10
AM 1353-272f -12.84 0.33 0.05 4(Z3) <1/20 0.02..0.18
AM 1353-272h -14.01 0.34 0.21 6(Z3) 2/10 0.04..0.18
AM 1353-272i -12.13 0.44 0.04 1(Z3) <1/40 0.01..0.18
AM 1353-272k -13.99 0.20 0.11 5(Z1)/6(Z3) 8/3 0.05..0.18
AM 1353-272l -15.25 0.17 0.12 5(Z1)/6(Z3) 9/3 0.09..0.18
AM 1353-272m -14.49 0.14 0.03 2(Z1) 4 0.05..0.10
AM 1353-272n -14.31 0.17 0.13 2(Z3) 10/3 0.05..0.10

1Contamination by a nearby bright star.
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Colors and star formation

In Fig. 26 we compare the colors of these knots with the overall colors of their
parent galaxy. Note that the measurement of the parent galaxy includes the light of
the knots, but this does not have a strong effect as the knots only give a neglegible
contribution (up to 1% of the flux) to the brightness of the galaxy.
On average the TDG candidates have bluer colors than their parent galaxies, which
could be due to a number of effects:

• Fading effect: only the bluest clumps are visible. As we have selected the
candidates from their surface brightness in theV-band images and all candi-
dates have a young burst age, it is possible that after a longer burst the objects
become redder and fade in luminosity and are no longer visible as surface
brightness peaks inV.

• High relative gas content: the knots may experience stronger starbursts than
the parent galaxies. A prerequisite for this could be a high gas content in the
tidal features as observed in other systems (e.g.Duc & Mirabel1998).

• Time difference: The burst in the parent galaxies may take place before the
star formation in the tidal features starts. The color of the parent galaxy would
then be dominated by the color of the red central part, especially after a strong
nuclear starburst has faded.
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• Smaller dust content: If the knots have a smaller dust extinction than the
parent galaxies, their colors would appear redder.

• The colors of the parent galaxies are largely dominated by the colors of their
nuclei which are usually redder than the disk from which a TDG may form.

In order to tackle the last bias, we have compared the colors of the knots with the
color of their immediate surroundings, i.e. in the tails. For knots already detached
from the visible tail, the nearest part of the tail was taken for the measurement. The
results are shown in Table4, column 4 and in Fig.27. Nearly all knots have aB−V
color bluer than their surrounding tidal features. We therefore conclude that the
knots are actively forming stars while their surrounding material is more quiescient.
As already noticed bySchombert et al.(1990), the tidal features and especially
the surface brightness peaks which we identify as TDG candidates often show the
bluestB−V colors of the entire interacting system.
Some examples of interacting galaxies show star formation in the tails but already
have postburst characteristics in the central part of the merger (e.g.Hibbard et al.
1994). One could therefore conclude that star formation propagates from the central
part to the outer regions along the tails and look for such an effect in interacting sys-
tems with several condensations along the tails. We do not find, however, any clear
trends in the properties of the knots along the tails in the two systems which have
longer tails (AM 1054-325A and AM 1353-272A) neither in luminosity or color,
nor in burst strength or burst age.

Burst properties

The model bursts developed in this study that best fit the TDG candidates require
intermediate to strong burst strength (0.01< b< 0.18). Taking into account possible
internal extinction would favor even stronger bursts. These burst strengths therefore
seem to be higher than for BCDGs, which have typical strengths ofb≈ 0.01 or less
(Krüger 1992). The burst strengths of our TDG candidates also indicate that the
mass is still governed by the old stars (b< 0.20), but the luminosities inB andRare
already dominated by the young component (see Table2).
The mean burst age of the tidal objects is about 8 Myrs. Their dynamical timescale
may be determined assuming a typical distance of the knots from the nucleus of the
parent galaxy of 15 kpc – about half of the length of the tails of AM 1353-272 – and
a typical rotation velocity in a spiral galaxy of 150 km s−1. With these values, disk
material is expelled to the present positions of the knots in about 100 Myrs. Only
very few objects in our sample show comparable high burst ages. This suggests that
the star formation episode in the TDG candidates has started in situ in the tidally
expelled material.
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5.3 Nature of the TDG candidates

The condensations in the tidal tails which we call “Tidal Dwarf Galaxy candidates”
show properties in the range expected for TDGs. We call themcandidates, be-
cause they still lack spectroscopic confirmation and especially the proof that they
are bound objects.

The TDG candidates identified in the systems presented here are on average less
luminous but more numerous than the TDGs found in other interacting systems
studied up to now. These other TDGs have an absolute blue magnitude of -15.5 mag
on average, part of them have been found to be kinematically decoupled from their
tails (Duc et al.1997, Duc & Mirabel 1998), and one or two of them are produced
per collision. Moreover, the TDGs known to be gravitationally bound are found at
the tip of the optical tails whereas our TDG candidates are distributed all along the
tidal features without any trend in luminosity in agreement with one of the models
discussed above. One reason for these differences may lie in the morphologies
of the parent galaxies. TDGs have so far essentially been observed in merging
systems involving massive spirals. Some of the interacting systems presented here
are composed of late type galaxies, some of which have luminosities low enough to
be classified as dwarf galaxies (e.g. AM 0529-565). It thus does not seem surprising
that they form less massive condensations.

Formation of bound objects

Numerical models of galaxy collisions show the presence of bound objects in tidal
debris that have luminosities and distributions quite similar to the TDG candidates
studied in our sample (e.g.Barnes & Hernquist1992). The physical process for
their formation is still largely unknown. They might either form from growing
instabilities in the stellar component of tidal debris that may or may not attract
surrounding gas (Barnes & Hernquist1992), or alternatively from expelled gas that
collapses and forms stars as proposed byElmegreen et al.(1993). The blue colors of
our TDG candidates favor the second scenario. Indeed we did not find any evidence
for the presence for pure stellar condensations in the tidal features of our interacting
systems. Our models show that recent star formation with a minimum strength of
b≈ 0.01, i.e. forming 1% of young stars is necessary to account for the colors of
our TDG candidates. In most cases, however, a much stronger burst is required.
Note however, that we cannot distinguish between a stellar condensation into which
gas falls later to cause the starburst and an initially gaseous condensation that forms
stars on an underlying population of old stars.
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Figure 28: Luminosity evolution of the selected TDG candidates which are dis-
played as crosses according to their luminosity and burst age. The models shown
are 06(Z1) with b = 0.18 shifted inMB to fit the two candidates represented by the
larger crosses. See text about discussion of these two examples.

Future evolution

The spectrophotometric models are also used to extrapolate the evolution of the
knots, i.e. to predict how luminosities and colors will change with time. The lat-
ter is already visible on the two-color diagrams in Sect.4, where the evolution is
marked in steps of 100 Myr along the model curves. Typically one Gyr after the
burst, the optical colors of the condensations will become indistinguishable from
the pre-burst colors unless further star formation episodes take place. The luminos-
ity evolution is shown in Fig.28, where models for one of the most luminous TDG
candidates, AM 0547-244a, and one of the least luminous candidates, AM 0529-
565a, are displayed. Without secondary bursts, theB-luminosity will decrease by
about 2.5 mag within 200 Myr from the present age. AM 0529-565a, with a present
day absolute magnitude ofMB = −11.48, will fade toMB ≈ −8.0 mag within 2
Gyrs. It will then have a luminosity similar to those of the faintest known galaxies
of the local group (Mateo1998). It would become invisible in our images at the
distance of AM 0529-565. On a similar timescale, the more luminous TDG can-
didate AM 0547-244a (MB = −16.94) will fade toMB ≈ −13.4 mag. It would be
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among the brighter dwarfs in the local group and could still be observed at its actual
distance (mB≈ 22.8 mag).
The formation of objects as massive as TDGs in tidal debris is still puzzling. One
may wonder whether the numerous knots that we observe here and that are produced
in numerical simulations of galaxy collisions could be the progenitors of the more
massive TDGs identified before. As the photometric models indicate a rapid fading
of the TDGs after the burst, the evolution of a TDG progenitor into a TDG would
require that star formation in these condensations is sustained for at least 100 Myrs,
supposing that the progenitors initially have a large enough gas reservoir. TDG pro-
genitors could grow that way and reach masses and luminosities of the well known
TDGs. On the other hand, by that time, some of the less active TDG progenitors
might have faded and those initially situated close to their parent galaxies might
have fallen back, explaining why classical TDGs are found preferentially at the end
of tidal tails. Observations of a larger sample of systems and more detailed simula-
tions would be necessary to confirm the link between our TDG candidates and more
luminous TDGs.
Another possibility is that the TDG candidates in this paper do not evolve into larger
TDGs. Instead some of our TDG candidates may not grow much and eventually
form more fragile TDGs of lower luminosity. Even if fading after the burst is
taken into account, our faintest TDG candidates still have luminosities compara-
ble to those of faint local group dwarf galaxies. The question if they will be able
to survive as bound and dynamically independent objects can only be answered by
observations of the kinematics in combination with detailed dynamical models.
To be able to do more than speculate about the dynamical fate of the TDG candi-
dates, kinematical data of the system and the mass of the gaseous component of
each knot is required. To further restrict the mass of the underlying old component
NIR observations will be needed.

6 Conclusions

We have presented imaging data of 10 southern interacting systems from the Arp
& Madore Catalog selected for their resemblance to disturbed distant galaxies. Our
high quality images reveal a heterogeneous set of morphologies from loosely in-
teracting dwarf galaxies to disk-disk mergers. Through detailed photometry based
on polygonal apertures in the three optical bandsB,V,R we were able to measure
the colors of about one hundred condensations in or near the tidal features of the
interacting galaxies.
We have computed a grid of evolutionary synthesis models simulating starbursts of
various strengths in an underlying stellar population of mixed ages typical of spiral
galaxies. Such models reproduce well the situation of TDGs and their progenitors
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that are composed of an old population pulled out from the parent galaxy and young
stars formed in situ. Our models take into account the emission lines and the con-
tinuum from the photoionized gas with appropriate metallicities. Comparing our
photometric data with these models, we selected 36 blue condensations as possible
TDGs. Follow-up spectroscopy is required in some cases to assess their physical
association with the interacting system.
We discussed the overall properties of the 36 TDG candidates, noting that they have
luminosities brighter than HII regions in spiral galaxies and more typical for that
of dwarf galaxies. Their color is much bluer than those of their parent galaxies and
mostly bluer than the surrounding material in the tidal features. The contribution
of young stars to their mass is at least 1% and may reach 20% or more for the
most active condensations. In any case theirB-band luminosity is dominated by
this young population. The models also indicate that after the starburst when the
young stars cease to be the dominating source the condensations may fade by up to
2.5 mag inB within 200 Myrs after the burst. Although the TDG candidates seem
to have young burst ages, we did not find any case of condensations solely made
of old stars from the parent galaxies although the formation of such objects is also
predicted in numerical simulations.
Finally the TDG candidates studied here have properties different from those of the
more massive TDGs typically found at the tip of giant tidal tails of nearby inter-
acting systems. We discuss whether our TDG candidates could be progenitors of
TDGs or a class of less luminous objects.

We wish to thank the team at the NTT who made most of the observations under difficult
conditions. We also thank our referee, E. Brinks, for careful reading of the manuscript
and useful comments, which improved the paper. This research has made use of the
NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Labo-
ratory, California Institute of Technology, under contract with the National Aeronautics and
Space Administration. PMW acknowledges partial support from DFG grant FR 916/6-1.
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Abstract

We present low-resolution spectroscopy of the ionized gas in a sample of opti-
cal knots located along the tidal features of 14 interacting galaxies and previ-
ously selected as candidates of Tidal Dwarf Galaxies (TDGs). From redshift
measurements, we are able to confirm their physical association with the inter-
acting system in almost all cases. For most knots, the oxygen abundance does
not depend on the blue luminosity. The average, 12+ log(O/H) = 8.34±0.20,
is typical of TDGs and comparable to that measured in the outer stellar disk
of spirals from which they were formed. A few knots showing low metal-
licities are probably pre-existing low-mass companions. The estimated Hα
luminosity of the TDG candidates is higher than the one of typical individ-
ual H II regions in spiral disks and comparable to the global Hα luminosity
of dwarf galaxies. We find several instances of velocity gradients with ampli-
tudes apparently larger than 100 km s−1 in the ionized gas in the tidal knots
and discuss various possible origins for the large velocity amplitudes. While
we can exclude tidal streaming motions and outflows, we cannot rule out pro-
jection effects with the current resolution. The velocity gradients could be
indicative of the internal kinematics characteristic of self-gravitating objects.
Higher resolution spectra are required to confirm whether the tidal knots in our
sample have already acquired their dynamical independence and are therefore
genuine Tidal Dwarf Galaxies.
Key words: Galaxies: formation – Galaxies: interactions – Galaxies: optical
spectroscopy – Galaxies: photometry

∗Based on observations collected at the European Southern Observatory, La Silla, Chile (ESO
No 64.N-0361).
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1 Introduction

The formation of Tidal Dwarf Galaxies (TDGs) in interacting galaxies is by now
a well recognized phenomenon. Previous work on the subject has mostly focused
on detailed, multi-wavelength analyses of individual systems (e.g.Hibbard et al.
1994, Duc et al.1997, etc.). The first attempt to create a large sample of TDGs
was presented byWeilbacher et al.(2000, hereafterPaper I), how we selected TDG
candidates among optical knots in the tidal features of 10 interacting systems sit-
uated at different redshifts belowz= 0.1. The parent galaxies were selected from
the catalog of (Arp & Madore1987) to resemble the perturbed systems observed in
deep surveys of the distant universe. Evolutionary synthesis modeling was used to
rule out background objects by their broad-band colors.
What makes an optical clump in tidal features a Tidal Dwarf Galaxy is still not
well-defined. In several studies, the most luminous knots in or near tidal tails were
classified as TDGs. However, contamination by background galaxies is not unlikely.
For instance, the blue object of apparent dwarf galaxy luminosity positioned at the
tip of one of the long tidal tails in the Superantennae, presented byMirabel et al.
(1991) as a TDG candidate, was found to be a background galaxy (F. Mirabel,
priv. comm.). Another example is the study ofHunsberger et al.(1996), who found
numerous TDG candidates in the eastern tidal tail of NGC 7319, a member of the
Stephan’s Quintet (HCG 92). Other studies could only confirm the association of
one of these with the compact group (Xu et al. 1999, Iglesias-Páramo & Vílchez
2001). Projection effects within a bent tidal tail could also mimic dwarf galaxy-
sized accumulations of material. As normal dwarf galaxies are stable entities with
their own dynamics, the best definition of a TDG is that it be a self-gravitating
entity (Duc et al.2000, Weilbacher & Duc2001). Thus, to confirm a knot in a tail
as a genuine TDG, the velocity distribution within the knot has to be measured, to
determine if it is decoupled from the expanding motion of the tidal tail, and possibly
rotating, obviously a difficult task. Studying the dynamics of the HI gas,Hibbard
et al.(2001) failed to prove that the most well known tidal dwarf galaxy candidate,
discovered bySchweizer(1978) andMirabel et al.(1992) in the southern tail of the
Antennae, is actually gravitationally bound.
In this paper, we present the spectrophotometric follow-up of the photometric sur-
vey of interacting galaxies presented in Paper I. This is the first spectroscopic in-
vestigation of asampleof TDG candidates. The immediate objective of this work
is to confirm the physical association of the observed tidal knots with the parent
interacting system. This enables us to judge the effectiveness of a preselection of
star-forming TDG candidates based only on photometric models such as the ones
used in Paper I. We also obtain some key input parameters for the evolutionary syn-
thesis modeling code, such as extinction, metallicity, and Balmer line equivalent
widths. We use this data as input for the models in Paper III of this series (Weil-
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Table 15: Observing summary

Object Observing Mode Exposure time
AM 0529-565 MOS 4×1200 s
AM 0537-292 2×MOS 3×1200 s each
AM 0547-244 MOS 3×1200 s
AM 0547-474 ImagingB,V,R 500,400,300 s

2×Long-slit 3×1200,3×480s
AM 0607-444 MOS 3×1200 s
AM 0748-665 MOS 3×1200 s
AM 1054-325 MOS 2×1200 s

Long-slit 2×600 s
AM 1159-530 ImagingB,V,R 500,400,300 s

MOS 3×1200 s
AM 1208-273 MOS 3×1200 s
AM 1237-364 ImagingB,V,R 3×200,140,110s

MOS 3×1200 s
AM 1324-431 ImagingB,V,R 600,480,300s

MOS 3×1200 s
AM 1325-292 Long-slit 3×600 s
AM 1353-272 MOS 3×1200 s

bacher et al. in prep.) to determine the evolutionary status of the TDG candidates.
Here, we also make a first attempt to probe the dynamical status and hence real
nature of the tidal objects using long-slit velocity curves.
After describing our data acquisition and analysis methods in Sect.2, we present
the basic results for our sample of TDG candidates in Sect.3. In Sect.4, we discuss
these results in detail and describe our method of selecting real TDGs from the
sample using spectroscopic data. A summary of the results is given in Sect.5.
We present the photometric data of four new interacting systems in the appendix
(App. A) along with individual notes on the spectroscopic results (App. B).

2 Observations and data analysis

2.1 Spectroscopic observations

Our sample consists of the 10 interacting systems studied in Paper I plus four ad-
ditional objects extracted from the Arp & MadoreCatalogue of Southern Peculiar
Galaxies(see App. A).
We observed the 14 interacting systems in January 2000 with EFOSC2 installed
on the ESO 3.6m telescope (see Table15). We made use both of the multi-object
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spectroscopic mode (MOS) with 1.′′7 slitlets and of the long-slit mode with a 1.′′5
width slit. The geometry and orientations of all slits are indicated in Figs.36 to 48.
The finding charts consist of deep EFOSC2R-band images (logarithmic).
The low resolution grism #11 was used (13.2 Å FWHM resolution for a 1′′ slit),
providing a spectral coverage from 3380 to 7540 Å for a central slit. The detector
was a LORAL CCD with 15µm pixel size (0.157′′on the sky), read out binned 2×2.
The weather was photometric; several spectroscopic standard stars were observed
per night. The seeing varied slightly between 0.′′85 and 1.′′20. For our four new sys-
tems (AM 0547-474, AM 1159-530, AM 1237-364, and AM 1324-431, see App. A)
we also obtained broad band images inB,V,R and observed photometric standard
stars. The reduction in these cases was done using the same procedure as in Paper I.
The errors in the photometric calibration are below 0.05 mag in all cases.
The standard reduction was done in IRAF1. We have created an IRAF taskmosx to
handle MOS frames semi-automatically. The task proceeds in the following man-
ner:

1. extraction of the science slit spectra, flat-fields, and calibration HeAr spectra

2. correction of science spectra using flat-field response function

3. identification of HeAr lines and first-order wavelength calibration

4. higher order two-dimensional fit to the HeAr lines to correct for curved slits
and the non-linear dispersion

5. flux-calibration of the individual science spectra

A similar procedure was used to correct the long-slit spectra. Regions of interest
were then extracted from the 2D spectra and the visible emission lines were mea-
sured using IRAF’ssplot task. Three spectra representative for those with low,
medium, and high S/N of our sample are shown in Fig.29.
We corrected the Balmer emission line fluxes for contributions of underlying stellar
absorption. If the absorption was detected around the emission line, we fitted two
Gaussians with different widths to deblend absorption and emission components of
the lines. If the absorption was not visible, the we assumed a constant equivalent
width of 2 Å for the absorption, a standard value used by numerous authors (see e.g.
Zaritsky et al.1994, van Zee et al.1998). The total reddening was determined from
the Balmer decrement, and then applied to all line ratios to derive the corrected flux

1IRAF is written and supported by the IRAF programming group of the National Optical Astron-
omy Observatories (NOAO).
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Figure 29: Typical low, medium, and high S/N spectra of three of the observed
knots. The spectra are shown with the observed wavelengths and without redden-
ing correction.

