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ABSTRACT

We use a sample of ∼350 RR Lyrae stars with radial velocities and Gaia DR2 proper
motions to study orbital properties of the Hercules-Aquila Cloud (HAC) and Virgo
Over-density (VOD). We demonstrate that both structures are dominated by stars on
highly eccentric orbits, with peri-centres around ∼ 1 kpc and apo-centres between 15
and 25 kpc from the Galactic centre. Given that the stars in the HAC and the VOD
occupy very similar regions in the space spanned by integrals of motion, we conclude
that these diffuse debris clouds are part of the same accretion event. More precisely,
these inner halo sub-structures likely represent two complementary not-fully-mixed
portions of an ancient massive merger, also known as the “sausage” event.

Key words: Galaxy: structure – Galaxy : formation – galaxies: individual: Milky
Way.

1 INTRODUCTION

How do you hide the evidence for a massive impact event
that caused the extinction of most of the dinosaurs as well as
75% of all species on Earth? You bury it deep under the sea,
covered with a layer of sediment taller than the Empire State
Building (Hildebrand et al. 1991). Without the discovery of
the giant Chicxulub crater, the meteorite impact hypothesis
would remain a neat theory supported by striking but indi-
rect evidence. A hypothesis of an ancient dramatic collision
between the Milky Way and an unidentified massive dwarf
galaxy was put forward by Deason et al. (2013) to explain
a particular feature in the overall stellar halo density pro-
file (Watkins et al. 2009; Sesar et al. 2011; Deason et al.
2011). Most recently, through a study of a portion of the
nearby stellar halo, Belokurov et al. (2018b) demonstrated
that the great impactor must have collided with the young
Milky Way on a nearly radial orbit, thus swamping the inner
stellar halo with metal-rich material with orbital anisotropy
(see Binney & Tremaine 2008) close to unity. Merger events
like this tend to leave behind a battery of debris clouds and
shells (see e.g. Johnston et al. 2008; Amorisco 2015; Hendel
& Johnston 2015), which - akin to the peak rings of impact
craters (see e.g. Morgan et al. 2016) - if discovered could
help to reconstruct the collision as well as pin down the
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properties of the progenitor (e.g Sanderson & Helmi 2013;
Johnston 2016).

Before the Data Release 2 (Gaia Collaboration et al.
2018) of the ESA’s Gaia mission (Gaia Collaboration et al.
2016), five large and diffuse cloud-like structures had been
discovered in the Galaxy’s halo. These include: the Virgo
Over-Density (VOD, Vivas et al. 2001; Newberg et al. 2002;
Duffau et al. 2006; Jurić et al. 2008; Bonaca et al. 2012),
the Hercules-Aquila Cloud (HAC, Belokurov et al. 2007;
Simion et al. 2014), the Trinagulum-Andromeda structure
(Tri-And, Rocha-Pinto et al. 2004; Majewski et al. 2004;
Deason et al. 2014), the Pisces Over-density (Sesar et al.
2007; Watkins et al. 2009; Nie et al. 2015) and the Eridanus-
Phoenix over-density (Eri-Pho, Li et al. 2016). According to
the most recent investigations, Tri-And likely comprises of
Galactic disc stars kicked out of the plane in a recent inter-
action with a dwarf galaxy, probably the Sagittarius dSph
(e.g. Price-Whelan et al. 2015; Bergemann et al. 2018; Hayes
et al. 2018). Of the remaining four, the Pisces overdensity
clearly stands out as it reaches much larger Galacto-centric
distances. On the other hand, the VOD, HAC and Eri-Pho
structures occupy a very similar range of distances, between
10 and 20 kpc from the Galactic center. This led Li et al.
(2016) to suggest that these three Clouds could all be part
of one merger event, a galaxy accreted onto the Milky Way
on a polar orbit (see also Jurić et al. 2008).

