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Abstract

Milky Way dwarf spheroidal galaxies are the tiniest observed galaxies and are currently associ-
ated with the largest fractions of dark matter, which is revealed by their too large velocity dispersions.
However, most of them are found near their orbital pericenters. This leads to a very low probability,
P =2 1077, that they could be long-lived satellites such as sub-halos predicted by cosmological sim-
ulations. Their proximity to their pericenters suggests instead that they are affected by tidal shocks,
which provide sufficient kinematic energy to explain their high velocity dispersions. Dependency of
the dark matter properties to their distance to the Milky Way appears to favor tidally shocked and
out of equilibrium dSphs instead of self-equilibrium systems dominated by dark matter.

1 Introduction

The Milky Way (MW) halo is populated by many dwarf spheroidal galaxies (dSphs) that show too
large stellar velocity dispersions if considered at equilibrium within the gravitational attraction of
their stellar mass. The pioneering work of [1] showed the large velocity dispersion for the Draco
stars, which requires significant amounts of DM if the Draco system is considered at equilibrium.
Further works have provided robust measurements of velocity dispersion along the line of sight (710s)
for several tens of MW dSphs [2, 3], confirming their large amplitude. In the current ACDM scenario,
dSphs belong to the population of dark-matter (DM) dominated sub-halos that are very numerous in
cosmological simulations. Therefore, the DM content is calculated assuming self-equilibrium [4, 5],
which is also necessary to avoid the destruction of long-lived MW satellites by MW tides. Further-
more, three (UMi, Draco and Sculptor) out of the nine classical dSphs, contain only old stars, which
supports an early accretion into the MW halo.

Because of their proximity, MW dSphs are the tiniest galactic objects that can be observed and stud-
ied, down to stellar mass as small as few hundred of solar masses. This, associated to their kinemat-
ics, let the ultra faint dwarfs (UFDs) to be considered the most DM-dominated objects with DM to
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baryon mass ratios larger than several hundreds, even up to few thousands. However, [6] showed
that knowing the gravitational attraction exerted by the MW together with the dSph scale-length
(rhaiy) and stellar mass, one may accurately derive their DM to baryon mass ratios, which appears
at odd with the self-equilibrium scenario. Furthermore, it has been shown that tidal shocks exerted
by the MW halo may reproduce the kinematics of dSphs as well. Since DM calculations are based on
line of sight measurements, one may wonder whether they could have been corrupted by a physical
effect expected if dSphs were out of equilibrium because of MW tides [6-8].

2 Consequences of the Gaia 2nd data release (DR2)

Gaia DR2 has provided accurate proper motions allowing for the first time to:
e calculate the circular velocity curve of the MW up to 25 kpc [9, 10];

e derive 3D velocities for most UFDs [3, 11],while they were known only for the nine classical
dSphs.

The first result is based on thorough analysis of a very large sample of 26,000 RGB stars in the MW
disk [9] resulting into a slightly but robustly determined decline of the circular velocity from 5 to 25
kpc. Such a result is confirmed by [10] using 773 Classical Cepheids with precise distances. Subse-
quent analyses of these, including accounting for the different types of errors, have lead to MW total
mass near or well below 10'2M, [9, 12-14]. This excludes former models with very large MW mass
(e.g., from [15] or the "heavy" MW model of [3]), i.e., those which were able to keep bound Leo I dSph
or the Large Magellanic Cloud (LMC).

The second result have revealed that a large majority of dSphs have eccentric orbits with eccen-
tricities in excess of 0.66 [3, 7] for two third of them. Even if most dSphs appear to be bound to the
MW [3], their 3D velocities are very large and consistent with a recent infall, less than 4 Gyr ago (see
Figure 2 of [8]).

Combined together, the two results lead us to further investigate the nature of dSphs on the basis
of their orbital motions.

3 Most dSphs lie near their pericenters

Pericenter is one of the orbital quantity that can be robustly determined and that slightly depends on
the MW mass profile [16]. Its determination becomes even more precise if heavy MW mass models
are excluded. Both [3, 11] noticed that many dSphs lie near their pericenters. This has been further
investigated by [8] on the basis of the MW mass model from [17] and using the sample from [3]
(see details in [8]). Figure 1 presents results from the same calculations but using instead the MW
mass model from [9] that is very similar than that of [17], with a difference of less than 10% for the
cumulative mass at all radii.