I using I/IHβ = F/FHβ 10C f(λ) with the reddening curvef (λ) taken fromWhit-
ford (1958). In absence of good S/N Balmer emission lines, we used the Galactic
extinction values ofSchlegel et al.(1998) as given in NED2.

2The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory,
California Institute of Technology.
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Table 16: Distance and absolute blue magnitude of the parent galaxies

System D [Mpc] ID MB [mag]

AM 0529-565 59.7

A -18.1
(Aw) -15.1
(Ae) -15.2
D -15.4

AM 0537-292 52.0
A -18.6
B -17.0

AM 0547-244 176
A -20.6
B -18.3

AM 0547-474 203
A -21.0
C -19.5

AM 0607-444 170
A -20.8
(b) -16.0

AM 0642-325 366 A -21.4

AM 0748-665 313
A -19.5
B -21.1

AM 1054-325 52.9
A -19.1
B -18.3

AM 1159-530 60.7 A -20.2

AM 1208-273 166
A -20.5
C -17.1

AM 1237-364 76.1
A -19.9
B -16.1

AM 1324-431 142
A -19.9
B -18.1

AM 1325-292 60.1
A -20.0
B -20.5

AM 1353-272 159
A -20.2
B -18.1

2.2 Velocity measurements

We derived central velocities of all objects along the slits by calculating weighted
mean redshifts from measured emission lines, afterwards converted into heliocentric
velocities. Distances to the parent galaxies calculated usingH0 = 75 km s−1 Mpc−1

are given in Table16 together with the absolute blue magnitudes.
Of the 36 objects selected as TDG candidates in Paper I, we obtained spectropho-
tometric data for 30 and determined the redshifts of 24. The inferred velocities are
very close to those of the parent systems (mean velocity difference of 80 km s−1,
and never exceeding a difference of 350 km s−1) and therefore indeed imply asso-
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ciation. For six objects where we did not detect emission lines (despite their blue
color) no redshift could be measured. Their low surface brightnesses did not allow
us to detect any absorption lines, either.
Among the 7 new TDG candidates presented in this paper (see App. A), four ex-
hibit emission lines at the same velocity as the main system, one has a featureless
spectrum, and two were not observed spectroscopically.
Whenever gradients were visible on the 2D spectra, we tried to derive the veloc-
ity profiles along the slit by fitting the lines with Gaussians using the IRAF task
fitprofs. We used the HeAr line closest to the position in the corresponding
wavelength calibration frame to correct for residual distortion. The velocity profiles
obtained along a given slit with the brightest emission lines were then compared.
Those that were inconsistent or had too large fitting-errors were excluded from the
analysis. The final velocity curve was obtained by averaging the line velocities
measured for each pixel.
Note that, given the pixel scale and seeing, the velocity measurements along the slit
are not independent. Our low resolution spectra did not allow us to get a precision
better than±30 km s−1 for the combined fits of lines with the highest S/N.

2.3 Oxygen abundance measurements

The vast majority of the emission line regions detected in our spectra are charac-
terized by flux line ratios typical of HII regions (see Fig.30). A clear substantial
contribution by shock ionization (Dopita et al.2000) is only observed towards sev-
eral regions of AM 1054-325A, including its nucleus.
We estimated the oxygen abundances in all confirmed HII regions using several
methods proposed in the literature. For a few objects with a tentative detection of
the faint, temperature sensitive, [OIII ]4363 line, we could get a physical determi-
nation of the oxygen abundance (Shields1990). However, because of its low S/N
and uncertain deblending with the close Hγ line, the resulting value can only be
regarded as a lower limit to the actual abundance in most cases. We therefore had to
rely on empirical methods such as the popularR23, which uses the measurement of
the lines [OIII ]5007+[OIII ]4959+[OII ]3727 normalized to the Hβ flux. The error
of this method is of the order of 0.1 dex (Pilyugin 2000). A similar method is the
“excitational” method ofEdmunds & Pagel(1984), which empirically relates the
ratio [O III ]5007+[OIII ]4959 to Hβ to the oxygen abundance. Unfortunately, both
methods are degenerate: for a given value ofR23, two abundances are possible. In
order to choose between the lower and higher values, we relied on the [NII ]/[O II ]
indicator (van Zee et al.1998). Pilyugin (2000, 2001) recently proposed a new
method based on a complex combination of the [OIII ] and [OII ] line fluxes called
the “P-method”. This calibration better matches the the oxygen abundances deter-
mined with the physical method, especially for high metallicity HII regions. We
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Figure 30: Physical properties of the emission line regions in our sample. The
flux line ratios are indicated. The solid lines give the limit for ionization by a zero
age starburst (followingDopita et al.2000). Large pluses are regions in the parent
galaxies, small crosses denote the knots. The typical error for the data points is
shown in the lower right corner.

assigned a systematic error of 0.05 dex to theP-method for the upper branch of the
P-[O/H], and a slightly larger error of 0.08 dex for the lower branch (calledP3). Fi-
nally theN-calibration proposed byvan Zee et al.(1998), based on the flux-ratio of
Hα to [N II ]6548,6584, provides another empirical method of deriving the oxygen
abundance, but suffers from deblending problems in our low resolution spectra; its
uncertainty is as high as 0.2 dex.
We compared the values obtained by each of these methods and checked the con-
sistency of the results. Because of its smaller intrinsic uncertainty, we decided to
preferentially opt for the value given by theP-method unless the observed param-
eterP was outside its validity range. TheN-calibration was only used when no
other methods yielded reliable results. The final oxygen abundances are listed in
Table17. The errors take into account the errors of the flux measurements plus the
systematic errors of the calibrations.

3 Results

The individual results for each system are summarized graphically: Figs.36 to 48
show the optical images together with several observed position-velocity diagrams
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Table 17: Line ratios, extinction values, and oxygen abundances of all observed knots.

knot F(Hβ) C1 [O II ]3727 [OIII ]5007 [N II ]6584 [SII ]6717,31 Oxygen Ab.2

[10−15erg s−1cm−2] [I (line)/I (Hβ)] 12+ log(O/H)
AM 0529-565D 3.61±0.05 0.07 – 3.97±0.28 – 0.24±0.02 7.61±0.20 (ex)
AM 0529-565e 0.12±0.04 0.59 6.19±0.38 2.29±0.62 0.14±0.28 – 8.39±0.16 (ex)
AM 0537-292a 0.86±0.03 0.05 3.25±0.05 2.30±0.05 0.38±0.03 0.89±0.04 8.32±0.05 (P)
AM 0537-292 (5.′′0 S of b) 0.11±0.03 0.05 2.29±0.20 1.73±0.20 0.41±0.25 – 8.50±0.07 (P)
AM 0537-292c 1.25±0.04 0.68 3.63±0.04 2.29±0.04 0.34±0.04 0.79±0.09 8.26±0.05 (P)
AM 0537-292c (N) 0.77±0.03 0.50 3.42±0.04 2.03±0.05 0.26±0.06 0.87±0.12 8.31±0.05 (P)
AM 0537-292d 0.35±0.03 0.45 4.27±0.14 2.17±0.20 0.31±0.11 1.18±0.35 8.20±0.06 (P)
AM 0537-292g 0.53±0.04 0.44 3.80±0.09 2.27±0.10 0.14±0.10 0.63±0.18 8.24±0.05 (P)
AM 0537-292h 0.11±0.05 0.48 5.44±0.41 – 0.28±0.28 – 8.23±0.39 (N)
AM 0547-244A,br. knot 1.92±0.06 0.19 2.27±0.03 1.14±0.04 0.54±0.03 0.77±0.04 8.52±0.05 (P)
AM 0547-244A,E tail 0.17±0.03 0.05 2.41±0.11 0.98±0.12 0.02±0.03 0.78±0.21 8.50±0.06 (P)
AM 0547-244A,o. E t. 0.14±0.03 0.10 1.77±0.16 1.37±0.16 0.09±0.06 – 8.60±0.07 (P)
AM 0547-244a 0.17±0.03 0.68 3.94±0.12 2.04±0.21 0.45±0.04 0.72±0.23 8.23±0.06 (P)
AM 0547-244b 0.39±0.03 0.83 4.86±0.09 2.53±0.10 0.35±0.04 0.89±0.30 8.39±0.15 (ex)
AM 1054-325g 1.72±0.08 0.25 2.05±0.03 2.22±0.03 0.28±0.02 0.64±0.05 8.48±0.05 (P)
AM 1054-325h (N) 0.64±0.05 0.41 3.39±0.09 2.07±0.16 0.25±0.05 0.52±0.07 8.28±0.05 (P)
AM 1054-325h (S) 0.32±0.05 0.29 2.92±0.14 2.24±0.17 0.37±0.13 0.57±0.09 8.24±0.06 (P)
AM 1054-325i 1.79±0.07 0.44 2.22±0.03 3.28±0.05 0.21±0.04 0.45±0.06 7.76±0.10 (R23)
AM 1054-325j 4.37±0.07 0.32 3.08±0.02 2.28±0.02 0.29±0.02 0.63±0.03 8.55±0.05 (P)
AM 1054-325o 7.82±0.12 0.47 2.41±0.01 2.20±0.01 0.24±0.01 0.58±0.01 8.45±0.05 (P)
AM 1159-530a (E) 0.87±0.03 0.78 2.71±0.05 2.23±0.06 0.46±0.05 – 8.40±0.05 (P)
AM 1159-530a (W) 1.28±0.05 0.56 2.58±0.04 2.63±0.07 0.43±0.04 – 8.40±0.05 (P)
AM 1159-530q 0.39±0.05 1.03 2.27±0.11 1.54±0.17 0.81±0.11 1.41±0.31 8.51±0.06 (P)
AM 1208-273e 0.22±0.03 1.75 3.54±0.15 0.80±0.15 0.42±0.06 0.96±0.30 8.33±0.07 (P)
AM 1208-273h 0.28±0.04 0.87 3.64±0.14 1.32±0.14 0.26±0.03 0.67±0.17 8.31±0.06 (P)
AM 1208-273i 0.21±0.02 0.13 2.51±0.11 1.10±0.09 0.17±0.03 0.77±0.15 8.48±0.06 (P)
AM 1237-364d 0.15±0.04 0.14 3.08±0.24 3.15±0.35 0.74±0.09 0.89±0.13 8.30±0.07 (P)
AM 1237-364e 0.16±0.02 0.14 2.85±0.15 1.65±0.20 0.19±0.11 0.60±0.15 8.41±0.06 (P)
AM 1237-364g 2.28±0.06 0.36 1.92±0.03 3.08±0.04 0.10±0.03 – 7.72±0.05 (phys)
AM 1324-431c 0.12±0.06 0.21 2.82±0.34 1.09±0.29 0.66±0.16 – 8.66±0.22 (N)

1Total extinction from the Balmer decrement.
2In brackets we list the method used to derive the oxygen abundance as described in Sect.2.3.

and derived velocity curves. All objects and knots discussed are labeled; the slits
are overplotted in their real scale (length and width). Measured mean velocities
or redshifts are indicated. Low metallicity objects with 12+log(O/H)<8.0 are cir-
cled and objects in the slits without firmly detected lines are marked “n.d.”. More
detailed descriptions of each system may be found in Paper I and in App.B.

Below, we present the properties of the objects that proved to be physically asso-
ciated with the tidal features. We concentrate our analysis on the emission-line
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Figure 31: Metallicity-luminosity relation for different types of objects: local iso-
lated dwarf galaxies (crosses), knots in the tidal features (filled/open squares), main
group members (filled circles), background objects (open circles).

regions that they host. Our selection of TDG candidates was biased towards star-
forming objects (see Paper I) and, indeed, the vast majority of them host HII re-
gions.

3.1 Metallicity

The metallicity-luminosity relation for the objects in our sample and for isolated
dwarf galaxies is shown in Fig.31. Nearby dwarf irregular galaxies (Richer & Mc-
Call 1995) follow the well-known correlation indicated by the linear fit. The mas-
sive galaxies in our sample – main galaxies and background objects – also follow
this relation3. On the other hand, knots along the tidal features deviate significantly
from the relation and seem to have a metallicity which is independent of luminos-
ity. The bulk of the emission-line knots in our sample have 12+ log(O/H) in the

3The exceptions are two low metallicity star-bursting dwarf galaxies (AM 1237-364 B and C), the
western nucleus ‘Aw’ of AM 0529-565, and one low surface brightness galaxy near the interacting
system AM 1353-272.
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range 8.3. . .8.7 (mean 12+ log(O/H) = 8.34± 0.14≈ 1/4�) and luminosities
MB = −12· · · −17 mag. They occupy the position of previously published TDGs
(see e.g.Duc et al.2000). Three objects, AM 0529-565 D, AM 1237-364 g, and
AM 1054-325 i, however, have oxygen abundances at least 0.4 dex lower than the
rest of the knots.

3.2 Internal extinction

In knots where we could determine internal extinction from the Balmer decrement
in addition to the Galactic absorption, we deriveAV in the range 0.0. . .3.3 mag with
a mean ofAV = 0.81 mag.
This is roughly half the mean extinction and range observed in HII regions in spiral
galaxies (e.g. meanAV = 3.1 mag and 0< AV < 6 mag for HII regions in the cen-
tral part of M51,Scoville et al.2001). This is understandable as our slits sample
a much larger field (typically several hundreds of parsecs, see Sect.4.1) than the
spatially resolved HST imaging studies of Scoville et al. (typically a few parsecs).
Our slits therefore average over several individual HII regions and the regions be-
tween them. As the extinction is typically much higher within HII regions where
the dust accompanies the star formation process, this naturally explains the smaller
range and smaller mean value we see in our sample.
Our mean extinction is also comparable to the typicalAV ' 1.0 mag of the young
star clusters in the less obscured regions of the Antennae (Whitmore et al.1999).

3.3 Hα luminosities

Other authors before have used the Hα luminosity to discriminate between candi-
dates for TDGs and normal HII regions (see e.g.Iglesias-Páramo & Vílchez2001).
We have compiled the Hα luminosities of all the tidal knots studied in this survey.
Note that the raw luminosities (as e.g. presented in Table17) are lower limits since
they are measured with an aperture-limited slit and not from narrow band imaging.
From the size of the optical knots as measured onB-band images and the area cov-
ered by the slit, we have derived correction factors between 1.5 and 5 depending on
the coverage of the knot by the slit and used these to estimate the total Hα luminosi-
ties of the knots. The average Hα luminosity we derive is 2.2 ·1039 erg s−1. How
does this value compare with that measured in typical HII regions of disk galaxies
and other dwarf galaxies?
A histogram of the Hα luminosity distribution of the tidal knots is shown in
Fig. 32 where it is compared to the luminosityfunction (LF) of H II regions in
four nearby galaxies of various morphological types (the LMC, NGC 2403, M 101,
and NGC 3310). The data was extracted from the catalog ofKennicutt et al.(1989),
compiled from ground-based narrow band images. This plot shows an apparent
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Figure 32: Hα luminosity distribution of the observed knots with confirmed higher
metallicity compared with literature values for individual HII regions in spiral
disks and total blue dwarf galaxies.

large diversity in the shapes of the HII LFs. All individual H II regions in the LMC
and the Sc spiral NGC 2403 have Hα luminosities about one order of magnitude be-
low the most luminous knots in our survey (∼ 1040 erg s−1). The spiral M 101 hosts
a few giant HII regions reaching this value. The LF of the more distant galaxy
NGC 3310 (D'19 Mpc) is affected by incompleteness for logL(Hα) < 38.5 and
has a high number of luminous HII regions with a distribution very similar to that
of our knots. This galaxy is very perturbed and probably has recently undergone a
merger.
In the same Figure we also present a comparison with theglobal Hα luminosity
distribution of “normal” dwarf galaxies consisting of 11 Im and 7 dI galaxies of
Gallagher et al.(1989), 12 nearby “amorphous” dwarf galaxies ofMarlowe et al.
(1997), and 12 blue compact dwarfs ofCairós et al.(2001). The knots have a
distribution similar to the low luminosity end of the normal dwarfs, while there are
several dwarf galaxies with luminosities one order of magnitude higher than any of
the knots in the tidal tails.

3.4 Kinematics

Due to observational constraints, we could only partially sample the velocity curves
along the tails from our long-slit and MOS spectra. A striking result from this study
is the presence of kinematical structures with large apparent velocity gradients along
the tidal tails.
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Table 18: Observed velocity gradients

TDG candidate ∆Vmax R Angle Extent
[km s−1] [kpc] [◦] (seeing)

AM 0537-292a 70. . .360±50 8.10 43 1.′′5/2.′′7 (1.′′04)
AM 0537-292g 160±50 12.60 83 2.′′9 (1.′′26)
AM 0547-244a 77±61 23.60 5 3.′′5 (1.′′00)
AM 0547-244b 220. . .485±80 30.90 85 2.′′4/4.′′4 (1.′′00)
AM 1054-325h 130. . .420±45 6.40 2 2.′′0/3.′′5 (1.′′00)
AM 1159-530a 440±45 29.30 29 5.′′5 (1.′′04)
AM 1353-272a∗ 343±17 39.30 0 3.′′0 (1.′′02)
AM 1353-272b∗ 87±18 33.70 0 2.′′6 (1.′′02)
AM 1353-272c∗ 34±14 31.60 0 3.′′2 (1.′′02)
AM 1353-272d∗ 93± 9 28.10 0 4.′′6 (1.′′02)
AM 1353-272k∗ 50± 7 22.30 0 2.′′2 (1.′′02)
AM 1353-272l∗ 24± 6 24.70 0 2.′′6 (1.′′02)
AM 1353-272m∗ 43± 8 28.30 0 3.′′4 (1.′′02)

∗observed with FORS2 at the VLT (Weilbacher et al.2002)

In our low resolution data, we find several instances of knots with discrepant ve-
locities. In a few cases, we have enough spatial resolution to measure appar-
ent velocity gradients at the location of optically detected objects: in AM 0537-
292 (Fig.38), AM 0547-244 (Fig.39), AM 1054-325 (Fig.43), and AM 1159-530
(Fig.44). The apparent velocity differences∆Vmaxbetween two close regions can be
as high as several hundred km s−1. In three knots (AM 0537-292a, AM 0547-244b,
and AM 1054-325h) we observe substructure even with our low spatial resolution.
In these cases, we note the total amplitude of the gradient and∆Vmax within the
brighter knot.
All observed velocity gradients are summarized in Table18. There, we also list the
distanceR between the knot in the tidal tail and the nucleus of the parent galaxy
along the tail. We also give the angle between the orientation of the slit and the
central ridge of the tail, and the extent of the observed velocity gradient.