As demonstrated by the recent re-interpretation of the
Monoceros Ring (and the associated sub-structures) and the

© 2018 The Authors

ar
X

iv
:1

8
0
7
.0

1
3
3
5
v
1
  
[a

st
ro

-p
h
.G

A
] 

 3
 J

u
l 

2
0
1
8











6 Iulia T. Simion et al

Bovy J., 2015, ApJS, 216, 29

Bovy J., Hogg D. W., Roweis S. T., 2011, Annals of Applied
Statistics, 5

Bullock J. S., Johnston K. V., 2005, ApJ, 635, 931

Carlin J. L., Yam W., Casetti-Dinescu D. I., Willett B. A., New-
berg H. J., Majewski S. R., Girard T. M., 2012, ApJ, 753,

145

Conroy C., Bonaca A., Naidu R. P., Eisenstein D. J., Johnson

B. D., Dotter A., Finkbeiner D. P., 2018, ArXiv e-prints

de Boer T. J. L., Belokurov V., Koposov S. E., 2018, MNRAS,

473, 647

Deason A. J., Belokurov V., Evans N. W., 2011, MNRAS, 416,
2903

Deason A. J., Belokurov V., Evans N. W., Johnston K. V., 2013,
ApJ, 763, 113

Deason A. J., Belokurov V., Hamren K. M., Koposov S. E. et al.,

2014, MNRAS, 444, 3975

Deason A. J., Belokurov V., Koposov S. E., 2018a, MNRAS, 473,

2428

Deason A. J., Belokurov V., Koposov S. E., Lancaster L., 2018b,

ArXiv e-prints

Duffau S., Vivas A. K., Zinn R., Méndez R. A., Ruiz M. T., 2014,

A&A, 566, A118

Duffau S., Zinn R., Vivas A. K., Carraro G., Méndez R. A., Win-
nick R., Gallart C., 2006, ApJ, 636, L97

Gaia Collaboration, Brown A. G. A., Vallenari A., Prusti T., de
Bruijne J. H. J., Babusiaux C., Bailer-Jones C. A. L., 2018,

ArXiv e-prints

Gaia Collaboration, Prusti T., de Bruijne J. H. J., Brown A. G. A.
et al., 2016, A&A, 595, A1

Hayes C. R., Majewski S. R., Hasselquist S., Beaton R. L. et al.,
2018, ApJ, 859, L8

Helmi A., Babusiaux C., Koppelman H. H., Massari D., Veljanoski
J., Brown A. G. A., 2018, ArXiv e-prints

Hendel D., Johnston K. V., 2015, MNRAS, 454, 2472

Hildebrand A. R., Penfield G. T., Kring D. A., Pilkington M., Ca-
margo Z. A., Jacobsen S. B., Boynton W. V., 1991, Geology,
19, 867

Johnston K. V., 2016, in Astrophysics and Space Science Library,

Vol. 420, Tidal Streams in the Local Group and Beyond, New-
berg H. J., Carlin J. L., eds., p. 141

Johnston K. V., Bullock J. S., Sharma S., Font A., Robertson
B. E., Leitner S. N., 2008, ApJ, 689, 936

Johnston K. V., Sheffield A. A., Majewski S. R., Sharma S.,
Rocha-Pinto H. J., 2012, ApJ, 760, 95

Jurić M., Ivezić Ž., Brooks A., Lupton R. H. et al., 2008, ApJ,
673, 864

Kruijssen J. M. D., Pfeffer J. L., Reina-Campos M., Crain R. A.,
Bastian N., 2018, MNRAS

Li T. S., Balbinot E., Mondrik N., Marshall J. L. et al., 2016,
ApJ, 817, 135

Majewski S. R., Ostheimer J. C., Rocha-Pinto H. J., Patterson
R. J., Guhathakurta P., Reitzel D., 2004, ApJ, 615, 738

Morgan J. V., Gulick S. P. S., Bralower T., Chenot E. et al., 2016,
Science, 354, 878

Myeong G. C., Evans N. W., Belokurov V., Sanders J. L., Koposov
S. E., 2018a, MNRAS

Myeong G. C., Evans N. W., Belokurov V., Sanders J. L., Koposov
S. E., 2018b, ApJ, 856, L26

Myeong G. C., Evans N. W., Belokurov V., Sanders J. L., Koposov
S. E., 2018c, ArXiv e-prints

Newberg H. J., Yanny B., Rockosi C., Grebel E. K. et al., 2002,

ApJ, 569, 245

Nie J. D., Smith M. C., Belokurov V., Fan X. H. et al., 2015, ApJ,

810, 153

Price-Whelan A. M., Johnston K. V., Sheffield A. A., Laporte
C. F. P., Sesar B., 2015, MNRAS, 452, 676

Rocha-Pinto H. J., Majewski S. R., Skrutskie M. F., Crane J. D.,

Patterson R. J., 2004, ApJ, 615, 732
Sanderson R. E., Helmi A., 2013, MNRAS, 435, 378
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