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The Arecibo Galaxy Environment Survey XII : Optically dark HI clouds in the Leo I Group
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ABSTRACT

Using data from the Arecibo Galaxy Environment Survey, we report the discovery of five Hi clouds in
the Leo I group without detected optical counterparts. Three of the clouds are found midway between
M96 and M95, one is only 10’ from the south-east side of the well-known Leo Ring, and the fifth
is relatively isolated. HI masses range from 2.6x10°-9.0x105M, and velocity widths (W50) from
16—42kms~'. Although a tidal origin is the most obvious explanation, this formation mechanism
faces several challenges. For the most isolated cloud, the difficulties are its distance from neighbouring
galaxies and the lack of any signs of disturbance in the Hi discs of those systems. Some of the clouds
also appear to follow the baryonic Tully-Fisher relation between mass and velocity width for normal,
stable galaxies which is not expected if they are tidal in origin. Three clouds are found between M96
and M95 which have no optical counterparts, but have otherwise similar properties and location to
the optically detected galaxy LeG 13. While overall we favour a tidal debris scenario to explain the
clouds, we cannot rule out a primordial origin. If the clouds were produced in the same event that
gave rise to the Leo Ring, they may provide important constraints on any model attempting to explain
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* The leading hypothesis is that the majority of those clouds are tidal debris
produced during galaxy encounters, with simulations supporting this (tidal or
ram pressure stripping).

We also showed that our simulations readily produced isolated clouds of low
velocity widths (< 50 km s-1 ) only,. Additionally, there are no indications of any
more extended Hi features in their vicinity.

BTopow BapuaHT.

The clouds could be primordial ‘dark galaxies’ : rotating discs of gas embedded in
dark matter halos. These have been proposed as a possible solution to the well-
known ‘dwarf galaxy problem’.



HABNOAEHNS

* The Arecibo Galaxy Environment Survey (AGES) was a blind Hi survey performed at the Arecibo
radio telescope from 2006-2019.

* [pn HabnoaeHun Leo Ring (BoKpyr M96) 6b1an OTKPbITbl HECKO/IbKO M30AMPOBaHHbIX 061akoB HI

 All of the clouds are within 75 km/s of the velocity of M96..

DARK crLouDs IN THE LEo I Group
Cloud 4 — ecTb oTOXaecTBNEHME € Kapankom. M_HI/M* = 1.4,

Table 1. Observed Hi parameters for our selected clouds. All coordinates are J2000. Clouds are ordered in
ascending declination.

Name R.A. Declination Velocity = W50 W20 Fiot MHr  5/Npear  5/Niot
kms ' kms ' kms ' Jykms ' Mg

Cloud 1 10:44:47.79 11:27:34.05 960 38 100 0.188 5.5E6 12.3 17.0
Cloud 2 10:45:59.27 11:30:34.66 891 33 58 0.201 5.9E6 13.5 15.7
Cloud 3 10:45:36.17 11:44:20.90 894 42 73 0.275 8.0E6 13.6 19.0
Cloud 4 10:44:56.44 11:54:52.40 879 31 46 0.308 9.0E6 19.6 24.7
Cloud 5 10:50:25.91 12:09:54.62 916 16 27 0.088 2.6E6 9.2 8.2

Cloud 6 10:45:00.04 13:26:04.37 860 34 45 0.172 5.0E6 9.9 11.0
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Figure 3. Renzogram of the whole survey region over the velocity range of the M96 subgroup. Each Hi contour is at 3.50 and
coloured according to velocity, overlaid on an RGB image from the SDSS. The Arecibo beam size (3.5’, 11.3 kpc) is shown as a
filled green circle in the lower left. Hi clouds are numbered and selected major galaxies labelled in red. Other objects used for
a few comparisons but not examined in detail are highlighted in orange, while other known objects not used in this study (here
shown for the sake of completeness) are highlighted in grey.
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Figure 5. Renzogram of the M95-M96 region. The thick contours are from the standard AGES cube at 3.50. The thin contours
are from a cube with additional Hanning smoothing (width 15) at 40. The green circle in the upper right shows the AGES
beam. An additional feature tentatively identified as cloud 7 is also shown.
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Figure 1. Clouds 1-3. The upper panel shows renzograms with the contour at 3.50 and the Arecibo 3.5’ beam (equivalent
diameter 11.3 kpc) as a green line, overlaid on an a RGB image from the SDSS. The middle panel shows the spectra - red dashed
lines show the profile window used for computing the Hi parameters, blue circles show the positions of the W50 measurement
and blue squares the W20 values. The lower panel shows the stacked g, r,7 bands from the SDSS, with the black circle showing