If dSphs were MW satellites, it would be unlikely to find most of them near their pericenters.
To illustrate this, one could remind that comets with eccentric orbits are very rarely found near their
pericenter, obeying the second Kepler law. For example, the Halley comet has a period of 77 years
and is only seen few months near pericenter. In an extended mass potential such as that of the MW,
one has to consider an orbital motion along a rosette instead of an ellipse. Here we estimate the
probability that dSphs assumed to be MW satellites could be mostly observed near their pericenters,
by performing the following steps:
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Figure 1: Left: histogram of the time ratio distribution of dSphs compared to the expectations if they
were MW satellites (horizontal green line). Right: Cumulative distribution of time ratios (blue line
and area showing the 1o error) compared to the null hypothesis, i.e., a randomization of locations
expected if dSphs are MW satellites (black solid line).

e We first compare two samples: (1) is made by virtual, randomly selected "satellites" of the MW
and, (2) corresponds to the observed dSphs (see [8]);

e The time to reach pericenter divided by the total time from pericenter to apocenter provides
the chance occurence for a dSph to be at its position within its orbit, which has been calculated
using galpy [17] and the mass model from [9];

e Since most dSphs (down to UFD mass, e.g., Coma Berenices) can be seen by the Dark Energy
Survey (DES) up to 300 kpc [16, 18], we further limit investigations for both samples to a maxi-
mal distance equal to min(apocenter, 300 kpc).

The histogram of the time ratio distribution of dSphs (left panel of Figure 1) shows how they concen-
trate near their pericenters contrary to expectations if they were long-lived satellites of the MW (see
the green horizontal line). Right panel shows the cumulative distribution to which we have applied a
Kolmogorov Smirnov test, which leads to a very low probability (P= 2 10~7 from D ;4 x=0.45 for 35
objects, see also [8]) that dSphs could be satellites orbiting around the MW. In other words a scenario
of long-lived satellites for which DM is shielding dSphs from MW tides is very unlikely.

4 Are dSphs tidally shocked near their pericenters?

The proximity of dSphs to their pericenters suggest that MW tides are at work. However, [19] have
excluded that dSphs could be tidally disrupted DM free galaxies because of their observed internal
kinematics and structural properties. This conclusion is based on modeling [20-23] that accounts for
tidal stripping, which is the dominant process when the satellite is only made of stars and DM (see
[7, 8]). In particular, most dSphs do not show tidal disturbance such as tails as it would be expected
for tidally stripped galaxies.
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The above conclusion could be different if most dSphs were affected by tidal shocks instead of
tidal stripping. Let us consider the global instantaneous energy change AE caused by MW tidal
forces on an individual dSph star with velocity v, which is:

AE =v - Av +1/2(Av)?. (4.1)

Tidal shocks may dominate the energy exchange if the first term vanishes because of spherical
symmetry. This had been verified by [24] for globular clusters affected by the galactic bulge or disk.
In such a case, the latter term (called "tidal shocking" or "heating") is approximated to 1/2(Ac? ),
i.e., tidal shocks bring an increase of the kinetic energy for, e.g., stars at r=rpq; r, which follows [8]:

1/2A0% . = A®yw = V2 X gMw X Thalt X fMWshocks (4.2)

where gyw is the gravitational acceleration of the MW and farwshocks represents the fraction of the
system that is affected by tidal shocks [25]. The main discoveries of [7, 8] are:

e That tidal shocks may also apply on DM-free dSph galaxies under the impulse and distant-
tide approximations, in particular if dSphs are at first infall; in such a case it is expected that
the main initial component, the gas, has been stripped before the pericenter passage, letting
residual stars expanding in a spherical geometry due to the subsequent lack of gravity;

e That the kinetic energy change by 1/2 Ao?  along the direction to the Galactic center coinciding
to that of the line of sight is precisely what has been assumed to calculate the DM content in
dSphs by [4, 5].

Calculation of the DM mass is based on a line of sight measurement, and only the projected
mass density (Mpas/ri,;;) is known from observations of o1,s. When multiplied by the gravitational
constant G, it leads to the gravitational attraction of the DM exerted on a star at r=rp,q; ¢, which is:

—2 2 -1
apmM = GMDM X Thalf = Aalos X Thalf (4.3)

. If the DM is responsible of the velocity dispersion excess of dSphs, apy does not depends on the
distance to the MW, because it is caused by the gravity of the dSph DM mass, and also because DM
is expected to shield the dSph mass content against MW tides (see also predictions from Via Lactea
simulations [26] in Figure 8 of [7]). If tidal shocks are responsible of the velocity dispersion increase
(see right panel of Figure 2), the gravitational attraction apy attributed to the DM is in fact equal to
2v2 X gmw X [riwshocks (See Eq. 4.2), in which gmw induces a strong dependency to the distance to
the MW center (Dyw)-

Left panel of Figure 2 shows that apy=Aoc} x 7.} anti-correlates with the MW distance for
most dSphs having a robust measurement of their internal velocity dispersion (oy,s). The result is not
dependent on a specific MW mass model because all quantities are observed. Correlation strength is
p=0.76 for 21 dSph galaxies, leading to a probability of an occurrence at random to be as low as P=3
10~ (see all details in [7]).