In Figs.33to 35, parameters which might affect the strength of the velocity gradient
given by the∆Vmax variable are plotted. Fig.33 shows the maximum velocity dif-
ference versus the absolute blue magnitude. We do not observe any obvious trend
between the stellar mass very – roughly represented by the blue luminosity – and
the dynamical mass to which∆Vmax is presumably a rough indicator. In Fig.34,
we see that∆Vmax of the knots does not depend on the distance to the nucleus of
the parent galaxy: small gradients occur both near to and far away from the parent
nucleus. In Fig.35, we investigate if the angle between the slit and the tail has a
significant contribution to the value of the velocity gradient. As the observations of
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Figure 33: Maximum velocity difference∆Vmax vs. absolute blue magnitude of
our TDGs. Filled squares mark TDGs with only one possible∆Vmax, the three
cases with two possible values of∆Vmax have been plotted as 2 connected open
squares to visualize the possible range in∆Vmax.
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Figure 34: Maximum velocity difference∆Vmax vs. projected distance nucleus-
knot along the tail. Symbols as in Fig.33.
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Fig. 33.
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AM 1353-272 with its 7 knots were performed with slits along the tails (Weilbacher
et al.2002), we have a strong selection effect towards low angles, and cannot derive
a dependence between the angle and∆Vmax. However, we note that velocity gradi-
ents are observed at all angles between the slit and the tail. That means that we see
velocity components both along and perpendicularly to the tail.

4 Discussion

The tidal knots we observed appear to have rather unusual characteristics: in par-
ticular their large Hα luminosities, and the kinematics of their ionized gas, with
velocity amplitudes greater than 100 km s−1 are striking. With such properties, the
TDG candidates in our sample appear to be closer to individual dwarf galaxies than
to the giant HII regions of spiral disks.

4.1 TDG candidates: between giant HII regions and individual
dwarfs galaxies?

Hα luminosities

What can we learn from the comparison with the HII region luminosities? The
spatial coverage of our slits is typically 3.′′5×1.′′7 (the extraction width times the slit
width for MOS). For the nearby systems (D∼50 Mpc) we therefore summed the Hα
flux over a region of 850×410 pc2; for a distance of 150 Mpc this would increase
to 2.5×1.2 kpc2. From this rough estimate is seems clear that we do not observe
individual H II regions, but cover a region much larger in size. With the value found
for M 101 byPleuss et al.(2000) a minimum distance between HII regions is 60 pc;
then about 100 individual HII regions would “fit” into the region we sample for our
nearby systems and 1000 for the distant ones. With a typical individual luminosity
of 1037 erg s−1 (Scoville et al.2001), one would then expect integrated luminosities
of 1039. . .1040 erg s−1, similar to the upper end of the luminosity distribution of the
knots. The luminous end of our knots will then be the real starbursts in our sample,
while the faint end are regions forming stars at a lower level.
The comparison with the sample of dwarf galaxies is more difficult, because several
of the objects shown in Fig.32are not classical dwarf galaxies withMB<−17 mag
but have higher blue luminosities. The Hα luminosity doesnot linearly depend on
the star formation rate for dwarf galaxies, but is strongly affected by evolutionary
effects as shown byWeilbacher & Fritze-von Alvensleben(2001). This does not
allow us to draw any conclusions about the star formation rates of both types of
objects. In summary, the Hα luminosities emitted by the tidal knots appear to be
lower than the globalL(Hα) of normal galaxies withMB ≤ −19 mag. However,
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they are at least similar to and in most cases exceed those measured in HII regions
located in the disks of nearby spiral galaxies. It seems clear that the knots we
observe are actually a conglomerate of several individual HII regions. If that is the
case, one may wonder whether they do belong to a single dynamical object.

Metallicities

Currently known TDGs have metallicities around 1/3 solar (Duc et al.2000), sig-
nificantly higher than normal dwarf galaxies of similar luminosity. This can be
understood if TDGs are made out of material which was already metal-enriched
prior to the current starburst in the progenitor galaxy: they were dynamically built
from the outer disks of their parent galaxies where the metallicity is close to this
value (Zaritsky et al.1994). Gas with very low metal abundance exists in the outer-
most regions of spirals (Ferguson et al.1998). However, the analysis carried out in
Paper I shows that our TDG candidates are likely to contain a significant amount of
old stars. Those had to be pulled out from regions in the parent stellar disk which
were rather dense and could not be situated far beyond the optical radius. At their
location, the metallicity should have been close to that measured in the tidal knots,
i.e. 1/4 to 1/3 solar.
Some dynamical simulations (e.g.Barnes & Hernquist1998) show that the material
of the inner and outer parts of a tidal tail came from smaller and larger radii of the
progenitor disk, respectively. Due to the observed metallicity gradients of spiral
disks, one might expect to see abundance gradients along tidal tails. In the systems
AM 0537-292 and AM 1353-272, where we could observe several knots along the
tails, however, we do not observe any systematic radial trend in their abundances.
All the knots have nearly the same oxygen abundance around 12+ log(O/H)≈8.34.
This hints at a process which mixes material from different regions in the progenitor
galaxy and has to be checked with new dynamical models.
The three objects with low metal abundances mentioned in Sect.3.1 also seem to
contain a strong old stellar component (Weilbacher et al.2000). They are therefore
most likely pre-existent companion galaxies, which are either projected onto the
tidal features or falling into the interacting system.

4.2 Velocity gradients

What do the apparent velocity gradients tell us about the kinematics of the knots?
Clearly such amplitudes are not normally observed in the HII regions of spirals
where, after correction for the overall velocity field, only 15 km s−1 of residual
vertical dispersion is observed (Jiménez-Vicente & Battaner2000). What is then
the origin of such “gradients” in our objects? In fact, several different causes are
possible.
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Projection effects

Most of the velocity gradients that we observe in the knots have an extent of 2 to 4′′,
i.e. only a few times the FWHM of the typical seeing (see column 2 of Table18).
The lack of spatial resolution and related “smoothing” will cause physically discon-
nected regions with distinct velocities to appear as being part of a single kinematical
entity. Were that the case, the observed velocity gradient would only be apparent
and would hide projection effects. Some knots could in fact be external material
seen in projection onto the tail. One may also have the cases where several knots of
a bent tail or from even different tails project onto each other.
In Sect.3.4we noted three cases with two emission line regions within one apparent
knot. Although we cannot confirm these instances as projection effects, these are
candidates for this type of velocity gradient caused by projection.

Streaming motions along the tails

The overall velocity field of tidal tails is governed by streaming motions result-
ing from the gravitational tidal forces exerted during the collision. Identifying in
them kinematically decoupled entities is difficult when, as in our sample, the global
velocity field is only measured at discrete positions. An upper limit to the contri-
bution from streaming motions can be obtained measuring the difference between
the central velocity of the tidal knot and the systemic velocity of the parent galaxy.
Generally, this velocity offset is much smaller than the small scale velocity gradient
found in the tidal objects.

Outflows associated with super-winds

Outflows are known to accelerate gas to high velocities. Superwinds driven outflows
seem to prevail in local starbursts (Heckman et al.1990), in distant Lyman Break
Galaxies (Pettini et al.2001), and in dwarf galaxies (Martin 1998, Bomans et al.
2001). The kinematic signature of such winds are broad or double-peaked emission
lines. They are due to the shell-like structures generated by stellar winds, which
always show velocity components towards and away from the observer. If part of the
shell was shielded from view by dust, it could also produce velocity gradients. We
did not find any obvious broadening of the emission lines in regions characterized
by a large velocity gradient and only a moderate extinction was measured there,
which makes the dust obscuration of one component quite unlikely.

Gravitationally dominated motion

The last possible origin of the velocity gradients is gravitationally dominated motion
within an entity that became kinematically independent from its host tail. Some of
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the ∆Vmax values measured are certainly too large to be caused by true Keplerian
rotation of a virialized entity. If the knots were virially relaxed then one would
derive a mass of 1010M� for an observed gradient of∆Vmax= 200 km s−1 over 1 kpc
from the virial theorem. In those cases it is possible that part of the velocity is due
to motion of the HII regions towards the center of an entity in formation. The mass
derived using the Virial Theorem would then strongly overestimate the real mass of
the knot.
As the blue luminosity typically rises with mass, the velocity gradients are expected
to increase with absolute magnitude, if they were all caused by the rotation of mas-
sive objects. This is not obvious in Fig.33: we see high velocity gradients for both
faint and bright knots. However, as most of the knots are still inside the tidal tail,
show internal structure, and are not relaxed objects, we cannot assume Keplerian
rotation. Also, all objects where we could measure velocity gradients are objects
with strong emission lines, probably sites of strong star formation, whereMB or in
general optical luminosities are not a good measure for the mass of the knots. We
will further pursue this question using near infrared luminosities in a future paper
(Weilbacher et al., in prep.). We also see from Fig.34 that the number of knots
with visible gradients is higher in the outer regions (20 to 35 kpc) than in the inner
regions (<20 kpc) of our interacting systems. A reason for this could be that decou-
pled kinematics or bound knots are more difficult to produce in the denser parts of
the inner tidal tails.
A good example of a self-gravitating object seems to be AM 1159-530a: the veloc-
ity gradient extends over 5.′′5 or 1.6 kpc with two bright HII regions at both ends.
The gradient is confirmed by the detection of absorption linesbetweenthe HII re-
gions withintermediatevelocity. Another fainter HII region further westward has
a discrepant velocity and seems to be projected onto this entity or falling into it.

Limitations of these observations

Clearly the large velocity gradients observed with EFOSC2 in a number of interact-
ing systems should be confirmed with observations at higher spectral resolution. To
unquestionably prove the amplitude of the gradients, velocityresolutionsbetter than
200 km s−1 will be required. The system AM 1353-272 in our sample has actually
been re-observed with FORS2 on the VLT at a higher spectral resolution confirming
velocity gradients in several knots along both tidal tails of the interacting system,
with velocity amplitudes in the range 24<∆Vmax< 343 km s−1 (Weilbacher et al.
2002). To overcome the poor sampling of the gradients, imaging with higher spatial
resolution is also needed. Hα observations with the Fabry-Perot technique (see e.g.
Mendes de Oliveira et al.2001) in some interacting systems are in progress (Duc et
al. 2002, in prep.).
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4.3 Selecting Tidal Dwarf Galaxies

Are any of the knots present in the interacting systems studied here the progenitors
of TDGs? We describe below the steps required to identify a genuine TDG accord-
ing to the definition cited in Sect.1 and check whether the objects in our sample
fulfill them. A necessary first step is to select the brightest knots in the tidal tails
with luminosities of dwarf galaxies (−10.5.MB.−17.0 mag, from Paper I). To-
gether with the new objects presented in Table19we start with44 TDG candidates
(including AM 0529-565D).

Redshift criterion

The selection method from Paper I to disentangle star-forming knots along tidal fea-
tures from background sources using images in three optical broad band filters in
combination with evolutionary synthesis modeling is an efficient method (Sect.2.2).
Nevertheless, it is important to check the association with the main interacting sys-
tem by measuring the spectroscopic redshift of the candidates. This leaves29 can-
didates.

Metallicity criterion

Low-mass companion galaxies, existing prior to the collision, can be discriminated
from TDG candidates from their low metallicities. While the tidal knots in our sam-
ple have almost constant metallicities around 12+ log(O/H) ≈ 8.3, three objects
close to the tidal features have abundances at least 0.4 dex lower than the tidal knot
with the lowest abundance. This is puts them close to the luminosity-metallicity
relationship of normal dwarf galaxies. A tidal origin can therefore be excluded for
these three exceptions.26 candidatesfor TDGs are left.

Dynamical criterion

Genuine TDGs should be gravitationally bound. We do not find classical rotation
curves or typical velocity dispersion in any of our TDG candidates. Instead, we
find several cases of apparentvelocity gradientsin the knots in the tidal tails. While
we cannot yet exclude all other possible causes13 TDG candidatesseem to have
kinematics decoupled from the hosting tail. Further data with high resolution will
be necessary to prove these gradients as internal kinematics of the individual candi-
dates.
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Final sample of TDG candidates

The 13 objects identified as good TDG candidates represent 46% of the knots that
were observed spectroscopically and half of the knots left after selecting the knots
depending on their metallicity. Note that – given the low resolution of our spectro-
scopic data – they cannot yet be considered as real TDGs.
From our 14 interacting galaxies 5 (i.e. about 1/3 of the sample systems) have TDG
candidates with kinematical signatures. Of those systems, one (AM 1054-325) has
only one TDG candidate, which has an optical appearance very similar to other
knots in the same system for which we did not detect decoupled kinematics. The
other system with only one TDG, AM 1159-530, has one tail with relatively high
and one with very low surface brightness. The massive TDG is positioned at the end
of the bright tail. In both galaxies with two TDGs (AM 0537-292 and AM 0547-
272), they are positioned in the tails on opposite sides of the nucleus. The system
AM 1353-272 contains more that half of the TDG candidates we have finally se-
lected, distributed over both tails.

5 Conclusions

We have analyzed a sample of 14 southern interacting galaxies using deep, low res-
olution spectrophotometry. The knots in the tidal features were previously identified
as good TDG candidates by comparing optical broad band imaging with evolution-
ary synthesis models. The spectra were first used to investigate the association with
the interacting system by comparing the redshifts. All knots that weredetected
are actually associated with the parent galaxies. This shows that our photometric
method is a powerful tool for preselecting TDGs. The few knots which were not
detected in our spectra could be of a different nature.
We determined the oxygen abundances of the knots and found a mean value of 12+
log(O/H) = 8.34 with a scatter of±0.2 dex. Both the mean value and the scatter
are in good agreement with those found in the outer disks of spiral galaxies, which
precludes the possibility that these knots could be pre-existing objects infalling onto
the interacting systems from outside. Three dwarf galaxies close to the tidal features
are unlikely to be TDGs due to their low metallicity.
As predicted by our photometric models, the knots are actively forming stars, and
some knots may even be starbursts with high Hα luminosities.L(Hα) of the knots
within our spectroscopic slits is higher by two orders of magnitude than that of typ-
ical individual HII regions in spiral disks and lower than that of local star-forming
galaxies by a factor of 10. However, the flux represents many individual HII regions
whose number depends on the slit width and the distance of the interacting system.
Due to the overlap of the distribution ofL(Hα) with “normal” giant HII regions in
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Figure 36: Slit positions in the field
of AM 0529-565. Relevant objects
are marked along with their cen-
tral velocities. The labels of objects
with low metallicity are circled.

Figure 37: Slit positions in the field
of AM 0607-444. Relevant objects
are marked along with their central
velocities.

spiral disks and the difference to dwarf galaxy luminosities,L(Hα) is not a good
criterion to discriminate TDGs from other phenomena.

We see surprisingly strong velocity differences in some interacting galaxies, and 13
TDG candidates show kinematic signatures which could be internal velocity gra-
dients in these knots. The velocity amplitudes are in some cases more than one
order of magnitude higher than those observed in spiral disks. Our analysis and
interpretation is hampered by the small angular size of these gradients, which are
barely resolved in∼1′′ seeing, so we could not discriminate possible decoupled
kinematics from other phenomena like chance alignment of multiple bodies which
mimic velocity gradients. We can only prove the existence of one strong velocity
gradient within the TDG AM 1159-530a, where we see the gradient extending over
5.′′5, which is likely due to the gravitational forces within the body of the TDG. To
confirm the velocity gradients of the knots in the tidal tails as decoupled kinematics
governed by internal gravitation an improvement of at least a factor two in spatial
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Figure 38: Slit positions in the field of AM 0537-292. Relevant objects are marked
along with their central velocities. Velocity gradients in AM 0537-292a (from pro-
file fits for Hα,[O III ]5007 with errors<0.25%) and in AM 0537-292g (from pro-
file fits for Hα,[O II ]3727 with errors<0.5%) are shown together with their 2D
spectra for [OIII ]5007 and [OII ]3727, respectively. The velocity zeropoint for
both plots is 3900 km s−1. The slit on the background galaxy to the lower left was
observed with both MOS masks, both giving consistent redshift.

resolution is required. Higher velocity resolution (better than 200 km s−1) would
be desirable to confirm the amplitude of the velocity gradients. The discussion of
both emission line luminosities and velocity gradients is restricted by the nature
of our multi-slit spectroscopic data, which allows us to analyze only discrete parts
of the whole interacting system. Narrow band imaging would be required to con-
firm and interpret the full range of Hα luminosities found in the TDG candidates.
Furthermore, observational methods like Fabry-Perot- or integral field spectroscopy
would be required to fully analyze the velocity distributions of the ionized gas in
the interacting galaxies and the TDG candidates.
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Figure 39: Slit positions in the field of AM 0547-244. Relevant objects are
marked along with their central velocities. Velocity gradients (from profile fits
for Hα,[O II ]3727 with errors<0.25%) in the eastern tail of AM 0547-244 includ-
ing ‘a’ (binned by 2 pixels) and in AM 0547-244b are shown together with their
2D spectra for [OII ]3727. The velocity zeropoint for both plots is 13200 km s−1.
We also show the velocity field of knot ‘a’ after subtraction of the tidal streaming
motion and its linear fit in the lower right corner.

Finally, the data collected in this paper will help us refine our spectrophotometric
evolutionary synthesis models for analyzing the starburst properties of the TDG
candidates and to derive more accurate predictions of their future evolution.

We would like to thank L.-M. Cairós for careful reading and helpful comments on the
manuscript, and R. Hessman who was very helpful in improving the English. Many thanks
to Pierre Leisy for exceptionally dedicated and helpful support during the observing run in
January 2000 on La Silla. PMW acknowledges partial support from DFG grants FR 916/6-1
and FR 916/6-2.



84 Paper II.

Figure 40: Slit positions in the field of AM 0547-474. Relevant objects are marked
along with their central velocities.

Figure 41: Slit position
in the field of AM 0642-
645. Relevant objects are
marked along with their
central velocities. Here we
used the NTT-SUSIR-band
image ofWeilbacher et al.
(2000).

Figure 42: Slit positions in the field
of AM 0748-665. Relevant objects are
marked along with their central velocities.
None of the TDG candidates from Paper I
has a firm detection.
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Figure 43: Slit positions in the field of AM 1054-325. Relevant objects are marked
along with their central velocities. Velocity gradients through the central region
of AM 1054-325A (from profile fits of our long-slit of Hα,[O III ]5007,[OII ]3727
with errors<0.5%), AM 1054-325h and i (Hα,[O III ]5007,Hβ,[O II ]3727, errors
<0.25%), AM 1054-325j (Hα,[O III ]5007,Hβ, errors<0.25%), and AM 1054-
325o (Hα,[O III ]5007,Hβ, errors<0.25%) are shown together with their 2D spec-
tra for [O III ]5007. The velocity zeropoint for all plots is 3970 km s−1.