the Arecibo beam size, centred on the coordinates of the Hi detections.
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Figure 2. As for figure 1 but for clouds 4-6.
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Figure 1. Clouds 1-3. The upper panel shows renzograms with the contour at 3.50 and the Arecibo 3.5’ beam (equivalent
diameter 11.3 kpc) as a green line, overlaid on an a RGB image from the SDSS. The middle panel shows the spectra - red dashed
lines show the profile window used for computing the Hi parameters, blue circles show the positions of the W50 measurement
and blue squares the W20 values. The lower panel shows the stacked g, r,7 bands from the SDSS, with the black circle showing

the Arecibo beam size, centred on the coordinates of the Hi detections.
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Figure 2. As for figure 1 but for clouds 4-6.

Pasmep - TonbKo ana Cloud 3 (~20 kpc).



* There are two main possibilities for the nature of the clouds : transient
tidal debris, and long-lived galaxies in which the Hi resides in a dark matter
halo and the line width indicates rotation.

* The true size of most of the clouds is likely of the order of a few kpc, especially
given the size of cloud 3;

Echn HeT DM, TO rpaBUTALMOHHO CBA3aHHbIMK 061aKa bbiTb HE moryT. Bpems

PACLUMPEHUA — HECKONBKO coTeH MH neT. Debris?? Cloud 4 — a fading tidal dwarf
2?

Ho noyemy Toraa He BUAHO BO3melwleHMA CTPYKTypbl B M95 1 M96 B cTOpOHY
clouds, , n HeT xBocTa Uan nepembldyku HI??

Ecnu 370 ranaktuku 6es 3se3q 8 none DM, 1o ux Mdyn > 3 108, Mdyn/M_HI >5.
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Figure 4. PV diagram of the M95-M96 region with a linear
colour stretch, highlighting clouds 1-4.



* Cloud 5 — Bo3amoXHo npuHaanexkut Leo Ring. Ho AV > 150 km/s.

* Cloud 6 - Ha >125 kpc ot 6amxkanwen Toukmn Leo Ring. Ectb 4 6onee 6an3KNX
ralakTMKkn, Ho ana Hux AV > 350 km/s.

* The Hi masses of all four galaxies close to Cloud 6 range from two to four orders
of magnitude greater than the clouds, implying that we should easily be able to
detect any disturbance in the parent galaxy sufficient to account for the clouds.

DARK cLouDs IN THE LEo I GrouP 76

14:00:00

1000

13:00:00

Velocity / km/s

800

Declination

12:00:00

600

11:00:00

10:55:00 10:50:00 10:45:00 10:40:00 10:35:00
Right Ascension



* CuHune Kpy*Kun — VIRGO clouds.

e Overall, the main result appears robust :
some clouds do

Deviate from the BTFR, but others do not.
We note that there is a significant caveat in
that the exact form of the BTFR whic
depends strongly on the corrections used,
especially for the stellar mass.

Paradoxically, it seems that some objects for
which the evidence generally indicates a
tidal origin (e.g. clouds 1 - 5 in Leo) actually
lie on the standard BTFR
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Figure 7. Baryonic Tully-Fisher relation using more so-
phisticated corrections for velocity width (derived for our
sample from W20) and stellar mass, following the prescrip-
tions of McGaugh (2012) and Springob et al. (2005) — for full
details see the appendix. The colour scheme is as for figure
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The main difficulty for the tidal debris interpretation is the lack of any
elongated tails found around any of the galaxies in this region.

A further oddity for the tidal debris scenario is that

most clouds seem to obey the baryonic Tully-Fisher relation

seen for normal, stable galaxies.

In short, the clouds are consistent with both tidal

and galaxian interpretations and neither scenario can
be denitively ruled out. We are currently examining

a variety of formation scenarios for the Leo Ring using
numerical simulations, which may eventually shed light
on these smaller but intriguing clouds.