5 Conclusions

The tidal shock scenario for most MW dSphs appears to be a serious competitor to the usually
adopted DM-dominated satellites/subhalos scenario. This is because:

2, ars [7], where 0),5 and osiars are the measured velocity dispersion and the 1D los velocity dispersion

associated to the sole stellar component, respectively.

IA2 -2 _
ACrlo.s_o-los g
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Figure 2: Left: Tidal shocks (or DM) acceleration (in km s~2) based on dSph kinematics (Ao?, X . allf)
versus MW distance (in kpc). Data (o105, Ly, Thair) are coming from [7, 8] and the amplitude of
Aok x 1\ assumes fuwshocks =~ 0.25. The later value is also supported when comparing tidal
shocks caused by a MW potential based on [17] or [9] mass distribution. Right: Correlation between
the observed o105 and that predicted from Eq. 4.2, i.e., Opred MWshocks = / ATE, + 02%,., assuming the
MW mass model from [9].

e Most MW dSphs are found near their pericenters, which exclude long-lived, DM-dominated
satellites (sub-haloes) with an associated probability P=2 10~7; this cannot be circumvented by
adapting the MW total mass towards high values that are not consistent with the MW rotation
curve.

e The anti-correlation between apyi= Ao, x rp.1. and Dy (left panel of Figure 2, probability
that it is fortuitous, P=3 10~%) is a natural prediction if dSphs are tidally shocked, while it cannot
be reproduced if dSphs were DM-dominated.

e MW tidal shocks bring sufficient kinetic energy to generate the high velocity dispersions (c1os)
of dSphs (see right panel of Figure 2), and former DM mass determinations might be a misin-
terpretation of such a physical process on DM-free dSphs.

e Tidal shocks are less destructive than tidal stripping since they bring energy to the dSph stellar
content that is partly in resonance with the MW gravitational potential; important mass losses
are expected but without tails, and this may correspond to the stars in the dSphs outskirts
discovered in wide field observations of classical dSphs (see [27] and references therein).

o After the first passage at pericenter, tides become increasingly dominated by stripping and it is
why, e.g., Sagittarius, Bootes I and Crater II escape the anti-correlation (see Figure 6 of [8]).

The MW dSphs are either exceptional or ACDM predictions at the low mass end need to be revisited.
Star formation histories of few classical dSphs showing neither young nor intermediate-age stars may
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appear at odd with a first infall. However, such counter argument deserves to be re-investigated be-
cause gas-rich dwarfs having stellar mass equal or lower than that of Sculptor mass may have had
their star formation stopped by several mechanisms [28], and the absence of DM would let stellar
winds more efficient in removing the gas and stopping the star formation.

The tidal shock scenario may also apply to the infall of gas-rich stellar systems into a massive
body, galaxy, group or cluster of galaxies. A gas-rich galactic system is first stripped of most of its gas
leading to a spherical expansion of the residual stars, which leads to tidal shocks when it is reaching
its orbital pericenter.

References

[1] M. Aaronson, Accurate radial velocities for carbon stars in Draco and Ursa Minor :the first hint of a dwarf
spheroidal mass-to-light ratio., The Astrophysical Journal Letters 266 (Mar., 1983) L11-L15.

[2] R.R. Mudoz, P. Cé6té, F. A. Santana, M. Geha, J. D. Simon, G. A. Oyarzun, P. B. Stetson, and S. G.
Djorgovski, A MegaCam Survey of Outer Halo Satellites. III. Photometric and Structural Parameters, The
Astrophysical Journal 860 (June, 2018) 66.

[3] T.K. Fritz, G. Battaglia, M. S. Pawlowski, N. Kallivayalil, R. van der Marel, S. T. Sohn, C. Brook, and
G. Besla, Gaia DR2 proper motions of dwarf galaxies within 420 kpc. Orbits, Milky Way mass, tidal influences,
planar alignments, and group infall, Astronomy and Astrophysics 619 (Nov., 2018) A103,
[arxiv:1805.00908].