A Photometric results of the 4 new systems

Here we briefly discuss the photometric results ofB,V,R imaging of the four new
interacting system in our sample. The analysis was done using individual polyg-
onal photometric apertures fitted to surface brightness contours for each object, as
described in detail in Paper I.
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Figure 44: Slit positions in the field of AM 1159-530. Relevant objects are marked
along with their central velocities. A systemic velocity of 4550 km s−1 is taken as
zeropoint for the velocity curve derived from fitting Hα, [O III ]5007, and Hβ (with
errors<0.25%). The 2D spectrum displays the line [OIII ]5007. The larger cross
denotes one datapoint derived from fits to higher order Balmer lines.

A.1 AM 0547-474

This system (Fig.40, also known as ESO 205-IG 003) consists of what on the first
glance would seem to be three galaxies: ‘A’, a ‘merger’ with two tidal tails; ‘B’,
an elliptical near the end of the northern tail; and ‘C’, an early type galaxy without
obvious connection to the other objects.
The ends of both tidal tails show weak concentrations, labeled ‘a’ and ‘b’. Both have
integrated absolute magnitudes of dwarf galaxies,MB,a = −17.5 mag andMB,b =
−14.8 mag, taken atV contours of 24.5 and 25.5 mag/�′′, respectively. But as the
material in ‘a’ and ‘b’ is not strongly concentrated and there is no starburst (colors
B−V = 0.60. . .0.77 mag), it is unlikely that they are TDGs, although it is possible
that at a later stage in the evolution of the system the concentrations may increase
and form real TDGs.
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Figure 45: Slit positions in the field of AM 1208-273. Relevant objects are marked
along with their central velocities.

A.2 AM 1159-530

‘A’ (Fig. 44, also cataloged as ESO 171-IG 005) is classified as SAB(rs)a:pec. It
clearly shows strong signs of interaction and has two long tidal tails, which contain
several faint knots. Although no interacting counterpart is visible on our frames,
Corwin et al.(1985) mention a possible companion, which is an uncataloged ob-

Table 19: New TDG candidates from photometry

Designation MB B−V Best fit burst age2 burst strength2

[mag] [mag] Model ID1 [Myr] b
AM 1159-530a -16.26 0.13 6(Z3) 4 0.18
AM 1159-530h -13.57 0.38 5(Z1) ∼1 0.09
AM 1237-364g -15.46 0.18 6(Z1) 6 0.18
AM 1324-431c -15.02 0.21 6(Z3) 3 0.18
AM 1324-431d -14.31 0.37 2(Z3) <1 0.05
AM 1324-431e -13.77 0.25 2(Z1) 5 0.05
AM 1324-431h -14.10 0.25 5(Z1) 4 0.09

1from Table 2 of Paper I.
2using the best fit model from Paper I.
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Figure 46: Slit positions in the field of AM 1237-364. Relevant objects are
marked along with their central velocities. Velocity gradients of the compan-
ion galaxies AM 1237-364B (profile fits of [OIII5007],Hβ,[O II ]3727 with errors
<0.5%), AM 1237-364C (Hα,[OIII5007],Hβ,[O II ]3727, errors<0.25%), and the
knot AM 1237-364g (Hα,[OIII5007],Hβ,Hγ, errors<0.25%) are shown together
with their 2D spectra for [OIII ]5007. The velocity zeropoint for all plots is
5705 km s−1.

ject of comparable magnitude 5′ to the SSW at RA=12:01:15.8, DEC=-53:25:22
(J2000).

The tails contain several faint knots. At the end of the northern tail a massive knot
is apparent, labeled ‘a’ (MB = −16.3 mag), which – from its colors – is a good
candidate for a TDG. There are other fainter knots in the tails, some of which could
be built from tidal material, but only the colors and luminosity of knot ‘h’ match
our selection criteria for TDG candidates.

Results for this system have already been published inWeilbacher & Duc(2001)
andWeilbacher et al.(2001).



II.A Photometric results of the 4 new systems 89

-800

-600

-400

-200

 0

 200

 400

-2 -1  0  1  2  3

R
e

la
tiv

e
 v

e
lo

ci
ty

 [
km

 s
-1

]

Relative position [’’]

-800

-600

-400

-200

 0

 200

 400

-5 -4 -3 -2 -1  0  1  2  3

R
el

at
iv

e 
ve

lo
ci

ty
 [k

m
 s

-1
]

Relative position [’’]

[O
III

]5
00

7

[O
III

]5
00

7

Figure 47: Slit positions in the field of AM 1324-431. Relevant objects are marked
along with their central velocities. Velocity gradients between ‘A’ and ‘B’ and
in AM 1324-431B (from profile fits of Hα,[O III ]5007,Hβ,[O II ]3727 with errors
<0.25%) are shown together with their 2D spectra for [OIII ]5007. The velocity
zeropoint for the plots is 10680 km s−1.

A.3 AM 1237-364

The spiral galaxy ‘A’ (Fig.46, also designated as ESO 381-G 005) has the largely
undisturbed appearance of an Sbc. The velocity was measured byMathewson &
Ford(1996) asVA = 5705 km s−1. Two nearby galaxies ‘B’ and ‘C’ both have blue
colors compatible with a nearby starburst, and are therefore probable companions
of ‘A’. ’B’ is very near the northern tail, but has a very regular appearance, and is
therefore very unlikely to be a TDG.

Several knots in the arms are apparent, which have absolute magnitudes of dwarf
galaxies (‘a’ to ‘f’, MB =−12.1· · ·−15.2 mag). Most of them are very diffuse, and
probably conglomerates of HII regions generally found in spiral arms, which the
seeing causes to appear as single surface brightness peaks. Only the massive knot
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Figure 48: Slit positions in the field of AM 1325-292. Relevant objects are marked
along with their central velocities. Here we used the NTT-SUSIR-band image of
Weilbacher et al.(2000).

‘g’ at the end of the northern arm is dense enough and far away from the nucleus.
Its colors fit well with one of our starburst models from Paper I, so we select it as a
TDG candidate.

A.4 AM 1324-431

This system (Fig.47, also known as ESO 270-G 012) with the interacting galaxies
‘A’ and ‘B’ shows a bright bridge between both nuclei and a long tail to the north-
west. The tail hosts several knots (‘a’ to ‘h’), all of which have blue colors in the
range of local starburst knots, and are probably sources physically associated with
the tail. We select the brighter knots, far away from the nucleus of ‘A’ and in less
dense regions of the tail as TDG candidates: ‘c’, ‘d’, ‘e’, and ‘h’. They are very
well matched by the colors of the photometric models in Paper I. Two other objects
‘C’ and ‘D’ have red colors withB−V > 1.0 mag and are very likely background
sources.

B Notes about individual systems

B.1 AM 0529-565

(Fig. 36) There seem to be three velocity groups involved in this interaction, ‘Ae’
and the “disk” haveVA ∼ 4420 km s−1, VAw ∼ 4530 km s−1 andVD ≈ 4630 km s−1.
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Both ‘Aw’ and ‘D’ have lower oxygen abundances of 7.8±0.1 and 7.6±0.2, re-
spectively, than the knots in the disk (around 8.3,Weilbacher et al.2000). Together
with the more central location of ‘Ae’ with regard to the disk, this suggests that
both ‘Aw’ and ‘D’ are pre-existing dwarf galaxies which are infalling towards or
interacting with ‘A’, whose nucleus is ‘Ae’. Both dwarf galaxies experience strong
starbursts due to the interaction.

B.2 AM 0537-292

(Fig. 38) ‘A’ and ‘B’ are indeed interacting with a central velocity difference of
∼70 km s−1. ‘A’ shows strong internal velocity differences, e.g. 520 km s−1 be-
tween the ends of the bar, 490 km s−1 between northern end of the bar and the
surface brightness peak of ‘c’. Given the strong velocity differences within ‘a’ and
‘c’, we suggest that there could be some projection effect involved which mimics
higher velocity differences between the knots and lower surface brightness of the
tidal tails.

B.3 AM 0547-244

(Fig. 39) We confirm here that ‘B’ actually is the interacting companion of ‘A’,
they have a relative velocity∼ +250 km s−1 (taking the value ofDonzelli & Pas-
toriza1997, for the nucleus of ‘A’). If our velocities are not offset from the value of
Donzelli & Pastoriza(1997) then ‘A’ exhibits strong internal velocity differences,
about 400 km s−1 from the nucleus to the emission-line region in the northern part
of the ring.
Despite the low metallicity required to successfully model the broad-band colors in
Paper I, we derive oxygen abundances of about 1/3 solar for the regions east of the
nucleus and ‘b’, but the colors of those would also be roughly consistent with the
higher metallicity model in Paper I. The TDG candidate ‘a’, however, does have a
lower oxygen abundance of about 1/5 solar.
As already indicated by its the colors, ‘f’ is confirmed as a background object.
The spectrum shows several broad emission lines matchingz= 1.71 so that we can
classify it as an AGN.

B.4 AM 0547-474

(Fig. 40) As already noted byWest et al.(1981) ‘B’ has a different velocity from
the others,VA = 15130± 40 km s−1 (Bergwall et al.1978) and VC = 15330±
100 km s−1. ‘B’ actually is a background galaxy withVB = 22240± 110 km s−1.
Both ‘B’ and ‘C’ show absorption line spectra, while according toBergwall et al.
(1978) ‘A’ shows strong emission lines.
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The tips of the tails, designated ‘a’ for the northern tail and ‘b’ for the southern
tail, do not show emission lines despite the moderately blue colors. From very faint
absorption lines we could derive rough estimates of the velocities,Va = 15390±
100 km s−1 andVb = 15330±80 km s−1.

B.5 AM 0607-444

(Fig. 37) Massive extinction in ‘b’ of (AV ≈ 3.3 mag) explains the very red colors
which led us to speculate in Paper I that it could be a background object. The emis-
sion line region 2.′′6 north of the center of ‘b’, however, suffers from much lower
extinction (AV ≈ 0.8 mag). The light from the much bluer region ‘a’ is probably
also strongly reddened, as the Hα emission is quite strong and an Hβ line could not
be detected in the continuum.
Given our new data on this system (the distance was not known before), it seems
now likely that ‘b’ represents the (remaining) nucleus of the interacting partner of
‘A’, which was possibly stripped of its disk material by the interaction. Both are
interacting with a velocity difference of 200 km s−1.
Within ‘a’ a weak velocity gradient can be seen, but it is too weak to be significant
given our low spectral resolution, and could also reflect the overall motion along the
northern tail, in particular since the slit is oriented in the same direction.

B.6 AM 0642-645

(Fig. 41) This galaxy seems to be a merger of two or three galaxies, the nuclei
of which are still separated and were designated ‘a’, ‘b’, and ‘c’ in Paper I. The
long-slit was positioned to cover the nuclei ‘a’, ‘b’, and the southern plume ‘d’.
The velocities we measured place this object atVA = 27410±130 km s−1 or at a
distance of 365 Mpc, which makes it the most distant system in our sample. The
system then has a north-south diameter of 48.7 kpc and the nuclei are separated by
10.5 and 6.7 kpc for ‘a’-‘b’ and ‘b’-‘c’, respectively.
Except for the center of ‘b’ which shows absorption lines, all other objects show
strong emission lines. The metallicity is lower than expected for an advanced
merger of this luminosity, ranging between 12+ log(O/H) = 8.5 and 8.6.

B.7 AM 0748-665

(Fig. 42) With a systemic velocity of 23500±200 this system is the second most
distant in our sample. It extends over more than 120 kpc and the nuclei of ‘A’ and
‘B’ are separated by about 47 kpc. ‘B’ clearly is a massive elliptical galaxy, while
the type of ‘A’ is not entirely clear. It could have been a spiral galaxy whose disk was
disrupted by the interaction with ‘B’ and is forming the tidal features of the system:
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The bridge between the two nuclei and a tidal tail, which is visible eastwards and
north of ‘A’ as a faint plume (see Fig. 12 of Paper I). ‘A’ and ‘B’ show absorption
line spectra with red continuum typical for early type galaxies.
In Paper I we designated five knots ‘a’ to ‘e’ and selected the outermost two (‘d’
and ‘e’) and the condensation ‘a’ in the middle of the bridge as TDG candidates.
Due to their faint surface brightness none of the knots ‘b’ to ‘e’ was detected in our
spectroscopy.

B.8 AM 1054-325

(Fig.43) ‘A’ and ‘B’ are interacting with a velocity difference of∼ 80 km s−1, while
‘C’ is a background object. Despite the red colors of the nucleus of ‘B’ we observe
very strong emission lines in that region, an indication of strong star formation.
In Paper I we had selected the outmost knots ‘g’ through ‘k’ and ‘m’ as good can-
didates for TDGs. All of them are clearly extended, and have luminosities from
MB = −10.4 up to−14.4 mag. All these regions are sites of very active star for-
mation, showing strong emission lines from which we derive oxygen abundances
around 1/4 solar. Some of the knots seem to have a double structure, splitting e.g. ‘g’
and ‘h’ into two smaller knots. While the components of ‘g’ have similar velocities
their metallicities show a significant difference of roughly 0.2 dex. The components
of ‘h’, on the other hand, have very similar metallicities but the velocity of the
northern component is 400 km s−1 higher. This probably means that both knots are
not single entities, but instead projections of two components each.
Unfortunately we did not take a spectrum of the second brightest knot ‘e’ in ‘A’. As
we see several projection effects and strong velocity gradients within ‘A’ one could
speculate, that ‘A’ actually is a merger by itself, with the progenitors designated
as ‘Anucl and ‘e’ in Paper I. If true, the strong interaction between them together
with the influence of ‘B’ could be the cause of the shock ionization we see in the
emission line ratios of ‘Anucl’ and the southern part of ‘g’ (see Fig.30), as well as
of the strong starburst activity in ‘A’.

B.9 AM 1159-530

(Fig. 44) The center of ‘A’ shows an absorption line spectrum. Our central velocity
of 4550 km s−1 is roughly consistent with the 4850±100 km s−1 given byFairall
(1983).
The TDG ‘a’ shows an oxygen abundance of 8.40 for both emission line regions,
which is similar to the measured value of 8.49 in knot ‘q’, which is closer to the
nucleus of ‘A’. Therefore ‘a’ is unlikely to be a preexisting galaxy, but is very prob-
ably being formed from the material expelled by ‘A’. ‘a’ also hosts the largest ve-
locity gradient we observed in the tidal tails,∆Vmax= 440 km s−1 over an extent of
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1.5 kpc. If completely attributed to rotation one could derive a dynamical mass of
6.7 ·1010M� for this object using the virial theorem. But given the knotty appear-
ance it is very unlikely to be a relaxed system, so the mass very likely is strongly
overestimated. There seem to be two components in the velocity distribution, one
that could represent the streaming motion of the tail, with a roughly constant veloc-
ity near 0 km s−1 (from -3.′′5 to -2′′ and from +3.′′5 to 4.′′5), and one which is likely
due to internal motion within ‘a’, which dominates between -2′′ and +3.′′5.

B.10 AM 1208-273

(Fig. 45) As already speculated in Paper I, this system consists of two galaxies ‘A’
and ‘C’ which are located at the same distance, and the unrelated peculiar emission
line galaxy ‘B’.Donzelli & Pastoriza(1997) have mixed up the velocities of ‘A’ and
‘B’ in their paper. The pair ‘A’+‘C’ is actually closer to us,Vsys≈ 12430 km s−1,
and ‘B’ is in the background,VB = 14536±6 km s−1 (roughly consistent with the
14778 km s−1 of Donzelli & Pastoriza1997).
The spiral galaxy ‘A’ shows small distortions so that it seems very unlikely that
parts of the spiral arms can leave the disk and become TDGs. Most probably the
much less luminous dwarf spiral ‘C’ is the interacting partner.
The oxygen abundance measured in the disk of ‘A’ is in the range 8.3 <12+
log(O/H) < 8.5. That means we again have already used the correct metallicity
for the models in Paper I.

B.11 AM 1237-364

(Fig. 46) The galaxies ‘B’ and ‘C’ are companions of ‘A’ as already estimated
from their blue colors, with velocity differences and projected distances to ‘A’ of
450 km s−1/24 kpc and 170 km s−1/40 kpc, respectively. Both show low oxygen
abundances, 12+ log(O/H) B = 7.50±0.08 and 12+ log(O/H) C = 7.90±0.10.
The observed knots ‘d’, ‘e’, and ‘g’ are associated with ‘A’ as well. But while ‘d’
and ‘e’ show typical metallicities of outer spiral disks, ‘g’ has a lower metallicity of
12+ log(O/H) = 7.72±0.06.

B.12 AM 1324-431

(Fig. 47) Both nuclei ‘A’ and ‘B’ show strong emission lines and have similar ve-
locities (∆V ≈ 80 km s−1), roughly consistent with the literature value ofFisher
et al. (1995). Their projected separation is 24 kpc. While ‘A’ has near solar
metallicity 12+ log(O/H) = 8.71±0.05, ‘B’ has lower abundance 12+ log(O/H)
= 8.33±0.05, and the emission line region between both nuclei has an intermediate
value 12+ log(O/H) = 8.52±0.06.
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The abundance of the one detected knot ‘c’ is higher than expected, but could only
be estimated with large errors: 12+ log(O/H) = 8.66±0.22.
Both observed velocity gradients are probably due to streaming motions between
and around the two nuclei, and have no relation to TDGs.

B.13 AM 1325-292

(Fig. 48) In Paper I, we measured colors for the two blue TDG candidates ‘a’ and
‘b’ in this spiral-elliptical interacting system which could only be fit with models of
low metallicity, although this seemed very unlikely given the nature of the parent
galaxies. The spectra of the knots are of very low S/N and the only visible features
are very weak Hα emission-lines. However, the blue colors of the knots remain a
mystery, just as the need for low metallicity models.

B.14 AM 1353-272

This system has been re-observed with FORS2 on the VLT. The results from these
observations are included in the sample analyzed in this paper but its detailed dis-
cussion is subject of a different paper (Weilbacher et al.2002).
Note that in Table 3 of Paper I we confused the velocities of ‘A’ and ‘B’ while
the correct values were listed in the text. With the supplementary data available
now, we can determine new central velocitiesVA = 11935± 30 km s−1 andVB =
11790±50 km s−1.
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Abstract

We present deep near-infrared (NIR) imaging of a sample of 14 interacting
galaxies. In previous papers of this series we selected and analyzed a sample
of 41 candidates for Tidal Dwarf Galaxies (TDGs), visible in these systems
as star-forming knots positioned in the tidal features. To better constrain the
properties of the stellar populations in these TDG candidates, we compute a
grid of new spectrophotometric evolutionary synthesis models of a starburst
on top of an underlying mixed-age population. The data presented here and
in the previous papers allows to derive observed optical-NIR spectral energy
distributions along with Hβ equivalent widths for many knots. From the com-
parison with the models we assess the properties of the TDG candidates. In
particular, the mass ratio of the young stars to the old population inherited
from the parent galaxy is crucial for better understanding the formation pro-
cess of TDGs. For our sample this analysis suggests that more TDGs are built
from stellar clumps than from giant gas clouds condensations. Additionally,
we derive the current star formation rate and the stellar mass of these TDG
candidates.
Key words: Galaxies: formation – Galaxies: interactions – Galaxies: dwarf –
Galaxies: photometry – Galaxies: evolution

∗Based on observations collected at the European Southern Observatory, La Silla, Chile (ESO
No 66.B-0055).
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1 Introduction

The formation of Tidal Dwarf Galaxies (TDGs) is a phenomenon which has been
recognized to be important in many galaxy interactions. One of the key questions
to be addressed in the context of TDG formation is, whether these massive conden-
sations are born from instabilities in the gas phase of the tidal tails or if they start
from stellar condensations. These scenarios have been put forward in dynamical
simulations byBarnes & Hernquist(1992) on the one hand andElmegreen et al.
(1993) on the other hand. Since then, several observational studies have established
th presence of starburst activity in TDG candidates with different contributions by
old and young stars. The most extreme cases have been observed in NGC 5291,
whereDuc & Mirabel (1998) report the detection of TDGs made up of only young
stars and gas, and Arp 245, where the TDG NGC 2992 N is believed to have only up
to 2% of young stars built in the current star-formation episode (Duc et al.2000).

