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Abstract: Collisional debris around interacting and post-interacting galaxies often display
condensations of gas and young stars that can potentially form gravitationally bound objects:
Tidal Dwarf Galaxies (TDGs). We summarise recent results on TDGs, which are originally
published in Lelli ef al. (2015, A&A). We study a sample of six TDGs around three different
interacting systems, using high-resolution HI observations from the Very Large Array. We
find that the HI emission associated to TDGs can be described by rotating disc models.
These discs, however, would have undergone less than one orbit since the time of the TDG
formation, raising the question of whether they are in dynamical equilibrium. Assuming that
TDGs are in dynamical equilibrium, we find that the ratio of dynamical mass to baryonic
mass is consistent with one, implying that TDGs are devoid of dark matter. This is in line
with the results of numerical simulations where tidal forces effectively segregate dark matter

in the halo from baryonic matter in the disc, which ends up forming tidal tails and TDGs.
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1. Introduction

Collisional debris around interacting and post-interacting galaxies are often observed to contain stellar

and gaseous condensations that have masses, sizes, and star-formation rates (SFRs) comparable to those
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of dwarf galaxies [1,2]. Zwicky [3] was the first to suggest that these condensations may collapse under
self-gravity and form new independent entities: tidal dwarf galaxies (TDGs). Numerical simulations of
interacting galaxies predict the formation of TDGs [4,5] and suggest that they may survive for several
Gyr against internal or external disruption [6]. Interestingly, these simulations predict that TDGs should
be free of non-baryonic dark matter (DM). This occurs because of two basic dynamical effects [7]:
(1) tidal forces effectively segregate baryons in the disc (which is dynamically cold and can form tails and
TDGs) from DM in the halo (which is too dynamically hot to form narrow tails); and (ii) once a TDG has
formed, it has a shallow potential well and cannot accrete DM particles with typical velocity dispersions
of ~200 km s!. Similarly, TDGs are moving at the characteristic speed of the central DM halo
(~200 km s~ 1) and cannot be accreted by DM sub-haloes that have shallow potential wells (~50 km s=1).

Bournaud et al. [8] used high-resolution HI observations to study the dynamics of three TDGs around
NGC 5291. Puzzlingly, they found that the dynamical masses (Magyy) of these TDGs are a factor of ~3
higher than the baryonic masses (My,,). They hypothesized that the missing mass may consist of very
cold molecular gas, which is not traced by CO observations but may constitute a large portion of baryonic
DM in galaxy discs [9]. Alternatively, it was shown that MOdified Newtonian Dynamics (MOND) can
reproduce the observed rotation velocities of these TDGs without any need of DM [10,11]. In this regard,
TDGs may help to distinguish between MOND and the standard model of cosmology, given that these
two paradigms predict different internal dynamics for these recycled galaxies [12].
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Figure 1. Interacting systems with genuine Tidal Dwarf Galaxies (TDGs, indicated in
yellow). Optical images are overlaid with HI emission from the VLA (blue) and FUV
emission from GALEX (pink), tracing star-forming regions. The red bar corresponds to ~10
kpc for the assumed distances.

Here I summarize recent results on the internal dynamics of TDGs (published in Lelli et al. [13]),
which are based on high-resolution HI observations from the Very Large Array. We investigate six

TDGs around three different interacting systems (Figure 1): the late-stage merger NGC 7252 (“Atoms
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for Peace”), the collisional galaxy NGC 5291, and the post-merger lenticular NGC 4694. In particular,
we revisit the DM content estimated by Bournaud et al. [8] for NGC 5291. We consider only genuine
TDGs that satisfy the following requirements: (i) they are real condensations of gas and stars, which
are not due to projection effects along the debris; (ii) they have higher metallicities than galaxies of
similar mass, indicating that they are not pre-existing dwarf galaxies but recycled objects forming out of
pre-enriched gas [13,14]; and (ii1) they display a velocity gradient that is kinematically decoupled from
the tidal debris, pointing to a local potential well [8,13].

2. Dynamics of TDGs

In Lelli et al. [13], we study the HI kinematics of TDGs by building 3D kinematical models. These
techniques have been widely used and validated for typical dwarf galaxies [15,16]. In short, we construct
disc models (with given radius, rotation velocity, and velocity dispersion) and project them on the sky
to obtain model cubes that can be directly compared with the observed cubes. For all TDGs, we find
that rotating disc models can reproduce the observed HI kinematics. An example (NGC 7252NW) is
presented in Figure 2. The top panels show a R-band image (left), the HI map (middle), and the HI
velocity field (right). Clearly, the gas distribution and kinematics resemble a rotating disc. The bottom
panels show position-velocity diagrams obtained from the observed (left), model (middle), and residual
(right) cubes along the major and minor axes. A disc model with axisymmetric kinematics can reproduce
both the major and minor axes, suggesting that possible non-circular motions are relatively small. These
techniques represent a major improvement over previous kinematic studies of TDGs because they allow
us to estimate rotation velocities considering the effects of the gas distribution, velocity dispersion, disc
inclination, and instrumental resolution. In particular, we find that the rotation velocities from [8] were
over-estimated because the line-broadening due to turbulent motions was not taken into account.

Although a rotating disc provides a good description of the HI kinematics, there is an important issue
with this model. The orbital times at the edge of the disc are longer than the dynamical timescale for the
interaction/merger event estimated from numerical simulations. Hence, these HI discs have undergone
less than a full rotation since the epoch of the TDG formation, raising the question of whether they are
in dynamical equilibrium. For collisionless stellar systems, the process of relaxation takes a few orbital
times due to the energy exchange between individual particles and the total gravitational potential [17].
For dissipative gas systems as TDGs, the energy can probably be exchanged and radiated away on a local
crossing time (~10 Myr), thus one may speculate that the process of relaxation in collisional systems is
faster than in collisionless ones. This remains an open issue that deserves further investigation.