[4] M. G. Walker, M. Mateo, E. W. Olszewski, J. Pefiarrubia, N. W. Evans, and G. Gilmore, A Universal Mass
Profile for Dwarf Spheroidal Galaxies?, The Astrophysical Journal 704 (Oct., 2009) 1274-1287,
[arXiv:0906.0341].

[5] J. Wolf, G. D. Martinez, J. S. Bullock, M. Kaplinghat, M. Geha, R. R. Mufioz, J. D. Simon, and F. E. Avedo,
Accurate masses for dispersion-supported galaxies, MNRAS 406 (Aug., 2010) 1220, [arXiv:0908.2995].

[6] F. Hammer, Y. Yang, F. Arenou, C. Babusiaux, ]. Wang, M. Puech, and H. Flores, Galactic forces rule the
dynamics of milky way dwarf galaxies, The Astrophysical Journal 860 (2018), no. 1 76.

[7] F. Hammer, Y. Yang, J. Wang, F. Arenou, M. Puech, H. Flores, and C. Babusiaux, On the Absence of Dark
Matter in Dwarf Galaxies Surrounding the Milky Way, The Astrophysical Journal 883 (Oct., 2019) 171,
[arxiv:1812.10714].

[8] F. Hammer, Y. Yang, F. Arenou, J. Wang, H. Li, P. Bonifacio, and C. Babusiaux, Orbital Evidences for
Dark-matter-free Milky Way Dwarf Spheroidal Galaxies, The Astrophysical Journal 892 (Mar., 2020) 3,
[arXiv:2002.09493].

[9] A.-C.Eilers, D. W. Hogg, H.-W. Rix, and M. K. Ness, The Circular Velocity Curve of the Milky Way from 5 to
25 kpc, The Astrophysical Journal 871 (Jan., 2019) 120, [arXiv:1810.09466].

[10] P.Mroéz, A. Udalski, D. M. Skowron, J. Skowron, I. Soszyriski, P. Pietrukowicz, M. K. Szymariski,
R. Poleski, S. Koztowski, and K. Ulaczyk, Rotation Curve of the Milky Way from Classical Cepheids, The
Astrophysical Journal Letters 870 (Jan., 2019) L10, [arXiv:1810.02131].

[11] J. D. Simon, Gaia Proper Motions and Orbits of the Ultra-faint Milky Way Satellites, The Astrophysical Journal
863 (Aug., 2018) 89, [arXiv:1804.10230].

[12] P.E de Salas, K. Malhan, K. Freese, K. Hattori, and M. Valluri, On the estimation of the local dark matter

density using the rotation curve of the Milky Way, Journal of Cosmology and Astroparticle Physics 2019 (Oct.,
2019) 037, [arXiv:1906.06133].

234


http://arxiv.org/abs/1805.00908
http://arxiv.org/abs/0906.0341
http://arxiv.org/abs/0908.2995
http://arxiv.org/abs/1812.10714
http://arxiv.org/abs/2002.09493
http://arxiv.org/abs/1810.09466
http://arxiv.org/abs/1810.02131
http://arxiv.org/abs/1804.10230
http://arxiv.org/abs/1906.06133

(13]

(19]

[20]

[21]
(22]

(23]

[24]

[25]

[26]

(27]

(28]

R.]J.J. Grand, A.]. Deason, S. D. M. White, C. M. Simpson, F. A. Gémez, F. Marinacci, and R. Pakmor, The
effects of dynamical substructure on Milky Way mass estimates from the high-velocity tail of the local stellar halo,
MNRAS 487 (July, 2019) L72-L76, [arXiv:1905.09834].

E. V. Karukes, M. Benito, F. Iocco, R. Trotta, and A. Geringer-Sameth, A robust estimate of the Milky Way
mass from rotation curve data, Journal of Cosmology and Astroparticle Physics 2020 (May, 2020) 033,
[arxiv:1912.04296].

P. J. McMillan, The mass distribution and gravitational potential of the Milky Way, MNRAS 465 (Feb., 2017)
76-94, [arXiv:1608.00971].

J. D. Simon, The Faintest Dwarf Galaxies, Annual Review of Astronomy and Astrophysics 57 (Aug., 2019)
375-415, [arxXiv:1901.05465].

J. Bovy, galpy: A python Library for Galactic Dynamics, The Astrophysical Journal Suppl. 216 (Feb., 2015) 29,
[arXiv:1412.3451].