In our previous papers (Weilbacher et al.2000, 2002a, Papers I and II, respectively)
we have compiled a sample of 14 interacting galaxies which contain numerous knots
in their tidal features, some of which may be true TDGs. In Paper I we present opti-
cal photometry of the individual knots and – using evolutionary synthesis models –
identify promising TDG candidates against background galaxies. A first attempt to
characterize the starburst properties of the knots from their optical colors alone was
made using photometric evolutionary synthesis models. In Paper II, spectroscopy
was presented and used to give additional information on the knots; the latter is
necessary as input for the spectral evolutionary synthesis models, which was still
missing in Paper I. This data allowed us to determine Hα fluxes and equivalent
widths and to derive the metallicity of the knots. In particular, all TDG candidates
identified from the comparison with the models for which a spectroscopic redshift
could be measured, were confirmed to be physically associated with the interacting
system.
In this paper, we present near-infrared (NIR) images and photometry of the systems
in our sample. Regarding the comparison with the models it is important to derive
the spectral energy distribution (SED) over a wider wavelength range, which better
characterizes the stellar population. Inclusion of the NIR bands, in addition to the
optical photometry, is of great importance in particular for constraints on the rela-
tive mass contribution of old stars inherited from the progenitor galaxy with respect
to the young stars formed in the current star formation episode. This approach also
allows to derive the current star formation rate with better precision than from the
Hα luminosity alone (Weilbacher & Fritze-von Alvensleben2001). With all the
photometric data available, we can now make a detailed comparison of the star-
burst models with the observed spectrophotometry collected here to determine the
evolutionary status of the TDG candidates.
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Table 20: Observing summary

Object Filter Exptime
on target

AM 0529-565 H 30 min
AM 0537-292 H 30 min
AM 0547-244 H / Ks 50 / 50 min
AM 0547-474 H 25 min
AM 0607-444 H 30 min
AM 0748-665 H 40 min
AM 1054-325 H 30 min
AM 1159-530 J / H / Ks 30 / 40 min
AM 1208-273 H 30 min
AM 1237-364 H 65 min
AM 1324-431 H 30 min
AM 1325-292 H 15 min
AM 1353-272 J / H / Ks 40 / 54 / 43 min

After describing our data acquisition and analysis methods for the NIR data in
Sect.2 and the specific features of our spectrophotometric models in Sect.3, we
describe the procedure to compare the observations with the models in Sect.4. In
Sect.5 we present and discuss the results for our sample of TDG candidates. A
short summary of the results is given in Sect.6.

2 Observations and data analysis

We obtained NIR images of the sample of 14 interacting galaxies presented in Pa-
per II. All objects were taken from the Catalog of Southern Peculiar Galaxies (Arp
& Madore1987). The NIR observations were carried out with the SOFI instrument
at the 3.58m ESO NTT at La Silla during 2 nights in February 2001 (see Table20).
SOFI has a 1k×1k Hawaii array with a pixel size of 0.′′292 px−1 on the sky, yield-
ing a usable field of view of∼4.′5×4.′5. Due to time constraints most objects were
observed in one filter only; we preferred to useH-band data, because of the higher
S/N as compared withKs. Most objects have sizes up to 2′×2′and the imaging was
done efficiently with on-chip jittering. In the cases of the three larger object pairs
AM 0547-244, AM 1054-325, and AM 1325-292 we used the jitter method with
offset sky fields between each on target integration. The weather was clear in the
first night and photometric in the second night. In both nights several photometric
standard stars from the catalog ofPersson et al.(1998) were observed; the zero-
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point variations were< 0.02 mag, so the data from both nights was combined for
calibration.

2.1 Data reduction

Data reduction was performed with the ESO eclipse package. First, we removed ef-
fects created by the detector and read-out: the odd-even column effect that was vis-
ible in two quadrants and the electrical “ghost”. Afterwards the standard reduction
steps were performed: all object- and sky-frames were flat-fielded. A sky-frame
was then built from up to 15 frames (only sky frames for jitter+offset) nearest in
time and then subtracted from each object frame. All object frames were then regis-
tered and averaged, rejecting the highest and lowest pixels during combination. The
parameters for these steps were tuned to each observed field and then performed au-
tomatically by thejitter command of the eclipse package.
We also used a NIR reduction package for the MIDAS environment developed in
Göttingen by K. Noeske (see e.g.Noeske et al.2002). It allows to visually check
each reduction step and to mask out bright stars before sky-combination. This
procedure gave better results for problematic fields and was used in the cases of
AM 0547-474 and AM 1237-364.

2.2 Photometry

Further analysis was done in the IRAF environment1. As we are interested in the
optical-NIR colors of the regions already measured on the optical images, we reg-
istered and PSF-matched the NIR images using as reference the respectiveV-band
image of the same field on which the polygonal apertures were defined (Paper I).
Before performing the photometry, we masked out foreground stars using IRAF’s
imedit task. For the photometry, thepolyphot task was used with the same in-
tegration aperture as the corresponding optical image. For objects far away from
the tidal features, the magnitudes within circular apertures were measured with
phot. We corrected the magnitudes in all filters using the Galactic extinction from
Schlegel et al.(1998) as listed in the NED2.
Several knots in the tidal tails are only detected at a low S/N level in the NIR. In
those cases our data yields an upper limit on the true magnitude, and reveals several
knots where no NIR counterpart is visible. As an example, the field of AM 0527-
292 is shown in Fig.49. For these cases we simulated several galaxy images with
different sizes, scale lengths, and magnitudes on twoH band frames (with total

1IRAF is written and supported by the IRAF programming group of the National Optical Astron-
omy Observatories (NOAO).

2The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory,
California Institute of Technology.
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Figure 49: Example on the detectability of TDG candidates on NIR images (H-
band of AM 0537-292, contours are from theB-band image). While the knots ‘c’
and ‘d’ are visible, knots ‘h’ and ‘i’ are only marginally detected.

exposure times of 54 and 30 min) using the IRAF packageartdata. Due to the
wide range of observed morphologies for our knots, we found a range in limiting
magnitude ofH = 20.8. . .21.3 mag when measuring the magnitudes of galaxies
simulated with different parameters. Note, that this is not directly comparable with
a completeness limit used in e.g. surveys and globular cluster studies, as the knots
are not searched for by an automatic procedure.
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Table 21: Parameters of the model grid.

τB ψ0 B64/b64 B35/b35[
106yr

] [
M� yr−1

]
5.0 5 0.08/ 8% 0.15/13%
5.0 20 0.33/25% 0.61/38%
5.0 100 1.63/62% 3.03/75%
5.0 500 8.14/89% 15.2/94%
5.0 1000 16.3/94% 30.3/97%

3 Model description

To interpret the photometric and spectroscopic results, we basically employ the
same code for our evolutionary synthesis models as presented in Paper I – based on
the current Geneva stellar tracks. We therefore restrict ourselves to the description
of the differences of the current model implementation to the previous ones.
The initial mass function (IMF) fromSalpeter(1955) is used in the mass range 0.15
to 120 M�. As shown elsewhere (Krüger et al.1995, Weilbacher & Fritze-von Al-
vensleben2001), gaseous emission is of great importance for the evolution of the
optical and NIR broad-band colors during starbursts. Besides the gaseous contin-
uum emission, we therefore now include new emission line ratios for low metallic-
ity extragalactic environments and blue compact dwarf (BCD) galaxies fromIzotov
et al.(1994, 1997) andIzotov & Thuan(1998). The emission line ratios in this sam-
ple seem to be representative for the dwarf galaxy population (Stasínska et al.2001);
the large number of objects observed in different metallicity ranges allows us to de-
fine new empirical emission line ratios for the two low metallicities,Z1 = 0.001,
Z2 = 0.004. For the higher metallicities,Z3 = 0.008 andZ4 = 0.020≈ Z�, no
large, consistent sample with a sufficient number of observed lines seems to be
available, we therefore continue to use the ratios ofStasínska(1984) which are in
good agreement with galactic HII region observations. To be able to compute syn-
thetic spectra, we have included the spectral library ofLejeune et al.(1997, 1998).
The spectral synthesis determines the stellar continuum. To this, the gaseous contin-
uum is added. The Hβ luminosity is derived from the Lyman continuum production
rate (see Paper I), and together with the continuum this yields the Hβ equivalent
width (EW).
Aside from the metallicity and the IMF, the only input parameter for the models
is the star formation (SF) history. To describe possible SF histories of a TDG, we
have created a grid of models using starbursts of different strengths on top of an
underlying “old” stellar population (see Tab.21). To give a more realistic starburst
model, we now use a bell-shaped SF history with a SF rate rising and falling on a
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characteristic timescaleτB = 5 ·106 yr during the burst. This allows us to also find
those TDGs where the SF is still increasing, i.e. those currently experiencing the
onset of the burst.
To model the mixed-age stars in a TDG (often simply called “old” in contrast to the
young population formed in the current starburst), inherited from the spiral disk,
we use a SF rate proportional to the gas mass, for which – after evolution over a
Hubble time – models reach colors and gas masses of an average spiral galaxy of
type Sc. To easily get a wide range of burst strengths, we vary the total mass of
the underlying old population. We create models where the starburst occurs when
35%, and 64% of the total gas reservoir was already turned into stars. As some
TDGs could also be built from pure gas, we include models creating only a starburst
population, i.e. models without old component.
We use the same definition for theburst strength bas in Paper I, whereb is the ratio
of the mass of stars created in the starburst vs. the mass of stars ever formed:

b =
M(young)

M(old+young)
(1)

With this definition, an entirely young starburst population is described by a burst
strength ofb = 1.0 or 100%. The burst strength for the models with an old popula-
tion, after the end of the burst, i.e. at the timet = tmax+ 2 · τB is given in Tab.21;
the index in the table denotes the percentage of gas in the model at the onset of the
burst. Another alternative definition for the burst strength frequently used is

B =
M(young)

M(old)
(2)

which we also list in Tab.21 at the same time after the burst maximum. With this
definition the models without old component (b = 1.0 in Eq.1) haveB = ∞.

4 Comparison observations-models

With the available observations we can now use the metallicity, the Hβ equivalent
width EW(Hβ), and up to 6 optical and NIR magnitudes to find the best fitting
model for each observed knot. The simple method used in Paper I – visual selec-
tion of the best model from the position in a two-color diagram – cannot be used
here. Instead, we select the best model numerically, comparing the observed spec-
tral energy distribution and EW(Hβ) to all timesteps – beginning with the start of
the burst. This is repeated for all models of the grid.
If the EW(Hβ) of the knot is known, the first step is to select only those timesteps
within a model, where the EW is close to the observed value, i.e. within a 10% es-
timated model uncertainty from the observed values including their 1σ errors. This
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Figure 50: Normalized SEDs and
fits of the TDG candidate ‘g’ in the
system AM 0537-292.
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Figure 51: Normalized SEDs and
fits of the TDG candidate ‘a’ in the
system AM 1159-530. Here, the
model grid does not provide a good
reproduction of the SED within the
ranges of matching EW(Hβ).
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Figure 52: Normalized SEDs and fits of TDG candidates ‘a’ and ‘m’ in the system
AM 1353-272. The wavelengths for knot ‘a’ have been slightly shifted to make the
datapoints visible.

typically defines two windows within a single model, where the EW(Hβ) “inter-
sects” the observed value (seeWeilbacher & Fritze-von Alvensleben2001). For all
timesteps within such a range we compute a least squares based score for all avail-
able broad band filters and for the EW(Hβ), assigning to the latter a higher weight
than to the broadband measurements. If no Balmer line EW has been measured, the
score is only computed from the available filters. This is repeated for all models
with metallicities matching the observed oxygen abundance. If no metal abundance
has been observed, we compute the score of all models. Finally, the model with the
best score is selected as the best fit model.
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For the objects with only a marginal or no detection in the NIR, we used the upper
limit determined in Sect.2.2with an estimated error for theH-band to compare to
the models. In these cases, the objects could be bluer that the upper limit determined
for the colors, which means that they could be younger or experience a stronger
burst that indicated by our fit.
Whenever an extinction larger than the galactic value has been spectroscopically
determined for a knot, we also derive a model fit for the dereddened magnitudes.
The observed total extinction is very likely an upper limit with regard to the colors
of awholeknot which in general is larger than the spectroscopic slit; hence, the true
best fit will likely be between the values derived from both fits. As the age within
each model is chiefly determined by comparison with the observed EW(Hβ), which
does not depend on the assumed extinction, we derive similar values for the burst
ages between the two model fits with different extinction values. Only the result
from the better fit is included in Tab.23.
The best fit gives a reasonably good representation of the true SED of the respective
objectwithin our model grid. A check showed that the next best model fit either
has similar properties or gives a much worse fit. This means that the age we derive
should be uncertain by only about 10% and the burst strengthb can be inferred with
an accuracy of 5%. The derived SFR is strongly coupled with the age determina-
tion and has a comparable relative error. The error for the derived stellar mass is
estimated to be around 15%. One also has to be aware of the discreteness of the
models grid, e.g. that there is a gap between burst strengths of 60% and 40% (see
e.g. Fig.51).

5 Results and discussion

In Papers I and II we established a sample of 44 TDG candidates from optical
imaging. Three of those were shown to have metallicities 0.6 dex lower than the
mean value of 12+ log(O/H) = 8.34 derived for our sample. While some of the
objects still lack spectroscopic confirmation of their physical association with the
interacting system, we start here from a sample of 41 TDG candidates. We will
discuss if the 13 objects for which the spectra showed internal kinematics (Paper II)
show any specific properties different from those of the rest of the sample.

5.1 Photometric properties

Table22 lists the properties relevant for the comparison with the models: the equiv-
alent width of the Hβ emission and the magnitudes with photometric errors inB,
J, H, andKs measured from the NTT observations, as well as the distance moduli
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Table 22: NIR photometric magnitudes of the 41 TDG candidates.

Objectname EW(Hβ) 1 m-M2 B3 J H Ks
[mag] [mag] [mag] [mag] [mag]

AM 0529-565a – 33.88 22.36±0.04 – 19.26±0.06 –
AM 0529-565b – 33.88 23.19±0.03 – 19.91±0.07 –
AM 0529-565g – 33.88 22.20±0.02 – ∼20.8 –
AM 0529-565i – 33.88 21.17±0.01 – 19.59±0.06 –
AM 0537-292a -159.7± 5.8 33.58 20.83±0.01 – ∼20.8 –
AM 0537-292d -12.2± 1.2 33.58 19.59±0.00 – 17.70±0.03 –
AM 0537-292e – 33.58 21.01±0.01 – 19.45±0.06 –
AM 0537-292f – 33.58 21.06±0.01 – 19.19±0.05 –
AM 0537-292g -34.3± 2.6 33.58 19.70±0.00 – 18.23±0.03 –
AM 0547-244a -24.8± 3.7 36.23 19.15±0.01 – ∼20.8 –
AM 0547-244b -24.5± 2.2 36.23 19.05±0.01 – 17.74±0.03 17.24±0.03
AM 0547-244d – 36.23 21.63±0.06 – ∼20.8 –
AM 0607-444a – 36.16 19.70±0.00 – 16.24±0.01 16.66±0.46
AM 0748-665a – 37.48 19.75±0.01 – 17.63±0.03 –
AM 0748-665d4 – 37.48 18.22±0.00 – (15.57±0.01) –
AM 0748-665e – 37.48 21.38±0.02 – ∼20.8 –
AM 1054-325g -79.0± 3.7 33.62 19.13±0.00 – 17.57±0.03 –
AM 1054-325h -61.3±10.1 33.62 19.68±0.00 – 19.43±0.06 –
AM 1054-325j -116.1± 1.9 33.62 19.05±0.00 – 15.29±0.01 –
AM 1054-325k – 33.62 23.01±0.02 – >20.8 –
AM 1054-325m – 33.62 22.01±0.01 – ∼20.8 –
AM 1159-530a -33.9± 3.0 33.92 17.66±0.00 16.58±0.02 16.05±0.01 15.75±0.02
AM 1159-530h – 33.92 20.35±0.01 18.97±0.05 18.44±0.04 18.26±0.06
AM 1324-431c -13.7± 7.0 35.77 20.75±0.01 – 19.06±0.05 –
AM 1324-431d – 35.77 21.46±0.01 – >20.8 –
AM 1324-431e – 35.77 21.99±0.01 – >20.8 –
AM 1324-431h – 35.77 21.67±0.01 – ∼20.8 –
AM 1325-292a -3.4± 2.9 33.89 18.50±0.00 – 15.70±0.01 –
AM 1325-292b – 33.89 18.34±0.00 – 15.42±0.01 –
AM 1353-272a -321.7±18.1 36.01 22.34±0.03 – >20.8 –
AM 1353-272b -98.3± 4.0 36.01 22.92±0.03 – ∼20.8 –
AM 1353-272c -121.9± 3.8 36.01 22.44±0.02 – ∼20.8 –
AM 1353-272d -150.0± 4.2 36.01 22.04±0.02 – ∼20.8 –
AM 1353-272e -153.9±22.2 36.01 21.99±0.02 – >20.8 –
AM 1353-272f – 36.01 23.18±0.03 – ∼20.8 –
AM 1353-272h – 36.01 23.50±0.03 – >20.8 –
AM 1353-272i – 36.01 23.89±0.04 21.54±0.14 21.13±0.15 20.74±0.18
AM 1353-272k -27.4± 5.4 36.01 22.03±0.01 20.86±0.10 20.23±0.10 19.97±0.12
AM 1353-272l -48.0± 1.8 36.01 20.77±0.01 19.61±0.06 19.07±0.06 18.80±0.07
AM 1353-272m -225.9± 4.8 36.01 21.56±0.01 20.85±0.10 20.31±0.10 19.94±0.12
AM 1353-272n – 36.01 21.71±0.03 – >20.8 –

1From the spectroscopic data of Paper II
2Using the distance given in Paper II
3From the optical photometry (Paper I)
4This object had to be deblended from the light of a nearby bright star; the
derived magnitude is highly uncertain
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m−M. TheV andR magnitudes are not repeated here, they can be looked up in
Paper I.
From the 41 knots, 23 have been detected in the NIR with good S/N ratios. 12
further objects are detected on the NIR frames with S/N lower than 2, so that the
photometry does not give reliable values. Their magnitudes are listed as approx-
imately the detection limitH ∼ 20.8 mag. The remaining 6 TDG candidates are
not visible on any NIR image, their magnitude being fainter than the detection limit
(H < 20.8 mag). Knot AM 1353-272 i is an exception; it is sharply peaked, and can
be reliably measured on the NIR frames despite its faint magnitude.
While at first glance the non-detection in the deep NIR images points to a very
young stellar population without a large contribution by old stars, this has to be
confirmed using fits to the SEDs of the objects. Table23 summarizes the results of
the comparison of the observed Hβ equivalent widths and the SEDs with the values
from our model grid. There, we list the metallicity of the best fit model (using the
notation from Sect.3), the age and burst strengthb at the timestep of the best fit as
well as the burst strength the modeled burst reaches near the end of the burst. We
also derive the star formation rate and the stellar mass from the comparison with the
best fit model.