If we assume that TDGs are in equilibrium, we can estimate dynamical masses using the observed
rotation velocities (after correction for pressure support). We also estimate baryonic masses as the sum
of atomic gas (1.33 My ), molecular gas (M), and stars (M,). In TDGs M,,,, is heavily dominated by
atomic gas, hence typical uncertainties on M, (due to the CO-to-H; conversion factor) and M, (due to
the stellar mass-to-light ratio) do not affect our results. We find that the inferred dynamical masses are
consistent with the baryonic masses, suggesting that TDGs are nearly devoid of DM. This is illustrated in
Figure 3 (left), where we compare the Mgy, /Mp,, ratio of TDGs with that of dwarf irregulars [15] (Irrs;
blue dots from) and starburst dwarfs [16] (BCDs; black squares from ). TDGs have smaller values of
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Mayn /My, than typical dwarfs, pointing to an apparent lack of DM. In particular, we do not confirm the
high values of Mgy /My, from [8] for the TDGs around NGC 5291. This happens because we estimate
(1) lower values of V. due the technical reasons discussed above, and (ii) higher values of M,,s since

we integrate the HI flux out to larger radii than [8] (as suggested by our 3D disc models).
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Figure 2. Top panels: optical image (left), total HI map (middle), and HI velocity field
(right). The dashed ellipse corresponds to the disc model for the assumed inclination. The
cross and dashed line illustrate the kinematical centre and major axis, respectively. In the
bottom-left corner, we show the linear scale (optical image) and the HT beam (total HI map
and velocity field). In the total HI map, contours are at ~1.5, 3.0, 4.5, and 6 M, pc 2.
Bottom panels: PV diagrams obtained from the observed cube (left), model cube (middle),
and residual cube (right) along the major and minor axes. Solid contours range from 20 to
8o 1in steps of 1o. Dashed contours range from —20 to —40 in steps of —1o. The horizontal
and vertical lines correspond to the systemic velocity and dynamical centre, respectively.
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Figure 3. Left panel: Mass budget within the optical radius for different types of dwarf
galaxies (see [13] for details). Right panel: Location of TDGs on the BTFR. V. is the
circular velocity after correction for pressure support. For typical galaxies, V¢, is measured
along the flat part of the rotation curve [22,23]. For TDGs, the shape of the rotation curve is
uncertain, thus V. may not correspond to the velocity along its flat part.

3. Implications for the Dark Matter Distribution

If TDGs are in dynamical equilibrium, their low values of Mgy, /My, provide strong support to
numerical simulations where tidal forces segregate halo material from disc material. They also provide an
indirect but empirical confirmation to the hypothesis that DM is distributed in pressure-supported haloes.
The internal dynamics of TDGs also constrains putative “dark discs” (either baryonic or non-baryonic) in
the progenitor spiral galaxies, given that any kind of rotation-supported material may form tidal tails and
be accreted in TDGs. For example, it has been argued that spiral galaxies should possess a rotating disc of
non-baryonic DM, which is formed by the near-plane accretion of DM-dominated satellite galaxies [18].
Our results imply that either these dark discs are significantly less massive than the baryonic one or they
are too dynamically hot to be accreted by TDGs.

Pfenniger et al. [9] proposed very cold molecular gas as an alternative to non-baryonic DM in disc
galaxies. This putative dark gas would consist of small “clumpuscules” that do not emit any detectable
line and are not associated with star formation. The existence of these cold Hy clumpuscules has
been advocated to explain the origin of spiral patterns and long-lived warps in the outer regions of HI
discs [19,20]. Our current results do not support the existence of large numbers of cold Hy clumpuscules.
Similarly, other forms of baryonic DM in the progenitor disc galaxies (like brown dwarfs, low-mass
stars, or stellar remnants) seem very unlikely. Our errors on Mgy, /My,.r, however, are consistent with
the expectations for “standard” dark gas, such as optically thick HI or photodissociated CO in the outer
regions of molecular clouds. For the Milky Way, the Planck collaboration has estimated that the mass
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of dark gas may be comparable to that of CO-traced molecular gas [21]. In principle, the values of
Mayn /Mpay in TDGs may be used to identify the existence of dark gas in the progenitor galaxies, but the
current uncertainties on Mgy, do not allow such a test.

4. The Baryonic Tully-Fisher Relation and MOND

TDGs seem to systematically deviate from the BTFR (Figure 3 right). They show small rotation
velocities for their baryonic masses, in line with the observed lack of a DM halo. We stress, however,
that the data-points from [22,23] consider the asymptotic velocity along the flat part of the rotation curve
(VAat), which minimizes the scatter on the BTFR. For the TDGs in our sample, the shape of the rotation
curve is uncertain, thus it remains unclear whether we are tracing V.

The universality of the BTFR is a key prediction of MOND [24]. According to MOND, disc galaxies
can deviate from the BTFR only if (i) they are out of equilibrium [25] or (ii) they are affected by the
external-field effect [26] (EFE). Both circumstances may occur here. In Lelli ef al. [13], we perform a
first-order analysis of the EFE, considering the gravitational field of the progenitor galaxies. We find that
the EFE can substantially decrease the velocities expected in MOND with respect to the isolated case
(corresponding to the BTFR), but a systematic discrepancy persists between MOND and observations
(at the level of ~1-2¢ for individual galaxies). We stress that our EFE analysis formally applies to
the one-dimensional case and neglects the direction and time-variation of the external field. Numerical
simulations are needed to investigate the EFE in detail and address the process of TDG formation and
relaxation in the context of MOND.
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