A. Drlica-Wagner, K. Bechtol, S. Mau, M. McNanna, E. O. Nadler, A. B. Pace, T. S. Li, A. Pieres, E. Rozo,

J. D. Simon, A. R. Walker, R. H. Wechsler, T. M. C. Abbott, S. Allam, J. Annis, E. Bertin, D. Brooks, D. L.
Burke, A. C. Rosell, M. Carrasco Kind, J. Carretero, M. Costanzi, L. N. da Costa, J. De Vicente, S. Desai,

H. T. Diehl, P. Doel, T. F. Eifler, S. Everett, B. Flaugher, J. Frieman, J. Garcfa-Bellido, E. Gaztanaga,

D. Gruen, R. A. Gruend], ]J. Gschwend, G. Gutierrez, K. Honscheid, D. J. James, E. Krause, K. Kuehn,

N. Kuropatkin, O. Lahav, M. A. G. Maia, J. L. Marshall, P. Melchior, F. Menanteau, R. Miquel, A. Palmese,
A. A.Plazas, E. Sanchez, V. Scarpine, M. Schubnell, S. Serrano, I. Sevilla-Noarbe, M. Smith, E. Suchyta,

G. Tarle, and DES Collaboration, Milky Way Satellite Census. 1. The Observational Selection Function for Milky
Way Satellites in DES Y3 and Pan-STARRS DR1, The Astrophysical Journal 893 (Apr., 2020) 47,
[arxiv:1912.03302].

G. Battaglia, A. Helmi, and M. Breddels, Internal kinematics and dynamical models of dwarf spheroidal galaxies
around the Milky Way, New Astronomy Reviews 57 (Sept., 2013) 52-79, [arXiv:1305.5965].

S. Piatek and C. Pryor, The Effect of Galactic Tides on the Apparent Mass-To-Light Ratios in Dwarf Spheroidal
Galaxies, The Astronomical Journal 109 (Mar., 1995) 1071.

P. Kroupa, Dwarf spheroidal satellite galaxies without dark matter, New Astronomy 2 (July, 1997) 139-164.

J.I. Read, M. I. Wilkinson, N. W. Evans, G. Gilmore, and J. T. Kleyna, The importance of tides for the Local
Group dwarf spheroidals, MNRAS 367 (Mar., 2006) 387-399, [ast ro-ph/0511759].

G. Iorio, C. Nipoti, G. Battaglia, and A. Sollima, The effect of tides on the Sculptor dwarf spheroidal galaxy,
MNRAS 487 (Aug., 2019) 5692-5710, [arXiv:1904.10461].

L. A. Aguilar and S. D. M. White, Tidal interactions between spherical galaxies., The Astrophysical Journal 295
(Aug., 1985) 374.

M. D. Weinberg, Adiobatic Invariants in Stellar Dynamics. 1I. Gravitational Shocking, The Astropnomical Journal
108 (Oct., 1994) 1403, [ast ro—ph/9404016].

J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore, D. Potter, and J. Stadel, Clumps and streams in the
local dark matter distribution, Nature 454 (Aug., 2008) 735-738, [arXiv:0805.1244].

B. McMonigal, N. F. Bate, G. F. Lewis, M. J. Irwin, G. Battaglia, R. A. Ibata, N. F. Martin, A. W.
McConnachie, M. Guglielmo, and A. R. Conn, Sailing under the Magellanic Clouds: a DECam view of the
Carina dwarf, MNRAS 444 (Nov., 2014) 3139-3149, [arXiv:1408.2907].

S. Garrison-Kimmel, A. Wetzel, P. F. Hopkins, R. Sanderson, K. El-Badry, A. Graus, T. K. Chan,
R. Feldmann, M. Boylan-Kolchin, C. C. Hayward, J. S. Bullock, A. Fitts, . Samuel, C. Wheeler, D. Keres,
and C.-A. Faucher-Giguere, Star formation histories of dwarf galaxies in the FIRE simulations: dependence on
mass and Local Group environment, MNRAS 489 (Nov., 2019) 4574-4588, [arXiv:1903.10515].

235


http://arxiv.org/abs/1905.09834
http://arxiv.org/abs/1912.04296
http://arxiv.org/abs/1608.00971
http://arxiv.org/abs/1901.05465
http://arxiv.org/abs/1412.3451
http://arxiv.org/abs/1912.03302
http://arxiv.org/abs/1305.5965
http://arxiv.org/abs/astro-ph/0511759
http://arxiv.org/abs/1904.10461
http://arxiv.org/abs/astro-ph/9404016
http://arxiv.org/abs/0805.1244
http://arxiv.org/abs/1408.2907
http://arxiv.org/abs/1903.10515