5.2 Properties derived from the models

The models allow to draw several conclusions. First of all, we find matching mod-
els for all TDG candidates in our sample. If we define asgooda fit that reproduces
the observations to better than 0.25 mag, which – given the rough grid and the un-
certainties of the models – is an attainable goal, we find only 7 knots (listed in the
lower part of Tab.23) for which no good fit can be found. Of these, 4 are detected
in four filters (B,V,R, andH) and the EW(Hβ) is known. Because we force the fit
procedure to ignore those points in the models where the EW is not within 10% of
the observed values including error to derive a good age estimate, the best fit may
not be the best fit to the observedcolors. This could be problematic in particular for
the knots in the system AM 1054-325, for which shocks contribute to the observed
line emission (Paper II). As the colors are also strongly affected by the gaseous
emission, it makes very little sense to recompute the fit without the restriction by
the EW(Hβ). Another restriction may be the observed oxygen abundance, which
we use to preselect the model. If the metal abundance of an object lies near the lim-
its of the respective metallicity range of the stellar tracks, the fit may be assigned a
worse score than the model of the next lower or higher metallicity. While this will
mostly affect the numerical score of the fit, the best fit with a different metallicity
model could also change the results. However, no grid of stellar tracks with finer
steps in metallicity is currently available avoid this problem.
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Table 23: Comparison of parameters of the model grid. The upper part lists reli-
able fits.

Objectname1 Z age2 b [%] SFR Mstellar S/N3

[Myr] current2× τB[M� yr−1] [M�]
AM 0529-565a Z4 -16 0 25 0.00 2.4·107 +
AM 0529-565b Z4 -19 0 25 0.00 1.3·107 +
AM 0529-565g Z1 -14 1 62 0.03 1.0·107 o
AM 0529-565i Z1 374 76 75 0.00 4.8·107 +
AM 0537-292d4 Z2 17 41 38 0.00 1.5·107 +
AM 0537-292e Z1 370 64 62 0.00 6.0·107 +
AM 0537-292f Z1 565 63 62 0.00 6.5·107 +
AM 0537-292g4 Z2 21 100 100 0.01 4.7·106 +
AM 0547-244b Z2 14 15 13 0.06 2.5·108 +
AM 0547-244d Z3 -15 3 94 3.82 2.2·108 o
AM 0607-444a Z4 2495 100 100 0.00 7.1·107 +
AM 0748-665a Z2 74 40 38 0.00 2.7·109 +
(AM 0748-665d) (Z1) (284) (8) (8) (0.00) (1.7·1010) (+)
AM 0748-665e Z3 -15 3 94 12.29 7.2·108 o
AM 1054-325k Z1 -18 0 94 0.01 4.2·106 -
AM 1054-325m Z3 -16 1 94 0.14 1.5·107 o
AM 1159-530a4 Z2 13 9 8 0.07 2.8·108 +
AM 1159-530h Z2 -15 0 75 0.10 3.1·107 +
AM 1324-431c Z3 14 15 13 0.01 4.0·107 +
AM 1324-431e Z3 -15 5 97 1.23 4.0·107 -
AM 1324-431h Z2 -5 2 8 0.48 1.0·108 o
AM 1325-292b Z4 415 13 13 0.00 5.4·108 +
AM 1353-272a Z2 -13 2 75 0.09 9.4·106 -
AM 1353-272b Z2 -14 0 25 0.03 4.1·107 o
AM 1353-272c4 Z2 7 8 8 0.04 1.5·107 o
AM 1353-272d Z2 5 13 13 0.04 5.3·106 o
AM 1353-272e Z3 1 5 8 0.09 1.2·107 -
AM 1353-272f Z3 -13 0 25 0.06 5.9·107 o
AM 1353-272h Z4 107 8 8 0.00 5.6·107 o
AM 1353-272i Z4 -14 0 25 0.03 4.0·107 +
AM 1353-272k Z2 14 15 13 0.00 1.6·107 +
AM 1353-272l4 Z2 12 9 8 0.05 1.1·108 +
AM 1353-272m Z2 -8 1 8 0.12 5.7·107 +
AM 1353-272n Z3 -13 4 89 3.52 1.4·108 -
AM 0537-292a Z2 5 97 97 0.01 2.1·105 o
AM 0547-244a Z2 15 95 94 0.02 2.7·107 o
AM 1054-325g4 Z3 7 8 8 0.08 2.9·107 +
AM 1054-325h4 Z2 13 100 100 0.02 1.7·106 +
AM 1054-325j4 Z3 -18 0 89 0.40 3.3·108 +
AM 1324-431d Z3 1 100 100 0.43 1.0·106 -
AM 1325-292a Z4 22 8 8 0.00 2.4·108 +

1For object names in boldface, velocity gradients were detected in Paper II andWeilbacher
et al.(2002b).
2An age with a positive sign is after, a negative sign means before the maximum star formation
rate.
3’+’ denotes good S/N in the NIR, ’o’ means a marginal detection, ’-’ is undetected.
4The properties for this object are derived using the total extinction measured in Paper II
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Second, the ages we derive for the objects of our sample are very young, the median
age3 is 1 Myr. Eight objects show ages> 3 ·107 yr; all these objects did either not
show emission lines or had no spectra available. Because in our model these objects
have already completed their starburst a long time ago, 4 of them also show high
burst strengths (b≥ 40%). A tidal tail takes about 108 yr to form, it therefore un-
likely that the best fit ages> 108 yr are truly the age of the last major star formation
episode in these knots. This has to be checked with a fit to a future measurement of
EW(Hβ) of the respective objects.
Most of the young objects are still within the main star formation episode or even
before its maximum, and have burst strengths lower than what the best fit models
reaches by the end of the starburst, if their star formation rate proceeds as predicted
by the best fit model. 16 objects have young ages, between 1 and 21 Myrafter the
maximum of the burst. Most of these show emission lines in their spectra, the age
should therefore be well constrained. The largest group of TDG candidates actually
have colors which are best fit by the modelsbeforethe maximum of the burst is
reached. This means they are just beginning their star formation episode. Hence,
their current burst strengths are lower limits to the final value. Both values, the cur-
rent burst strength and the value near the end of the burst, are shown in Cols 4 and
5 of Tab.23.

Three objects (AM 0537-292 d, AM 0537-292 g, and AM 0748-665 a) seem to have
very high burst strengths from 40% to 100% and plausible ages between 17 and
74 Myr which indicate that they have already completed their starburst phase. At
this stage in their evolution already all of the massive stars born in the starburst
should have exploded as supernovae, causing a large energy output into the sur-
rounding medium (the lifetime of stars with masses of 25Modot is≈8 Myr). Given
the fragile nature of TDGs in the gravitational field of the parent galaxyand such
strong energy release, it is astonishing that these knots were not destroyed. Some
other knots near the beginning of the starburst may also reach very high burst
strengths, if the star formation rate continues as in the best fit models. The exis-
tence of the three aformentioned knots is therefore a great challenge to be explained
by future dynamical models.

The star formation rates we derive here seem to be low as compared to those esti-
mated directly from the Hα luminosity. However, it was shown byWeilbacher &
Fritze-von Alvensleben(2001) that L(Hα) is a poor indicator for the current SFR
of extragalactic systems where the SFR changes on timescales< 107 yr. In such
objects, to which mainly dwarf starbursts including TDGs belong, the Hα-based
estimate may underestimate the SFR by a factor of 20 or overestimate it by up to

3We derive mean and median values only for those objects, where we reached a good fit to the
SED with the models from our grid, i.e. those objects in the upper part of Table23with the exception
of AM 0748-665 d.
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a factor of 100 depending on the time within the burst when Hα is measured. The
SFR we derive here is the first application of the method proposed byWeilbacher &
Fritze-von Alvensleben(2001) to compute a best fit model based on several filters
in the optical-NIR wavelength range and the gaseous emission to derive a better
estimate of thecurrent SFR. While we can also derive an estimate for the objects
where no emission line strenghts are available, this is uncertain without having an
EW(Hβ) to constrain the age within a model. The objects for which the EW was
used for the analysis are marked bold in Tab.23; for these TDG candidates the val-
ues should give a reliable estimate of the current SFR. The mean value for the 13
objects with reliable SFR estimates isψ = 0.05±0.04M� yr−1. If this is put into
relation to the derived stellar masses and the size of the knots, it becomes clear that
the TDG candidates are strongly star-forming systems. Scaled up to the mass of a
spiral galaxy this hypothetical spiral would have a SFR of> 10M� yr−1, similar to
the value of the nearby starburst galaxy M 82 (de Grijs et al.2001).
A good fit to the observed SED also enables us to determine the stellar masses of the
TDG candidates by scaling the stellar mass of the model with the ratio of observed-
to-model luminosity. This estimate is only reliable if NIR photometry is available
for the respective object with good S/N. Only stellar masses for objects marked with
a ‘+’ in the last column of Tab.23can therefore be regarded as a good estimate. The
mean stellar mass for these 18 objects isMstellar = (2.4±6.3) ·108M�. Although
the given 1σ scatter is large it seems that the stellar mass in these objects is slightly
higher than expected for galaxies of their luminosity (Mateo1998).

5.3 TDG candidates with observed velocity gradients

Do the knots with decoupled gas kinematics, as described in Paper II, have proper-
ties different from the other TDG candidates in the sample?
The velocity curves were derived from the brightest emission lines. As only young
objects with burst ages of a few Myrs can have emission lines, the velicity gradi-
ents are all observed in young objects where the starburst is still active or ended
not long ago (ages−14. . .21 Myrs). In other respects these object do not seem
to have properties much different from all the other TDG candidates. Some have
high burst strengths, whereas in some others the old stellar component domi-
nates. The mean SFR of those 10 knots is identical to that of the whole sample
(ψ = 0.05±0.04M� yr−1).
If we had detected velocity gradients in those objects which are the most massive
TDG candidates in our sample, this should be visible also in the stellar mass. The
mean stellar mass of the 6 reliably estimated masses isMstellar= (1.2±1.2) ·108M�
which is not significantly different than the mean mass derived for the whole sample
given the large spread. This supports the view presented in Paper II andWeilbacher
et al.(2002b) that the large amplitudes of the velocity gradients cannot be caused by
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Figure 53: Comparison of the distribution of the burst strenghts at the present time
(currentb, filled boxes) and those near the end of the burst (totalb, open boxes) for
the sample of TDG candidates.

Keplerian rotation alone. If these velocity anomalies are not the result of projection
effects then they may be the result of several gaseous clumps falling towards each
other to form a larger conglomerate, perhaps a real TDG. Then the amplitude of the
velocity gradient would be a typical free-fall velocity and not related to the stellar
mass.

5.4 TDGs: Built from gaseous or stellar clumps?

Whether TDGs form as stellar clumps or from instabilities in the gas is one of the
fundamental questions since the antithetic models ofBarnes & Hernquist(1992)
andElmegreen et al.(1993) first produced TDG-like objects. The relevant factor
from our study to analyze is the burst strengthb. While the TDG candidates studied
here seem to have burst strengths much larger than the mean value ofb≈ 1% ob-
served in BCDs (Krüger1992), there does not seem to be a clear answer from this
variable as to which mode of TDG formation is preferred by nature.
The results presented in Tab.23are shown graphically in Fig.53as a histogram for
the twob values (the current and the total burst strength) listed in the table. The
plot shows that there isno cleardichotomy between a fraction of objects with burst
strengths> 90% and another group of objects withb< 10% without anything in
between these extremes. Instead, we see a continuous distribution in the ratio of the
young to the old stellar population.
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From the present time until the end of the starburst the young knots will experience
more star formation and their burst strengths will increase. This trend is also seen
in Fig. 53, where from the currentb to the totalb the distribution is shifted to higher
burst strengths. There are more objects with current and total burst strengths below
30% than above 70%. At first glance this would hint to a formation from stellar
clumps. The masses given byBarnes & Hernquist(1992) are 107 . . .108M� for
their stellar condensations, in the range of the stellar masses estimated here. So, our
results suggest that more knots are formed from stellar clumps, while a few may be
formed from condensations of the gas.
However, while we derived thestellar mass of the TDG candidates, nothing is
known about theirtotal mass which also includes atomic and molecular gas. If
a knot has a small stellar mass a present burst strength of e.g. 10%, but is associated
with a gas cloud of 20× the stellar mass, it would appear as stellar clump with low
content of young stars. Instead, it has a reservoir for a very strong and long lasting
starburst and in the end, the total burst strength could be well above 50% given a
high star formation efficiency.
The conclusion from this discussion is thatin our samplemore of the TDG candi-
dates seem to be formed as stellar clumps than from gaseous condensations. This
result, however, strongly depends on the time during the evolution of the knot when
it is observed and is slightly different than from conclusions drawn from previous
examples of TDGs in the prototype interacting galaxies NGC 7252 (Hibbard et al.
1994), Arp 105 (Duc et al.1997), and Arp 245 (Duc et al.2000). In those systems,
the TDGs are associated with huge gas clouds which, despite a substantial mass
fraction of old stars, could play an important dynamical role in the formation of
TDGs.

6 Conclusions

We analyzed a sample of 14 southern interacting galaxies using photometry of deep
NIR images obtained with the SOFI camera at the ESO NTT. In these systems, 41
candidates for TDGs have been selected previously on optical images. Using the
photometric results from the optical imaging inB,V,R (Paper I) and the magnitudes
in up to three NIR filters presented in the present paper, we can produce an optical-
NIR spectral energy distribution for each observed TDG candidate. We compute
new evolutionary synthesis models for various metallicities specifically adapted to
the bi-modal star formation history of TDGs, and refined with spectral synthesis
and new emission line ratios. We fit the observed SED with the help of a grid
of spectrophotometric models. The Hβ equivalent width and oxygen abundance
derived from the spectroscopy (Paper II) help to restrict the age of the starburst and



References of Paper III. 117

the metallicity of the model. From this comparison we derive the burst strength of
the TDG candidates, their current star formation rate, and their stellar mass.
The stellar masses of the objects in our sample have a mean value of≈ 2.4·108M�,
a value slightly higher than those of “normal” dwarf galaxies and in agreement with
the masses derived in the models ofBarnes & Hernquist(1992). While the starburst
populations in most of the TDG candidates have young ages and some also have
high bursts strengthsb, more objects are found in the lower range withb< 30%,
i.e. their stellar population is dominated by the “old” stellar population inherited
from the parent galaxy. Although we observe a continuous range of burst strengths
and the difference in number is small, it therefore seems that most of the TDG
candidates in our sample are formed by mainly stellar condensations, the formation
mechanism suggested byBarnes & Hernquist(1992), and not from the collapse of
giant gas clouds.

We thank K. Noeske for active help in the NIR data reduction. PMW acknowledges partial
support from DFG grants FR 916/6-1 and FR 916/6-2.
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Abstract

We present evolutionary synthesis models of starbursts on top of old stellar
populations to investigate in detailed time evolution the relation between Hα
luminosity and star formation rate (SFR). The models show that several ef-
fects have an impact on the ratio betweenL(Hα) and SFR. Metallicity differ-
ent from solar abundance, a time delay between star formation and maximum
Hα-luminosity, and a varying stellar initial mass function give rise to strong
variations in the ratio of Hα luminosity to SFR and can cause large errors in
the determination of the SFR when employing well-known calibrations. When
studying star-bursting dwarf galaxies, and sub-galactic fragments at high red-
shift, which show SFR fluctuating on short timescales, these effects can add
up to errors of two orders of magnitude compared with the calibrations. To
accurately determine the true current SFR additional data in combination with
models for the spectral energy distribution are needed.
Key words: Galaxies: starbursts – galaxies: dwarf – galaxies: evolution –
galaxies: fundamental parameters

1 Introduction

The star formation rate (SFR) is one of the basic properties of galaxies. It can be
derived in different wavelength regimes (UV, optical, FIR) using empirical calibra-
tions obtained from well studied samples of galaxy types, like spirals, irregulars,
starbursts, or luminous IR galaxies. One of the most popular methods to derive
SFRs from optical observations is by measuring the Balmer line fluxes, which are
very sensitive to the HII regions surrounding massive young stars and therefore
give a good measure of the very recent, shortlived, or ongoing SFR. When employ-
ing Hα one generally takes one of the simple linear calibrations as e.g. obtained
by Hunter & Gallagher(1986, hereafter HG86) orKennicutt et al.(1994, KTC94)
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from observations and modeling of dwarf irregular and spiral galaxies, respectively.
The calibrations are used in the form1

L(Hα)
[
ergs−1]= V 2 ·SFR

[
M� yr−1] , (3)

where theV 2-factor is 1.41·1041 (HG86) or 1.26·1041 (KTC94, Kennicutt1998)
for a Salpeter IMF in the mass range of 0.1 to 100 M�.
TheseL(Hα)-SFR calibrations were derived for “normal” galaxies with modest star
formation rates. For systems which behave differently from the ones for which
the calibrations were derived, the application of this method may not be appropri-
ate. The validity of the SFR-determination in star-bursting galaxies, like e.g. blue
compact dwarfs (BCDs), where these relations are frequently used, has never been
shown.
In fact, as the strongest output of ionizing photons is related to the most luminous,
i.e. giant or supergiant phases of the ionizing stars, there may be a small time de-
lay between abrupt changes in the SFR and the corresponding changes in the Hα
flux. Leitherer et al.(1995) showed that such a time dependence exists for stellar
features in the UV. For systems with SF fluctuations on short timescales, the delay
effect of the Balmer lines can also be important, e.g. for small scale systems like
dwarf galaxies, where star burst durations are usually assumed to be of the order
of a dynamical timescale, i.e. 105 to 106 years. SFR fluctuating strongly on short
timescales may also have taken place in sub-galactic fragments before merging to-
gether to hierarchically build up today’s galaxies (Glazebrook et al.1999).
We will show that indeed one may make very large errors when blindly applying the
usual calibrations to small systems. We first present details on our model in Sect.2.
We then describe different effects that can affect the calibrations forL(Hα) in terms
of SFR, namely metallicity (Sect.3), short burst durations (Sect.4), and changes in
the IMF (Sect.5). We finally summarize our results in Sect.6.

2 Model description

We use our evolutionary synthesis code specifically adapted to the modeling of
starbursts in dwarf galaxies (Krüger et al.1995, Weilbacher et al.2000). It includes
specific modeling of gaseous emission lines and continuum based on the Lyman
continuum photons emitted by hot young stars.
We use the current Geneva stellar tracks (seeLejeune & Schaerer2001, for a recent
compilation) in the metallicity range fromZ�/20 to 2Z�. To be compatible with
HG86 and KTC94 we use the Salpeter IMF (Salpeter1955) in the range of 0.15 to

1The name of the variableV 2 = L(Hα)/SFR is deduced from the fact, that the unit ofV 2 actually
is a squared velocity.
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85 or 120 M�, as given by the tracks. We use the recently revised Lyman continuum
photon emission rates as given bySchaerer & de Koter(1997), who account for non-
LTE effects, line blanketing, stellar winds, and the new temperature and gravity
calibrations byVacca et al.(1996). To derive the Hα luminosity, we sum up the
emerging Lyman continuum photon emissionN(H0) for each star, and convert it to
a luminosity in Hα using

L(Hα)
[
ergs−1]= 1.36·10−12N(H0)

[
s−1] . (4)

We have updated our models using the emission line ratios for low metallicities
observed byIzotov et al.(1997) andIzotov & Thuan(1998) for a large sample of
blue compact dwarfs (BCDs).
We present two types of one-zone models. The first represents a quiescent galaxy,
where the SFR decreases slowly from the formation epoch with a timescale of
10 Gyrs. The other model was already discussed in detail byWeilbacher et al.
(2000) in their interpretation of Tidal Dwarf Galaxy candidates, and can also be
used to model blue compact dwarfs (BCDs, seeKrüger et al.1995). Here we put
a starburst on top of the stellar population of the undisturbed model. It is assumed
to reach its maximum SFR of 20 M� yr−1 after 10 Gyrs, and we vary the burst
timescaleτB from 105 to 108yrs to model all the range of burst durations from
small dwarf galaxies to mergers of giant gas-rich galaxies. We alternatively a bell
shaped (Gaussian) burst or sharply rising and exponentially decreasing starburst.
We assume a minimum SFR after the starburst of 0.1 M� yr−1.

3 Effects of Metallicity

We successfully reproduce the calibrations of HG86 and KTC94 using our quies-
cent models using solar metallicity and upper mass limits of 120 and 85 M�, re-
spectively. The values we derive for the four other metallicities are given in Tab.24.
While for solar metallicity models the agreement with HG86’s and KTC94’s empir-
ical calibrations is very good, it is also seen in Tab.24 that both towards lower and
higher metallicities the differences become significant. For subsolar metallicities
as e.g. in BCDs (〈Z〉BCD = 0.002± 0.001= 1/10Z�, Izotov & Thuan1998) the
difference inV 2 is found to be a factor of∼3.5. This is a result of low metallic-
ity stellar populations being both more luminous and hotter than a solar metallicity
stellar population with the same IMF and mass limits.
Application of the empirical calibrations to estimate SFRs from Hα luminosities in
low metallicity dwarf galaxies hence can yield SFRs overestimated by a factor&3
due to metallicity effects. We also give in Tab.24theV 2-value obtained in our solar
metallicity model using the IMF ofScalo(1986) instead of Salpeter’s. Due to the
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Table 24: Calibrations for different metallicitiesZ.

Z Mup V 2 V 2
[O II ]

[M�]
[
1041 ergs−1

M� yr

]
0.001 85 4.221 1.923
0.001 120 4.702 2.142
0.004 85 3.105 1.944
0.004 120 3.315 2.076
0.008 85 2.073 2.182
0.008 120 2.548 2.682
0.020 85 1.229 1.293
0.020 120 1.408 1.482
0.040 85 0.902 0.949
0.040 120 0.997 1.049
0.020 (S86) 120 0.917 0.965

HG86 100 1.41 —
KTC94 100 1.26 —

smaller number of high mass stars in case of a Scalo-IMF, the same SFR produces
an Hα luminosity that is lower by 35%.
All other hydrogen lines, as e.g. Lα or Brγ, which can also be used to estimate SFRs,
and their respective calibration factors can easily be computed from our values for
Hα and Eq. (3).
At higher redshift, the [OII ]3727 line is frequently used to derive SFRs, as e.g. for
Lyman Break galaxies. This line involves a direct metallicity dependence in addi-
tion to the one inherent in the hydrogen lines which is due to differences in tem-
perature and luminosity of stellar populations at various metallicities. Since high
redshift star-forming objects and, in particular, sub-galactic fragments both have
low metallicities and possibly strongly fluctuating SFRs, care is needed to derive
SFRs fromL([O II ]). We present the values of theV 2

[O II ]-factor in Col. 4 of Tab.24
for the [OII ]3727 line, where the according linear relation with SFR is

L([O II ])
[
ergs−1]= V 2

[O II ] ·SFR
[
M� yr−1] . (5)

4 Short starbursts

In Fig. 54 we show the time evolution ofL(Hα) for rapidly rising (instantaneous)
starbursts with short timescales (τB = 106yr) for five metallicities. All models have
their maximum SFR at a time of 10.0 Gyrs. We note two effects: For lower metal-
licity Z the maximum Hα luminosity is higher than for high metallicity, e.g. by
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Figure 54: L(Hα) over time for instantaneous starbursts with short timescale of
τB = 106yr.

a factor of 4.6 in case ofZ = 0.001 as compared withZ = 0.040. This is due to
the higher temperatures of the low metallicity stars, which more efficiently ionize
the interstellar medium. It is also apparent that there is a delay of the maximum
in the Hα luminosity with regard to the maximum of the SFR. The offset between
maximum SFR and maximumL(Hα) is higher for lower metallicities, 2.9 Myrs for
Z = 0.004 vs. 1.5 Myrs forZ = 0.040. This again is a result of the higher tempera-
tures and hence the ionizing power of low metallicity stars. At low metallicity stars
of lower mass and longer main sequence lifetimes contribute to the Lyman contin-
uum emission. Since those take longer to reach their maximum Lyman continuum
emission rates during their supergiant phase the delay becomes slightly longer than
in the solar metallicity case.
In Fig. 55we plot the ratio betweenL(Hα) and the SFR of our models as a function
of time for Gauss-shaped bursts with a short timescale ofτB = 106yr. Before and
after the starburst the empirical linear calibrations agree well with the ratio seen
in our solar metallicity model. With the onset of the burst the SFR rises faster
thanL(Hα) due to the delay in the maximum Lyman continuum photon production
shown before in Fig.54. Therefore theV 2-factor firstdecreases. After its minimum
V 2 increases, becauseL(Hα) continues to rise until the ionizing stars have reached
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Figure 55: V 2 = L(Hα)/SFR over time for Gaussian bursts with short timescale of
τB = 106yr.

their supergiant phase. When the number of Lyman continuum photons and there-
fore L(Hα) become maximal, the SFR has already decreased from its maximum
value by a factor of∼3. After its maximumL(Hα) declines as the death rate of O
stars is no longer compensated by SF. In this phase, however, the SFR decreases
even faster than the Hα flux, andV 2 continues to increase. The sharp peak visible
near 10.003 Gyrs, after whichV 2 abruptly decreases, is a result of the constant
minimum SFR of our models after the burst. If the SFR after the burst would go to
zero,V 2 would diverge. The minimum SFR, which starts near 10.003 Gyrs, then
acts to slowlybring downV 2 to values in agreement with those in Tab.24. This
time sequence during the starburst and the interplay betweenL(Hα) and SFR can
also be seen in Fig.57below.
It is obvious from Fig.55 that for bursts withτB = 106yr strong discrepancies from
the calibrations are seen for all metallicities, strongest at the lowest metal abun-
dance, amounting to a difference of nearly two orders of magnitude as compared to
the calibrations, even for solar metallicity models.
In Fig. 56 we show the evolution of theV 2-factor with time for five Gaussian star-
burst models with different burst timescales for our lowest metallicityZ = 0.001.
With increasing burst duration, the maximum is shifted towards later times. It is
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Figure 56: V 2 = L(Hα)/ SFR over time for Gaussian bursts with different
timescales andZ = 0.001.

strongest for bursts withτB = 106yr (which are shown in Fig.55). This is a result
of the convolution of the Gauss-shaped increase of the burst-SFR with the delay
in maximum Hα emission due to the most massive and most luminous (= giant)
stars. The decline after the sharply peaked maximum is an effect of the onset of
the minimum SFR as discussed above for Fig.55. The time evolution ofV 2 signifi-
cantly depends on the burst duration. For the longest burst withτB = 108yr the slow
change in the SFR of the burst causes the delay effect to have negligible impact on
V 2.
In conclusion we have shown that the SFR derived from Hα during or shortly after
short bursts can be wrong by factors�10. Averaged over the entire burst duration,
however, values forV 2 agree well with those from Tab.24 for different metallici-
ties. This applies to statistical analyses of samples of HII galaxies.

5 Effects of the IMF

Kennicutt et al.(1994) have already investigated differentV 2-factors with different
IMFs with identical mass cutoffs and found differences of an order of magnitude
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between IMFs they used.Leitherer & Heckman(1995) also presented properties
like number of O stars,N(H0), and EW(Hα) etc. for instantaneous and continuous
SF models with different IMFs. Here we want to show the effect of various IMFs
on the time delay discussed above.
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Figure 57: L(Hα) over SFR for a bursting dwarf galaxy with metallicityZ = 0.001
and different IMF cuts.

Fig. 57 shows the luminosityL(Hα) plotted over the SFR of the model galaxy,
while it experiences its starburst with a timescale ofτB = 106yr. The calibrations
of HG86 and KTC94 are plotted for reference. To indicate the evolution in time our
“standard model” with Mup = 120 M� has additional dots each 106yrs during the
burst; the arrows show the direction of the loops in this diagram.
It is obvious that the calibrations do not represent the real SFR very well.L(Hα) at
the peak SFR does fit very well with the calibrations for both models with Salpeter
and Scalo IMF and a high mass cut at Mup = 120 M�. But generally our mod-
els show that for an observed value ofL(Hα) there is an ambiguity between two
values of the SFR. E.g. forL(Hα) = 1042erg s−1 the calibrations give a SFR of
7. . .8M� yr−1, while one has to choose between SFRs of∼0 and∼15 M� yr−1

from our model with Salpeter IMF, and one needs additional data to determine the
true current SFR.
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The evolution of the models after the starburst shows that for low SFRs (lower as
one would expect from the calibrations) a galaxy could show high Hα luminosity
for quite some time (∼ 3·106yr). For the two models with Salpeter IMF and lower
mass cuts at Mlow = 5 M� this effect is even more extreme.L(Hα) at the peak SFR
is already underestimated by the calibrations by factors of 3 and 5, respectively,
for high mass cutoffs of Mup = 40 and 120 M�. For a given Hα-luminosity the
calibrations yield a SFR too high by at least one order of magnitude when compared
to the values from our models.

6 Conclusions

When observing small scale star-forming entities like dwarf galaxies or sub-galactic
fragments, where dynamical timescales and hence burst durations may typically be
of the order of 106yrs or less, one should be aware that the currently used calibra-
tions on the basis of Hα luminosities may yield SFRs with large errors. These cal-
ibrations were determined from larger low-level star-forming systems (where they
work very well), and when applying them to star-bursting dwarf galaxies, errors
of factors 3 to 100 may affect this determination of the SFR. The ratio of Hα-
luminosity to SFR depends on the metallicity of the object, and the age and the
duration of the starburst.
To more accurately determine the true current SFR of a (star-bursting) dwarf galaxy
additional information about the spectral energy distribution (SED) is needed. Ob-
servations inat leastthree optical/NIR filters or a spectrum with sufficient wave-
length coverage to determine the slope of the SED could be used in comparison
with models that include gaseous emission to eliminate ambiguities in the relation
of the Hα luminosity to the SFR.

We thank our anonymous referee for a very prompt and helpful report. PMW is partially
supported by Deutsche Forschungsgemeinschaft (DFG Grant FR 916/6-1).
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This paper was published October 2002 as letter in
Astrophysical Journal, 579, L79-L82.

Large Velocity Gradients in the Tidal Tails
of the Interacting Galaxy AM 1353−272

(“The Dentist’s Chair”) 1

Peter M. Weilbacher2, Uta Fritze-v. Alvensleben2, Pierre-Alain Duc3,
Klaus J. Fricke2

Abstract

We present VLT observations of the interacting system AM 1353−272. Using
the FORS2 instrument, we studied the kinematics of the ionized gas along its
prominent tidal tails and discovered strikingly large velocity gradients associ-
ated with seven luminous tidal knots. These kinematical structures cannot be
caused by streaming motion and most likely do not result from projection ef-
fects. More probably, instabilities in the tidal tails have lead to the formation
of kinematically decoupled objects which could be the progenitors of self-
gravitating Tidal Dwarf Galaxies.
Key words: Galaxies: interactions – Galaxies: formation – Galaxies: kine-
matics and dynamics – Galaxies: individual (AM 1353-272)

1 Introduction

Interactions among disk galaxies are observed to produce tidal tails of sometimes
impressive lengths containing stars and HI in varying proportions. While tidal tails
of interacting galaxies have been analyzed in dynamical simulations of interactions
to assess their use to probe the form of the dark matter potential (e.g.Springel &
White 1999), the detailed kinematics of structures within the tidal tails have not
received much attention. Both in deep spectroscopic observations (Duc et al.2000)
and high resolution dynamical simulations (Barnes & Hernquist1992), condensa-
tions are observed to form in tidal tails, the nature and fate of which are not yet fully
understood.

1Based on observations collected at the European Southern Observatory, La Silla, Chile (ESO
No 66.B-0055).

2Universitäts-Sternwarte, Geismarlandstraße 11, 37083 Göttingen, Germany,{weilbach,

ufritze} @ uni-sw.gwdg.de
3CNRS URA 2052 and CEA, DSM, DAPNIA, Service d’Astrophysique, Centre d’Etudes de

Saclay, 91191 Gif-sur-Yvette Cedex, France,paduc@cea.fr
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At a distance of 159 Mpc (computed withH0 = 75 km s−1 Mpc−1) the interact-
ing system AM 1353−272, nicknamed the “The Dentist’s Chair” for its peculiar
morphology, consists of three apparent components (see Fig.58): ‘A’, a disturbed
galaxy with two∼40 kpc long tidal tails (also cataloged as ESO 510-G 020G and
IRAS F13533-2721), a disturbed edge-on disk galaxy ‘B’, and an elliptical ‘C’
(seeWeilbacher et al.2000). While ‘A’ and ‘B’ are a physical pair with a cen-
tral velocity difference of only∼ 150 km s−1, ‘C’ has a heliocentric velocity of
14750 km s−1, and is therefore located 38 Mpc behind the interacting pair. The tidal
tails of AM 1353−272 A host several blue knots with luminosities of dwarf galax-
ies. From their location and colors, they were identified byWeilbacher et al.(2000)
as Tidal Dwarf Galaxy (TDG) candidates.
In this letter, we present the first evidence from deep optical spectroscopy with
the VLT that some dense structures in the tidal tails are kinematically decoupled
from the overall motion of the tails. Forthcoming instruments on large telescopes
— e.g. high resolution integral field spectrographs — will be very well suited to
investigate further the specific dynamics in the tidal tails of AM 1353−272 A.

2 Observations and data reduction

We have obtained multi-object spectroscopic data of a field centered on the system
AM 1353−272 with the FORS2 instrument at the 4th VLT telescope “Yepun”. Ser-
vice mode observations were carried out in the night 13/14th of August 2001 under
photometric conditions. Several spectroscopic standards were observed. The total
exposure time of 3210 s was split into three individual exposures of 1070 s to ease
cosmic ray cleaning. The seeing of 1.′′0 is well sampled by an instrumental scale
of 0.′′2 px−1. The grism 600B+22 was used, giving a wavelength coverage of 3450
. . . 5900 Å and a spectral resolution of 5.7 Å (1.2 Å per pixel) for a central slit of 1′′

width. We created a mask for the mask exchange unit (MXU) of the FORS2 instru-
ment with curved and tilted slits to cover the tails of AM 1353−272 A and several
surrounding galaxies in one setup (see Fig.58).
The data reduction followed standard recipes, for which we used our own IRAF task
mosx (Weilbacher et al.2002). Special care was taken to correct the curvature of the
2D spectra of the curved slits: a proper wavelength calibration was carried out at
each position along the slits, using a reference HeHgCd frame observed through the
same mask as the science frames. The typical accuracy for each column is 0.04 Å
RMS. A 4th order polynomial fit was then performed for each slit to determine
the final wavelength solution and compute the parameters of the curvature correc-
tion. All these tasks were performed using the standard tools in the IRAF package
longslit. The result of this procedure is presented in Fig.59: the original, uncor-
rected 2D spectrum is compared with the spectrum after the correction.
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Figure 58: Finding chart of AM 1353−272. CompositeB+V+NIR “true” color
image from NTT-SUSI and SOFI (Weilbacher et al.2000, Weilbacher et al. in
prep.). The field of view is∼2′×2′. Red labels mark objects with measured red-
shift.

After subtracting the sky background, we used the brightest emission lines from the
slits along the tidal tails to derive the velocity profiles with an IRAF script based on
thefitprofs procedure. As a check, the same velocity fit was carried out with the
nearest lines in the wavelength calibration spectrum. The 1σ differences from zero
velocity in this control fit are below 1 km s−1. Therelative systematicerrors in the
final velocity profiles should be of the order of 1 km s−1 while the errors for single
points are typically 15 km s−1.

3 Results

Fig. 60 presents the velocity distribution of the ionized gas along the two tails of
AM 1353−272. The velocities indicated on the top of Fig.60 are relative to the
interpolated central velocityVA = 11935 km s−1 of AM 1353−272 A. The relative
Hβ flux and hence distribution of the HII regions along the tails, is shown below: it
may be used to infer the S/N ratio of the emission lines used to derive the velocities.
Vertical lines mark the individual optical knots studied byWeilbacher et al.(2000).
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(a) original (b) corrected

Figure 59: Slit curvature correction. As an example, we show part of a 2D spec-
trum with the emission lines [OIII ]5007,4959 emitted by the knots ‘j’ to ‘m’. Be-
tween these object lines, a skyline is visible which allows to judge the quality of
the correction.
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Figure 60: Velocities along AM 1353−272 A. Top: velocity field relative to a
zeropoint of 11935 km s−1 along the ridge of the galaxy from the northern (left)
to the southwestern (right) tip of the tidal tail. The seeing of 1.′′0 is indicated. The
lower part shows the Hβ flux in relative units on the same spatial scale. The size of
each knot is marked with vertical lines. Bold marks on the position axis indicate
the ends of the curved slits. A 5th order fit to the overall velocity profile is shown.
Bottom: the extracted residual velocity field of each knot after correction for tidal
motion, plotted as relative position [′′] vs. relative velocity [km s−1]. Lines show a
linear fit.
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Table 25: Velocity gradients within the knots.

IDa ∆Vmax
b error extentc

[km s−1] [ ′′], [kpc]

a +343 5% 3.′′0, 2.3
a-to-bd +94 72% 2.′′0, 1.5
b +87 21% 2.′′6, 2.0
c +34 40% 3.′′2, 2.5
d +93 10% 4.′′2, 2.9
e −73 65% 2.′′4, 1.4
f . . . . . . low S/N . . . . . .
g +15 170% 4.′′6, 3.2
k −50 31% 2.′′2, 1.7
l −24 24% 2.′′6, 2.0
m −43 19% 3.′′4, 2.6

aKnots with significant amplitude of velocity gradi-
ent are marked in boldface.

bGradients with positive sign have the highest veloc-
ity towards the north of the system.

cThe seeing of 1′′ at the distance of
AM 1353−272 A corresponds to∼800 pc.

dWe designate the region±1′′ around +45.′′8 dis-
tance from the nucleus as a-to-b.

Note that nearly all of them are sites of active star formation, as predicted by a
comparison of photometric starburst models with optical broad band colors.
At first glance, it seems as if there are velocity gradients within the knots and sud-
den jumps in velocity between them. To further analyze the step-like shape of the
velocity curve, we subtract the overall streaming motion of the tails, by fitting a
5th order cubic spline (using IRAF’scurfit task) to all velocity points. We then
extract individual regions from the residual velocity field (see lower part of Fig.60).
In order to quantify the remaining apparent velocity gradients, we tried to fit a linear
relation to all velocity gradients within the spatial extent of the knots. The results are
given in Table25, together with the error given by the fit procedure, the maximum
velocity difference∆Vmax, and the angular extent of the fitted gradient. The fits seem
to be a good first order approximation to the real velocity gradients in most cases,
and are shown in the bottom part of Fig.60. Seven knots show velocity amplitudes
that are significant, with errors below 50%. They reach 340 km s−1 for object ‘a’.
For several knots the gradient is also clearly resolved, i.e. it is observed to extend
more than twice the seeing of 1′′.

4 Discussion and Conclusions

Given the observed significant velocity gradients within seven knots of the tails
of AM 1353−272 A, we discuss several possibilities of the origin of this specific
velocity distribution.
Instrumental errors can be excluded as a cause of these gradients. The velocity pro-
files observed over very small angular sizes (a few arcseconds) cannot be explained
with flexures or distortions of the instrument. The wavelength calibration has been
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carried out and checked with the procedure described in Sect.2. As a result, any
relative instrumental effects within a given slit should be below 1 km s−1.

The apparent gradients could result from projection effects. As the angular size
probed is only about 2 to 4 times the seeing, several smaller, physically unrelated
knots might appear blended into one larger clump, mimicking the gradient we ob-
serve. It seems improbable, however, that this should be the case for many knots.
Besides the two well determined tidal tails, there is no indication of complex tidal
structures in this system. It is therefore quite unlikely that tidal debris outside the
well-defined tails is observed in projection close to so many tidal knots.
Projection effects within a single tail are possible. First, the tails may have some
depth along the line of sight, as can be seen in dynamical models of interactions
starting with the idea ofToomre & Toomre(1972) to view tails as two-dimensional
ribbons. Second, the very tip of the southern tail could indeed be bent. Its three-
dimensional shape might partly account for the exceptionally large velocity gradient
observed towards condensation ‘a’. An example of a projection by such a bend near
the end of a tail is discussed byHibbard et al.(2001) for the tail of the Antennae
galaxies (NGC 4038/39). There, the total HI column density and the velocity dis-
persion along the line of sight mimic a massive condensation of matter. In their
high-resolution HI data, they find two gas concentrations at different velocities,
which have only about a tenth of the originally estimated mass. The amplitude
∆Vmax= 340 km s−1 within knot ‘a’ (compared to∆Vmax∼ 50. . .100 km s−1 in the
Antennae region) makes it seem unlikely to be caused by projection alone. The
overall velocity field towards the end of the southern tail is decreasing. If the tail
was bent backwards to the center, one would expect this trend to continue. Knots
projected from this bent part of the tail should then have even lower velocity than
‘a’. Such velocities are not observed. Projection effects by a bent tail for other knots
apart from ‘a’ are implausible.

Velocity gradients could, in principle, be caused by gaseous outflows where one
side of an expanding shell is blocked by dust. This would require significant
amounts of extinction within the knots, while we find only very moderate absorp-
tion (AB . 1.0 mag including galacticAB = 0.26 mag, estimated from Balmer line
ratios). Additionally, an outflow would also imply line-broadening. There is no in-
dication of broad lines here, as the FWHM of the Hβ line is the same as the spectral
resolution. It is very unlikely that the gradients are caused by outflows.

Rotation of bound objects could also create this kind of velocity gradients. From
the irregular optical appearance and the location of the knots within tidal tails, it is
unlikely that the stars in the potential of a knot have stable orbits. True Keplerian
motion will not apply here, and it would then be premature to interpret the observed
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kinematics in terms of “rotation”. Mass estimates from the Virial theorem would
strongly overestimate the real mass contained within the knots4.
Instead, we may be witnessing the formation of bound objects in the tidal tails which
are not yet virialized. The velocity gradients also seem to be specifically oriented
in the sense that the higher velocity end of each knot points towards the center of
AM 1353−272 A. A possible cause could be the rotational direction of progenitor
disk before the interaction. The presence of the companion galaxy ‘B’ near the
southwestern tidal tail could also amplify motions in the tails, to create a “spin” in
these knots in one direction. This would also explain the higher velocity amplitudes
within the knots in the southwestern tail close to the companion.
The idea of Tidal Dwarf Galaxies (TDGs) — dwarf galaxies that are born as con-
densations in tidal tails — has been discussed in recent years by several authors
(Barnes & Hernquist1992, Hibbard & Mihos1995, Duc et al.1997), both theoret-
ically and observationally.Duc et al.(2000) proposed a first definition of the term
TDG as a self-gravitating object of dwarf galaxy mass formed from tidal material
(see alsoWeilbacher & Duc2001). While we are hampered by the spatial resolution
and cannot give the ultimate proof of the velocity gradients as motion of tidal mate-
rial beginning to get bound into knots, it seems that we are witnessing the formation
of TDGs in the tails of AM 1353−272 A, for the first time for multiple objects along
both tails of the same interacting galaxy.
Forthcoming instruments for high-resolution spectroscopy on 8m-class telescopes,
e.g. integral field instruments, will enable us to confirm the velocity gradients and
further investigate their origin. Coupled with the high spatial resolution of adaptive
optics these will provide very useful tools to analyze the unique properties of the
knots seen in these tidal tails. To fully understand the geometry and interaction
parameters causing this first series of possibly genuine Tidal Dwarf Galaxies and
to complement the observations, detailed dynamical N-body+SPH modeling of the
collision will be necessary.

We thank I. Appenzeller for help with the proposal and data retrieval and our anonymous
referee for a friendly and helpful report. PMW is partly supported by DFG grant FR 916/6-
2.
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1 Summary of the results

This thesis deals with the so called Tidal Dwarf Galaxies (TDGs), a special class
of dwarf galaxies which may form in the tidal features of interacting giant galaxies.
Previous studies found several TDG candidates in various prototypical mergers with
long tidal tails, and confirmed that some of those candidates show signs of internal
kinematics and could be regarded as true TDGs, i.e. true galaxies in formation.

We present the firstsampleof TDG candidates (PaperI) in interacting galaxies on
the southern hemisphere selected from the catalogArp & Madore(1987). Most of
these galaxies have a chaotic morphology, and it is not easy to tell at a first glance
which of the knots seen in the tidal features might be good TDG candidates. For
the selection of good TDG candidates from optical imaging data, two-color pho-
tometry in combination with photometric evolutionary synthesis models was used.
The color information and the comparison with the models enabled us to preselect
promising TDG candidates against background objects. From the total of more than
100 individual knots in the tidal features, 44 objects were selected as candidates for
TDGs based on optical imaging (PapersI and II ). The photometric models also
showed that TDGs can experience very strong starbursts and are expected to fade in
luminosity by up to 2.5 mag within the first 200 Myrs after the burst.

Subsequent spectroscopic observations were conducted to confirm the association
of the TDG candidates with the main interacting galaxies (PaperII ). All candidates
for which a redshift could be derived actually turn out to belong to the merging
system. From the spectroscopy we could also derive Balmer line luminosities and
equivalent widths, as well as oxygen abundances. The TDG candidates show Hα
luminosities between those of the most luminous HII regions in the disks of spiral
galaxies and those of star-forming galaxies withMB >−19 mag with a wide range
of overlap. The oxygen abundance measurements confirm that TDGs do not fol-
low the luminosity-metallicity relation of normal galaxies, but instead have a nearly
constant metallicity of 12+ log(O/H) = 8.34 with a 1σ scatter of 0.20 dex. Three
objects were excluded from our sample as TDG candidates because their low metal-
licity suggests that they are pre-existing objects nearby the interacting system which
are either projected onto the tidal features or are falling into the interacting galaxies.
However, the biggest surprise from the spectroscopy was that even with low spectral
resolution we were able to detect velocity gradients in 13 TDG candidates. While
the gradients could be caused by other effects — in particular projection — and
have to be confirmed with higher resolution, they represent a first sign of decoupled
kinematics required to call these knots genuine Tidal Dwarfs.
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Some of these velocity gradients were found with the low spectral resolution spec-
troscopy in the interacting system “The Dentist’s Chair” (AM 1353-272). VLT ob-
servations with higher spectral resolution (PaperV) confirmed the existence of these
gradients and revealed more knots with internal kinematics. In total, velocity gra-
dients have been found in 7 knots, with velocity amplitudes up to 340 km s−1. The
amplitudes of these gradients are too high to be interpreted by rotation alone, but
part of the velocity could be caused by several smaller objects falling toward each
other. We would then witness TDGs in the process of formation.

In PaperIV it is shown that the most frequently used indicator, the Hα luminos-
ity L(Hα), for the current star formation rate (SFR), one of the basic parameters
of composite stellar systems, is not applicable to systems with SFRs changing on
short timescales (τ ≤ 107yr). For these systems, the offset of a few Myrs between
the birth of a massive star and the highest output rate of ionizing Lyman continuum
photons near shortly before its death is non-negligible, and the linear relation be-
tweenL(Hα) and the SFR breaks down. Metallicities lower that the solar value —
important in particular for dwarf galaxies — and different stellar initial mass func-
tions (IMF) add to this effect. In total, errors of up to two orders of magnitude in
the determination of a rapidly changing SFR solely based on Balmer line luminosi-
ties are expected. Instead, we propose to use a spectrum with sufficient wavelength
coverage or several broad-band optical/NIR filters in addition to the Hα luminosity
and a comparison with spectrophotometric evolutionary synthesis models to derive
a better estimate of the true star formation rate in dwarf galaxies.

The final combination of observations and modeling of the sample of TDGs is pre-
sented as PaperIII . Here, all available data on the sample objects collected in the
previous observing campaigns is further supplemented with deep near-infrared pho-
tometry in up to three filters. The evolutionary synthesis models have been extended
to include the spectral evolution using stellar model atmosphere spectra of appro-
priate metallicity and gaseous emission (continuum and lines with new ratios valid
for the different metallicities). We computed new spectrophotometric models for
TDGs with different contributions of “old” stars inherited from the parent galaxy
and young stars from the current starburst. The model of the appropriate metal-
licity was selected and compared with the measured Hβ equivalent width and the
spectral energy distribution (SED) from up to 6 observed broad-band filters. The
comparison with the models also enabled us to give a better estimate of the cur-
rent star formation rate within the small TDG candidates with their short dynamical
timescales, and allowed us to derive an estimate of the stellar mass of the knots.
Finally, it was shown that in reality there is no strong dichotomy in the formation
of these knots. For most objects it seems unlikely that they were build from purely
gaseous or purely stellar condensations. Instead, a continuous range of stellar popu-
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lations, where between∼10% and close to 100% of the mass of the TDG candidates
are composed of young stars, is observed. The results indicate that one TDG can-
didate consists of only young stars while seven objects are at the beginning of a
starburst and their contribution of young stars seems to be below 1%. This also sug-
gests, that the dominant formation process in our TDG candidates is similar to the
model ofBarnes & Hernquist(1992), where TDGs are formed from stellar clumps
as opposed to gaseous condensations (Elmegreen et al.1993).

2 Conclusions from this sample of TDGs

A very basic result is the number of TDGs found in this investigation. From the
original 44 good candidates from photometry, distributed over 14 interacting sys-
tems, redshifts were measured for 29 candidates and 26 passed the metallicity cri-
terion, half of which also show signs of internal kinematics. If one believes that
our sample is representative for galaxy interactions in the nearby universe, a first
approximation that on average one true TDG is produced in every interaction can
be estimated. This number, however, is not a final value, as follow-up observations
have to confirm the velocity gradients. Other knots might also show signatures of
internal kinematics if observed with the spectroscopic slit at a different position an-
gle or with higher resolution.

As opposed to earlier investigations we distinguish between different “confidence-
classes” of objects in tidal features. Theknots orcondensations found in images of
interacting galaxies in principle could be: background objects in projection, (glob-
ular) star clusters, (giant) HII regions, and TDG candidates. We call a knot aTDG
candidatewhen it was shown that the colors from at least 3 filters match those of
evolutionary synthesis models for nearby starbursts and the object is positioned in
the tidal features. The last stage is that ofgenuineor true Tidal Dwarfs. To prove
this, velocity measurements have to be carried out which show the TDG candidate
to be self-gravitating, i.e. having internal kinematics decoupled from the surround-
ing material which is not caused by other effects. This is the most difficult part and
has not yet been proven unambiguously foranyTDG candidates.

The procedure that was developed in the course of this work to select TDG candi-
dates against other knots is based on the optical data collected in the first two papers
and detailed in Sect.4 of PaperII . It involves the combination of multi-color imag-
ing combined with evolutionary synthesis modeling and low resolution spectra. It
proved to be very useful to confirm association, single out pre-existing dwarfs by
their low metallicity, and select the best candidates for follow-up observations with
higher spectral and spatial resolution. The Hα luminosity is not a good criterion for
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discriminating between TDGs and “normal” giant HII regions, but the equivalent
width can be effectively used to age-date the star formation episode in the TDGs
in combination with spectrophotometric evolutionary models. The high-resolution
observations will then be able to confirm whether or not the velocity gradients dis-
covered with low resolution are signs of truly decoupled motion, and hence, the
condensation in question is a genuine Tidal Dwarf Galaxy.

As a by-product of the evolutionary synthesis models created for TDGs it was found
that the Hα luminosity is not a good tracer of the current star formation rate — in
contrast to what is widely assumed — for any kind of system that experiences signif-
icant changes in its star formation rate on timescales shorter than 107 yr (e.g. dwarf
galaxies, star formation regions, subgalactic fragments).

3 Future Research

While the current sample already allows to draw first conclusions on the typical
number of TDGs produced in a galaxy interaction and on the properties of the stel-
lar populations in the knots, the differences between individual knots, even within
one interacting system, are significant. The final sample of objects for which de-
coupled kinematics have been found consists of only 13 objects. This number will
even shrink, because the velocity gradients in some of these knots might be caused
by the projection effects that we extensively discussed in PapersII andV. A larger
sample would certainly help to put these results on a firmer basis, before one can
reliably extrapolate the results for local TDGs to those that form at higher redshift.

The mode of star formation within TDGs is mostly unknown. Do they form stars
mainly in dense star clusters as observed for the starburst in the centers of many
interacting galaxies (Whitmore et al.1999) and also in dwarf starbursts (O’Connell
et al.1994)? Or do they form stars at a lower level, spread out over the whole knot?
While the most nearby TDG is well resolved (Duc et al.2000), it appears to not
have formed many young stars. High resolution multi-color imaging with the HST
will be able to show in more active TDGs at larger distances in which ratio these
two star formation modes occur.

As already pointed out, the internal kinematics are discovered with low spectral
resolution and need confirmation with resolutions which yield accuracy better than
the amplitude of the gradient. Fabry-Perot observations targeting the Hα line (e.g.
Mendes de Oliveira et al.2001) not only allow for very high spectral resolution
but also give a two-dimensional distribution of the velocity and are therefore well
suited for this task. All current indications of these kinematics are only seen in the



References of Part VI. 147

bright lines emitted by the ionized gas associated with the TDGs. The true dynam-
ical status of the knots can only be judged from the measurement of kinematics in
the stellar component, i.e. from absorption lines. Very deep spectroscopy with large
telescopes will be necessary to reach good enough S/N in the continuum. If absorp-
tion lines are detected with adequate spectral resolution, the kinematics in the stellar
component can be studied and velocity dispersion could be measured in addition to
velocity gradients.

One of the missing pieces in the theoretical understanding of the formation of TDGs
is the lack of modern high-resolution dynamical simulations. The reference simu-
lations byBarnes & Hernquist(1992) andElmegreen et al.(1993) are by now 10
years old and in this time the number of particles routinely used in dynamical mod-
els of interacting galaxies has increased significantly (up to a factor of 10 or more).
The models also begin to include recipes for star formation and feedback (Springel
2000). A few models matching specific interacting systems have been computed
(Hibbard & Mihos1995, Duc et al.2000), and some authors even note the exis-
tence of knots in the tidal tails while investigating other properties of mergers (e.g.
Naab & Burkert2001). But neither parameter studies — to investigate the circum-
stances under whichTDGsare most likely to form or not — nor high-resolution
models, which in detail study the formation and survival of condensations in the
tidal tails, have been carried out.

Besides the possibility of studying young galaxies in the local universe, one would
also like to assess the cosmological significance of TDGs with these investigations.
For the extrapolation to higher redshifts, extensive additional modeling seems to
be required, to complement observations of both more detailed nature and a larger
sample of objects. Chemical evolution models for the parent galaxies (e.g.Lindner
et al.1999) will tell how far back in redshift TDGs formed in interactions or dur-
ing merger events will still stand out in metallicity above the normal dwarf galaxy
population at that redshift. Ultimately, this will allow conclusions about the contri-
bution of Tidal Dwarf Galaxies to today’s dwarf galaxy population.
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Frequently used acronymns and
abbreviations

BCD Blue Compact Dwarf galaxy
CMD Color-Magnitude Diagram
DM Dark Matter
dSph dwarf Spheroidal galaxy
ESO European Southern Observatory
EW Equivalent Width
Gyr Billion years (109 yr)
HST Hubble Space Telecope
IMF Initial Mass Function
Myr Million years (106 yr)
NIR Near-InfraRed
NTT New Technology Telecope
SED Spectral Energy Distribution
SF Star Formation
SFR Star Formation Rate
TDG Tidal Dwarf Galaxy
UV Ultra-Violet
VLT Very Large Telecope

H0 Hubble constant
ΩM Matter density of the universe
Λ Cosmological constant
ΩΛ Density attributed to the cosmological constant
b burst strength (young stellar mass tototal stellar mass)
B burst strength (young stellar mass to“old” stellar mass)
L(Hα) Hα luminosity
EW(Hβ) Hβ equivalent width
z redshift
V velocity
Z Metallicity
12+ log(O/H) oxygen abundance in logarithmic units
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